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Abstract

Maintaining high indoor environmental quality, including air quality, is a major challenge in
densely occupied spaces such as classrooms—a challenge that gained particular importance
during the COVID-19 pandemic. This dissertation presents a comprehensive study of advanced
ventilation and airborne infection control strategies. The research encompasses a range of
approaches, from smart natural ventilation to hybrid systems, as well as localized and

integrated personal ventilation systems combined with physical barriers.

In the initial phase, an automated window-opening controller was developed and simulated to
manage natural ventilation in a classroom. This strategy significantly improved indoor air
quality and thermal comfort; however, without additional measures—such as air purifiers or
face masks—the infection risk remained high. In the next phase, a multi-objective optimization
approach was proposed to simultaneously regulate window openings and thermostat settings.
The model aimed to minimize energy use, average indoor CO: concentration, and occupant
discomfort. This solution was analyzed under two distinct climate conditions. Subsequently, a
novel hybrid ventilation strategy was developed to synchronize the use of natural and
mechanical ventilation based on outdoor air pollution levels and the risk of pollutant
infiltration. Optimization of this strategy ensured compliance with indoor environmental
quality standards while minimizing energy consumption in three cities characterized by varying

outdoor air quality and climate conditions.

Experimental studies began with evaluating the role of physical barriers in aerosol transmission
under mechanical ventilation. Tests were carried out in a laboratory test chamber equipped with
two types of mixing ventilation systems. Nebulized aerosols and bioaerosols were used to
simulate airborne infection transmission. The results indicated that physical barriers with a
height of 65 cm reduced aerosol transmission when effective air mixing was present. However,
in cases of insufficient airflow, the use of barriers could lead to local accumulation of
contaminants. In the following stage, physical barriers were combined with a local exhaust
system providing 9 L/s per person. This configuration resulted in a significant local reduction
of pollutant concentration across all tested air distribution systems. Moreover, numerical
studies using Computational Fluid Dynamics (CFD) showed that reducing the barrier height to
45 cm and the exhaust airflow to 6 L/s per person resulted in only a ~5% decrease in aerosol

removal efficiency, while significantly reducing energy and material demand.

The final part of the dissertation provides a comparative analysis of various infection control

strategies, combining infection risk assessment with Life Cycle Assessment (LCA). The results
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demonstrated that although some hybrid strategies—such as masks and air purifiers—offered
the lowest infection risk, they also imposed substantial environmental burdens. The most
balanced solution, considering both infection control effectiveness and environmental impact,

was the integrated system of physical barriers and localized exhaust ventilation.

Keywords: indoor air pollution reduction; spread of air pollutants; ventilation strategies;

physical barriers; life cycle assessment.
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Streszczenie

Utrzymanie wysokiej jakosci srodowiska wewngtrznego, w tym jakosci powietrza, jest
istotnym wyzwaniem w gesto zaludnionych przestrzeniach, takich jak sale lekcyjne, co stato
si¢ szczegoOlnie wazne w czasie pandemii COVID-19. Niniejsza rozprawa przedstawia badania
nad zaawansowanymi strategiami wentylacji 1 kontroli przenoszenia si¢ infekcji droga
powietrzng. Badania obejely analizy szeregu rozwigzan, od inteligentnej wentylacji
naturalnej, przez systemy hybrydowe, az po lokalne i zintegrowane systemy wentylacji

osobistej z zastosowaniem fizycznych barier.

W pierwszym etapie opracowano automatyczny sterownik otwierania okien, ktéry zostat
zasymulowany do kontroli naturalnej wentylacji pomieszczenia klasowego. Podejscie to
znaczaco poprawito jakos¢ powietrza wewnetrznego i komfort cieplny, cho¢ bez dodatkowych
srodkow, takich jak oczyszczacze powietrza czy maseczki, ryzyko zakazenia pozostawato
wysokie. W kolejnym etapie opracowano wielokryterialne podej$cie optymalizacyjne, ktore
zakladato jednoczesng regulacj¢ otwiercia okien oraz ustawien termostatu. Model ten
minimalizowal zuzycie energii, $rednie st¢zenie CO: w pomieszczeniu oraz poziom
niezadowolenia uzytkownikéw. Rozwigzanie to przeanalizowano dla dwoch roéznych
klimatéw. Nastepnie opracowano nowatorska strategi¢ wentylacji hybrydowe;,
synchronizujaca wspolprace wentylacji naturalnej 1 mechanicznej w zaleznos$ci od poziomu
zanieczyszczenia pwietrza na zewnatrz 1 ryzyka ich przenoszenia do wngtrza budynku.
Przeprowadzono optymalizacje tej strategii w celu spetnienia norm srodowiska wewngtrznego
przy jednoczesnym ograniczeniu zuzycia energii dla trzech miast o zréznicowanej jakoS$ci

powietrza zewngtrznego 1 znajdujacych si¢ w roznych klimatach.

Badania eksperymentalne rozpoczeto od oceny roli barier fizycznych w rozprzestrzenianiu
aerozoli w pomieszczeniach wyposazonych w wentylacj¢ mechaniczng. Eksperymenty
przeprowadzono w komorze testowej wyposazone] w dwa rdézne systemy wentylacji
mieszajacej. Do symulacji transmisji zakazen drogg powietrzng uzyto rozpylonych aerozoli
oraz bioaerozoli. Wyniki wskazaty, ze bariery fizyczne o wysokosci 65 cm redukujg transmisj¢
aerozoli, w przypadku sprawnie dziatajacej wentylacji mieszajacej. jednak gdy mieszanie
powietrza jest niewystarczajace stosowanie barier fizycznych moze prowadzi¢ do lokalnej
akumulacji zanieczyszczen. W kolejnym etapie bariery fizyczne wyposazono w lokalny
systemem wyciggu powietrza w ilosci 9 1/s na osobe, co pozwolito zaobserwowac znaczacy
lokalny spadek stezenia zanieczyszczen dla wszystkich analizowanych systemoéw dystrybucji

powietrza. Ponadto, badania numeryczne z wykorzystanem obliczeniowej mechaniki ptynow
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(CFD) wykazaty, ze redukcja wysokosci barier do 0.45 cm i przeptywu powietrza w systemie
wyciggowym do 6 I/s na osobg spowoduje spadek efektywno$ci usuwania aerozoli jedynie o

~5%, a jednoczes$nie pozwoli ograniczy¢ zuzycie energii i materiatow.

Ostatnia czg¢$¢ pracy zawiera analizy porownawcze kilku strategii kontroli zakazen taczace
ocen¢ ryzyka zakazenia z analizg cyklu zycia (LCA) . Wykazano, ze cho¢ niektore strategie
hybrydowe (maseczki i oczyszczacze) charakteryzuja si¢ najnizszym ryzykiem zakazenia, to
generuja one znaczne obcigzenia srodowiskowe. Najbardziej zrbwnowazonym rozwigzaniem,
uwzgledniajgcym zarowno skutecznos$¢ redukcji ryzyka zakazenia, jak i wptyw na srodowisko,

okazat si¢ zintegrowany system fizycznych barier i lokalnej wentylacji wyciggowe;.

Stowa kluczowe: redukcja zanieczyszczen powietrza wewnetrznego; rozprzestrzenianie

zanieczyszczeh powietrza; strategie wentylacyjne; bariery fizyczne; analiza cyklu zycia.
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Note on Thesis Format

This doctoral dissertation is presented in a paper-based format, consisting of six peer-reviewed
publications. The appended papers are referenced in the respective chapters 1, 2 and 3. The
structure of the thesis follows the order in which the studies were conducted and thematically
developed, building a comprehensive understanding of indoor air quality (IAQ) and airborne

infection control in buildings.

During the implementation of the doctoral thesis, additional LCA analyses were conducted to
assess selected methods of reducing the risk of infection in terms of their impact on the
environment. This work is included in Chapter 4, which is an addition to the monothematic
series of publications presented in the previous chapters. A shortened scope of the chapters is

summarized below:

e Chapter 1 provides the introduction, including the motivation for the work, background on
indoor pollutants and infection mitigation strategies, and the formulation of research
objectives and hypotheses.

e Chapter 2 includes the results of three simulation-based studies (Papers 1-3), focusing on
natural, mechanical, and hybrid ventilation strategies with smart control to enhance IAQ
and energy efficiency.

e Chapter 3 presents experimental and numerical studies (Papers 4—6) addressing local
infection control strategies, such as physical barriers and personal exhaust ventilation.

e Chapter 4 is based on an additional study that combines infection risk modelling and life
cycle assessment (LCA) to evaluate the environmental sustainability of different infection
mitigation strategies. This was conducted to address a critical research gap not covered in
the published papers.

e Chapter 5 concludes the research by synthesizing the findings, evaluating the research

hypotheses, and suggesting directions for future work.
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Chapter 1: Introduction

1.1. Motivation of the work

The high occupational density of indoor environments, particularly in classrooms, offices, and
shared public spaces, has made indoor air quality a critical public health concern. As people
now spend the majority of their time indoors, buildings' ability to manage air quality directly
affects respiratory health, productivity, and the transmission of infectious diseases. Many
indoor environments continue to suffer from inadequate air management, either due to
insufficient ventilation—often resulting from inappropriate system operation—or because
existing systems were originally designed without accounting for recent changes in occupancy
patterns, pollutant sources, or evolving health risks. These shortcomings became especially
evident during the COVID-19 pandemic, which exposed the inability of conventional systems
to mitigate airborne transmission of pathogens in densely occupied indoor spaces. This crisis
also accelerated global awareness of the need for more adaptive and effective strategies to limit
airborne pollutant spread, particularly in educational spaces where students and teachers

remain in close proximity for extended durations.

Furthermore, most studies examine indoor air quality, thermal comfort, energy consumption,
and environmental impacts separately rather than through an integrated perspective. Buildings
are among the largest consumers of energy worldwide. According to the IEA, operational
energy use in buildings represents about 30% of global final energy consumption. In terms of
environmental impacts, the building sector is responsible for approximately 21% of global
greenhouse gas emissions. However, integrated solutions that consider both indoor pollutants
mitigation and broader indoor environmental quality objectives are limited. There is a clear
need for innovative, comprehensive strategies that target the pathways of pollutant spread,
while also accounting for energy use, comfort, and environmental impact. This thesis is
motivated by the need to develop and evaluate targeted, scalable methods to limit the spread of

airborne pollutants in occupied rooms.

1.2. Background

Given that individuals spend approximately 90% of their time indoors [1], the quality of indoor

air has become a critical determinant of health, well-being, and productivity—particularly in



settings where people gather for extended periods, such as classrooms, offices, and healthcare
facilities. High concentrations of indoor pollutants—such as PMz.s, PMi, VOCs, and
biological agents—are frequently reported to exceed outdoor levels by two to five times [2]. In
school environments, the World Health Organization (WHO) has highlighted poor IAQ as a
major contributor to absenteeism, respiratory illnesses, and diminished academic performance
[3]. While specific estimates vary, studies indicate that exposure to elevated levels of fine
particulate matter (PM..s) in classrooms is associated with a reduction in students’ academic
performance. Research suggests that improving indoor air quality can lead to positive effects
on cognitive development and learning [4]. The COVID-19 pandemic further amplified
awareness regarding the importance of managing indoor air. Research confirmed that SARS-
CoV-2 can be transmitted through aerosols that linger in the air for extended periods,
particularly in poorly ventilated spaces [5]. In one notable study, poorly ventilated indoor
environments were associated with 19 times higher odds of transmission compared to outdoor
settings [6]. As a result, ensuring adequate ventilation and air quality became critical not only
for infection control but also for supporting mental health and maintaining productivity.
However, improving IAQ presents complex trade-offs. Increasing ventilation rates, for
instance, often leads to higher energy consumption, particularly in climates with extreme
temperatures, where additional heating or cooling is required [7]. Furthermore, building
systems designed for energy efficiency sometimes inadvertently compromise ventilation
effectiveness, creating environments where pollutant concentrations can accumulate despite
compliance with energy codes [8]. In addition to energy and comfort concerns, there is an
emerging recognition of the environmental footprint associated with air quality interventions.
For example, the use of portable air cleaners, personal protective equipment, and increased
filtration measures—while effective for short-term health protection—can also contribute to

higher greenhouse gas emissions and material waste if not properly managed [9].

Taken together, these findings highlight the urgent need for integrated strategies that can
enhance IAQ, mitigate infection risks, maintain thermal comfort, optimize energy efficiency,
and minimize environmental impacts. Achieving this balance is particularly critical in
educational settings, where children's health, cognitive development, and learning outcomes
are at stake. This study aims to address these interconnected challenges by systematically
evaluating and comparing various indoor air management and infection mitigation strategies,
considering not only their health benefits but also their broader environmental and operational

implications.



1.3. Indoor pollutants

Indoor pollutants may originate from indoor sources or infiltrate from the outdoors and have
varying effects on human health and comfort. Their presence and behavior indoors depend on
building design, ventilation, occupant activities, and surrounding environmental conditions.
Indoor pollutants can be broadly categorized into three primary groups: chemical, particulate,

and biological.

e Chemical pollutants include volatile organic compounds (VOCs), carbon monoxide (CO),
nitrogen dioxide (NOz), ozone (Os), formaldehyde and many other compounds and their
mixtures [10]. VOCs are emitted from a variety of indoor sources such as paints, adhesives,
cleaning agents, and furnishings, and exposure has been associated with symptoms
including headaches, respiratory irritation, and neurological effects [11]. Carbon monoxide,
produced primarily by incomplete combustion, binds to hemoglobin more effectively than
oxygen, reducing oxygen delivery to tissues and causing dizziness, confusion, and at high
concentrations, fatality [12]. Nitrogen dioxide, typically originating from gas appliances
and outdoor infiltration, exacerbates asthma and reduces lung function [13]. Ozone,
sometimes generated indoors by air purifiers, can provoke respiratory inflammation and
exacerbate chronic respiratory diseases [9]. Formaldehyde, emitted from composite wood
products and certain insulation materials, is a known respiratory irritant and classified as a
human carcinogen [14].

e Particulate pollutants, notably fine particulate matter (PM..s) and coarse particles (PMo),
arise from combustion activities, resuspension of dust, indoor activities, and infiltration of
outdoor air pollution. Exposure to particulate matter is linked to a wide range of adverse
outcomes, including respiratory and cardiovascular diseases, lung cancer, and premature
mortality [15].

¢ Biological pollutants include bacteria, viruses, fungi (including mold spores), and allergens
originating from pets, dust mites, and pests such as insects. Microorganisms like molds
thrive in moist indoor environments and release spores that can cause or exacerbate
respiratory illnesses, allergic reactions, and asthma, particularly in environments with poor
ventilation and high occupant density. The COVID-19 pandemic placed particular
emphasis on airborne biological contaminants, especially respiratory viruses such as
SARS-CoV-2, which are transmitted via respiratory droplets and aerosols. This allows for
both short-range (droplet) and long-range (aerosol) airborne transmission, with the risk

significantly heightened in confined and poorly ventilated spaces. Evidence from pandemic



studies showed that inadequate air exchange was strongly associated with higher infection
rates in indoor settings, highlighting the urgent need for well-designed ventilation and
control measures [16]

e (Carbon dioxide (CO2), although not typically classified within the above categories, serves
as a crucial TAQ indicator and can indirectly influence occupant health and cognitive
performance. Elevated CO: concentrations are associated with symptoms such as
drowsiness, headaches, and measurable declines in cognitive performance and decision-
making abilities [17]. Thus, while CO: is not itself a health-threatening pollutant at ordinary
indoor levels, it is an important parameter in assessing indoor environmental quality and
the adequacy of ventilation. Classification systems such as those proposed by the
Federation of European Heating, Ventilation and Air Conditioning Associations (REHVA)
categorize indoor environments based on pollutant levels and ventilation adequacy. These
classifications (ranging from Category I, indicating high IAQ, to Category IV, indicating
poor IAQ) provide benchmarks for designing and evaluating indoor environments

according to health and comfort standards [18].

1.4. Methods to mitigate spread of indoor pollutants

Maintaining healthy indoor environments often requires well-thought-out strategies to limit the
accumulation and spread of indoor pollutants. Ventilation plays a fundamental role in this
process by ensuring sufficient airflow to dilute and remove airborne contaminants such as
particulate matter (PM), volatile organic compounds (VOCs), bioaerosols, and excess carbon
dioxide (COz). According to standards [19-21], specific ventilation rates are prescribed based
on building type, occupancy levels, and activity to ensure acceptable indoor air quality.
However, while ventilation is a critical and often mandatory component of indoor
environmental control, it may not be sufficient on its own—particularly in densely occupied
spaces, poorly ventilated areas, or during infectious disease outbreaks. In such cases, a
combination of complementary interventions, including personal protective equipment (PPE),
physical barriers, air purifiers, and other emerging technologies, is increasingly utilized to
promote healthier indoor environments. The following subsections outline the principal

strategies implemented to reduce exposure to indoor airborne contaminants.

1.4.1.  Ventilation-based strategies
In high-occupancy spaces like classrooms, effective ventilation strategies are critical.

Ventilation-based approaches aim to reduce the concentration of infectious aerosols through



dilution, removal, or localized containment. Indoor spaces typically employ three primary

ventilation approaches: natural ventilation, mechanical ventilation, and hybrid systems.

Natural ventilation relies on passive airflow through openings such as windows, vents, and
doors, driven by wind pressure and thermal buoyancy. It is a cost-effective and commonly
implemented approach, often found in residential, educational, and office buildings,
particularly in regions where outdoor air quality is acceptable. When well-designed, natural
ventilation can support acceptable indoor air quality (IAQ) with minimal mechanical
intervention. Studies indicate that it can achieve adequate air exchange rates in moderate
climates, particularly when architectural features are optimized to support cross-ventilation
and airflow paths [22]. Historical examples, such as post-1918 influenza pandemic hospital
designs, demonstrate how large windows and intentional cross-ventilation were employed
to reduce airborne infection risks [23]. However, despite these advantages, natural
ventilation is inherently variable and may become unreliable in extreme climatic
conditions. Cold outdoor temperatures, high humidity, and urban pollution can restrict its
usability, especially during winter when open windows lead to thermal discomfort and
increased heating demand [24]. Additionally, cross-ventilation can be ineffective when
openings are poorly positioned, resulting in air stagnation and inadequate pollutant
removal. In settings like classrooms or offices, relying solely on natural ventilation may
fall short of providing sufficient contaminant control, often necessitating hybrid strategies
that combine passive airflow with mechanical ventilation systems [25].

Mechanical ventilation systems utilize fans, ducts, and filtration to actively control indoor
air exchange, ensuring consistent IAQ regardless of external environmental fluctuations.
These systems are essential in environments where natural ventilation is insufficient or
unreliable, such as densely populated urban areas or buildings with complex architectural
designs. Mechanical ventilation offers precise control over airflow rates, filtration
efficiency, and air distribution, which are crucial for maintaining optimal IAQ and
mitigating airborne contaminant transmission. Mechanical ventilation systems can be
configured in various ways to achieve specific IAQ objectives. For instance, Dedicated
Outdoor Air Systems (DOAS) provide 100% outdoor air to the space, independently
controlling ventilation and thermal comfort [26]. This approach is particularly effective, as
it eliminates the recirculation of contaminated air. Furthermore, integrating HEPA filters
within mechanical systems significantly enhances their ability to remove airborne particles,

including pathogens, contributing to a healthier indoor environment [27], but due to high



air pressure resistance they are not commonly used in typical indoor settings. Demand-
Controlled Ventilation (DCV), another mechanical strategy, modulates ventilation rates
based on real-time occupancy or pollutant levels, optimizing energy consumption while
maintaining adequate IAQ [28]. The implementation of advanced control systems and
sensors enables these systems to dynamically adapt to changing indoor conditions, ensuring
continuous and efficient air quality management.

e Hybrid ventilation, also known as mixed-mode ventilation, combines natural and
mechanical ventilation to optimize air exchange rates, energy efficiency, and IAQ. By
dynamically switching between natural and mechanical modes based on indoor air
conditions, occupancy levels, and outdoor climate, hybrid systems offer a flexible approach
to maintaining adequate ventilation while reducing energy consumption. A key advantage
of hybrid ventilation is its ability to maximize passive airflow when outdoor conditions
permit while activating mechanical ventilation when necessary [29]. For instance, in
moderate climates, windows can be automatically controlled to introduce fresh air, with
mechanical fans supplementing airflow when required. This approach can significantly
reduce CO: accumulation, enhance thermal comfort, and lower energy demand compared
to fully mechanical systems. However, hybrid ventilation requires advanced control
strategies to function effectively. Smart ventilation algorithms, CO- and pollutant sensors,
and occupancy-based controls are commonly used to adjust airflow rates dynamically [30].
These systems are particularly beneficial in buildings with variable occupancy patterns,
such as schools and office spaces, where ventilation needs fluctuate throughout the day.
Despite its advantages, hybrid ventilation systems may not be suitable in areas with high
outdoor pollution or extreme climates, where reliance on natural airflow could introduce
contaminants or cause discomfort [31]. Proper design, sensor calibration, and integration
with filtration systems are essential to ensure consistent I[AQ under varying environmental

conditions.

While increasing air change rate (ACH) is a widely recognized method for lowering airborne
infection risk, several additional factors influence the overall effectiveness of ventilation
systems [32]. These include airflow patterns, distribution mechanisms, and the configuration
of air inlets and exhausts, all of which determine whether contaminants are efficiently extracted
or recirculated within the space [33]. Moreover, particle size significantly affects the behavior
and removal efficiency of airborne contaminants. Studies have shown that smaller particles (<

20 um) are more readily removed by ventilation systems, whereas larger particles (> 40 um)



tend to settle on surfaces rather than being extracted from the air [34]. This emphasizes the
need for carefully designed airflow strategies that target particle transport and deposition,
particularly in occupied zones [35]. The type and placement of air diffusers also play a critical
role in shaping airflow, influencing how pathogens disperse and whether they accumulate or

are effectively removed.

e Mixing ventilation (MV) is one of the most commonly implemented ventilation strategies
in indoor environments such as classrooms, offices, and healthcare facilities. In this
approach, air is typically introduced at high velocity through ceiling diffusers or wall-
mounted inlets, aiming to dilute indoor air pollutants and maintain uniform environmental
conditions. However, in the context of infection control, MV presents significant
limitations. Due to its principle of creating a well-mixed environment, infectious aerosols
released from an infected individual are rapidly dispersed and distributed throughout the
entire space. This uniform mixing increases the risk of exposure for all occupants,
regardless of their distance from the source. Both experimental studies and numerical
simulations have demonstrated that MV does not effectively confine or remove exhaled
contaminants, leading to higher overall infection risk compared to more localized
ventilation approaches [32]. Despite these limitations, MV remains widely used due to its
simplicity, ease of design, and ability to meet thermal comfort and regulatory ventilation
requirements in various building types.

e Displacement ventilation (DV) is an alternative to mixing ventilation that supplies cooler
air at low velocity near the floor level and relies on thermal stratification to transport heat
and airborne contaminants upward toward ceiling-mounted exhaust outlets. This stratified
airflow pattern reduces mixing between the clean air zone in the occupied region and the
warmer, contaminated air rising toward the ceiling. As a result, DV can significantly reduce
occupants' exposure to exhaled aerosols and is considered a more effective strategy for
airborne infection control in comparison to mixing systems. Experimental results and CFD
analyses have shown that DV can maintain lower contaminant concentrations in the
breathing zone by confining exhaled particles to thermal plumes that are rapidly carried
away from occupants [36]. DV has been successfully implemented in environments such
as office buildings, lecture halls, and patient rooms, especially where thermal plumes from
occupants and equipment can support vertical air movement. However, its performance is
sensitive to internal heat loads and space layout, which can influence stratification and

pollutant removal efficiency [37].



e Personalized ventilation (PV) is emerging as a solution for localized air supply, reducing
exposure to shared pollutants. PV refers to a localized airflow approach that delivers or
removes air directly within the breathing zone of occupants, offering individualized control
over their immediate thermal and air quality conditions [38]. Unlike general ventilation
systems—whether natural, mechanical, or hybrid—which treat the entire room uniformly,
PV systems focus on optimizing the occupant’s microenvironment without altering the
background ventilation. PV systems can supply clean and conditioned air using devices
such as adjustable nozzles, desktop diffusers, or chair-mounted outlets [39]. Alternatively,
they may function as personalized exhaust systems by extracting exhaled air near the source
to improve surrounding air quality [40]. By addressing diverse comfort preferences in
shared environments like offices, classrooms, and transport vehicles, PV offers a flexible
and user-centric solution. Additionally, it can contribute to energy savings by reducing the
need for high-volume room-wide ventilation. However, its design and performance depend
on careful consideration of airflow patterns, noise levels, positioning relative to occupants,
and potential interactions with background systems [41]. Moreover, there is lack of clear

design guidelines for this type of ventilation.

1.4.2.  Personal Protective Equipment

Personal protective equipment (PPE), including face masks, face shields, and gowns, has been
extensively studied as an effective strategy to reduce the transmission of airborne pathogens,
especially in indoor environments with limited ventilation. Face masks are among the most
widely used PPE, with research showing that surgical masks and respirators such as N95/FFP2
can significantly reduce the emission and inhalation of infectious aerosols by filtering fine
particles at various efficiency levels [42]. Cloth masks offer limited protection but can still
contribute to source control when combined with other interventions [43]. Face shields and
protective eyewear provide additional protection against droplet transmission, particularly in
environments with high exposure risk, though their efficacy against aerosols is limited due to
open gaps [44]. While PPE is considered an essential layer of protection, especially in densely
occupied or poorly ventilated spaces, studies emphasize that its effectiveness is highly
dependent on correct usage, fit, and compliance [45]. Moreover, PPE should be considered a
complementary measure rather than a standalone solution, ideally used in combination with

environmental and engineering controls for enhanced infection mitigation.



1.4.3.  Physical barriers and spatial separation

Physical barriers, such as transparent partitions, curtains, and air curtains, have been explored
as cost-effective measures to reduce direct person-to-person transmission in shared indoor
environments. These barriers function by disrupting airflow patterns and limiting the direct
spread of respiratory droplets between occupants [46]. However, their effectiveness largely
depends on their size, placement, and integration with the ventilation system [47]. Improper
design may lead to airflow stagnation or localized accumulation of aerosols, particularly if
ventilation is insufficient [48]. In parallel, spatial distancing has also been shown to reduce
exposure to infectious particles [49]. Studies have demonstrated that increasing the distance
between occupants—typically to at least 1-2 meters—can significantly lower the probability
of inhaling pathogen-laden aerosols or droplets [50]. However, distancing alone may not be
sufficient in poorly ventilated spaces where aerosolized particles can accumulate and disperse
beyond short-range. Research suggests that combining physical barriers with adequate
ventilation and distancing measures can create layered protection that enhances indoor air
safety [51]. Optimizing barrier height, material, and placement, while ensuring proper airflow,

is crucial to maintaining both effectiveness and comfort in occupied spaces.

1.4.4.  Filtration and air cleaning technologies

Filtration and air cleaning technologies have been widely studied for their ability to remove
airborne pathogens from recirculated air. HEPA filters and filters rated Minimum Efficiency
Reporting Value (MERV) 13-16 are among the most effective at capturing fine aerosols,
including viral particles, and are increasingly used in heating, ventilation, and air conditioning
(HVAC) systems and portable air cleaners [52]. Several studies report significant reductions in
aerosol concentrations when these filters are properly integrated into mechanical ventilation
systems [53]. However, higher filtration efficiencies typically lead to increased pressure drop
and energy demand, which may affect system performance and operational costs [54]. To
balance indoor air quality and energy efficiency, some research suggests combining medium-
efficiency filters with optimized airflow rates or supplementing existing systems with portable
air cleaners [55]. The effectiveness of filtration strategies also depends on maintenance
practices, filter replacement intervals, and system compatibility, making long-term planning

and operational management crucial for sustained infection control.



1.4.5.  Emerging technologies for infection control

Recent studies have explored the application of advanced technologies to enhance infection
control in indoor environments. These include smart sensors, automated systems, and data-
driven control strategies. For example, real-time environmental monitoring tools—capable of
tracking parameters such as CO: concentration, temperature, and particulate matter—have been
used to inform ventilation management and assess indoor air quality in occupied spaces [56].
Artificial Intelligence (AI) and machine learning techniques have also emerged as promising
tools in this area. Some studies have used Al models to optimize ventilation strategies, predict
pollutant dispersion, or control disinfection processes, demonstrating potential for reducing
occupant exposure to airborne pathogens [57]. Additionally, technologies such as UV-C
disinfection robots and smart control systems for air cleaners or HVAC settings have been
tested in healthcare and educational settings to support infection prevention efforts [58]. While
these approaches offer potential for improving infection risk management, current research
highlights the importance of proper system integration, data quality, and ongoing evaluation to

ensure reliability and effectiveness in real-world applications.

1.5. Implications of IAQ management and infection control

Approaches aimed at limiting the spread of airborne pollutants—including IAQ management
and infection control measures—often introduce complex trade-offs that extend beyond
occupant health. According to existing literature, such strategies can lead to significant
consequences. A well-balanced design must therefore consider these interrelated aspects to

ensure effective, acceptable, and sustainable solutions for indoor environments.

1.5.1.  Thermal comfort implications
Strategies such as increased ventilation, designed to reduce airborne contaminant

concentrations and infection risk, frequently affect thermal comfort. Numerous studies have
reported that higher outdoor air exchange rates can lead to thermal discomfort, particularly in
climates with seasonal extremes. For instance, excessive fresh air intake during winter can
reduce indoor temperatures below comfort thresholds, increasing heating demand and occupant
dissatisfaction [59]. Conversely, during summer, enhanced airflow may cause overcooling or
raise indoor humidity levels, again leading to discomfort [60]. These effects are often
quantified using thermal comfort models such as the Predicted Mean Vote (PMV) and Predicted
Percentage of Dissatisfied (PPD). To reconcile thermal comfort with air quality targets, recent

studies have proposed adaptive ventilation control, where ventilation rates dynamically
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respond to indoor CO: levels or contaminant concentration while maintaining thermal
setpoints. These integrated strategies can help optimize comfort without compromising IAQ or

infection control goals [61].

1.5.2.  Energy efficiency considerations

Ventilation, filtration, and air purification technologies used for managing IAQ and infection
risk often require considerable energy input. Studies have shown that mechanical systems
operating at high ventilation rates significantly increase energy consumption, especially when
paired with heating or cooling demands [62]. This raises concerns about long-term operational
costs and energy efficiency in buildings. To address this, the literature supports several energy-
efficient alternatives. DCV systems, which adjust airflow based on occupancy and IAQ
indicators, and heat recovery ventilators (HRVs), which capture thermal energy from exhaust
air, have demonstrated energy savings without compromising pollutant control. Hybrid
ventilation approaches that switch between natural and mechanical ventilation based on
environmental conditions have also shown energy reductions of up to 40% in comparative
studies [29]. Moreover, simulation-based optimization using algorithms such as multi-
objective genetic algorithms has been employed to find the optimal trade-offs between TAQ,

infection risk, and energy performance [63].

1.5.3.  Environmental impact and sustainability

Infection control and IAQ management strategies carry environmental implications across their
life cycles, including manufacturing, operation, and disposal stages. For example, several
studies have drawn attention to the environmental footprint of single-use PPE [64], HEPA
filters, and portable air cleaners. The disposal of large quantities of used filters and masks
contributes to solid waste and resource depletion concerns [65]. To assess these impacts, Life
Cycle Assessment (LCA) has been increasingly applied. Findings suggest that integrated and
localized solutions—such as combining partial natural ventilation, physical barriers, and low-
energy filtration—can lead to lower greenhouse gas emissions compared to systems relying
solely on high-volume mechanical ventilation. Additionally, studies recommend exploring
biodegradable PPE, long-life filtration materials, and renewable energy sources such as

photovoltaic panels to reduce the environmental burden of IAQ technologies [66,67].
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1.6. Objectives and scope

This thesis aims to advance the understanding and development of effective and sustainable

strategies to improve IAQ and mitigate airborne infection risks, particularly in educational

environments. The study seeks to balance health protection, occupant comfort, energy

efficiency, and environmental sustainability within classroom environments. The primary

objectives of this research are:

Evaluating different ventilation strategies in maintaining IAQ and reducing airborne
infection risks in densely occupied spaces.

Investigating localized mitigation measures such as physical barriers, personal ventilation,
mask and portable air cleaners in controlling aerosol transmission in densely occupied
space.

Analysing energy and comfort impacts with various IAQ improvement and infection

control strategies.

Based on these objectives, the following questions were formulated at the outset of this work:

1)

2)

3)

4)

S)

Can natural ventilation through smart windows provide sufficient indoor air quality and
infection control in classroom settings?

What are the energy use and thermal comfort implications of natural ventilation, and how
can they be optimized?

How can hybrid ventilation systems be designed to adapt to varying indoor and outdoor air
quality conditions effectively?

What are the possible impacts of introducing physical barriers on ventilation effectiveness
and airborne contaminant transmission in ventilated rooms?

Can combining local exhaust ventilation with physical barriers enhance infection control?

To address these questions, several hypotheses are formulated:

Natural ventilation through smart windows may control infection risk when there is not
access to mechanical ventilation.

Conducting multi objective optimization on defined parameters of ventilation system may
lead to control TAQ, thermal comfort and energy demand simultaneously.

Controlled integration of natural and mechanical ventilation (hybrid ventilation) can

improve indoor environmental quality and reduce energy use.
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e Physical barriers can reduce airborne transmission risk between occupants.
e Local control strategies such as personal exhaust ventilation combined with physical

barriers can significantly reduce exposure to airborne contaminants.

In pursuit of these objectives and hypotheses, this thesis is structured around a series of six
peer-reviewed publications and one additional study that collectively form the foundation of
the research. Each publication addresses a specific aspect of the overarching research problem,
with insights from earlier studies informing the design and scope of subsequent investigations.
The works are presented in a logical sequence, beginning with advanced natural ventilation
control, followed by the integration of hybrid and mechanical systems, and continuing with
experimental and numerical assessments of local infection mitigation strategies such as
physical barriers and personal exhaust ventilation. In addition to the main part of the thesis, a
life cycle assessment (LCA) study was conducted to evaluate the environmental impact of
various infection control strategies. Each part of the research builds upon the last, progressively
addressing new dimensions of the core challenge: how to maintain a healthy, comfortable, and
environmentally responsible indoor environment in classrooms during airborne infectious

disease outbreaks. A graphical summary of the full sequence of investigations is presented in
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Fig.1. Graphical commentary of the series of investigations.
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To ensure comparability and internal consistency across all studies included in this thesis, both
experimental and numerical investigations were conducted using a standardized indoor
environment—a room with dimensions of 9 m (L) x 6 m (W) x 3.3 m (H), representative of a
typical classroom. This consistent framework allowed for reliable cross-comparison of results
and supported a cohesive evaluation of multiple ventilation and mitigation strategies. The
standardized setup served as the basis for numerical simulations, experimental testing, and

environmental assessments, thereby reinforcing the integrated nature of the research.

Chapter 2: Ventilation strategies and smart control

2.1. Scope of study

This chapter summarizes a sequence of studies— (Papers 1-3), which focused on the
development and optimization of smart and hybrid ventilation strategies for improving indoor
environmental conditions in classrooms. The overarching goal is to enhance indoor air quality

(IAQ), thermal comfort, and energy efficiency, while also addressing airborne infection risk.

e Paper 1 introduced a novel control algorithm for regulating natural ventilation using smart
windows, guided by indoor environmental parameters such as CO: concentration and
temperature. The study demonstrated that while smart natural ventilation can significantly
improve IAQ and thermal comfort, it alone is insufficient to control infection risk in densely
occupied spaces. This paper laid the foundation by showing the potential and limitations of
relying solely on natural ventilation, indicating a need for additional measures such as air
cleaners and face masks.

e Paper 2 was built directly upon the findings of Paper 1 by employing a multi-objective
genetic algorithm to optimize both window opening and thermostat setpoints. This
approach enabled a more comprehensive control strategy that accounts for climate
variability, user comfort, and energy use, in addition to indoor air quality. The study
addressed a key methodological gap by showing how simultaneous optimization of
parameters for smart window and thermostat setpoints can yield substantial improvements
in indoor environmental quality and operational efficiency across different climatic
conditions.

e Paper 3 responded to the shortcomings of natural ventilation by proposing a hybrid
ventilation system that integrates window control with mechanical ventilation, driven by

both indoor and outdoor air quality data, including real-time PM..s and NO: levels. This
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hybrid approach enhances system responsiveness and robustness, particularly in urban
settings with fluctuating pollution levels. The strategy was tested through simulation in
three diverse cities—Delhi, Warsaw, and Stockholm—illustrating its adaptability to

different climates and pollution levels.

Together, these three papers provide a comprehensive exploration of smart ventilation control
strategies, transitioning from passive natural ventilation to advanced hybrid systems that
dynamically adapt to changing environmental conditions. The findings contribute to the
broader goal of creating classroom environments that are not only healthy and comfortable but

also energy-efficient and resilient to outdoor pollution variability.

2.2. Methods

This chapter applies a set of numerical methods to evaluate and optimize ventilation strategies
aimed at improving indoor environmental quality in classrooms. The methods include dynamic
building performance simulations, multi-objective optimization techniques, and infection risk
modelling. These methods were used systematically to analyze natural ventilation control,
thermostat setpoint optimization, and hybrid ventilation systems across different climatic and

pollution contexts.

2.2.1. Building performance simulation

In Papers 1, 2, and 3, the architectural and thermal layout of the classroom was first developed
using a SketchUp plugin. The classroom is described in section 3. This model was then
imported into EnergyPlus to define the building’s thermal properties, including aspects such as
lighting and ventilation, in order to calculate heating and cooling demands [68]. EnergyPlus,
which operates based on a thermal balance model, was chosen for its reliability in estimating a
building's thermal performance [69]. In Paper 3, a Unitary Packaged Terminal Heat Pump

model was utilized to simulate the integrated heating and cooling system [70].

e To capture air and contaminant exchange between zones, Paper 1 incorporated CONTAM
software for detailed inter-zone airflow calculations. CONTAM was coupled with
EnergyPlus via co-simulation using the Functional Mock-up Interface (FMI), enabled
through CONTAM’s inter-process communication application programming interface
(API). This setup allowed real-time data transfer between the two programs at each
simulation step, enhancing the accuracy of airflow and contaminant transport modelling.

To simulate contaminant behaviour and predict indoor concentration levels, a time-
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dependent, perfectly mixed mass balance model was used in all three papers, governed by
the following principles [68]:

t
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In the equation, V d—tf represents the storage of a general contaminant within the zone air

(ppm.kg/s). The term Zlivjin" Ry ;Cr signifies the total removal of contaminants by sinks
located on both the zone and interior surfaces (ppm.kg/s). The expression m(cf,z,i — Cft’z)
illustrates the movement of contaminants due to air mixing between different zones
(ppm.kg/s). The term m(c oo — C ft ) indicates the movement of contaminants resulting from
outdoor air infiltration and ventilation (ppm.kg/s). The expression ﬁl(Cf‘sup — Cft )
quantifies the transfer of contaminants due to the system's air supply (ppm.kg/s), and
S f(C ft_&) denotes the rate of contaminant generation or removal based on the contaminant

level in the zone air from the previous time step.

Paper 3 leveraged the Energy Management System (EMS) in EnergyPlus to implement
dynamic control strategies, particularly for operable windows and their integration with the
ventilation system [71]. EMS offers a robust scripting environment that empowers users to
design high-level supervisory control routines, enabling the override of standard
EnergyPlus logic [72]. This allowed for the simulation of advanced, demand-driven
ventilation strategies that responded dynamically to indoor conditions [71]. Together, these
tools—EnergyPlus, CONTAM, and EMS—provided a comprehensive platform for
modelling thermal behaviour, contaminant dynamics, and responsive control systems

within the classroom environment.

2.2.2. Multi-objective optimization

In papers 2 and 3, the JEPlus + EA program, an online optimization tool, uses the Non-
dominated Sorting Genetic Algorithm (NSGA-II) for optimization [73]. This software is built
using the Java programming language. JEPIus, working in conjunction with EnergyPlus, was
used to define the design parameters (decision variables) and desired outcomes (objective
functions). In the context of optimizing indoor environments, a genetic algorithm approach is
used to manage competing objectives. This powerful technique effectively balances factors like
energy consumption, air quality, and thermal comfort. The genetic algorithm operates within

the solution space, generating a Pareto front diagram to display optimal trade-offs [74]. The
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NSGA-II algorithm, chosen for its adaptability to various variables, processes EnergyPlus
outputs in "rvx" format. The configuration of the NSGA-II algorithm, including population
size, maximum generations, crossover rate, and mutation rate, was carefully determined based
on previous research and the specific characteristics of this study [73]. In multi-objective
optimizations, the algorithm produces a set of optimal solutions along a Pareto front, where no
single solution is superior to the others [75]. The best compromise is then selected using
statistical methods, with the total weighted average method being a common choice in this

study [76]. This method is calculated according to the following equation:

fiCO-Fi)™"
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where f;(x) are the objective functions and f;(x)™®* and f;(x)™" are the minimum and
maximum of each objective function, respectively. a; is also the weight coefficient of each

objective function.

2.2.3. Infection risk calculation

In paper 1, the Wells-Riley model [77] was used to determine the likelihood of infection for
students in the classroom, considering their different activities. The model relies on the
quantum emission rate (E), which represents the amount of virus released. In this study, E was
assumed to vary based on whether students were sitting, lightly moving, or speaking during
lectures. The initial quanta concentration (QCy) was assumed to be zero at the start of the first
class and increased over time until the students left the classroom. The change in average

quanta concentration, QC(;) (quanta/m3), over time was calculated using Equation (3).

QC =1 4 (QCy —23) - 72 3)
where V, 1, 1;, and A represent the volume of the room (m?), number of infected individuals,
facial mask efficiency for the infected person, and first-order loss rate coefficient, respectively.
The quanta are reduced not only by facial mask efficiency, but also due to ventilation (Av),
filtration (K¢), deposition (Aqep), and airborne virus decay (k). Hence, A is defined as summed
effects of these values (Equation (4)).

A=+ Agep + k + kf 4)

The likelihood of infection, R(t), represents the probability that susceptible individuals in a
closed space will become infected at a given time (t). This probability can be determined using

Equation (5), which is derived from the Wells-Riley model [78] and refined by Gammaitoni-

Nucci [79]. Infection risk depends on the inhalation rate (Q;) of susceptible persons. If all
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susceptible students wear masks, the facial mask efficiency () reduces the quanta inhaled. A
perfect mixing of indoor air with a constant source was assumed to use the calculated average,
QCy), which increases with time.

R(t;) =n(1— e~ Qi(1-7s) fotl QC(t)dt) (5)
To establish a reasonable infection risk level for the classroom, the basic reproduction number
(Ry) can be used. R, is determined by the ratio of new infections to the initially infected
individuals. Public health recommendations suggest keeping R, below 1 (R, < 1) to

effectively control the spread of an epidemic.

2.3. Study design

All numerical simulations presented in this thesis were conducted using a consistent indoor
environment model to ensure methodological coherence and facilitate meaningful
comparisons. The simulated domain represents a classroom located on the top floor of a three-
story school building constructed with energy-efficient materials—polystyrene insulation in
the walls and floors (U-values of 0.23 and 0.17 W/(m?-K), respectively), and double-glazed
windows with a U-value of 1.1 W/(m?:K). Depending on the study, the ventilation setup
included natural ventilation via cracks and stack-effect chimneys, or mechanical ventilation
systems, in line with the strategy under investigation. Occupancy was modelled based on a
typical school schedule with 30 students attending 45-minute lessons followed by 15-minute
breaks. Internal heat and CO: generation per occupant were assumed to be 95 W and 0.238
L/min, respectively, with a baseline indoor COs: level of 400 ppm. Clothing insulation levels
were tailored to local climate conditions: 0.5 clo for Bangkok and Delhi, and 1.0-1.2 clo for
Warsaw and Stockholm. Artificial lighting was activated when daylight illumination dropped
below 250 lux.

2.3.1. Paper 1 — Smart window control for natural ventilation

Paper 1 focused on developing a smart window controller governed by indoor CO: levels,
temperature, and infection risk considering Warsaw climate. The windows could operate in
three modes— tilt, open, and closed—based on thresholds for CO: concentration and
indoor/outdoor temperature. The optimization minimized hours exceeding thresholds for
comfort (PMV < —0.7 or > 0.7), indoor air quality (CO2 > 1200 ppm), and infection risk (Ry>
1). The controller had separate branches for CO- response and overheating mitigation and was
limited to daytime operation for safety. It supported three modes of window operation—one

tilt (O1), one open (02), and one tilt and one open (O3)—selected based on indoor/outdoor
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temperature and CO: concentration. The optimization was based on indoor environmental
parameters including CO: concentration, temperature, and the probability of airborne infection
transmission. The resulting optimal setpoints determined the operation of each window mode.
As outlined in Table 1, seven different cases were investigated to assess the performance of the

proposed controller under various intervention scenarios.

Table 1. Test cases conducted in the study.

Number of Clean Air Delivery Rate
Case Controller Basis b Mask by Air Cleaner (CADR,
People 3
m~/h)
1 Opening window during 30 No B
breaks
Objective function:
2 (1) Thermal comfort 30 No —
(2) CO; concentration.
3 Objective function: 30 Mo —
4 30 Yes —
—— (1) Thermal comfort
5 ) 30 Yes 330
—— (2) COz concentration
6 (3) Infection risk. 30 Yes 2 %330
7 15 Yes -

2.3.2. Paper 2 — Optimization of window and thermostat settings

Paper 2 extended the work by applying a multi-objective optimization through five decision
parameters: minimum and maximum temperatures for window opening, heating and cooling
setpoints, and window opening area. Three conflicting objectives are included: annual energy
demand, average indoor CO: concentration, and thermal comfort, quantified via the Predicted
Percentage of Dissatisfied (PPD) index. This study included two contrasting climates—
Warsaw (continental) and Bangkok (tropical)—highlighting the trade-offs between indoor air
quality, thermal comfort, and energy consumption. Warsaw required seasonal heating, while
Bangkok required continuous cooling. A time-dependent controller was used as the base case
to compare with the optimal cases. The temperature-dependent controller includes two
parameters: the maximum and minimum indoor temperatures at which the window can be
opened. Outside the set interval, the controller automatically closes the window. This study
uses the temperature-dependent controller to perform optimization of all objective functions.
The full list of decision variables and their ranges is provided in Table 2, including the
minimum and maximum allowable indoor temperature for window operation (P1 and P2),

heating and cooling setpoints (P3 and P4), and the window open area (P5).
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Table 2. Properties of the decision parameters.

Object . . 1 Base
Parameter Controller Description parameter Unit Range value
. Minimum indoor temperature
Pl Window ¢ keeping the window open (°C) (7-23) 21
. Maximum indoor temperature
P2 Window ¢ keeping the window open (°C) (23-28) 25
P3 Thermostat Heating setpoint () (1723 21
P4 Thermostat Cooling setpoint (°C) (23-28) 25
P5 Window Open area m? [0,16) 1

'All defined ranges are Continues.
To capture diverse optimization priorities, five cases were defined, including two base cases
and three optimized scenarios with varying weight coefficient of objective functions. Table 3
outlines these cases and their weighting schemes for each objective function. Notably, Case 3
assigns equal importance to energy demand (a4 ), average CO: concentration (a,), and thermal
comfort (az), Case 4 prioritizes energy demand, and Case 5 prioritizes average CO:

concentration or indoor air quality improvement.

Table 3. Selected cases based on WSM coefficient.

Case Controller type Coefficient a; Coefficient a, Coefficient a;
1 Time - - -
Base cases 2 Indoor Temperature - - -
1 1 1
Indoor Temperature 3 3 3
- 1 1 1
Optimized 4 Z - Z
cases Indoor Temperature 2 4 4
5 1 1 1
Indoor Temperature % 2 4

2.3.3. Paper 3 — Hybrid ventilation with outdoor pollution constraints

Paper 3 built upon the optimization work by integrating outdoor air pollution infiltration
constraints through an EMS for hybrid ventilation control. Airflow was driven by natural and
mechanical forces depending on the case. When mechanical ventilation was off and windows
were open, a 300 CFM exhaust fan was modelled to assist ventilation. Mechanical ventilation
used a packaged terminal heat pump (PTHP) with heating/cooling coils and filters to remove
PM2.5 and NO: (initial efficiency 90%, declining to 50% over 6 months). It has been scheduled

to replace the filter after six months. Simulations were conducted in three cities—Delhi,
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Warsaw, and Stockholm—selected for their varied pollution profiles. The EMS used three
external parameters: PM2.5, NO: concentrations, and outdoor temperature. When all three
parameters met defined thresholds (city-specific air quality standards), the system activated
natural ventilation and disabled mechanical ventilation. If any exceeded their threshold,
mechanical systems were enabled to ensure indoor air quality. Delhi’s PM2.5 threshold was 60
pg/m?, compared to 40 pug/m* in Warsaw and 15 pg/m? in Stockholm. As for NO», standard
values are 80 png/m? for Delhi, 40 pg/m? for Warsaw, and 25 pg/m? for Stockholm. EMS logic,
illustrated in Figure 2, ensured that the system dynamically adjusted based on real-time outdoor

conditions.

LEnergy Management System (EMS)J

A\ 4 v
Outdoor Outdoor Outdoor
PM2. ‘? Temperature NO,

Natural Mechanlcal
Ventllatlon Ventllatlon

I_;_I

1f
Outdoor PM2.5 < Standard value
And,
Outdoor NO, < Standard value
And,
Minimumvalue < Outdoor Temperature < Maximum value

Natural Ventilation ON Natural Ventilation OFF
Mechanical Ventilation OFF Mechanical Ventilation ON

Fig. 2. Schematic of the developed energy management system

The optimization task involved four continuous parameters: P1 and P2, which determined the
minimum and maximum outdoor temperature thresholds for activating natural ventilation
(window opening) and deactivating the ventilation system, respectively, through the EMS
control strategy. The heating and cooling set point thermostat related to the ventilation system
(P3&P4) are also defined as the third and fourth parameters. Table 4 shows the decision

variables and their respective ranges.
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Table 4. The domain of decision variables for the optimization

Parameter Object Description parameter Unit Range

P1 EMS Minimum outdoor temperature for (°C) (021
keeping the window open

P2 EMS Maximum outdoor temperature for  (°C) (21-35)
keeping the window open

P3 Ventilation system Heating setpoint (°C) (16-21)

P4 Ventilation system Cooling setpoint °C) (21-27)

2.4. Result and discussion

2.4.1. Natural ventilation optimization via smart window control

This section presents the outcomes of Paper 1, which introduces an optimized smart window
control strategy for a naturally ventilated classroom. The window controller significantly
influenced the air change rate (ACH) and indoor CO: levels. Case 1, representing conventional
manual opening during breaks, showed severe IAQ degradation, with CO: concentrations
exceeding 2500 ppm by the end of each class. In contrast, Case 2—where windows operated
dynamically based on CO: and thermal comfort—reduced CO: levels to within 600—-1200 ppm,
thus maintaining air quality within acceptable categories for 80% of occupied hours. However,
increased ACH also introduced energy penalties. Case 2 increased heating demand by
approximately 190% compared to the base case. This reflects the trade-off between improved
ventilation and thermal energy loss during colder months. When infection risk was included in
the controller logic (Case 3), only marginal improvement was observed: the fraction of time
with a basic reproduction number (R,) below 1 rose from 14% in Case 1 to 20.2% in Case 3.
Thus, optimization of window operation alone was insufficient for infection control. Further
interventions were evaluated. Wearing 50% efficient masks (Case 4) reduced R,> 1
occurrences to 23% of lecture time. Adding one and two air cleaners (Cases 5 and 6) further
dropped this to 7% and 1.6%, respectively. Case 7, with only 15 students present, also achieved
a desirable infection risk profile with 4% of hours exceeding R,= 1. Therefore, while natural
ventilation optimization improved IAQ and thermal comfort, significant infection risk
mitigation required combined strategies. The comprehensive overview in Figure 3 illustrates

the trade-offs between thermal discomfort, elevated CO- concentration, infection probability,
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and heating energy demand across all seven cases. It highlights the need for hybrid strategies

to balance occupant health and energy sustainability.

Thermal environment, category IV W Air quality, category IV
m Infection risk, RO>1 ® Energy demand
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Fig. 3. Summary of all objective functions performed in the cases: the percentage of hours that each
function is out of acceptable range (left axis) and annual energy demand (right axis).

2.4.2. Multi-objective optimization of window and thermostat control

In continuation of the natural ventilation control strategy, Paper 2 extended the investigation
by optimizing not only window opening but also thermostat setpoints through a multi-objective
approach. The results revealed that no single solution could simultaneously minimize all three
objectives due to inherent trade-offs. This was visualized using Pareto fronts, which illustrated
how minimizing CO: often increases energy demand, especially in Warsaw where heating
demand is substantial. In contrast, Bangkok’s climate, lacking heating needs, allowed a
smoother compromise between thermal comfort and CO: concentration. The clustering of
Pareto points in Warsaw along a vertical trajectory indicated stronger opposition between air
quality and thermal comfort under colder conditions, while in Bangkok, the objectives were
more synergistic. After max-min normalization, final optimum answers were determined based
on the weighted coefficient of each case. For example, in Warsaw, Case 5—where indoor air
quality was prioritized—resulted in the lowest minimum indoor temperature (P1), allowing for
more aggressive natural ventilation. Conversely, Case 4, which emphasized energy reduction,
maintained higher thresholds to reduce unnecessary window opening. The overall impact of
these control strategies was evaluated using a comprehensive objective function index. Figure
4 presents this evaluation based on a weighted normalization scheme. It shows that Case 3

consistently balanced all performance indicators across both cities, while Case 4 was the most
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energy-efficient, and Case 5 delivered the best air quality outcomes. This highlights the
necessity of context-sensitive optimization when designing window and thermostat controllers

in classrooms.

Case 5 I |
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<
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H Only Air quality = Thermal comfort & Energy demand Thermal comfort & Air quality
Energy demand & Air quality u All functions

Fig. 4. Summary of results of objective functions: The percentage of hours that each function
remains within an acceptable range based on standards.

2.4.3. Hybrid ventilation under outdoor air pollution constraints

The third study investigated the performance of a smart hybrid ventilation system that
synchronized the operation of natural ventilation (via automatic windows) with mechanical
ventilation, adapting its behaviour to both indoor conditions and outdoor air pollution levels.
The system was evaluated in three cities—Delhi, Warsaw, and Stockholm—representing
various climates with significantly different pollution characteristics. A multi-objective
optimization approach was applied to minimize energy use, CO: concentration, and thermal
discomfort while considering the constraints imposed by PM2.5 and NO: thresholds. The
optimization results revealed a clear trade-off among the objective functions, especially in
cities with high pollution levels. In Delhi, maintaining low CO: concentrations often conflicted
with energy savings and thermal comfort due to the limited availability of clean outdoor air. In
contrast, Warsaw, with cleaner air and a temperate climate, achieved better balance across all
objectives. Stockholm, despite its clean air, faced limitations due to cold outdoor temperatures,
which constrained window opening. The Pareto frontier diagrams demonstrated that

simultaneous minimization of all three objective functions was not feasible, highlighting the
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need for compromise solutions based on local conditions. The controller’s effectiveness in
enabling natural ventilation was directly influenced by outdoor air quality. As illustrated in
Figure 5, the percentage of time when the outdoor environment allowed natural ventilation
(based on PM2.5 and NO: thresholds) was only 11% in Delhi, compared to 44% in Warsaw
and 31% in Stockholm. Interestingly, even though Stockholm has cleaner air than Warsaw, the

less restrictive standards in Warsaw allowed windows to remain open for a longer period

throughout the year.
a) b)
100% Outdoor Pollution Data 100% Ventilation Mode
90% 90%
80% 80%
70% 70% 56
69
60% 60%
89
50% 50%
40% 47 40%
30% 30%
20% 20%
10% J 19 10% J
0% 0%
Delhi Warsaw  Stockholm Delhi Warsaw Stockholm
® High PM2.5 & NO2 0OHigh PM2.5 OMechanical Ventilation
OHigh NO2 B Standard Level @ Natural Ventilation

Fig. 5. The percentage bar of hour-average pollution data and ventilation mode in
examined cities.
From an energy performance perspective, the optimized hybrid model outperformed both the
base case (mechanical ventilation only) and the optimized non-hybrid model (window control
without mechanical integration). Compared to the base case, the optimized hybrid controller
reduced energy use by 65% in Warsaw, 57% in Stockholm, and 13% in Delhi. The indoor CO-
concentration, one of the primary indicators of ventilation effectiveness, also improved under
the optimized model. All base cases were classified under Category III (worst air quality level
according to European standards). After optimization, Warsaw achieved 43% of the year in
Category I, Stockholm reached 30%, and Delhi improved to 8%. In terms of thermal comfort,
measured using the Predicted Percentage of Dissatisfied (PPD) index, the hybrid model

maintained acceptable levels. Thermal comfort was acceptable for 99% of the year in Delhi,
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and for over 80% of the year in Warsaw and Stockholm. This performance was slightly lower

than in the base cases but still within the acceptable threshold defined by comfort standards.

Chapter 3: Local strategies for infection control

3.1. Scope of study

This chapter focuses on localized strategies for airborne infection risk reduction in ventilated
indoor environments. It presents the findings from Paper 4, Paper 5 and Paper 6, which
collectively explore the use of physical barriers and personal exhaust systems as source-control
interventions. The goal is to assess their compatibility with different ventilation systems,
quantify their effectiveness in limiting aerosol transmission, and evaluate their sustainability

trade-offs.

e Paper 4 examines the role of physical barriers—specifically desk partitions—in modifying
airflow patterns and influencing aerosol dispersion under mixing ventilation conditions.
The study addresses a critical gap in understanding how these barriers affect air change
effectiveness and contaminant transport in mechanically ventilated spaces. By conducting
full-scale tracer gas and aerosol experiments in a classroom-sized test chamber, the paper
provides empirical data on the spatial impact of partitions in real-world settings.

e Paper 5 expands on these findings by introducing a novel strategy that combines physical
barriers and personal exhaust ventilation systems. The study investigates how this
integrated setup performs across different types of air distribution, including mixing and
displacement ventilation. The study provided empirical evidence on how proposed
strategies must be tailored to specific air distribution methods.

e Paper 6 advances the previous research by introducing a sustainability dimension. It
employs CFD simulations supported by experimental validation to optimize the design of
integrated personal exhaust ventilation and physical barriers. This study quantifies the
trade-offs between infection control performance and resource efficiency, focusing on
variables such as barrier height and exhaust flow rate. This paper supports the development

of a design recommendation that balances efficiency and sustainability.

Taken together, these three studies evaluate and design efficient and sustainable local infection
control strategies in indoor environments, focusing on physical barriers and personal exhaust

ventilation.
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3.2. Methods

This chapter employs a combination of experimental and numerical methods to assess the
performance of local infection control strategies, including physical barriers and personal
exhaust ventilation. The methods used include tracer gas decay to evaluate air change
effectiveness, aerosol and bioaerosol measurements to quantify particle dispersion and
exposure, and computational fluid dynamics (CFD) simulations to analyze airflow patterns and
contaminant transport. These techniques were applied consistently across the studies to enable

detailed, quantitative evaluation under varying ventilation scenarios.

3.2.1. Tracer gas

To evaluate ventilation performance and airborne contaminant dispersion, two different tracer
gases were employed in separate studies: carbon dioxide (COz2) and nitrous oxide (N20). The
selection of these tracer gases was driven by their specific physical and chemical properties,
making them well-suited for distinct experimental objectives [80]. CO-, being an inert gas
commonly exhaled by humans, is widely recognized as a proxy for assessing ventilation
effectiveness and indoor air quality [81]. In contrast, N-O was chosen to model airborne virus-
laden aerosols due to its ability to replicate the transport behaviour of small respiratory particles
(<5 um) [82]. In Paper 4, CO: was used to assess the ability of a mechanical ventilation system
to deliver clean air to occupant locations. The decay method (step-down technique) was
applied, wherein CO: was injected into the test environment and allowed to mix thoroughly
with the ambient air to establish a uniform distribution. Once dosing ceased, CO2 concentration
decay was monitored over time to determine air exchange effectiveness. Measurements were
conducted using Testo 160 sensors, which recorded CO: levels at 1-minute intervals within a
0-5000 ppm range with an uncertainty of =50 ppm. In Paper 5, N>O was introduced to simulate
exhaled contaminants from an infected individual. A constant flow of 0.532 L/min was
regulated by a Biirkert mass flow controller, ensuring precise and stable dosing conditions. The
tracer gas was mixed with air and released through an 8 mm opening tube at a fixed airflow
rate of 14 L/min, positioned at the edge of a cylinder representing an infected occupant. Fast
Concentration Meters (FCMs) utilizing non-dispersive infrared (NDIR) absorption technology
were employed to quantify N2O concentration in real time. These instruments featured a
sampling rate of 4 Hz, a time constant of 0.8 s, and an uncertainty of +20 ppm (95% confidence

level) [83]. To enhance accuracy, pre- and post-experiment intercalibration was conducted.
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3.2.2. Aerosol

To simulate human exhaled droplets and assess their dispersion in indoor environments, a 3-jet
Collison nebulizer [84] was used in both Paper 4 and Paper 6. This method has been widely
applied in virus transmission studies due to its ability to generate polydisperse aerosols with a
size distribution representative of respiratory emissions [85]. Sodium chloride (NaCl) solution
was selected as the aerosolizing medium because it closely mimics the evaporation behaviour
and chemical composition of human saliva [38], ensuring the accuracy of the experimental
representation [86]. The NaCl solution consisted of 1 gram of NaCl dissolved in 250 cm?® of a
50:50 mixture of distilled water and isopropyl alcohol. This formulation was chosen based on
its well-documented similarity to respiratory secretions, allowing for reliable simulation of
airborne droplet dynamics. The addition of isopropyl alcohol enhances the evaporation
characteristics of the generated droplets, replicating real-world exhaled particle behaviour. The
nebulizer operated at a pressure of 20 psi, producing aerosolized droplets with a geometric
mean diameter (GMD) of 0.7 um and a geometric standard deviation (GSD) ranging from 1.22
to 1.35. The resulting log-normal droplet size distribution (0.05 um to 20 um) aligns well with
the full spectrum of human respiratory emissions, which include both larger droplets that settle
quickly and finer particles that remain airborne for prolonged periods [84]. The 0.7 um mean
diameter specifically represents the finer fraction of exhaled aerosols, which are of critical
concern in airborne disease transmission as they can stay suspended in indoor air for extended
durations and travel significant distances. The ejection velocity of the aerosolized droplets was
approximately 2 m/s, which closely simulates natural breathing conditions. The nebulizer was
placed at the mouth level of a thermal dummy, accurately modelling the release of respiratory
particles in a realistic seated exhalation scenario. To capture the dispersion characteristics, five
measurement locations were designated at the mouth positions of surrounding mannequins,
representing potential exposure points for nearby individuals. To quantify airborne particle
concentrations and their size distribution, an Aerodynamic Particle Sizer (PCE-MPC 20
Particle Counter) was used. This instrument is capable of measuring particles within the 0.3—
10 um range, with measurements recorded at 1-minute intervals. The PM2.5 fraction was
specifically analysed, as fine particulate matter plays a crucial role in indoor air quality

assessments and health impact evaluations.
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3.2.3. Bioaerosol

The method used for bioaerosol generation and sampling in this study was applied in Paper 4.
To evaluate airborne biological contamination and its removal efficiency, bioaerosols were
generated using Micrococcus luteus, a commonly used bacterial model for airborne microbial
studies. The Collison nebulizer, previously applied in aerosol generation, was employed to
ensure consistency with bioaerosol generation methods. The bacterial concentration was
standardized at 150 x 10° CFU/ml, determined using McFarland standards and
spectrophotometric measurements at 600 nm. This concentration provided a representative
microbial load for evaluating ventilation efficiency. Bioaerosols were continuously released for
4 minutes at a 6 L/min airflow rate, simulating exhaled pathogen-laden droplets in an indoor
environment. Sampling was conducted using an Airldeal 3P impactor sampler, a widely used
device for bioaerosol collection. Two measurement time points were selected. First,
immediately after the 4-minute nebulization — capturing the initial bacterial concentration in
the air. Second, 45 minutes post-nebulization — evaluating bacterial survival and decay under
experimental conditions. Prior to each experiment, the room was sterilized with UV light (250—
270 nm) for 60 minutes to eliminate background contamination. Trypticase Soy Agar (TSA)
plates were used as the culture medium, and samples were incubated at 37°C for 48 hours to
allow bacterial growth. Colony-forming units per cubic meter (CFU/m?) were quantified to
assess bioaerosol concentrations and determine the ventilation system’s effectiveness in

reducing microbial loads under different conditions.

3.2.4. Computational Fluid Dynamics

Numerical part of Paper 6 used CFD method to validate and improve the experimental design.
The fundamental equations for mass, momentum, and energy conservation in incompressible
steady airflow are expressed as follows:
20D 4 v.(pgV) = V.(IsVy) + Sy (6)

The RNG k-& model, recognized for its reliability in turbulence simulation, is commonly used
to model air movement within confined spaces, and its effectiveness has been validated in
numerous research projects [87]. To improve the accuracy of the numerical calculations, a
second-order upwind method was used to discretize all relevant variables. Furthermore, a
coupled algorithm was implemented to effectively link pressure and velocity in the steady-state

calculations, ensuring both accuracy and stability in the results.
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Two common methods for simulating how particles move within indoor spaces are Eulerian
Particle Tracking (EPT) and Lagrangian Particle Tracking (LPT). EPT focuses on particle
concentration within a stationary grid, whereas LPT follows the path of each individual particle
[88]. Recent studies [89] suggest that LPT might provide more accurate predictions of pollutant
spread and concentration compared to EPT. However, LPT typically demands significant
computer resources and processing time to produce reliable results. Even with these
requirements, the Lagrangian method is favoured when a detailed understanding of particle
movement is needed, as it calculates each particle's trajectory by analysing the forces acting on
it. This enables a more accurate portrayal of particle behaviour in intricate indoor settings. In
this study, particle movement was simulated in Fluent using the Discrete Phase Model (DPM),

which implements LPT with an automatically adjusted time step.

dvp

2 D(u _ up) n 9(Pp—p)

T+ Fy +F, )
p

. . . . . d
In this context, terms without subscripts denote air properties. The terms % and Fp (u - up)
t

represent the particle's acceleration and the drag force exerted on the particle, respectively, both
normalized by the particle's mass. Other forces, such as the Basset history force, pressure
gradient force, and virtual mass force, are deemed negligible in comparison to the drag force
[90]. To model the random velocity changes within the air, which are assumed to follow a
normal distribution, the Discrete Random Walk (DRW) model is employed. To reduce
computational burden, particles are introduced into the simulation only after the air flow pattern
has stabilized, rather than being continuously injected. The impact of the particle movements
on the air flow is not accounted for. In typical indoor air simulations, the interaction between
particles and air is treated as a one-way coupling [91]. The motion of each particle was
calculated until it either left the simulation through an escape boundary, was captured at a
designated surface, or reached a predetermined maximum number of calculation steps. To
accurately represent the behavior of very small particles, Brownian diffusion was included in
the simulation [91]. Particle dispersion is typically influenced by the Stokes number (Stk),
which compares a particle's response time to air flow changes with a characteristic time scale.
Particles with a Stk below 0.1 tend to follow the air flow patterns closely [92]. The Stokes
number is defined as:

_ PpdpUs
STK = Togd, (8)
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Using a maximum particle diameter of 20 wm and the simulated air speeds, the highest possible
Stokes number was determined to be 10—3. Particles smaller than this would have an even
lower Stokes number. This low value indicates that the particles react very quickly to the air's
movement. Therefore, changes in particle size between 5 and 20 um have almost no effect on
their paths, with only very small differences caused by slight variations in drag and gravity.
Consequently, these tiny droplets and their remaining nuclei stay fully airborne, moving almost
exactly with the airflow. Because the Stokes number is much less than 1.0, the particles have
very little inertia compared to the air, meaning their movement is primarily controlled by how

the air flows.

To measure airborne particle concentrations, active air sampling was used in the experiments.
This technique gathers data on the amount of living particles present in the air. To mirror this
process, sensors were positioned close to the mouths of mannequins to capture airborne
particles. In the computer simulations, the active air sampling method was replicated to analyse
how particles spread and settle. Particles were considered removed from the simulation if they
reached the main air exhaust or personal exhaust, and they were considered captured if they
contacted a solid surface, with no bounce considered [88]. The sensor's particle collection flow
rate was adjusted to match the experimental active sampling rates, allowing the simulation to

accurately reproduce the active air sampling environment.

3.3. Study design

The experimental setup was developed within the climate chamber laboratory at the
Department of Heating, Ventilation and Dust Removal Technology. It was designed to replicate
a realistic classroom environment and included modular desk layouts, thermally active
cylindrical dummies, controlled ventilation systems, and aerosol and tracer gas measurement
instrumentation. As shown in Figure 6, the test room incorporated thermal dummies and desks
arranged to reflect classroom use. Each dummy—intended to simulate the thermal profile of a
seated high school student—was constructed from a cylindrical steel shell (1.10 m in height,
0.40 m in diameter) with a total surface area of 1.63 m? and an internal electric heating element
delivering a constant 60 W of heat. While anatomically simplified, this design has been
validated by Zukowska et al. [93] for its ability to reproduce realistic enthalpy and buoyancy

fluxes, both essential for capturing accurate airflow behaviour and contaminant dispersion.
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Fig. 6. Photo of the test room with desks and heated dummies.

The indoor environmental conditions were kept consistent across all tests:

Ventilation rate: 148 L/s of fresh air (£10 L/s), resulting in 3 h™' air change rate.
Supply air temperature: 20 = 1 °C
Room air temperature: 22 + 1 °C

Relative humidity: 40 = 10%

3.3.1. Ventilation designs

Different air distribution strategies were implemented depending on the experimental case.

Their arrangements are shown in Figure 7 and are described below:

MV1 - Mixing Ventilation 1: A fabric duct with small nozzles supplied air from above the
desks. Exhaust grilles were installed at floor level on the opposite side, generating

horizontal airflow across the breathing zone.

MYV2 — Mixing Ventilation 2: Four ceiling terminal devices were symmetrically positioned
on both sides of the room. Air was supplied downward via square diffusers, and exhaust air

was collected above these outlets through adjacent grilles on the ceiling.
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e MV3 — Mixing Ventilation 3: Air was introduced through ceiling swirl diffusers that
directed flow in a spiralling downward motion. Exhaust air was removed via grilles near

the floor on the opposite side, promoting turbulent mixing across the space.

e DV - Displacement Ventilation: Low-velocity, cooler air was supplied from floor-level
diffusers placed at the front corners of the room. Polluted air was removed via ceiling-level
grilles located at the back of the room. This configuration leverages buoyant plumes
generated by the dummies to lift heat and contaminants upwards, creating a stratified

airflow pattern that minimizes horizontal mixing in the breathing zone.
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Fig. 7. Test room arrangement with four different air distributions': MV1, MV2 MV3, and DV

Each setup includes six thermal manikins, represented by grey circles, simulating seated
occupants. Measurement points P1 to PS5, shown as small green circles, are positioned at the
mouth level of the manikins to represent typical breathing zones. A red circle placed at the

middle row desk indicates the location of the simulated infection source.

! The naming convention for ventilation systems in this thesis differs from that used in the corresponding
publications.
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3.3.2. Integrated personal exhaust ventilation and physical barriers

To explore local source control strategies, personal exhaust (PE) ventilation and physical
barriers (PB) were integrated. The physical barriers were transparent acrylic partitions mounted

on two-person desks. Each installation featured:
e One front panel (65 x 138 cm) and three side panels to separate adjacent seats
e Anintegrated plenum box located at the front panel

e 1 cm high horizontal slit outlet, spanning the desk width, which directed air toward the
infectious source

Each plenum was connected to a dedicated exhaust duct equipped with a flow meter and an

adjustable exhaust fan to control the extraction rate. To maintain mass balance, the total room

exhaust flow was divided between the central exhaust system and the PE units, with the main

system adjusted accordingly. Figure 8 shows both the real experimental setup and a schematic

diagram of the PE+PB system, capturing the integration of airflow capture with physical

separation at the source.

Plenum Box
connected
to fan

Outside the
test chamber

e

~
1 cm Height outlet

I ==

Fig. 8. Real setup picture (left) and diagram (right) depicting a two-person desk with

integrated physical barriers and a personal exhaust system.

3.3.3. Definition of selected cases in papers 4-6

Each of the experimental studies employed specific ventilation configurations aligned with

their respective research aims. While the physical dimensions and test conditions remained
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consistent, the variation in air distribution systems and test scenarios served to isolate and

compare ventilation effectiveness and infection mitigation strategies.

Paper 4 assessed the influence of physical barriers on airflow and aerosol transmission
under two mixing ventilation strategies: MV2 and MV3. Both setups were tested with and
without the presence of physical desk partitions. The setup consisted of a single pollutant
source, simulating an infected person, and five measurement points (P1-P5) representing
susceptible individuals.

Paper 5 expanded the analysis by integrating personal exhaust (PE) systems with physical
barriers (PB) and evaluating their performance under three distinct ventilation strategies:
MV1, MV2 and DV. For each ventilation type, several scenarios were tested: no barrier or
PE system, PB alone, and PB+PE. Table 5 presents the full list of experimental scenarios

tested under each ventilation system.

Table 5. Overview of measurement scenarios.
Ventilation principle Physical barrier (PB) PE flow rate (L/s per person)

X X

MV, v 0.9
X X

MV, v 0.4.9, 12
X X

bv v 0.9

Tracer gas measurements were taken at three susceptible occupant locations—in front of, next

to, and behind the source (P1, P3, P5)—to represent various exposure scenarios.

Paper 6 focused on optimizing the geometry and efficiency of integrated PB and PE systems
under a single ventilation scheme of MV3. A detailed parametric study was carried out to
determine the optimal height and placement of physical barriers, along with adjustments to
the PE slot design. CFD and experimental results were used to quantify airflow interference

and aerosol removal efficiency of system.
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3.4. Result and discussion

3.4.1. Effects of physical barriers on air change effectiveness and aerosol

transmission

Following the simulation-driven investigations presented in the previous sections, this part of
the thesis shifts the focus to experimental studies exploring localized infection control
strategies. Specifically, Paper 4 investigates how physical barriers (PB), commonly used in
indoor environments during the pandemic, interact with different air distribution systems in
reducing aerosol and bioaerosol concentrations. The main objective was to assess whether such
barriers compromise the air change effectiveness (ACE) and particle dilution in a mechanically
ventilated classroom setup. To evaluate the impact of barriers on ventilation efficiency, local
air change effectiveness (ACE) was calculated using the CO: decay method [94]. It was
calculated as the ratio of the age of air in the exhaust duct (z,.) to the local mean age of air at a
measured location (7,,):

ACE =& (9)

Tm

The higher the ACE values, the more effective the ventilation system is in that area. In this
study, the CO: concentrations were obtained during a decay test, where the decay of tracer gas
concentration over time was measured at different points. As depicted in Figure 9,
measurements were conducted under two air distribution systems (MV2 and MV3) and two
conditions (with physical barriers and without physical barriers). Under both systems, ACE
was generally higher in the absence of partitions, confirming that PBs can disrupt airflow
uniformity. For MV2, the ACE values dropped noticeably at P4 and PS5 with partitions in place,
suggesting airflow stagnation and poor contaminant removal. In contrast, MV3 maintained
relatively consistent ACE values even with barriers, indicating its superior capacity to preserve

ventilation efficiency despite the added obstruction.
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Fig. 9. Local air change effectiveness (ACE) at points P1-P5 comparison across
air distribution systems and physical barriers (PB).
Complementing ACE, the aerosol concentration reduction rate (CR) was calculated by
comparing particle concentrations. Figure 10 illustrates CR of aerosol particles under two
different air distribution systems, MV2 and MV3, at five points (P1 to P5) near the infection
source where exposed individuals were situated. The Cr was determined by comparing the
particle concentration with and without the use of partitions, following the equation:

C Cwi PB—Cwith PB
Without With (10)
R Ciri
Without PB

Under MV3, CR values remained strongly positive at all points, averaging around 0.8 at P1—
P3 and around 0.6-0.7 at P4 and P5. This suggests a robust capacity of MV3 to reduce particle
levels near and behind the source, even when partitions altered the airflow path. In contrast,
MV?2 exhibited mixed results. At P1 and P2, moderate CR values (~0.4) were observed, while
P4 and P5 experienced negative CRs, indicating higher particle levels behind the source when
partitions were used. These findings imply that under MV2, PBs may inadvertently obstruct
airflow and cause pollutant accumulation in downwind regions. The study also included
bioaerosol experiments using Micrococcus luteus as a surrogate for pathogen-laden droplets.
Under MV2, partitions substantially reduced concentrations at P1 (from 1089 CFU/m? to 423
CFU/m?) but increased them at P3 and PS5 (to 1569 and 1363 CFU/m?, respectively), indicating
unintended redirection of bioaerosols. Under MV3, PBs effectively reduced concentrations at

both P1 and P35, and only a minor increase was seen at P3. Although standard deviations were
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higher for bioaerosols due to complex deposition behaviour, MV3 consistently demonstrated
more stable performance and lower concentrations overall. These results collectively highlight
the critical interaction between room airflow design and infection mitigation measures like
PBs. While partitions can support localized containment near the source, their efficacy is
strongly tied to the underlying air distribution system. MV3’s swirling pattern and higher inlet
velocity proved more capable of offsetting the barrier-induced disruption, maintaining a well-
mixed environment, and preventing pollutant accumulation. MV2, lacking such features,

performed less reliably in partitioned scenarios and showed reduced ventilation effectiveness.
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Figure 10. Comparison of aerosol concentration reduction rates (Cr)

across air distribution systems and prevention measures.

3.4.2. Compatibility of integrated personal exhaust ventilation and physical

barriers with air distribution systems

Building on the previous experimental investigation focused solely on physical barriers, paper
5 evaluates a more advanced local mitigation strategy that integrates physical barriers (PB)
with personal exhaust (PE) ventilation. The study investigates how this combination performs
across three different air distribution systems: two mixing ventilation configurations (MV1 and
MV?2), and displacement ventilation (DV). Figure 11 presents the average N>O concentration
values at equilibrium obtained at three points under various scenarios. In the baseline condition
without any preventive measures, DV outperformed both MV1 and MV2 by maintaining the

lowest N2O concentrations at all measurement points. Notably, MV1 yielded the highest risk
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in front of the source (P1), whereas MV2 had the highest concentration next to the source (P2),
highlighting how airflow directionality affects risk zones. With physical barriers alone (PE =
0), the performance varied considerably between systems. The barriers were most effective
under DV and MV2, reducing concentrations by up to 63% depending on the location.
However, in MV 1, PB’s presence increased N>O concentration—especially at the desk shared
with the infected person (P2)—where N2O levels nearly doubled compared to the baseline.
This confirmed that physical barriers can obstruct airflow and trap contaminants, leading to
unintended accumulation in poorly designed systems. The introduction of personal exhaust (PE
= 9 L/s/person) in combination with partitions resulted in consistent and significant reductions
in N20 concentrations across all ventilation systems and measurement points. In MV 1, where
partitions alone worsened conditions, the integration of PE reversed this effect. For example,
N:O concentrations at P2 dropped by a factor of 2.5, bringing MV 1's performance in line with
MV?2 and DV.
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Fig. 11. N2O concentrations measured at three points in three examined scenarios.
To further optimize the system, three different airflow rates (4, 9, and 12 L/s per person) were
tested for MV2. Results showed that increasing the PE flow rate enhanced contaminant
removal efficiency at all points. From 4 to 9 L/s, concentrations fell by up to 35%, and
increasing to 12 L/s provided an additional 30-50% reduction. However, this improvement
comes with a trade-off in system complexity and potential energy use. The results underscore
a clear synergy between physical barriers and localized personal exhaust systems. While
partitions alone offer only modest and inconsistent protection, especially under turbulent

mixing conditions, the addition of PE transforms the setup into a robust localized mitigation
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strategy. The consistent performance across ventilation types also suggests this integrated

approach is compatible for classrooms and offices alike.

3.4.3. Resource efficient design of local exhaust ventilation with physical

barriers

Building upon the findings of Paper 5, which demonstrated the effectiveness of combining
physical barriers and personal exhaust systems, Paper 6 advances the analysis by integrating
experimental validation and CFD simulations to optimize the design for resource efficiency.
Validation of CFD results was performed by comparing simulated airflow and temperature
profiles with experimental measurements at three height levels along three vertical
measurement lines. The results showed good agreement, with deviations of ~16% in air
velocity and 5% in temperature, confirming the reliability of the CFD model. According to
Figure 12, the velocity distribution shows a distinct pattern influenced by the air distribution
system, physical barriers, and heated dummies. On the top of the dummies, a pronounced
thermal plume is observed. This thermal plume is characterized by a vertical column of
increased velocity extending upwards, a result of the heat emitted by the dummy that causes
the surrounding air to rise due to buoyancy effects. The air distribution system, with supply air
descending from the ceiling diffusers and spreading out across the room, contributes to an even
distribution of air velocities, effectively maintaining a gentle airflow around the occupants and
minimizing drafts. However, the presence of physical barriers also influences the airflow
patterns, causing deviations and creating recirculation areas. The middle dummy, which acts as

an infection source, generates particles along with the airflow.
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Fig. 12. Velocity magnitude contour at the YZ-plane through the centreline of
dummies—With PB
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Aerosol concentrations were measured at five breathing zone locations for each scenario and
normalized for comparison. The baseline case without mitigation showed high concentrations
at all locations. When physical barriers were introduced, concentrations dropped by ~50%,
indicating their capacity to limit lateral aerosol spread. The combined use of physical barriers
and personal exhaust achieved the most notable improvement. Concentrations dropped to
nearly zero at four out of five points, with only a modest value at the source location (P3),
reflecting high capture efficiency. The CFD results mirrored experimental trends, providing
robust evidence for system effectiveness. To refine the system design, CFD simulations
assessed the influence of barrier height and exhaust flow rate on aerosol removal efficiency,

quantified by the Relative Aerosol Removal (RAR) metric. RAR is defined as:

RAR — Nremoved(h) (1 1)

Nremoved (65cm)

Reducing barrier height from 65 cm to 45 cm retained 95% of the baseline removal efficiency,
while a further reduction to 25 cm led to a more noticeable drop (RAR = 0.83). This finding
suggests that shorter barrier heights up to 45 cm can achieve effective protection while
improving visibility and reducing material use. Similarly, lowering the exhaust flow rate to 6
L/s per person retained 94% of the removal efficiency seen at the baseline 9 L/s. Further
reductions, however, significantly compromised performance, highlighting 6 L/s as the
practical lower limit for maintaining efficacy with energy savings. These findings are illustrated

in Figure 13.
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Fig. 13. Relative Aerosol Removal (RAR) for various heights and flow rates of PE+PE
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Chapter 4: Life cycle assessment of infection control
strategies

4.1. Scope of study

This chapter explores the trade-off between airborne infection control and environmental
sustainability within educational indoor environments. The primary aim is to assess the broader
implications of commonly used mitigation strategies by examining not only their effectiveness
in reducing infection risk but also their long-term environmental consequences. The scope is
limited to strategies applicable in classroom settings, where high occupant density and
prolonged exposure make infection risk and resource efficiency especially critical. The
strategies considered represent a range of interventions—from mechanical and natural
ventilation to local source-control measures such as air cleaners, physical barriers, and personal
exhaust systems. This study was conducted as an extension to the main body of research and
is not based on a separate peer-reviewed publication. While the core contributions of the thesis
are fully addressed through the six published papers, this chapter adds value by responding to
arecognized research gap: infection control strategies are often evaluated solely on their health
performance without regard for material consumption, energy demand, or carbon emissions.
By adopting a dual-perspective approach, the chapter provides a broader context for decision-
making that integrates both public health and environmental objectives. The analysis
emphasizes the importance of identifying solutions that are not only effective in mitigating
transmission but also feasible and sustainable in the long term. In doing so, it supports the
development of balanced indoor environmental strategies that align with the goals of energy

efficiency, carbon reduction, and occupant well-being.

4.2. Methods

To assess the environmental consequences, a life cycle assessment (LCA) was conducted, using
OpenLCA (version 2.3.1). The inventory data was tailored and modelled using the
Environmental Footprint v.3.0 database. Environmental impacts were quantified using the
adapted EF 3.0 method, incorporating normalization and weighting to comprehensively
analyze various impact categories. The study systematically defines the production, usage, and
disposal stages, providing a foundation for the LCA results and multi-faceted evaluation. While
LCI quantifies the input and output flows (e.g. materials, energy, emissions) associated with
each strategy, LCIA evaluates the environmental consequences of these flows by applying

characterization factors to impact categories such as climate change, resource depletion, and
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human toxicity. A key output of this method is the environmental burden expressed in
normalized and weighted units known as “Points” (Pt). Pt values are derived through a two-

step process:

1. Normalization: The characterized impact results for each environmental category is
divided by a reference value representing the annual average impact per person in the EU.
This expresses the impact in terms of its relevance to an average European citizen's
environmental footprint.

2. Weighting: The normalized results are then multiplied by weighting factors reflecting the
relative importance of each category, as determined through expert consensus and policy
priorities within the EF methodology. This process converts multi-category results into a

single aggregated score (Pt) that simplifies comparison across strategies.

The total environmental impact of each strategy, represented as LCIA ;y¢q;, Was calculated

using the following equation 12:
LCIA total = LCIA production + 21121 LCIA use + LCIA disposal (12)

In this formula, LCIA pyoqyction teflects the environmental impacts associated with obtaining
raw materials, their processing, and the manufacturing of equipment, supplies, filters, and
packaging. The sum Y;j-; LCIA . represents the combined impacts during the operational
phase, including energy usage and periodic replacements like filter changes, throughout the 10-
year period. Finally, LCIA gisposa1 covers the impacts from the end-of-life stage, such as
recycling, burning, or landfilling the products. This comprehensive approach allows for a
complete evaluation of each strategy's environmental performance across its entire lifespan. By
combining these three stages, the methodology accounts for the initial production impacts, the

ongoing operational impacts, and the final disposal impacts.

4.3. Study design

This section outlines the setup and assumptions employed for evaluating the environmental
impact of airborne infection control strategies. Three types of infection mitigation strategies

were considered, each with distinct material requirements and operational features:

e Air Cleaners: Two portable units equipped with HEPA filters (330 m?*h CADR each). The

operation phase includes electricity consumption and periodic HEPA filter replacement.
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o Disposable Masks: Daily use of disposable medical masks by all students.

o Integrated PE+PB System: The physical barrier and personal exhaust system were

modelled based on the laboratory-tested setup described in section 3.2.

A comprehensive list of input materials per strategy is shown in table 6.

Table 6. Life cycle inventory of selected strategies [95,96].

Strategy Inventory Amount (kg/FU)
Air cleaner PP (polypropylene) 0.906
PET (polyethylene terephthalate) 0.002
PE (polyethylene) 0.566
Paper 0.426
Mix plastics 8.096
Metals (steel) 4.152
Metals (non-ferrous) 0.266
Electronics 1.246
Cardboard 4.130
Carbon pellet 0.652
Aluminium 0.030
Adhesive 0.230
Disposable  Polypropylene spun-bonded non-woven fabric 137.700
masks Polypropylene melt-blown non-woven fabric 82.620
Aluminium strip 25.920
Polyester/nylon blends 35.640
Polyethylene film 5.022
Ivory board 80.028
Corrugating medium 38.880
PE+PB PMMA (polymethyl methacrylate) 110.000
3D-printed PLA 2.000
Aluminium sheet 6.100
Flexible ducting 10.100
Stainless steel 8.900

The functional unit (FU) was defined as the implementation of a given infection control

strategy in a classroom with 30 students, operating for six hours per day, five days per week,

across a 9-month school year. All strategies were evaluated over a 10-year period,

corresponding to the assumed lifespan of air cleaners which is designated by the manufacturer.

The system boundary adopted a cradle-to-grave approach, incorporating raw material

extraction, manufacturing, use, and disposal (see Figure 14). Transportation impacts were

excluded due to their marginal contribution, as supported by previous studies.
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Fig. 14. Cradle-to-Grave stages of airborne infection control strategies.

To assess the environmental performance of each strategy, five scenarios were defined, all
assuming a mechanical mixing ventilation system delivering 148 L/s of outdoor air (3 ACH).

The strategy configurations are summarized in table 7.

Table 7. Selected cases conducted in the study.

Case Ventilation Air cleaner Mask PE+PB
1 v - - R
2 v v - -
3 v - v -
4 v v v -
5 v - - v

4.4. Result and discussion

4.4.1. Probability of infection risk

The probability of infection risk was quantified using the Wells-Riley model, focusing on the
reproduction number, R, as the key outcome. Figure 15 presents the variation in R, over time
for each selected case, illustrating how different strategies influence infection risk over the

duration of a single lesson (45 minutes). Case 1 (ventilation only) showed the highest infection
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risk with Ro exceeding 1.25, well above the recommended epidemic control threshold (R, < 1).
The addition of air cleaners (Case 2) lowered R, to ~0.75. The use of masks (Case 3) further
reduced it to ~0.45. The best result was achieved in Case 4, where the hybrid strategy-
maintained R, at ~0.27. Notably, Case 5 also demonstrated a substantial reduction with R at
~0.36, indicating the strength of source control and local exhaust. This analysis reinforced that
combining control strategies offers synergistic benefits, and that localized interventions like

PE+PB provide comparable infection control to multi-layered personal protection approaches.
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Fig. 15. Temporal variation of event reproduction number for different infection

control strategies in a classroom setting - Dashed line exhibits the recommended
threshold.

4.4.2. Hotspot analysis of input inventory flows

A hotspot analysis was carried out to pinpoint the major contributors to the environmental
footprint of three mitigation strategies: air cleaners, disposable masks, and the integrated
physical barrier plus personal exhaust (PB+PE) system. The analysis focused on the
proportional impact of input materials across various environmental categories, with results
visualized in Figures 16 (a—c). This evaluation highlights which material flows are responsible
for the highest environmental burdens, serving as a foundation for identifying opportunities for
impact reduction. In the case of disposable masks, the analysis reveals a strong reliance on
fossil-derived materials, contributing notably to indicators such as water consumption and
global warming potential. For air cleaners, electronic components emerge as the most

impactful, especially in categories related to human toxicity and resource depletion. The
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PB+PE system, on the other hand, demonstrates a concentrated environmental load due to its
heavy use of polymethyl methacrylate (PMMA), commonly used in transparent barriers. The
findings underscore the importance of material selection in the design and development of
infection control technologies. For instance, optimizing electronics in air cleaners and
substituting or reducing PMMA in partition-based systems could lead to significant
environmental benefits. This hotspot analysis also informs the sensitivity analysis by
identifying the most influential material inputs for further exploration of potential

improvements in environmental performance.
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Fig. 16. Hot-spot analysis. Contribution of input inventory flows on the total Environmental

Footprint impact indicators: a) Air cleaner, b) Mask, and c) PB+PE.

4.4.3. Environmental impact of use phase

To determine the operational environmental burdens associated with each infection mitigation
approach, the use-phase impacts were evaluated over a defined 10-year functional lifespan.
This phase focused on electricity consumption as the main contributor, with filter replacements
and disposable masks excluded to isolate the effects of energy use alone. As shown in Table 8§,
the energy required to operate the air cleaners (680.4 kWh) contributed significantly to impact
categories such as climate change, particulate matter formation, and photochemical smog. The
PB+PE system, with a higher operational demand of 1900 kWh, exhibited even greater impacts
across all assessed categories, indicating that electricity usage is a critical factor in the system’s
overall environmental profile. This analysis identifies the use phase as a major driver of
environmental burden—particularly for electricity-intensive systems. The results highlight the
need for energy-efficient designs and technologies to mitigate long-term impacts, with climate-
related emissions, resource depletion, and fine particulate emissions emerging as key areas for

improvement.

Table 8. Calculated impact categories for using phase of infection control strategies.

Process Unit Air cleaner PB+PE
Required amount kwh 680.4 1900
Acidification mol H+ eq 1.65 4.61
Climate change kg CO2 eq 570.31 1592.5
Ecotoxicity, freshwater CTUe 14.21 32.18
Eutrophication, freshwater kg Peq 1.87E-04 1.67E-04
Eutrophication, marine kg N eq 0.28 0.8
Eutrophication, terrestrial mol N eq 3.14 8.78
Human toxicity, cancer CTUh 4.56E-08 6.39E-09
Human toxicity, non-cancer CTUh 1.81E-07 5.27E-07
Ionising radiation kBq U-235 eq 0.06 0.112
Land use result Pt 1.7 43.63
Ozone depletion kg CFC11 eq 4.95E-08 2.81E-07
Particulate matter disease inc. 1.51E-05 4.22E-05
Photochemical ozone formation kg NMVOCeq 0.84 2.36
Resource use, fossils MJ 3884 10845.98
Resource use, minerals and metals kg Sb eq 0.01 2.24E-06
Water use m? depriv. 0.001 2.69
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4.4.4. Sensitivity analysis on LCIA results

To assess the influence of key input variables on the environmental outcomes of the evaluated
mitigation strategies, a sensitivity analysis was performed. Selected parameters were adjusted
by +2%, a standard practice in life cycle assessment studies aimed at gauging result stability
without introducing excessive computational complexity [97]. The analysis examined how
these variations affect multiple Environmental Footprint (EF) impact categories. The
outcomes, summarized in Table 9, reveal material- and process-specific sensitivities. A color-
coded gradient is employed for visualization purposes, with red indicating the highest
sensitivity within each impact category and dark green representing the lowest. Intermediate
shades (e.g., yellow and orange) denote proportional differences relative to these extremes. The
analysis identifies several critical environmental hotspots. Energy consumption, the use of
PMMA in barrier systems, and electronic components in air purifiers emerge as particularly
influential in driving overall environmental impacts. These findings suggest that targeted
improvements—such as enhancing energy efficiency, sourcing sustainable alternatives to
PMMA, reducing water demand in polypropylene-based mask production, and redesigning
electronics for lower toxicity and resource intensity—could significantly improve the
environmental profile of infection mitigation strategies.

Table 9. Sensitivity analysis of impact indicators with a variation of the main input flows of the
strategies.

Impact categories Unit Electronics _ Polypropylene ~ PMMA  Electricit

Acidification mol H+ eq 0.119 0.132

Climate change kg CO; eq 0.102 0.063
Ecotoxicity, freshwater CTUe

Eutrophication, freshwater kg Peq

Eutrophication, marine kg N eq

Eutrophication, terrestrial mol N eq

Human toxicity, cancer CTUh

Human toxicity, non-cancer CTUh

Ionising radiation kBq U-235 eq 0.016
Land use Pt

Ozone depletion kg CFC11 eq

Particulate matter disease inc.
Photochemical ozone formation kg NMVOC eq

Resource use, fossils MJ

Resource use, minerals and metals kg Sb eq

Water use m® depriv.
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4.4.5. Total life cycle environmental footprint

This section presents a comprehensive evaluation of the total environmental impact associated
with each infection control strategy, accounting for all stages of the life cycle—from raw
material extraction and manufacturing to usage and end-of-life disposal. To enable a unified
comparison across strategies, a single score weighting method (expressed in Pt) was applied,
aggregating all environmental impact categories into a single performance indicator. The
analysis follows a Cradle-to-Grave perspective, encompassing raw material sourcing,
production processes, packaging, user-phase emissions, and final waste treatment. The results,
illustrated in Figure 17, reveal a distinct ranking of the strategies based on their overall
environmental footprint. The combination of mask and air cleaners (Case 4) demonstrate the
highest total impact (~0.33 Pt), indicating the significant environmental cost of employing
multiple layers of protection simultaneously. Case 3, which relies solely on disposable masks,
shows a similarly high burden (~0.27 Pt), reinforcing the long-term environmental drawbacks
of single-use personal protective equipment. In comparison, Case 5—incorporating local
ventilation and physical barriers—shows a considerably lower footprint (~0.14 Pt), suggesting
a more sustainable pathway for reducing exposure. Case 2, involving air purifiers, results in an
even lower environmental impact (~0.12 Pt), supporting the notion that filtration-based
strategies may provide a favourable balance between efficacy and sustainability.
Unsurprisingly, the baseline scenario without additional mitigation (Case 1) produces the
lowest impact (~0.06 Pt), serving as a minimal reference point. These findings emphasize the
critical importance of evaluating infection control measures not only for their health
effectiveness but also for their long-term environmental implications. In particular, the
substantial environmental load associated with disposable masks suggests a need to explore
and promote reusable or locally targeted mitigation options. Shifting toward ventilation-based
strategies and integrated physical barriers offers an opportunity to align public health goals

with environmental responsibility.
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Fig. 17. Weighted single-score of environmental burden for infection

control strategies over a 10-year period.

4.4.6. Weighted trade-off analysis

The results of the sensitivity analysis highlighted key contributors to environmental burden
across infection mitigation strategies, particularly components associated with energy use,
electronics, and high-impact polymers. These findings reinforce the need to prioritize
sustainability in infection control interventions by exploring options such as renewable energy
sources, efficient designs, and environmentally preferable materials. However, the analysis also
revealed a core challenge: the strategies that most effectively minimize infection risk often
entail considerable environmental costs, while more sustainable methods may fall short in
curbing transmission effectively. This tension presents a complex design problem, requiring
careful consideration of trade-offs. To systematically investigate this balance, a dual-criteria
evaluation was carried out, integrating both infection risk and life cycle environmental impact
into a unified framework. This approach allows for flexible weighting between the two
objectives—health protection and sustainability—depending on the context or decision-
making priorities. A normalized composite function, F,, was used to evaluate each strategy.
Weighting coefficients a; allows prioritization of infection risk (R,) and a, allows
prioritization of total environmental impact (pt), constrained by a; +a, = 1. When
environmental impact is prioritized, (a; is low and a, is high), strategies with minimal

technological complexity—such as the basic ventilation-only approach—emerge as optimal
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due to their low environmental footprint, even though they offer limited infection risk control.
On the other end of the spectrum, when infection risk is prioritized, (a; is high and a, is low)
strategies like combining air cleaners with disposable masks is known as the optimal strategy.
As illustrated in Figure 18, the ranking of strategies shifts considerably as the weight assigned
to infection risk increases. When infection control and sustainability are valued equally, the
configuration involving personal exhaust ventilation and physical barriers provides the best
compromise. This approach effectively reduces airborne transmission while maintaining a
moderate environmental profile. Notably, this strategy becomes the most favourable when
moderate-to-high emphasis is placed on infection risk (e.g., when a, is between 0.5 and 0.9).
In contrast, although the basic ventilation strategy consistently demonstrates environmental
efficiency, its limited infection control capacity renders it less suitable as the priority shifts
toward health protection. Likewise, the hybrid approach integrating masks and air cleaners,
despite its superior infection control performance, remains penalized due to its significant
energy and material demands, leading to consistently high F,; values. An important
observation is the robustness of the strategy based on portable air cleaners alone, which
maintains a relatively stable position across different priority settings. This is attributed to its
balanced performance: it reduces infection risk effectively and produces less environmental
damage compared to more intensive approaches. The technology used—HEPA filtration—
offers reliable pollutant removal with manageable operational costs and material requirements.
It is also worth considering that alternative purification methods such as ionization, UVGI, or
electrostatic precipitation may influence the environmental profiles of air-cleaning solutions.
While these technologies were not directly assessed in this study, their inclusion in future
evaluations could further clarify the trade-offs involved in infection control. In summary, the
analysis reveals that no single strategy is universally superior across all objectives. The most
suitable option depends on the specific weighting assigned to infection risk versus
sustainability. If sustainability is the dominant concern, minimalist approaches prevail. If health
protection is the priority, more targeted ventilation or hybrid strategies offer superior outcomes.
For balanced decision-making, personal exhaust ventilation combined with physical barriers
provides a compelling option that aligns well with both objectives. These insights emphasize
the importance of context-specific decision-making and the need for adaptable design

frameworks that can respond to changing public health risks and environmental goals.
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Chapter 5: Conclusions

The research work carried out presents a comprehensive investigation into strategies for
improving indoor environmental quality and mitigating airborne infection risks, with a
particular focus on classrooms. In the first step, the development of a smart window controller
marked improved air quality and thermal comfort through natural ventilation. However, results
showed that natural ventilation alone, even when intelligently controlled, was insufficient to
reduce infection risk to safe levels under high occupancy. This finding indicates that the first
hypothesis—suggesting that natural ventilation through smart windows may control infection
risk when there is no access to mechanical ventilation—was only partially confirmed.
Supplementary measures such as air cleaners, personal protective equipment, and mechanical
ventilation were required to effectively mitigate infection risks. Multi-objective optimization
approaches further refined smart window operation by balancing annual energy demand, CO-
levels, and predicted percentage of dissatisfaction. Simultaneously adjusting window operation
and thermostat setpoints enabled substantial improvements in energy efficiency, indoor air
quality, and thermal comfort across climates. However, these solutions required careful
balancing of trade-offs between objective functions. This supports the hypothesis that multi-
objective optimization can lead to simultaneous control of IAQ, thermal comfort, and energy
demand. Recognizing the limitations of natural ventilation, the next study explored hybrid

ventilation systems that integrate smart windows and mechanical ventilation based on outdoor
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pollution levels and temperature. Simulations and optimizations conducted for diverse climatic
and urban conditions confirmed the efficiency of this approach in limiting pollution
penetration, reducing energy use, and keeping acceptable thermal comfort. These findings
confirm the hypothesis that hybrid systems can effectively adapt to indoor and outdoor air

quality variations.

The second phase of the research focused on experimental investigations of local control
strategies. Physical barriers were shown to be effective in reducing short-range aerosol
transmission under well-mixed ventilation conditions, but their performance was dependent on
the operation of air distribution systems. In poorly ventilated rooms, barriers could lead to
localized particle build-up. Thus, the hypothesis that physical barriers reduce airborne
transmission was validated, but with the caveat that their effectiveness is conditional on
ventilation type and layout. The integration of personal exhaust ventilation with physical
barriers proved to be a highly effective solution, enabling the removal of contaminants directly
at the source and reducing cross-infection risk across all tested ventilation types. This outcome
provides strong confirmation of the hypothesis that combining personal exhaust with physical
barriers significantly lowers exposure to airborne contaminants. Computational fluid dynamics
(CFD) simulations and experimental analyses confirmed that optimized design parameters—
such as barrier height and exhaust flow rate—can maintain high efficiency in contaminant

removal while reducing energy consumption and material use.

As a complementary addition to the core publications, this study addressed an important gap
in evaluating environmental sustainability. Evaluation of infection control strategies was
conducted using a dual assessment framework, incorporating both infection risk modelling and
life cycle assessment (LCA). This dual-perspective analysis revealed a trade-off: strategies like
disposable masks, while highly effective at reducing infection risk, imposed substantial
environmental burdens due to their operational and material demands. In contrast, the
integrated system of physical barriers and personal exhaust ventilation offered a well-balanced
solution—achieving strong infection risk reduction with comparatively moderate

environmental impact.

Overall, this thesis confirms most of the research hypotheses, while offering critical nuance to

their application. In summary, the main findings of this thesis confirm that:
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e Natural ventilation via smart windows improves IAQ and thermal comfort, but cannot alone
ensure sufficient infection control, particularly in densely occupied spaces like classrooms.

e Multi-objective optimization of smart window operation and thermostat setpoints enables
a balanced trade-off between energy use, thermal comfort, and indoor air quality across
various climates.

e Controlling outdoor pollution penetration through an optimized hybrid ventilation
significantly improves indoor air quality, energy use, and thermal comfort across various
climates with different pollution levels.

e Physical barriers can alter airflow patterns and improve containment of exhaled aerosols,
but their efficiency is highly dependent on the operation of air distribution systems and
occupants’ location.

e Combining physical barriers with personal exhaust ventilation, regardless of ventilation
type and occupant location, significantly reduces airborne transmission by capturing
contaminants at the source

e The resource-efficient design for integrated personal exhaust ventilation and physical
barriers offered lower material and energy use while keeping high contaminant removal
efficiency.

e A comparative life cycle assessment of infection mitigation strategies revealed that physical
barriers with personal exhaust ventilation achieved the most balanced strategy, offering

strong infection reduction with moderate environmental impact.

5.1. Future research directions

While this thesis advances knowledge in ventilation design and infection control strategies,
several areas warrant further research to enhance the applicability and scalability of the
proposed solutions. Future studies should focus on extending the current findings to real-world
scenarios where occupant behaviour, movement, and external environmental conditions
introduce additional complexity. Experimental field studies in classrooms and other densely
occupied indoor environments would provide valuable validation of the proposed solutions
beyond controlled laboratory settings. Further refinement of optimization algorithms,
particularly with the integration of artificial intelligence (Al) and machine learning techniques,
could enhance the adaptability of ventilation systems. Al-driven control systems could

dynamically adjust ventilation rates, window openings, and exhaust flow rates in response to
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real-time occupancy patterns and air quality data, optimizing system performance while
minimizing energy use. Additionally, emerging new technologies, advanced filtration systems,
and electrostatic precipitators should be explored in conjunction with the studied strategies to
assess their combined efficacy in infection risk reduction. The environmental sustainability of
ventilation and infection control strategies should also be examined in greater depth. Expanding
life cycle assessment methodologies to include broader environmental impact categories—
such as resource depletion, water use, and air pollution—could provide a more comprehensive
understanding of the long-term implications of various IAQ management strategies. Moreover,
incorporating long-term operational data from real-world deployments would enable more
accurate assessments of the energy and maintenance costs associated with different approaches.
Finally, interdisciplinary collaborations between engineers, public health professionals,
architects, and policymakers are essential to ensure that future ventilation strategies are not
only technically effective but also feasible for large-scale implementation. By integrating
health-based design principles with sustainable engineering solutions, future research can
continue to refine and optimize ventilation systems that safeguard indoor environments against

airborne infections while promoting energy efficiency and environmental responsibility.
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Abstract: In this study, a controller method for window opening was developed to naturally ventilate
a classroom with 30 occupants. The aim was to improve indoor environment quality and limit the
probability of COVID infection risk simultaneously. The study was based on a building performance
simulation using combined EnergyPlus, CONTAM, and Python programs. Seven cases with automat-
ically opening windows were considered. Opening window parameters were optimized by genetic
algorithms. It was shown that the optimized controller with indoor environment functions improved
classroom ventilation and considerably decreased CO, concentration compared to a reference case
where the windows were opened only during breaks, and the controller also improved occupants’
thermal comfort. However, there was a noticeable increase in energy demand, caused by the increased
air change rate. Introducing the probability of infection risk function to the controller did not reduce
the transmission risk substantially, and the probability of infection transmission was high for 80% of
the classroom occupancy time. The risk of infection changed only when additional actions were taken,
such as introducing face masks, indoor air cleaners, or reducing the number of students present in
the classroom. In these cases, it was possible to prevent the infection transmission for more than 90%
of the lecture time (RO < 1).

Keywords: ventilation; classroom; opening window; energy simulation; thermal comfort; CO,
concentration; COVID risk

1. Introduction

Substantial research efforts have been made in recent decades to amend indoor air qual-
ity (IAQ) and thermal comfort to prepare healthful indoor environments for residents [1].
Based on the previous research findings, several standards determine thermal conditions
and set adequate outdoor air supply rates to fulfill the hygienic requirements for acceptable
air quality. Different indoor environment quality categories have been introduced in the
standards based on the expectations of the residents [2,3]. The medium category is defined
as the normal condition, and the high level of expectations is considered for special groups
such as children and the elderly. After the advent of COVID-19 caused by the SARS-CoV-2
virus, keeping the building environment comfortable (by recommended standards) and
healthy simultaneously has become challenging. Despite the availability of pharmaceutical
treatments and vaccinations, debarment from virus transmission is the main way to cope
with this issue [4]. It has been confirmed that COVID-19 is spread in the world through
exhalation of infected persons and breathing in susceptible individuals. Consequently,
viral transmission via aerosols that remain infective in the air has been considered [5,6].
Aerosols from exhalation can be distributed in different ways such as ordinary exhalation,
talking, sneezing, coughing, or evaporation of respiratory droplets (microscopic aerosols).
Accordingly, a susceptible individual has an infection risk if aerosols possess an adequate
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virus amount [7,8]. Facemasks can be used to protect healthy people from preventing virus
transmission [9,10]. However, wearing masks for many hours may frequently cause the
breathing of air of poor quality [11]. The supply air change rate is a parameter to control
viral concentration in the air inhaled by susceptible individuals, and it can diminish viral
concentration in spaces with high occupancy density. Ventilation systems remove exhaled
virus-laden air by lowering the overall indoor viral concentration. However, mechanical
ventilation systems with a controlled air supply rate are not available in some relatively
cold climates [12]. Hence, natural ventilation is considered as an energy-efficient and
available resource to decrease infection probability via air subscription with susceptible
individuals [13-15]. The air change rate in buildings with natural ventilation is unstable,
often insufficient, and difficult to control [16]. Therefore, some recommendations of the
World Health Organization, such as face masks and air purifiers, should be considered to
cover the deficiencies of natural ventilation [17].

Continuing to address the importance of adequate ventilation, schools and classrooms
are of major concern. Students remain most of their time in classrooms characterized by a
high occupant density and often by insufficient air quality [18-20]. IAQ in classroom:s is
a universal subject in which disparate research and projects have been performed world-
wide [21,22]. The principal aim in classrooms should be to maintain the comfort, health,
and knowledge acquisition efficiency of students during lectures, which can be obtained by
reaching acceptable levels of thermal comfort, air quality, and low infection risk. Students’
activity and clothing thermal insulation do not change widely in classrooms [23]; thus,
thermal comfort depends mainly on thermal parameters set by heating and ventilation
systems. Previous studies have indicated that low ventilation rates negatively affect stu-
dents’ performance and increase absence [24,25]. A high concentration of the bioeffluent,
indicated by CO; concentration, is the main reason for low perceived air quality in densely
occupied places [26]. The problem is particularly evident in rooms with natural ventilation
systems that cannot benefit from a constant air change rate to maintain good IAQ at any
time students are present in the classroom. Due to the significant role window opening
plays in increasing the air change rate, implementing automatic window control systems
has been considered a promising IAQ control strategy [27]. Various studies have investi-
gated smart windows to improve natural ventilation systems, indoor air quality, or thermal
comfort. For example, Stazi et al. [28] analyzed the automatic window control system
in a classroom by taking into account PMV and PPD comfort indicators and indoor air
quality in a Mediterranean climate. Grygierek and Sarna [29] compared manually opening
windows with automatic ones in a typical Polish single-family house. Research has shown
that increasing the air change rate can significantly improve thermal comfort but has a
significant effect on heating demand. Sorgato et al. [30] assessed the impact of occupant
behavior in terms of the ventilation control of opening windows on thermal comfort and
energy consumption related to the HVAC system in residential buildings in Brazil. The
combined use of HVAC and natural ventilation (opening windows) was implemented using
the Energy Management System, which enables advanced control during simulation in
EnergyPlus. Psomas et al. [31] demonstrated that automated window control systems with
integrated ventilation cooling strategies can significantly reduce thermal discomfort and
the risk of overheating of dwellings during cooling periods in temperate climates. Tan and
Deng [32] proposed and evaluated a natural ventilation strategy with optimized window
control in a typical Australian residential building. By using flexible degrees of opening of
the windows, the proposed strategy showed better performance in terms of maintaining
the operative temperature in the room compared to the original open—close control. A large
part of the research focuses on the analysis of the use of window opening as a passive
building cooling technique, and only a few studies of window control systems considered
the occupant health in buildings. Recently, Wang. et al. [33] showed that the simultaneous
use of smart windows and air cleaners improved thermal comfort and decreased PM2.5
significantly, which created a healthier environment for people. Nevertheless, the focus has
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been on the pollutant particulate matter, while the transmission of infection is of greater
importance these days.

Successful school design is quite complex as it requires balancing various interrelated
factors. In recent years, significant improvements have been made in the methods of
optimizing school buildings with different ventilation systems, and genetic algorithms
used to find high-performance design solutions have proven their effectiveness in solving
complex classroom problems. For example, a study by Lakhdari et al. [34] showed how
this approach can be used to optimize the thermal, lighting, and energy performance of a
classroom in a hot and dry climate. Deblois and Ndiaye [35] implemented a multi-variable
model to optimize the design of the hybrid ventilation system in four elementary classrooms
by maximizing their occupied hours that utilize natural ventilation. Research by Acosta-
Acosta and El-Rayes [36] developed a novel optimization model that provides the capability
of optimizing the design in order to maximize occupant satisfaction in a classroom space in
terms of the perception of human bioeffluent odor while minimizing construction cost. In
turn, in a study by Arjmandi et al. [37], the performance of five different ventilation systems
was tested to control the spread of airborne particles in a classroom, and then the best case
was selected for the least likelihood of spreading infection. A multi-criteria optimization
process was performed to assess the impact of design variables (air inlet width, air change
rate, and supply air temperature) on thermal comfort.

Previous studies [38] have shown that natural ventilation is generally inadequate to
obtain desirable IAQ conditions in classrooms, but installing a new centralized mechanical
ventilation system is not always feasible. Therefore, the main objective of this study is to
analyze the ability of natural ventilation enhanced by an automatic window-operating sys-
tem driven by various control algorithms to guarantee a healthy and thermally comfortable
environment in classrooms in a moderate climate. The analyses are based on numerical
simulations of a multi-zone model of a fragment of a typical Polish school building. A
co-simulation between EnergyPlus, CONTAM, and Python was used to control window
opening and calculate the heat and mass flow in the building.

This study, in addition to considering IAQ and thermal comfort, deals with the pos-
sibility of reducing the concentration of airborne infections by controlling the opening of
smart windows. Additionally, energy demand for the studied conditions was compared.
The effect of additional actions, such as the introduction of portable air cleaners and wear-
ing face masks, was also studied. The analyzed scenarios were compared based on their
ability to reduce the number of hours with thermal discomfort, low indoor air quality, and
high infection risk in an existing naturally ventilated classroom. Moreover, the effect of the
analyzed scenarios on energy demand for the studied conditions was also presented.

2. Materials and Methods
2.1. Research Object

A typical Polish classroom with dimensions of 9 x 6 m and a height of 3.3 m was
selected for the study. The building meets Polish requirements for the thermal insulation
of walls and floors, the external brick walls are insulated with polystyrene (heat transfer
coefficient U = 0.23 W /(m?-K)), and beam and block floors are insulated with polystyrene
insulation (U = 0.17 W/(m?-K)) and double-glazed windows (U =1.1 W/ (m2-K), solar heat
gain coefficient is 0.64). The building has natural ventilation through leaks in windows
and gravitational chimneys. In each classroom, there is one large window of 7.8 x 2.1 m
(Figure 1a) consisting of twelve window sashes. The length of the window cracks is 42.6 m
per window.

During classes (each lesson lasts 45 min, each break 15 min), there are 30 occupants
present in the classroom every day (from Monday to Friday) from 8 am to 2 pm.

2.2. Software and Simulation Algorithm

A building performance simulation (BPS) was carried out under dynamic conditions
using the EnergyPlus 9.4 (US Department of Energy, Washington, DC, USA) [39] and
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01 (tilt)

i

CONTAM (National Institute of Standards and Technology, Gaithersburg, MD, USA) [40]
programs, which are among the world’s leading simulation software. EnergyPlus (EP)
was used for thermal simulation and CONTAM was needed for inter-zone airflows cal-
culations (this software has a model of a gravity chimney applied in this research). The
programs were coupled, which allowed the transfer of data between them at each step of
the simulation. This coupling was performed using CONTAM'’s developed inter-process
communication application programming interface (API) and was accomplished via co-
simulation based on the Functional Mock-up Interface (FMI). The process is described in
detail in Ref. [40]. Each case was simulated with a 5 min time step for the whole school
year (from September to June) using the TMY (typical meteorological year) climate data for
Warsaw [41] (tmin = —12.2 °C, tmax = 33.1 °C, and tayg = 8.2 °C).

Three options for opening the window were assumed (Figure 1): O1l—one window
sash tilted, O2—one window sash opened, and O3—one window sash tilted and one
window sash opened (as a combination of the first two options). Opening more windows
was not considered, to avoid too many air changes and outside noise. The opening and
tilting of the window were carried out automatically by means of actuators and were
adjusted by the controller. The controller consisted of two parts:

02 (open) 03 (open +tilt)

00

—Tr—

- — e ———

L L

A40om__

214 cm

80 om

(a) (b) (©)

Figure 1. Scheme of window opening: (a) window construction, (b) open window, and (c) tilt
window (sum of areas 1 to 3 was changed to two average openings 140 cm x 7 cm according to Pinto
et al. [42]).

e  PartI (connected with CO, concentration in classroom): the window was opened if
the limit value of CO, concentration in the room was exceeded (PPM ,—optimized
value). The type of window opening depended on the outside temperature (Tout). At
low external temperatures, the window was only tilted (O1), and at high temperatures,
one window was tilted and the other was opened (O3); for temperatures between low
and high, option 2 was used. The external temperature range for window openings
was optimized (Tout 01, dTout o1)- The summary of controller operation in part 1 is
shown in Table 1.

e  PartII (connected with indoor temperature). This part was used to limit overheating
of the classroom. The setting of the windows depended on the indoor temperature
in the classroom (Tj,) and the outdoor temperature (Toyt). The operation diagram is
shown in Table 2 (optimized values are the ranges of outdoor temperatures (Tout o2,
dTout 02) and the corresponding indoor temperature limits (Tin2 o, Tin2 o, Tin2 o) at
which the window is opened).
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Table 1. Controller part I work algorithm.

If PPM and If Toy Windows Opening Options
<TOut701 01
>PPM , ZTOut_ol and < TOut_ol + dTOut_ol 02
ETOuLol + dTOuLol 03

Table 2. Controller part Il work algorithm.

If Ty, > 21°C

If Tout and If Toy < Ty and If Ty, Windows Opening Options
<Tout_o2 >Tin1 o 01
2Tout_o2 and < Tout o2 + dTout o2 >Tinz o 02
ZTOuLoZ + dTOut702 ZTinB,o 03

The window was opened if at least one part of the controller gave a signal to open
the window. O2 and O3 settings were possible only from 7 am to 5 pm for safety reasons.
At night, it was possible to tilt the window (O1) if the indoor temperature exceeded the
limit value (Tiny nigh—optimized value). The controller settings were obtained in the
optimization process. It was carried out in the Python program [43] using the pymoo
library [44], in which a single-criterion version of the genetic algorithms (GA) method [45]
was selected for optimization. This method is based on natural selection, adaptation, and
imitating biological evolution. As in genetics, they can cross information (genes) and
combine and mutate them to provide a variety of solutions. In this study, design variables
were represented by natural numbers (for discrete values). Values of design variables were
initialized randomly from the allowable sets of variables:

PPM_,€{450, 500:100:1000}, Tout o1 €{-6:2:10}, dToyt 01€{1:1:10};

Tout_02€{22:1:30}, dTout_02€{1:1:10}, Tin1_o, Tin2_o, Tin3_o €121:1:30};

Tin2_night €{25:1:30}.

Random selection, simulated binary crossover (SBX), and polynomial mutation (PM)
were used in the evolution process. The objective function (Equation (1)) aimed to minimize
the number of hours with poor conditions during lessons:

min H(x) = min [Heomeort(x) + Heoz(x) + Hro(x)] 1)

where the functions in square bracket are connected with:
(1) Thermal comfort (Heomeort):

a. If the adaptive model of thermal comfort was used [2]—number of hours with
thermal conditions within category IV.

b.  If the PMV-PPD model was used [2]—number of hours out of category III, i.e.,
PMV > 0.7 or PMV < —0.7.

(2) CO; concentration (Hcpp)—number of hours with conditions within category IV:
PPM > 1200, i.e., indoor concentration increased by 800 ppm above outdoor CO,
concentration of 400 ppm.

(3) Infection risk (Hrg)—number of hours with bad conditions: Reproduction number
RO > 1 (see Section 2.6).

x is a vector of design variables. In the article, these are the parameters of the controller
for opening windows (described above). These values were changed in the optimization
process. During the duration of the year-round simulations in the EP program, they were
constant.

The scheme of the simulation programs coupling is presented in Figure 2.
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2.3. Thermal Model

A fragment of the school building on the top floor with two classrooms (windows
facing east and west) and part of the corridor between them were modeled to calculate
inter-zone heat and air flows, as shown in Figure 3. The partitions were built in accor-
dance with the construction described in Section 2.1. The Window 7.8 program [46] was
used to determine the detailed data that describe the optical properties of the window
panes (Pilkington OptifloatClear 4 mm, air 10% and argon 90%, Pilkington Optitherm S3
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Optimization (pymoo library)

J

y

[OptimaIResuIts ]

4 mm [47]).
Gravity chimneys
//\
7/_ —
EH| m ] Flow paths:
1 . .
1 ] Corridor B 1¢ 1. Closed window
2. Tilt window
E—r 2 2 Q—p 3. Open window
4. Closed door
B—+p 3 33—
4 4
Classroom1 ¥ €  Classroom 2
=l 2 1 O
A lﬁ_‘fﬂ'
6.0 m 3.0m 6.0 m N



Energies 2023, 16, 592

7 of 21

The following internal heat gains were taken into account: occupants: 95 W/occupant
(including sensible heat 65%), lights (calculated using daylighting control system: artificial
lighting was switched on depending on the intensity of natural lighting: only during the
occupied hours and if the natural illuminance was lower than 250 lux).

An ideal controller for the heating system was assumed. The heating set-point was
21 °C (from 7 am to 4 pm) and 18 °C (in the rest of the day). In classrooms, the heating
power was limited by a maximum heating capacity at the level of 3.0 kW.

2.4. Air and Contaminant Flows Model

The ventilation model took into account airflow through leaks in the building envelope
and ventilation achieved through opening windows. In each classroom, two gravity
chimneys were modeled (Figure 3). The airflow was calculated by taking into account the
variable indoor temperature calculated in the EP program. The following airflow element
types was taken into account:

e  Powerlaw Model—One-Way Flow model [48] was adopted for closed windows. The
tightness of windows and doors is described by Equation (2):

V =al(5p)" )

where V—airflow, s—airtightness factor, I—the length of the window cracks, n—exponent,
and Ap—pressure difference.
According to [49], the following values of a and n were adopted:

— For windows, a =0.1 m3/(m'h~PaO'67), n=0.67;
— For doors,a=2.8 m3/(m-h-Pa0'5), n = 0.5; the door was closed all the time.

e  Tilt Windows and Half-open Doors: Single Opening—Two-Way Flow model [48] was
adopted for tilt and open windows. Contrary to the Powerlaw model, this takes into
account the flow in two directions in one simulation time step. For the tilt window, the
equivalent area of the opening was calculated from the equations given in the article
by Pinto et al. [42].

e  Gravitational Chimney: Darcy-Colebrook Resistance Model was assumed for chim-
neys [40]. The gravity chimneys were assumed as brick ones with dimensions of
27 x 14 cm, a roughness of 3 mm, and the sum of local loss coefficients of 3.4. The
chimneys were extended above the roof to a height of 1.5 m. According to ASHRAE [3],
it was assumed that each person staying at school emits 3.82 x 10~8 m3/(s-W) of car-
bon dioxide. The concentration of carbon dioxide in the outdoor air was set constant
at 400 ppm.

2.5. Air Cleaner

The air cleaner chosen for this study was a Winix Zero Pro, which is designed with
HEPA filters that remove 99.97% of the particles with 0.3 pm size. The device is appropriate
for large rooms as the selected volume flow (CADR) is 330 m?/h in “High” mode, which
generates tolerable noise during school lectures (40 dB) [50].

2.6. Infection Risk Calculation

The probability of infection risk was calculated for students in the classroom based
on their various activities by the Wells—Riley model [51]. In the Wells—Riley model, the
viral load released is introduced by the quantum emission rate (E). This study assumed this
for each student sitting, light moving, and speaking during lectures. Therefore, weighted
averages of E were equal to 58 quanta/h. The quanta concentration was 0 at beginning of
the first class (QCp) and increased with time until the end of the student’s presence in the
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classroom. The time development of the average quanta concentration QC; (quanta/ m?)
in the classroom can be obtained from Equation (3).

QC(t) _ EIE/:[; 171) + <QCO _ ‘E/:/I\>et/\ (3)

where V, I, i7;, and A represent the volume of the room (m3), number of infected indi-
viduals, facial mask efficiency for the infected person, and first-order loss rate coefficient,
respectively. The quanta is reduced not only by facial mask efficiency, but also due to
ventilation (Av), filtration (ks), deposition (A4.p), and airborne virus decay (k). Hence, A is
defined as summed effects of these values (Equation (4)).

A= A0+ Agey + K+ ks @)

As this study considers natural ventilation, Av changes according to actual window
opening and outdoor weather conditions. Based on previous studies, the surface deposition
loss rate was estimated as equal to 0.31 h~! [52] and airborne virus decay was evaluated
as equal to 0.63 h~1 [53]. Filtration removal rate can be calculated as k = CADR/V. The
CADR (m3/h) is the clean air delivery rate achieved by portable air cleaners with HEPA
filters defined in Section 2.5. The filtration removal rate for one air cleaner assumed in this
study was equal to 330 m3/h and k¢ =1.85 when two air cleaners were used. The infection
risk R(t) is the probability of infection in a closed space of susceptible individuals at a
specific time (f). It can be obtained from Equation (5), which is based on the Wells-Riley
model [54] and was improved by Gammaitoni—Nucci [55]. Infection risk depends on the
inhalation rate (Q;) of susceptible persons, which was estimated as 0.71 m3/h for each
student based on their activities in the classroom. If all susceptible students wear masks,
the facial mask efficiency (7s) reduces the quanta inhaled. A perfect mixing of indoor air
with a constant source was assumed to use the calculated average, QC(t), which increases
with time.

R(t) =n (1 e Q) ! Q%“) ©)

A plausible probability level for the classroom can be defined based on the reproduc-
tion number RO, which is calculated from the ratio of new infections to the initial infectious
individuals. To control the epidemic, keeping the basic reproduction number lower than 1
(RO < 1) has been recommended.

2.7. Selected Cases

Seven cases, summarized in Table 3, were analyzed. A base case, Case 1, assumes fully
opening one window only during break time, which is a common situation in classrooms.
Case 2 considers that one window can be tilted and/or the second one fully opened
automatically according to indoor environment quality functions (CO, concentration and
thermal comfort). In Case 3, one window is able to tilt, fully open, or both tilt one and open
the other window simultaneously, while the controller considers all objective functions
(thermal comfort, CO, concentration, and infection risk). Case 4 is a repetition of Case 3
with the students wearing 50% filtration masks. Cases 5 and 6 also repeat Case 4 while the
classroom is equipped with one and two air cleaners, respectively. The air cleaners provide
330 m3/h of clean air, which adds to the loss rate coefficient (k ) in Equation (4). As the last
case, Case 7 also repeats Case 4 while only half of the students attend the class in person.
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Table 3. Test cases conducted in the study.

Clean Air Delivery Rate by Air

Case Controller Basis Number of People Mask Cleaner (CADR, m3/h)
1 Opening window during 30 No B
breaks
Objective function:
2 (1) Thermal comfort; 30 No -
(2) CO; concentration.
3 30 No -
4 Objective function: 30 Yes -
5 (1) Thermal comfort; 30 Yes 330
(2) CO, concentration;
6 (3) Infection risk. 30 Yes 2 %330
7 15 Yes -
3. Results

The result is divided into four primary segments to indicate the operation of the
optimal controller of the window and various objective functions in seven selected cases.
First, optimized controller performance was investigated. The second part refers to indoor
air quality during the lecture, which includes CO, concentration and air change rate data.
The third part presents the indoor operative temperature, which is the main parameter that
affects thermal comfort in this study. The last part, which was dedicated to the infection
risk, presents the distribution of reproduction number (R0).

3.1. Optimal Controller Operation

The designed controller, which optimized the window opening by considering indoor
environment objective functions and using the genetic algorithm, made significant changes
in the window opening and, consequently, CO, concentration and indoor temperature. The
changes were displayed for window status, air change rate, CO, concentration, and indoor
operative temperature on a special day (March 6). March 6 was selected as the coldest day
that the controller could open the window in all options (tilt, open, tilt and open). Figure 4
shows that by using the optimized controller (Case 2), the window opened for a longer
time than in Case 1. In addition, the window opening increased as the end of lecture time
approached. Thus, in some hours, windows were both tilted and fully opened, while in
Case 1, the controller opened the window (fully open) for 15 min constantly until the end
of the students’ presence in the classroom.

According to Figure 5, the outdoor temperature on March 6 varied between 3 and
10 °C. Therefore, window opening resulted in a decrease in indoor temperature. In case 1,
despite temperature fluctuations with a larger range than in Case 2, the indoor operative
temperature was higher than in Case 2 at all hours.
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Figure 4. Air change rate and window opening status during 6 March; 0, 1, 2, and 3 represent closed,
tilted, fully opened, and tilted and fully opened together, respectively.
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Figure 5. Indoor operative temperature and outdoor temperature during 6 March.

The effect of the optimized controller on the reduction in CO, concentration on 6th
March was investigated. Figure 6 shows that in case 1, the CO, concentration at the
end of each class, before the break time, reached the peak value and passed 2500 ppm.
Meanwhile, after optimizing the controller with indoor environment quality functions, the
CO; concentration varied between 600 ppm and 1200 ppm. Therefore, using the optimized
controller was very effective in reducing CO; concentration.

The window status for one year is briefly shown in Table 4 for different cases. The
window was opened only 3% of the time (break times) before optimization (case 1). After
optimization, windows were opened or tilted for approximately 40% of the time, and also
the time when students were not present. Tilting is the dominant opening area and an
important factor to control objective functions. Despite adding masks and air cleaners
in cases 4 to 6, and reducing the number of students in case 7, the performance of the
controller in window opening was almost the same.
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Figure 6. CO, concentration during 6 March.
Table 4. Percentage of time with different window status in all cases.

Window State Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
Tilt 0% 29% 31% 30% 30% 30% 30%
Open 3% 5% 2% 4% 4% 6% 4%

Tilt and Open 0% 6% 10% 8% 7% 5% 6%
Closed 97% 60% 57% 58% 59% 59% 60%

3.2. Air Quality

Figure 7 presents the cumulative distribution of CO, concentration in the classroom
(only occupied time). Considering that in Case 1, the window was opened only during
breaks without considering the optimization of objective functions, the CO, concentration
increased to 2900 ppm. Solutions applied in Cases 2 to 6 performed relatively similar, but
substantially better than Case 1. In these cases, for 80% of the time when students were in
the classroom, the CO; concentration was between 400 ppm and 950 ppm. In Case 7, as the
number of students was reduced to 15, more than 90% of the students” attendance time had
a concentration of less than 900 ppm.

The air change rate (ACH) is the second investigated parameter that affects CO,
concentration and the indoor air quality. Figure 8 shows the distribution of ACH values
based on time (only occupied time). As for CO, concentration, except for Case 1, other cases
had similar performance. In Case 1, at all the times when students were in the classroom,
the ACH value was less than 1 h™1. In contrast, the air change rate in Cases 2 to 7 had
significant fluctuations, reaching up to 12 h~! in some hours.
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Figure 8. Cumulative distribution of air change rate during the occupied classroom.

3.3. Thermal Environment

According to Figure 9, the indoor operative temperature in the classroom in Case 1
for 30% of the time was above 30 °C. This was due to the fact that the windows stayed
closed during the classes and were opened only during breaks, even in September and June,
when it was warm outside. In practice, during these periods in classrooms, windows are
usually also open during lessons, which significantly reduces the indoor temperature. In
the theoretical case, when there are 30 occupants in the room and the windows are closed,
the temperature due to internal heat gains and solar gains may even exceed 40 °C. In Cases
2 to 7 (windows can be opened during lessons), for approximately 70% of the time when
students were in the classroom, the temperature was between 20 and 25 °C.
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3.4. Infection Risk

To evaluate if the proposed controller reduces the infection risk in addition to improv-
ing the indoor environment, it was necessary to investigate the reproduction number (R0)
distribution during classes, i.e., in the students” presence time. According to Figure 10, the
use of the window opening controller reduced the probability of infection risk to some
extent. In Case 1, the distribution of RO was close to linear from 0 to 11. The reproduction
values also reached 11 in Case 2, but for 90% of the time, RO was less than 5. In Case 3,
despite the optimization of the window controller considering the probability of infection
transmission, no specific change in the RO distribution was observed. In Cases 4 to 7, the
improvements were clearly obvious. The reproduction number did not exceed 2 and, most
of the time, it was smaller than 1 in Cases 5to 7.
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Figure 10. Cumulative distribution of reproduction number (R0).
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4. Discussion

In this study, a new controller method for the window opening was developed and
optimized to improve the natural ventilation of the classroom. The ultimate aim was to
maintain good indoor air quality and thermal comfort, as well as to limit the probability
of infection risk for the time when students were present in the classroom. The optimized
controller by indoor environment functions compared to the base case, in which the
windows were opened only during breaks, showed a noticeable improvement in indoor
air quality. The results for thermal comfort, CO, concentration, and air change rate all
improved. On the other hand, there was a noticeable increase in energy demand, caused by
increasing ACH.

4.1. Indoor Environment Quality Optimization

Previous studies suggested that the use of controllers is effective on thermal comfort,
and their proper usage makes a substantial improvement in the overall thermal comfort of
occupants [56]. Based on European standards [2], there are different expectation levels of the
building’s occupants from the indoor air environment including “High”, “Medium”, and
“Moderate”, which are placed in three categories [2]. A normal level could be medium, and
a high level may be used for special occupants such as children or old persons. As a lower
level will not provide any health risk, this study used the moderate level of expectation
(category III) for controller optimization to be able to cover all the objective functions.
Case 1, in which one window sash was fully opened during each break, did not provide
thermal comfort conditions in the classroom. Figure 11 demonstrates that annually, 44% of
the time when students were in the classroom are out of the recommended thermal comfort
categories range (IV), including 39% of the time when the room was overheated due to
high operative temperature in warmer periods, as described in Section 3.2. In Case 2 where
the window opening was controlled by indoor environment quality functions (thermal
comfort and CO; concentration), only 18% of the total time occupants were present in
the classroom was outside the recommended categories of thermal comfort. During the
lesson (i.e., during the time when internal heat gains occurred), the classroom was passively
cooled by the outside air supplied through the open window. The window was opened for
25% of the time of the school season, in contrast to Case 1 where it was only 3% (always
during breaks). In addition, 26% of the occupied time was placed in the highest level of
expectation (category I), while in Case 1, only 10% of the time fell in the first category. As
Cases 3 to 7 had a very similar performance to Case 2, they were omitted in Figure 11.

I

Case 2

Casel 111

0% 20% 40% 60% 80% 100%

Figure 11. Percentage of thermal comfort index in different categories.
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On the other hand, the influx of a large amount of outside air into the room (sometimes
over 10 h™!), during periods of low external temperatures, significantly decreased the
indoor air temperature, even below 10 °C in the case of ventilation during breaks (Case 1)
and to 14 °C in Case 2, which was a source of great discomfort during the lessons. There
were 56 “too cold” hours in Case 1 and 96 “too cold” hours in Case 2, which accounted
for 5% and 10% of occupancy time, respectively. In Case 1, the windows were closed
immediately after the break, but it took several minutes to warm up the room due to the
limited maximum power of the heating system.

Using the automatic window opener to reduce the CO, concentration is a relatively
common approach that has been experimentally and numerically investigated already.
Heeboll et al. [57] investigated that, in the case of using an automatic window along with
mechanical ventilation, a significant reduction in CO, concentration occurred compared
to manually opening the window and using the heat recovery system. In this study,
the automatic window was the only available way to naturally ventilate the classroom.
The European standard referring to the equilibrium concentration and CO, emission
introduces three categories, which suggest maintaining the CO, concentration maximum
at 550 ppm, 800 ppm, and 1350 ppm above the outdoor CO; level (in this study, 400 ppm
was assumed) [2]. As an important objective function, this study considered category II for
the controller setting in the optimization process. Figure 12 displays that the changes after
optimization were significant in terms of CO, concentration. For 49% of time in Case 1, it
was placed out of defined categories (IV). Meanwhile, for almost all hours of Case 2, the
CO; concentration was maintained within the defined standard categories. In addition, for
80% of the time, the CO, concentration was in category I (400-950 ppm), while in Case 1,
requirements for category I were fulfilled for only 5% of the time.

Case?2 I

Casel 1

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
m (400-950) m (950-1200) (1200-1750) = Out

Figure 12. Percentage of carbon dioxide concentration in different categories.

Although the air change rate is not one of the objective functions, this value signif-
icantly changes after optimization of thermal comfort and CO; concentration. On the
other hand, it is necessary to have a sufficient air change rate in the room to comply with
hygiene issues. Considering 30 people in the classroom, the ventilation airflow rate should
be 600 m3/h according to the Polish standard [58], 482 m3/h according to [3] (assuming
category III and low emission from building), and 524 m3/h according to [2], which cor-
responds to 3.4 h™!, 2.7 h~!, and 2.9 h~!, respectively. As shown in Figure 8, ACH was
less than 1 h~! in all hours in Case 1, which is not proper hygienically. Case 2 experienced
entirely different conditions. ACH was higher than 3.4 h~! for approximately 70% of
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the time when students were in the classroom. Although the window opening control
approach based on indoor environment led to a significant improvement in air change
rate, still considerable fluctuations of ACH value were observed. In some hours, the ACH
reached even 12 h~!. In addition, for approximately 20% of the students’ presence time in
the classroom, ACH was lower than 1 h~!. Hence, mechanical ventilation is necessary to
ensure a steady, constant exchange of air.

4.2. Infection Risk Optimization

Unlike CO, concentration, the use of the controller did not have much effect on
reducing the probability of infection risk in the classroom. Case 3, where the infection risk
objective was added to the controller optimization, had a similar performance to Case 2
(without considering COVID in the controller) in reducing the probability of infection
risk. Figure 10 indicates that only for 14% of the lecture time, the reproduction number
was lower than 1 when the window was opened during breaks (Case 1). In Case 3, the
controller slightly increased this amount to 20.2%. However, for 79.8% of lecture time, RO
was still higher than 1, which does not provide a safe condition for infection risk inside the
room. Therefore, it is necessary to take other actions, in addition to optimization of smart
windows performance, to limit the probability of infection risk.

Many studies have investigated the effect of masks on reducing the possibility of
virus transmission [59]. However, the sufficiency of this solution depends also on other
parameters than only mask characteristics. This includes ventilation rate, exposure time,
number of susceptible people, and number of infected persons [60]. In this study, masks
with 50% filtration efficiency were intended for students in Cases 4 to 7. Using masks
(Case 4) significantly reduced hours with a high probability of infection. However, for 23%
of the lecture time, RO was still higher than 1. Therefore, in classrooms with controlled
natural ventilation, wearing masks with 50% efficiency alone is not enough.

Air cleaners are effective in the elimination of particles and aerosols from the air in
closed spaces [61]. Hence, for Case 5 and Case 6, one and two air purifiers were assumed
in the classroom, respectively. The air cleaners were especially effective when used along
with occupants wearing face masks; the time when reproduction number R0 was above 1
was reduced to less than 10%, which is desirable. The best performance in terms of limiting
virus transmission was observed in Case 6, where two air purifiers with 330 m3/h CADR
were in operation. For this case, only 1.6% of the time included a higher probability of
infection risk (RO > 1). Although air cleaners were effective for reducing the risk of infection
in classes, they should be applied carefully as they generate noise (40 dB). The location of
the air cleaner in the classroom should also be considered [62].

After the emergence of COVID-19, holding online classes became especially prevalent.
However, over time, due to the reduction in the pandemic and the low efficiency of students’
learning, they returned to classes, and classes were held with the maximum number. This
study probes hybrid classes to control the probability of infection transmission as well as
students’ learning efficiency. Case 7 assumes that the class is held with only 15 students
present in the class. Therefore, half of the students participate in the class virtually. In this
case, where the students were considered with 50% filtration masks, they experienced high
infection risk (RO > 1) for only 4% of the lecture class.

4.3. Energy Analyses

This study also examined energy demand for heating as a consequence of window
opening. Figure 13 shows a summary of the unfavorable indoor environment conditions
observed for each studied case together with the heat demand. The lowest demand was
noted for the reference case (Case 1) in which the controller opened the window only during
break times. This case, however, had the most undesirable conditions in terms of low air
quality and high probability of infection transmission, which is discussed in previous
sections. The introduction of the smart windows with optimized indoor air parameters



Energies 2023, 16, 592

17 of 21

(Case 2) improved air quality conditions in the classroom, but a substantial increase in
heating demand was indicated (about 190%).
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Figure 13. Summary of all objective functions performed in the cases: the percentage of hours that
each function is out of acceptable range (left axis) and annual energy demand (right axis).

Introducing infection risk to the optimization process in the controller (Case 3) in-
creased even more the heat demand (about 260% compared to Case 1), which was caused
by the further increase in air change rates. This had some positive but only small effect on
lowering the probability of infection transmission and CO; concentration.

Introducing face masks for the students and especially air cleaners significantly de-
creased the risk of infection. The energy demand in these cases also decreased slightly. In
the case when students used masks (Case 4), heating demand fell only slightly by 0.5 GJ,
which is 3%. Air cleaners in Cases 5 and 6 partially reduced the risk of infection; therefore,
the optimized system opened the window less often, which reduced the heat demand by
1.5 GJ, which was 10% of the value in Case 4. To sum up, the energy demand for heating,
CO; concentration, and thermal comfort in Cases 5 and 6 that used different numbers of air
cleaners had a similar performance, and the only variable function was the probability of
infection risk. Case 6, with an RO lower than 1 for 98% of the time, had the best performance
in reducing infection risk. In Case 7, as the number of people in the classroom decreased, it
not only reduced the probability of infection risk desirably but also the number of hours to
0 when the CO; concentration was outside the standard category. However, in the absence
of air cleaners, the energy demand slightly increased.

It should be noted the heat demand output obtained in simulations covered only the
demand for heating. Air cleaners need electricity for operation. The power of a single air
cleaner applied in this study was 21 W; thus, one air cleaner operating constantly during
occupancy hours will consume approximately 20 kWh and should be added to the total
energy demand. Nevertheless, indoor air cleaning strategies are necessary to reduce the
risk of infection in classrooms, especially with natural ventilation.

Electrical energy for the automatic window opening system was not included in the
analysis. The window actuators require relatively little electrical power, but nevertheless,
this energy can influence the optimal solution.
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5. Conclusions

Clean air is a basic requirement for human health and well-being. The key to protecting
occupants against the negative impact of air pollution is improving ventilation. Schools
are usually low-rise buildings (2 to 3 floors) and most of the classrooms are on the top
floor, where the length of gravitational ventilation ducts is very short. Therefore, the
natural ventilation systems used in school rooms (especially in windless periods) are
unable to provide the required airflow, and the CO, concentration can periodically reach
even 10,000 ppm [63], if the windows are not opened all day. The situation can be improved
by the regular airing of classrooms, which can be supported by a smart window opening
system that was developed in this study.

The analysis of the simulation results showed that for the typical classroom in Poland
the following conclusions can be drawn:

e  The regular opening of windows only during breaks does not ensure acceptable
environment quality in the classroom—the thermal environment is low for more than
45% of time and air quality for more than 80%.

e  Smart windows with controllers substantially improve thermal comfort and increase
air change rate; thus, air quality is also improved, but the risk of infection is reduced
only slightly. The introduction of the “infection risk” objective to controller optimiza-
tion (Case 3) has very little effect on reducing the probability of infection risk.

e  The inflow of cool air through an open window causes a significant increase in the
heating power in the rooms, and in periods of low external temperature, it can cause
a local decrease in the indoor temperature in the rooms (in this study, even below
14 °C).

e  The frequent opening of windows during a day significantly increases heating demand
(in this study, heating demand increased 3 times compared to the case when windows
are only opened during school breaks). Therefore, mechanical ventilation is necessary
to ensure a constant air exchange, which, at the same time, allows the use of heat
recovery from the air removed from the room; however, the introduction of such a
system is problematic in existing schools and requires large investments.

e In order to reduce infection risk substantially, wearing masks and operating effective
air cleaners are necessary (these applications can decrease the time with high infection
risk to 1.6%).

e  Decreasing the number of students in the classroom, as it was expected, helps to
further decrease the risk of infection (in this study, the time with high infection risk
decreases to 4.2%).

e  The results show that classrooms that possess windows with optimized controllers by
indoor environment and infection risk functions, along with air cleaners and masks
for students, are able to control air quality, thermal comfort, and infection risk.

6. Limitations and Future Works

e  Considering that the present study was limited to only one climate and one typical
school, it will be interesting to study the controller performance in different climates
and compare the results.

e  The expansion of controller parameters and the optimization of functions, especially
those that would be affected by window opening, can be advantageous in the future.
Energy demand and other indoor air pollutants such as particulate matter (PM) are
the major influential issues involved with opening windows.

e  The presented analysis concerned the effect of controller operation on energy demand,
but the economic issues were not addressed.

e  As the model considered the classroom with fully mixed indoor air to use the cal-
culation for quanta concentration, an experimental study with local measurement is
recommended to investigate conditions in the real state.
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ARTICLE INFO ABSTRACT

Keywords: In this study, a triple-objective model-based optimization of a controlled opening window’s
Window opening specifications and thermostat control setpoints was investigated. Numerical simulations were
Multi objective optimization performed employing EnergyPlus, and multi-criteria optimization of objective functions and
Energy demand decision parameters was accomplished by jEPlus + EA using Non-dominated Sorting Genetic

CO,, concentration
Thermal comfort
JEPlus +EA

Algorithm (NSGA-II). Controlled window optimization was carried out for a typical classroom,
and the results were evaluated for two contrast climates. The decision variables are indoor
temperature set points for opening control, thermostat set points, and the window opening area.
The annual energy demand, the average CO2 concentration, and the predicted percentage of
dissatisfaction (PPD) were also regarded as objective functions to be simultaneously minimized.
Max-min normalization and selecting final answers from the Pareto front were performed by the
weighted sum method. By operating the suggested parameters, executing the optimized control
strategy on the window opening resulted in indoor environmental quality improvement and a
substantial decrease in energy demand, which had been selected as objective functions. The re-
sults show that using a controller based on indoor temperature instead of time significantly
improved indoor air quality but greatly increased energy consumption. By performing optimi-
zation, in more than 50% of the time, all objective functions were controlled simultaneously for
both selected climates. In total, the optimized window and thermostat controller performed
desirable in both climates.

1. Introduction

It has been proven that the contemporary population spends most of their time in buildings, and the low quality of indoor may pose
a risk for human health [1,2]. Vulnerability to high COy concentration in a closed space causes different health consequence.
Headaches, breathing difficulties, tiredness, and sweating are common health effects, especially in the educational environment with
populated places [3]. On the other hand, the emergence of new infectious diseases like Covid-19 from SARS-CoV-2 has also added the
probability of infection transmission to the problems caused by poor indoor air quality [4]. In recent years, significant progress has
been made in improving indoor air quality (IAQ), enhancing people’s awareness and education about IAQ, and identifying the key
factors that impact IAQ [5]. Also, some standards were defined as thermal requirements, and various categories were presented based
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on the occupants’ expectations [6,7]. Ventilation is one of the known and reliable ways to improve indoor air quality [8]. In addition,
ventilation systems help to eliminate viruses by reducing viral concentration [9]. However, many buildings in countries with conti-
nental or cold climates do not have mechanical ventilation systems and usually use natural ventilation. Natural ventilation provides an
unstable air change rate, which is corelated to actual outdoor weather conditions. Besides, depending on the type of climate, natural
ventilation increases energy demand and may disrupt thermal comfort of occupants. In a tropical climate, overheating and increasing
cooling demand, and in continental climates, overcooling and increased heating demand are problems that are faced in buildings with
natural ventilation.

In this regard, several studies investigated and designed automatic windows to control the opening of the window and the air
change rate in buildings [10]. Stavrakakis et al. [11] introduced a novel computational approach to optimize window openings for
thermal comfort through the predicted mean vote (PMV) index. They concluded that the suggested approach prepares the optimal
window, which correlates to the thermal comfort for various activity levels of occupants. Besides paying attention to proper venti-
lation, classrooms are of the greatest importance due to the high density of occupants and insufficient air quality [12]. By optimizing a
window controller, Grygierek et al. [13] simultaneously controlled indoor air quality, thermal comfort, and infection transmission
probability in a classroom. They indicated that window controllers optimized by indoor environment quality and infection risk
functions can maintain acceptable indoor environment quality and decrease virus transmission if students wear face masks and air
cleaners in classrooms. However, the energy demand was not considered in the optimization process. The research gaps in the study
can be filled by optimizing objective functions including energy demand, indoor CO, concentration, and thermal comfort, which takes
into account economic, environmental, and hygienic concerns.

The selection of specific parameters for optimizing the window controller is crucial to achieving optimal indoor environmental
quality and energy efficiency. The window area plays a vital role in determining the indoor/outdoor air exchange rate, directly
influencing indoor air quality and energy demand. By optimizing the open area, we can strike a balance between adequate ventilation
and energy conservation, enhancing the overall indoor environment. Furthermore, the interplay between the window controller and
the indoor temperature is essential. External climatic conditions, such as heat gain during warm periods and heat loss during colder
periods affects how the window controller respond to indoor environmental functions. The heating and cooling set point thermostat
values dictate when the cooling and heating systems start and stop operation. Properly determining these values is critical, as they
significantly impact the energy demand and thermal comfort levels within the building. By fine-tuning the set point thermostats, we
can strike a balance between maintaining comfortable indoor conditions and minimizing energy consumption. The selection of these
parameters was driven by their profound influence on indoor environmental quality, energy demand, and thermal comfort. On the
other hand, parameters optimized through objective functions for a building in one specific climate might not be directly transferable
to other climates. The operational characteristics of a window controller designed for one climate would likely differ significantly
when applied in a different climate. Given this crucial consideration, it became imperative to explore and understand the importance of
studying different climates.

A special issue that should be considered in multi-objective optimization is the detection of optimal answers based on the
importance of the objective functions. Most studies assume equal or constant magnitude for all objective functions during the opti-
mization process [14]. Naderi et al. [15] conducted a multi-objective simulation-based optimization study, focusing on architectural
specifications and control parameters for a smart shading blind. The research aimed to simultaneously minimize three objective
functions: annual total building energy consumption, predicted percentage of dissatisfied (PPD), and discomfort glare index (DGI).
Nateghi et al. [16] introduced a holistic approach to multi-criteria optimization, addressing the energy demands of a multi-story hotel
building, resulting in both economic and environmental benefits. The optimization process involves considering three objectives:
heating, cooling, and electrical equipment energy consumption with equal weight allocated to each factor. While in some cases, there
is a priority, and some functions are placed in low-importance groups or even ignored. Energy demand is one of the functions that can
be a priority when countries’ governments are involved with providing energy in winter or even hot summers. The other objective
function that could pose high importance is CO2 concentration. The high concentration of bioeffluent in populated and closed spaces
leads to poor indoor air quality, specified by CO, concentration [17]. Also, in some period, there might be an outbreak of airborne
infection diseases. In such situation, controlling virus transmission and it is prioritized over thermal comfort conditions. The strategy of
controllers for the opening window is another point that should be noticed and carefully chosen. Window controllers can open or close
the window based on different parameters. Schedule, indoor temperature, outdoor temperature, and CO, concentration are the most
common parameters for the window controller [18]. Determining and designing a general, useable, and understandable controller
strategy makes it more feasible for industries to construct proposed automatic windows in the future.

This study investigated the objective functions of indoor air quality, thermal comfort, and energy demand by performing a multi-
objective optimization for a classroom with 30 students. Window area, thermostat set point temperatures, and also minimum and
maximum indoor temperature that the controller let the window open were considered as optimization parameters in this study.
Optimization was accomplished in two different climates, continental and tropical, to make the application of this study more general.
In addition, the comparison of the behaviour of the optimization functions in different climates determines the influence of weather
data in controlling desirable indoor environmental quality and energy demand. EnergyPlus for energy simulation and JEPlus + EA for
the optimization process were employed in this study. In the JEPlus + EA environment, the “Non-dominated Sorting Genetic Algo-
rithm” (NSGA-II) was used to optimize described parameters. The optimum and ultimate answers were selected among Pareto solu-
tions using the weighted sum method based on the function’s importance.
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2. Methodology

This section presents an introduction to the software employed for conducting the building energy simulation, followed by the
implementation of a dedicated numerical model for validation purposes, in conjunction with an experimental study utilizing the
selected methodology. Additionally, a comprehensive exposition is provided on the multi-objective optimization method and decision
theory, with a detailed elucidation of the NSGA algorithm and the weighted sum method.

2.1. Building energy simulation software

The simulation of building implementation under dynamic conditions was performed employing EnergyPlus 9.4 [19] and SketchUp
simulation software. The SketchUp plugin was employed to design the geometry of the building and the thermal area. EnergyPlus
building energy simulation program was used to design the thermophysical specifications of the classroom, lighting, natural venti-
lation, an idealized energy system with heating or cooling loads, and its zone thermostat. EnergyPlus employs the thermal balance
model to estimate the thermal performance of the construction [20]. EnergyPlus features plenty of abilities, but it is impossible to
execute any optimization by EnergyPlus, therefore, JEPlus + EA which is an online optimization engine was applied for optimization in
this study. Java programming language provides this software. Also, JEPlus from EnergyPlus was employed to determine the design
parameters (decision variables) and output (objective functions).

2.2. Multi-objective optimization

The controller settings, thermostat, and window opening area were optimized through a multi-objective optimization process using
the JEPlus + EA program [21]. The Non-dominated Sorting Genetic Algorithm [22] (NSGA-II) method was chosen for optimization.
The objective functions were selected to minimize the average CO5 concentration, predicted percentage of dissatisfied (PPD), and total
energy demand during a school year. Since multi-objective optimization problems involve optimizing multiple objective functions
simultaneously, it is common for these objective functions to vary in opposite directions. As a result, improving one objective function
may come at the cost of degrading another. This leads to a situation where there are multiple solutions that satisfy the optimization
problem, and none of them are necessarily unique. In multi-objective optimization, the Pareto front refers to the set of non-dominated
solutions, where no solution is better than another in all objective functions. The Pareto front provides the engineer with a range of
solutions that achieve the best trade-off between conflicting objectives, allowing them to limit their focus to the most effective so-
lutions [23,24]. Owing to the development of plenty of design parameter arrangements, an optimization algorithm is required to assess
various conditions and introduce the responses. Non-dominated Sorting Genetic Algorithm (NSGA-II) is widely used in multi-objective
optimization, which optimizes each objective without being overwhelmed by any other answers at the same time. Since in this al-
gorithm, there is no limit for using various variables (continuous or discrete), NSGA-II was used in this study. In a file in ’rvx’’ format,
the outputs of Energy Plus were written as objective functions. Hence, in this research, in addition to the different control strategies
executed on the opening of the window, optimization related to the descriptive parameters has also been done. In this way, the proper
control strategy for opening the window was selected and the window opening threshold, thermostat set points and the opening area
were adjusted to the most optimal mode according to the algorithm. The most appropriate approach to multi-criteria decision-making
is the Weighted Sum Method (WSM). WSM calculates the multiplication of normalized objective functions by their weighting co-
efficients to transform a multi-objective vector minimization issue of objective functions into a numeric issue [25]. WSM is calculated
by Ref. [26] Eq. (2):

fws (x) - Z M (23)

L L™

where f;(x) is the objective function including energy demand, CO, concentration and PPD. f;(x)™™ and f;(x)™" represent the
maximum and minimum of each objective functions and, a; is also the objective function weighting coefficient that represents
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Fig. 1. Flow chart of the procedure used to find the optimal answers.
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importance of each function. Fig. 1 indicates the flow chart of the procedure and simulation programs used for the assessment of multi
objective optimization.

3. Modelling simulation

3.1. Numerical procedure and validation

A comparative analysis was conducted between a numerical model developed in EnergyPlus and experimental data obtained from a
study by Lei, Zhangping et al. [27]. The aforementioned study investigated the impact of varying window opening areas on CO5
concentration within a dormitory located in Beijing. Experimental measurements were carried out in a room occupied by six in-
dividuals. The findings revealed that when the window opening area was 0.011 m?, the CO, concentrations remained relatively stable
for a duration of 7 h. Conversely, with an increased opening area of 0.11 m2, the CO, concentrations decreased to levels below 1000
ppm within a span of 3 h. In the numerical model, the stack with open area approach was implemented in EnergyPlus to accurately
calculate the natural ventilation resulting from the window opening. The ventilation airflow rate was determined as a function of wind
speed, thermal stack effect, and the size of the opening area. Equation (1) was employed to estimate the ventilation rate [19]:

2ghAT
Tin

0=CpA (€Y

Cp, A and h represent discharge coefficient, opening area (m?) and height of opening (m). Also AT is the temperature difference
between indoor and outdoor environments.

Fig. 2 demonstrates the degree of concordance between our numerical investigation and the referenced study in terms of similarity.
The findings indicate a noteworthy resemblance between the present study and the mentioned work, thereby validating the infor-
mation obtained through this analysis, particularly regarding the examination of diverse window-opening areas. The minor deviations
observed can be attributed to variations in building materials, weather data precision, time steps, and measurement errors. It is
important to note that these disparities are negligible, and their presence is well within acceptable limits.

3.2. Building description

To assess the effectiveness of a multi-objective optimization process and the designed controller parameters were evaluated by
implementing the selected method in a classroom with typical dimensions of 9 x 6 x 3.3 m, located on the top floor of a 3 stories school
building. The classroom had east and west-facing windows and a double-layer, clear-glazing window with a U value of 1.1 W/(mZ2eK)
was used for the study. The beam and block floors were insulated with polystyrene insulation, with a heat transfer coefficient of U =
0.17 W/(m?eK). The classroom was designed with three large windows, measuring 2.5 x 2.15 m which the window controller has the
ability to open the window with any desired area from 0 to 16 m2 The occupancy of classroom consisted of 30 individuals who
followed a schedule with lessons lasting 45 min and breaks lasting 15 min. It was estimated that there were internal heat gains of 95 W
per occupant, and artificial lighting was utilized when the natural illuminance levels dropped below 250 lux. The ventilation model
considered airflow through leaks in the building based on wind speed and natural ventilation attained via window openings. The
building modelled by EnergyPlus is shown in Fig. 3. While Warsaw and Bangkok have distinct climate zones, the classroom model
possesses several features that make it versatile and well-suited for implementation in both locations. The use of high U-value for
windows demonstrates a commitment to energy efficiency and thermal insulation. Such windows can effectively retain heat during
cold winters, reducing energy consumption for heating. Similarly, in tropical climates, these windows can block excess heat from
entering the classroom, thus reducing the reliance on cooling systems. Also, the large considered windows offer abundant natural light,
fostering a positive learning environment for students in both cities.
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Fig. 2. Comparative Analysis of Data: Present numerical Study and Lei, Zhangping et al.
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Fig. 3. The schematic diagram of the building model for the present study.

3.3. Climate & clothing level

Two cities with contrast climates were considered based on Koppen-Geiger climate categorization [28] in the study. Warsaw was
selected as humid continental climate which represent cold weather along with heating load requirement during the year. Bangkok
was selected as tropical climate which depute hot weather with cooling load requirement during the year. The choice of continental
and tropical climates is justified by their global relevance, wide applicability, contrasting characteristics, and the practical implications
of addressing climate-specific challenges. Continental climates experience significant temperature variations between seasons,
necessitating tailored heating and cooling strategies. In contrast, tropical climates pose challenges related to controlling indoor hu-
midity and managing intense solar heat gains. Characteristics of selected cities are given in Table 1.

The calculations were conducted throughout the school period spanning from September to June. Fig. 4 displays the monthly
outdoor air temperature data for Warsaw and Bangkok. Based on the analysis of the data, it was observed that Bangkok city neces-
sitates a cooling load throughout all the months considered, whereas Warsaw city requires a heating load during the same period. The
relatively consistent average temperature during the months considered for Bangkok led to the adoption of a clothing insulation level
of 0.5 for students based on standards [31]. Conversely, for Warsaw, a clothing insulation level of 1 was considered appropriate due to
the heating load requirement, with a slight increase to 1.2 in December, January, and February.

3.4. Window opening control

Previous studies proved that window opening based on a fixed schedule time is unable to control indoor environment quality [13].
In the case where the window was open only during students’ breaks, the indoor air quality was outside the standard range most of the
time. Nateghi et al. investigated opening the window every 5 min, which significantly improved air quality but disturbed thermal
comfort [32]. A Time-dependent controller, which only opens the window during break times, avoids increasing energy demand.
However, it is expected to perform poorly regarding indoor air quality. Nevertheless, a time-dependent controller was used as the base
case to compare with the optimal cases. The time-dependent controller includes two parameters: the maximum and minimum indoor
temperature at which the window can be opened. Outside the set interval, the controller automatically closes the window. According
to previous studies, this time-dependent controller is expected to improve indoor air quality, unlike time-based control. At the same
time, a time-dependent controller increases energy demand significantly. The important thing about the time-dependent controller is
the simplicity of changing the parameters set to open or close the window. Therefore, this study uses the second type of control to
perform optimization to control all objective functions at the same time.

3.5. Objective process

Three optimization functions, consisting of the annual energy demand, average CO» concentration, and average PPD index of the
classroom, were considered to simultaneously improve the classroom’s energy performance and indoor environment quality. The

Table 1

Characteristics of the representative cities [29,30].
City Latitude (°N) Longitude (°E) Climate Elevation (m)
Warsaw 52.23 °N 21.01 °E Humid continental 100
Bangkok 13.75°N 100.5 °E Tropical 1.5
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Fig. 4. Average monthly outdoor temperatures in Warsaw and Bangkok.

optimization issue includes five continuous parameters: the minimum and maximum indoor temperature that the controller lets the
window be opened (P1&P2), the heating and cooling set point thermostat (P3&P4), and the window area (P5). Table 2 displays the
applied decision parameters, their initial value and the range of their changes.

Based on the experience of earlier studies [33], the control parameters of the NSGA-II were chosen. Population size, maximum
generation number, crossover rate and mutation rate were considered as 10, 200, 100% and 20% respectively with the initial analysis
of convergence.

3.6. Selected cases

When the optimization was terminated and a Pareto optimal answer was acquired, the decision-making procedure should be
executed to ascertain a final favoured answer. Engineering expertise, characteristics of the system, the objective functions’ relative
importance, and the optimal answers’ sensitivity to the described parameters are some factors that could effect on making the decision
for finding final optimum answers. In this way, design parameters can be chosen by engineers based on their primary needs and
benefits. This study employed WSM to choose the final optimum answer from all Pareto solutions. Based on Eq. (2), importance of three
objectives were determined. a;, a; and as represents energy demand, CO, concentration and PPD respectively. According to the
purpose of the study and the significance of each objective function, three optimal cases with different weights for the objective
functions were designed. The first and second cases, which were introduced as the basic cases, differed only in controlling the win-
dow’s opening. The first case was designed based on the time-dependent controller of the window and considered opening only in
break times classroom. The second case was designed based on the initial values of the minimum and maximum indoor temperatures
for keeping the window open. For both base cases 1 and 2, the initial values were used for the window opening area and control of the
thermostat (Table 2). As the first optimal case, the third case considered all the objective functions with the same weight (1/ 3). The
fourth case was designed according to the high importance of energy demand. In this case, the coefficient of energy demand was 0.5,
and the coefficient of the other two objective functions was considered 0.25. The fifth case, considering the coefficient of 0.5 for the
average CO, concentration, was used for cases where indoor air quality, health issues, and residents’ health were a priority. No
remarkable improvement in thermal comfort was achieved in the case with the high importance of thermal comfort (a3 = 1/ 2) in
compared to case 3 (as = 1/3). Therefore, the case with the high importance of thermal comfort was ignored. The selected cases were
briefly described in Table 3.

atay+a;=1 (2b)

4. Results

This part demonstrates the results of multi-criteria optimization based on the simulation of the selected objective functions for two

Table 2
Properties of the decision parameters.
Parameter Object Controller Description parameter Unit Range"” Base value
P1 Window Minimum indoor temperature for keeping the window open Q) (17-23) 21
P2 Window Maximum indoor temperature for keeping the window open Q) (23-28) 25
P3 Thermostat Heating setpoint Q) (17-23) 21
P4 Thermostat Cooling setpoint Q) (23-28) 25
P5 Window Open area m? [0,16) 1

@ All defined ranges are Continues.
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Table 3
Selected cases based on WSM coefficient.
Case Controller type Coefficient a; Coefficient a; Coefficient as
Base cases 1 Time - - -
2 Indoor Temperature - - -
Optimized cases 3 Indoor Temperature 1 1 1
3 3 3
4 Indoor Temperature 1 1 1
2 4 4
5 Indoor Temperature 1 1 1
4 2 4

climates (Warsaw and Bangkok). One issue that is possible in three-objective problems to find the system’s characteristics and per-
formance is to examine and compare pairs of objective functions. Therefore, to analyze the interactions of the objective functions, the
criteria were selected in pairs from the three existing objective functions. The optimization procedure created information on the
examined arrangements and selected a series of optimal answers, which were the Pareto front. Figs. 5 and 6 incorporate the multi-
criteria optimization results of the NSGA-II in the shape of Pareto solutions, which distinctly disclose the interaction and opposi-
tion between pairs of objective functions. These responses are optimal points selected by the response discretization method. All pair
objective functions have their optimal value and depend on the third function. The red points are the responses of the base cases (1 and
2), which are far from the other optimal answers. The blue, yellow, and green points are the selected answers for cases 3, 4, and 5,
respectively. As it is evident in the graphs, the blue dots, which are the answer to case 3, were placed in the middle of the answers due
to the equal importance of all the objective functions. Also, the yellow points indicate the desirable values for minimizing energy
demand, while the green points represent the desirable values for reducing CO, concentration. It is generally observed that as one of
the objectives decreases, the other objective increase. Therefore, it is not feasible to minimize all the objective functions simulta-
neously. Of course, due to the complexity of the functions and the correlation of each objective function, the Pareto diagrams were
different for different climates and objective functions. In Warsaw, the answers selected by the software when showing the relationship
of thermal comfort with CO2 concentration and energy demand were almost placed on a vertical line. However, the Non-linear
regression curve for the selected responses was almost similar to the other curves. Also, for Bangkok, the energy demand and ther-
mal comfort functions did not act in conflict, and the logarithmic curve of the regression was ascending.

The definition of energy demand involves the sum of heating and cooling demand. However, in Bangkok, there is no heating
demand throughout the year, while in Warsaw, heating demand significantly contributes to the total energy demand. Hence, the
energy demand pattern follows a complex trajectory. Moreover, all decision parameters aimed at optimizing objective functions
exhibit strong correlations. Specifically, P1 is reliant on the value of P3, while P2 is closely correlated to P4.

After max-min normalization, final optimum answers were determined based on the weighted coefficient of each case. Fig. 7
presents the optimum design parameters of selected cases in two cities with different climates. The following general results were
obtained for each parameter. In comparison to the base cases (1&2).
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Fig. 5. Pareto front of the triple-objective optimization based on objective functions at Warsaw.
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Fig. 7. Optimum design parameters of selected cases.

e P1: The minimum indoor temperature required for opening the window decreased in all optimum cases except for case 3 in
Warsaw, which increased from 21 °C to 22 °C.

e P2: The maximum indoor temperature required for opening the window increased in all optimum cases except for case 4 in
Bangkok, which decreased from 25 °C to 23 °C.

e P3: The heating setpoint thermostat for Warsaw increased, and for Bangkok decreased in all optimum cases.

P4: Cooling setpoint thermostat decreased in all optimum cases in both cities.

e P5: The opening area of the window decreased in all optimum cases, especially in case 4, when energy demand was a priority.

The process of optimization and selection among millions of potential solutions has been performed. However, it is understood that
there may be some exceptions that are acceptable and can be disregarded.

5. Discussion

In this section, the impact of decision parameters on the energy performance and indoor environment quality of classrooms was
extensively analyzed for all selected cases across varying climatic conditions. A window controller based on indoor temperature was
designed and optimized along with thermostat control to enhance natural ventilation in the classroom, with the ultimate aim of
improving indoor air quality, thermal comfort, and reducing annual energy demand. In comparison to base cases where windows and
energy systems were operated using initial values, the controlled window and thermostat optimized via the chosen objective functions
demonstrated considerable enhancement in minimizing function values. The three subsequent sections discuss the results obtained for
energy demand, air quality and thermal comfort.
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5.1. Energy demand

The significance of energy demand arises from the combination of energy costs and the anticipated high energy consumption
resulting from the operation of the temperature-based controller (case 2). This high energy demand can be attributed to prolonged
window openings and fluctuating indoor temperatures. Unlike indoor environmental quality functions, energy demand lacks specific
standards and classifications. However, the capacity of energy systems can be determined based on factors such as geographical area
and climate. A previous study [34], considered a heating capacity of 6.5 kW for the designed classroom in Warsaw, which represents
the dominant energy type required during school hours. In the case of the classroom in Bangkok, a cooling capacity of 8 kW was
deemed necessary to meet the cooling demand. Fig. 8 presents the cumulative distribution of energy demand in classrooms located in
Bangkok and Warsaw.

For both cities, Case 1 exhibited the highest energy efficiency in terms of energy demand, while Case 2 was the least efficient. In an
attempt to minimize energy demand during student attendance, Case 3 aimed to optimize all objective functions with equal impor-
tance. However, even in this scenario, the energy demand exceeded the capacity of the cooling or heating systems for a significant
portion of the time when students were present (30% in Warsaw and 8% in Bangkok). Conversely, Case 4, which prioritized energy
demand, demonstrated the best performance among the optimized cases. Consequently, approximately 98% and 92% of the total time
for the Warsaw and Bangkok cases, respectively, were able to meet the heating and cooling capacity requirements of the designated
energy systems.

5.2. Air quality

The second objective function in multi-objective optimization, which is of great importance, was indoor air quality. CO, con-
centration was selected as indoor air quality index in this study. European standards have defined indoor environment categories, for
air quality the categories are based on CO, concentration. There are several categories specific to children, the elderly, or people with
respiratory difficulties, considering different amounts of CO, concentration higher than the CO, concentration of outdoor environ-
ments (400 ppm). The first category considers 550 ppm, the second, 800 ppm, and the third category allows 1350 ppm higher than the
outdoor concentration. In this study, the second category which allows CO, concentration of 800 ppm higher than the outdoor
concentration was given to the optimization software as a standard measure of indoor air quality. Higher value is not recommended for
schools, and lower value may make it difficult for the controller to control other objective functions. Fig. 9 shows that Case 1 in both
selected cities did not perform well in controlling indoor air quality. For Warsaw 34% and Bangkok 28% of the total time, the CO4
concentration was in category 4, which is outside all defined categories (above 1750 ppm). The interesting point is that Case 2 per-
formed best in both selected cities without optimization, and indoor air quality decreased after multi-objective optimization. More
than 90% of the time, in both selected cities, the CO, concentration was in category 1, which is a desirable result. However, the results
indicate that in case 2, excessive window opening disrupts thermal comfort conditions and leads to a drastic increase in energy demand
during most hours. The optimized cases had less time in the first category. However, 87-98% of the total time was in the defined
categories (L II,III). Case 5, which gives more importance to indoor air quality than other objective functions, had the best performance
among the optimized cases. For Warsaw, 6% and for Bangkok, only 3% of the total time, the CO5 concentration was placed in the
category IV.

5.3. Thermal comfort

Thermal comfort is the last objective function to be discussed. In this study, the PPD index, which predicts the percentage of
dissatisfied people, was used as a criterion for calculating thermal comfort. Various categories have been determined for the PPD index
based on the expectations and ages of occupants. Considering that the thermal comfort function is optimized along with two other
important objective functions, the broadest category for thermal comfort was considered, based on which the PPD value should not be
greater than 25. In this case, at least 75% of the people in the classroom have sufficient satisfaction in terms of thermal comfort. Fig. 10
indicated the cumulative dispersion of the PPD index when people were in the classroom in the two cities of Warsaw and Bangkok. As
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Fig. 8. Cumulative distribution of Energy demand frequency during the occupied classroom.
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Fig. 10. Cumulative distribution of PPD index frequency during the occupied classroom.

expected, Case 1 did not perform well in both cities. However, the situation was more critical for Bangkok, where more than 90% of the
time, the PPD index was higher than 25%. According to the weather conditions in the two considered cities, an index above 25% will be
too cold for Warsaw and too hot for Bangkok.

Contrary to expectations, using the controller with initial assumed values (Case 2) not only did not improve the thermal comfort but
also performed worse than Case 1 in Warsaw and Bangkok. After optimization, thermal comfort performance improved in all three
cases considered for two climates. The performance improvement in Bangkok was more noticeable than in Warsaw. More than 90% of
cases 3, 4, and 5 were in the thermal comfort range. For Warsaw, cases 3 and 5 performed almost the same and far better than case 4.

5.4. Summary

Acceptable values for all objective functions were determined based on selected standards and capacities. For indoor air quality,
CO4, concentration below 1200 ppm was targeted and PPD index of below 25% was considered for thermal comfort. In terms of energy
demand, according to the difference in outdoor temperature in the two selected climates, 8 kW for Bangkok and 6.5 kW for Warsaw
were allocated as the capacity of cooling and heating systems respectively. This study aimed to increase the hours so that all the
functions are within the acceptable range. However, because the selected functions are entirely in conflict with each other, it was
impossible to place them within the acceptable range throughout the year. Fig. 11 summarises the results obtained from this study for
the cities of Warsaw and Bangkok.

The summary of results for Warsaw shows that in case 4, more than others, all the objective functions were within the acceptable
range (53%). Despite the optimization efforts, in 40% of cases, one of the objective functions was still outside the acceptable range.
Additionally, in 7% of the total time, at least two objective functions exceeded the standard range. Notably, in Case 4, which prioritized
minimizing energy demand, this objective function was more often within the acceptable range compared to the two other optimized
cases. Cases 3 and 5 had similar results, but Case 5 which prioritized minimizing CO» concentration, achieved standard air quality for a
longer duration.

For Bangkok, Case 3 had the best operation with controlling all objective functions for 58% of the time. However, one objective

10
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Fig. 11. Summary of result of objective functions: The percentage of hours that each function remains within an acceptable range based on standards.

function was out of standard range for 36% of the time. Also, at least two objective functions were uncontrollable in 6% of the time.
Cases 4 and 5 performed similarly but had relatively successful objective function control. The base cases (1 and 2) had the least
successful performance, with at least one objective function outside the acceptable range for over 95% of the total time. Thus, despite
Case 2’s excellent indoor air quality control performance, the optimization process improved the performance of the window
controller and the thermostat in the simultaneous control of the objective functions.

5.5. Challenges and future directions

This study examined an identical classroom model with consistent attributes across two cities characterized by diverse climates.
While the classroom model exhibits a range of qualities that lend it adaptability to both climate contexts, it’s worth noting that the
distinctive structural attributes of buildings in each country could present challenges in line with their respective economic and social
circumstances. However, the incorporation of high U-value windows underscores a dedicated focus on energy efficiency and thermal
insulation. These windows effectively trap warmth during colder seasons, thereby reducing energy consumption related to heating.
Correspondingly, in tropical climates, these windows function to impede excessive heat ingress, consequently diminishing reliance on
cooling systems. Moreover, the considerable size of the windows contributes abundant natural light, cultivating a positive learning
atmosphere for students in any country. As a result, the outcomes obtained for Warsaw and Bangkok, which represent climates
necessitating both heating and cooling throughout the year, have the potential to be extrapolated to varying global climates, provided
there’s meticulous consideration of climate-specific prerequisites. Also, numerous parameters and strategies were held constant or
excluded in the simulation and optimization model due to simplification. To further enhance future studies, it is recommended to
explore the significant impact of strategies like shading on energy demand and thermal comfort. Additionally, optimizing parameters
such as building and window orientations, which were kept constant in this study, could yield valuable insights for improved building
performance.

6. Conclusion

This study addresses the significance of enhancing indoor air quality within densely populated classroom environments, which are
often plagued by elevated CO emissions. Natural ventilation offers a promising remedy, yet it may not suffice to deliver the necessary
airflow. Controlled window opening systems present a solution by activating windows as needed. However, this approach poses
challenges in terms of energy demand and occupant thermal comfort, particularly in extreme climates. The exploration of multi-
objective optimization for controlled windows and thermostat setpoints, centered around CO; concentration, thermal comfort, and
energy demand, yielded several noteworthy conclusions.

o Adoption of a temperature-based window controller significantly improved indoor air quality while substantially escalating energy
demand.

e The optimization process underscored the importance of scaling down the area of controlled windows in both Warsaw and Bangkok
from the initial value.

e Optimization algorithm considered elevating the heating thermostat setpoint in Warsaw (22 °C) and lowering it in Bangkok (18 °C).
Cooling thermostat setpoints were adjusted downward in both climates based on the optimization process (23 °C).

e Decreasing the minimum indoor temperatures (19 °C) and increasing maximum indoor temperatures (27 °C) required for opening
windows resulted in improved performance of window controller.

e While optimized scenarios showed a minor decrease in indoor air quality compared to temperature-based control (Case 2), the
trade-off was justified by substantial gains in thermal comfort and energy efficiency. This trend was consistent for both climates.

e Optimized solutions considerably improved thermal comfort in all cases for Bangkok, with modest enhancements observed in
Warsaw.
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e For energy efficiency prioritization (Case 4), optimized window controller and thermostat setpoints effectively met heating and
cooling demands for 98% and 92% of the total time in Warsaw and Bangkok, respectively.
e Over 50% of total time in both climates exhibited all objective functions within acceptable limits after optimization.

In conclusion, the application of optimized window controllers and thermostat setpoints demonstrated commendable performance
across the chosen climates, resulting in enhancements in indoor air quality, thermal comfort, and energy efficiency.
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Natural ventilation has the potential to enhance indoor air quality in classrooms with elevated CO; levels,
although it may introduce outdoor pollutants. This study introduces a novel controller for automatic windows
that simultaneously monitors outdoor air pollution and temperature, synchronizing window openings with
mechanical ventilation system to create a comfortable, healthy, and energy-efficient indoor environment. The
practicality of the proposed controller is assessed for a classroom in Delhi, Warsaw, and Stockholm, each with
contrasting climates and outdoor pollution levels, specifically PM2.5 and NO,. The controller parameters are
optimized for each city using a non-dominated sorting genetic algorithm (NSGA-II) to find the best trade-off
between thermal comfort, CO2 levels, and energy consumption. The results show that the controller success-
fully met the indoor air quality standards in all cities; however, its operation was significantly influenced by the
climate and pollution levels. While natural ventilation was utilized for 44% and 31% of the year in Warsaw and
Stockholm, respectively, it was used for only 11% of the year in Delhi, the most polluted city. The optimization
process significantly reduced energy use across all cities while also successfully reducing indoor CO2 concen-
trations. Although thermal comfort decreased slightly, it remained within acceptable thermal comfort conditions.

1. Introduction

Indoor air quality is of paramount importance, especially given the
modern lifestyle that confines individuals indoors for extended periods,
exposing them to potential health hazards [1,2]. Elevated CO5 levels in
enclosed spaces lead to various health issues, from headaches to fatigue,
particularly in densely populated educational settings and classrooms
[3,4]. The recent emergence of infectious diseases, exemplified by the
COVID-19 pandemic, has emphasized the importance of addressing
airborne transmission risks alongside existing challenges related to in-
door air quality [5]. In recent years, there has been substantial progress
in improving indoor air quality (IAQ), raising public awareness, and
identifying key IAQ factors [6]. Thermal standards have been estab-
lished based on occupants’ expectations [7]. Ventilation is one of the
strategies for enhancing IAQ and reducing viral concentrations [8].
While mechanical ventilation causes high energy demand, numerous

studies have explored and developed automatic window systems to
regulate window openings and control the air change rate in buildings
[9].

Tan and Deng [10] proposed an optimized window control strategy
for naturally ventilated residential buildings in warm climates, which
enhances ventilation performance and occupant comfort. This strategy
demonstrated significant improvements in maintaining indoor temper-
atures and reducing deviations from neutral operative temperatures by
over 30% compared to traditional control methods. Grygierek et al. [11]
developed a smart window controller aimed at improving indoor air
quality and reducing infection risk in classrooms. Their study high-
lighted that while natural ventilation enhanced CO; reduction and
thermal comfort, it was insufficient on its own to significantly lower
infection risk, indicating that additional strategies are needed for
comprehensive indoor environmental management [1]. Using extra fans
during window openings could be beneficial to enhance the

* Corresponding author at: Department of Heating, Ventilation and Dust Removal Technology, Faculty of Energy and Environmental Engineering, Silesian Uni-

versity of Technology, Gliwice 44-100, Poland.
E-mail address: Seyedkeivan.Nateghi@polsl.pl (S. Nateghi).

https://doi.org/10.1016/j.buildenv.2024.112295

Received 31 May 2024; Received in revised form 4 October 2024; Accepted 7 November 2024

Available online 16 November 2024

0360-1323/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Seyedkeivan.Nateghi@polsl.pl
www.sciencedirect.com/science/journal/03601323
https://www.elsevier.com/locate/buildenv
https://doi.org/10.1016/j.buildenv.2024.112295
https://doi.org/10.1016/j.buildenv.2024.112295
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2024.112295&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Nateghi et al.

effectiveness of natural ventilation. Prior research by Nateghi et al. [12]
explored temperature-based window controllers in diverse climates for
classrooms, optimizing indoor air quality, energy use, and thermal
comfort. However, the challenge of outdoor pollution infiltrating
buildings during window opening persists. In 2016, more than half the
global population resided in urban regions [13,14], where air pollutants
such as PM2.5 and NO, pose significant health risks [15-17]. By 2050,
this urban population is expected to rise to 70% [18,19]. In 2019,
numerous individuals were exposed to PM2.5 [20,21] and NO, [16]
concentrations, surpassing the World Health Organization’s Air Quality
Guidelines, indicating widespread health hazards [22]. Most of Europe’s
urban population experienced PM2.5 and NO; levels exceeding the
WHO’s 2005 limit values [23,24]. These pollutants not only impact
outdoor air quality but also pose a significant threat to indoor air quality
[25]. The increasing daily air pollution in large cities underscores the
importance of considering outdoor pollution in studies related to the
indoor environment.

Considering outdoor pollution criteria in automatic window con-
trollers further restricts the use of natural ventilation, making the
implementation of mechanical ventilation more important. However,
the building sector is a major contributor to primary energy consump-
tion and greenhouse gas emissions, responsible for 39% and 36%,
respectively [26]. This is largely due to the widespread use of me-
chanical ventilation, which is further strained by window openings.
Improving energy efficiency is essential, and one effective strategy is the
implementation of hybrid ventilation. This strategy integrates natural
ventilation with mechanical systems, providing fresh air only when
windows are closed. This method can reduce dependency on mechanical
systems while ensuring indoor environmental quality [27]. Rabani, M.,
& Petersen, A. J [28] explored a hybrid ventilation control method for a
mixed-mode office environment in Norway. This system combines nat-
ural ventilation with a balanced mechanical ventilation system managed
by demand control ventilation (DCV). The study showed that hybrid
ventilation method meets thermal comfort and CO, level standards
while decreasing energy usage. Wang et al. [29] developed a framework
that integrates hybrid systems to effectively reduce indoor PM2.5 con-
centrations while maintaining thermal comfort and minimizing addi-
tional energy use [1]. Their study demonstrated that this hybrid
approach not only enhances indoor air quality but also offers significant
health benefits at a low energy cost.

A hybrid ventilation system should be designed to address a series of
critical factors, including indoor air quality, energy consumption, and
thermal comfort. Balancing objectives related to indoor air quality and
energy use requires careful parameter selection for opening windows to
achieve the desired indoor environmental quality and energy efficiency
[30]. The relationship between window opening, outdoor temperature,
and outdoor pollution levels is particularly important. External climate
factors, such as heat gain during warm periods, heat loss during cold
periods, and outdoor pollution levels, affect how window openings
interact with indoor environmental conditions. Furthermore, the set-
point values for heating and cooling thermostats play a crucial role in
determining when the mechanical ventilation systems activate and
deactivate. Setting these values accurately is essential due to their sig-
nificant impact on the building’s energy consumption and thermal
comfort [31]. Therefore, optimizing parameters for window opening,
ventilation, and thermostat settings is crucial to adapting strategies to
local climate and pollution conditions, ensuring both energy efficiency
and indoor air quality are effectively managed. However, optimized
parameters for a building in one city might not be suitable for another
city with different climate and pollution conditions. Moreover, the
operational characteristics of a pollution-temperature-based controller
could vary significantly when applied in a different city with unique
environmental factors. Recognizing this, exploring and comprehending
the significance of studying various cities with diverse climates and
pollution levels became essential.

Despite significant advances in indoor air quality management, there
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remains a notable gap in addressing the simultaneous control of outdoor
pollution infiltration within indoor environments while implementing
natural ventilation. Existing research primarily focuses on enhancing
indoor air quality through natural ventilation, such as window openings,
to manage high CO, levels in dense spaces like classrooms or decrease
energy consumption. However, this approach inadvertently exposes
occupants to harmful outdoor pollutants, including NO, and PM2.5,
compromising overall indoor air quality and health. There is a need for a
novel controller that dynamically synchronizes window openings with
mechanical ventilation, considering both outdoor pollution levels and
temperature. Furthermore, optimization of this controller, which adapts
to varying climate conditions and pollution levels, is essential. Con-
trolling outdoor pollution without such an optimized system may
disturb thermal comfort, increase indoor CO; levels, or lead to higher
energy consumption. This underscores the importance of an integrated
approach that can be applied across diverse global settings.

This study fills the existing gap by employing an air pollution-driven
control strategy for a window controller that integrates a hybrid venti-
lation system for a classroom with 30 students. The research was con-
ducted in three major cities—Delhi, Warsaw, and Stockholm—to
enhance the study’s generalizability. Comparing the performance of the
proposed design in these diverse climates reveals the impact of weather
data and outdoor pollution on controlling indoor environmental quality
and energy demand. The window controller operates based on outdoor
pollution criteria and outdoor temperature. The controller’s thresholds
for outdoor contaminants adhere to the standards of the selected
countries, while outdoor temperature thresholds were determined
through multi-objective optimization. Additionally, thermostat setpoint
temperatures were used as key parameters for optimization. The
objective functions aim to minimize average CO; concentration,
pollutant penetration, predicted percentage of dissatisfaction (PPD), and
total energy use. The window opening is synchronized with a ventilation
system that utilizes a packaged terminal heat pump for hybrid ventila-
tion. When mechanical ventilation is off and windows are open, a
running exhaust fan ensures sufficient ventilation through natural
means. Indoor air quality, energy demand, and thermal comfort were
assessed and compared with base scenarios to showcase the efficiency
and potential of the proposed design. EnergyPlus was employed for
energy simulations, and JEPlus + EA was used to conduct the optimi-
zation process. The Non-dominated Sorting Genetic Algorithm (NSGA-
I1) was utilized to identify optimal solutions, which were then selected
from the Pareto front using the weighted sum method, considering the
relative importance of each objective.

2. Methods
2.1. Building energy simulation tools

In this research, the SketchUp plugin was used to create the building
and thermal area geometry. The EnergyPlus software was then
employed to define the classroom’s thermophysical properties,
including aspects like lighting, ventilation, and a template heat pump for
heating and cooling loads [32]. EnergyPlus operates using a thermal
balance model to predict the thermal performance of buildings [33]. For
this study, a Unitary Packaged Terminal Heat Pump model was utilized
to simulate the unitary heating and cooling system. Previous compari-
sons with other whole-building energy analysis tools for identical test
cases have shown that EnergyPlus delivers reliable results in line with
other simulation programs [34].

2.2. Contaminant modelling

To model the contaminant and predict the contaminant concentra-
tion, a transient well-mixed mass balance model was used as follows [32,
35]:
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V% is the term for generic contaminant storage in zone air (ppm.kg/
s). SNk R:.C; represents the summation of removal rates from sinks on
both zone and interior surfaces (ppm.kg/s). n'”t(Cf,z_i —C},z) denotes the
generic transfer of contaminants resulting from interzone air mixing
(ppm.kg/s). m (Cf_oo - C}) signifies the generic transfer of contaminants
due to infiltration and ventilation of outdoor air (ppm.kg/s).

m(Cf_sup - C}) represents the generic contaminant transfer resulting

from the system’s supply (ppm.kg/s), and S (C}’5f> stands for the

generic rate of contaminant generation or removal based on the generic
contaminant level in zone air from the previous time step.

2.3. Energy management system (EMS)

The Energy Management System (EMS) within EnergyPlus is a
powerful tool utilized in this study to implement diverse control stra-
tegies for operable windows and synchronize them with the ventilation
system [36,37]. EMS is able to empower users to create customized
high-level supervisory control routines, overriding specific aspects of the
EnergyPlus modeling [38].

2.4. Multi objective optimization

Implementing multi-objective optimization is imperative for
addressing conflicting goals related to energy use and indoor environ-
mental quality [39]. For instance, achieving optimal air quality may
come at the expense of increased energy consumption, highlighting the
need for a balanced approach. In this study, the JEPlus + EA program
which is an online optimization engine utilizes the Non-dominated
Sorting Genetic Algorithm (NSGA-II) for optimization [40-43]. Java
programming language provides this software. Also, JEPlus from Ener-
gyPlus was employed to determine the design parameters (decision
variables) and output (objective functions). In indoor environment
optimization, the genetic algorithm approach addresses conflicting ob-
jectives. This robust technique efficiently balances competing factors
such as energy use, indoor air quality, and thermal comfort. The genetic
algorithm operates in response space, generating a Pareto frontier dia-
gram to showcase optimal points [44,45]. The NSGA-II algorithm,
applied due to its versatility with various variables, operates on Ener-
gyPlus outputs in “’rvx’’ format. The configuration parameters for the
NSGA-II algorithm, including population size, maximum number of
generations, crossover rate, and mutation rate, are carefully considered
based on past researches and the specificities of the current study’s
physics [40,46,47]. In multi-objective optimizations, the algorithm of-
fers a set of optimal choices on a curve that is not superior to each other.
The curve is the Pareto front [48,49], addressing conflicting objective
functions. The best points are determined through statistical methods,
with the total weighted average method being a common choice in this
study [50,51]. This method is calculated based on Eq. (2):

Z" i) = fil)™
ws = i B (2)
Jul2) i—1 afi(x)max —fit™

where f;(x) are the objective functions and f;(x)™™ and f;(x)™" are the
minimum and maximum of each objective function, respectively. a; is
also the weight coefficient.
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3. Case study
3.1. Building model description

A classroom with dimensions of 9 x 6 x 3.3 meters on the top floor of
a three-story school building was designed. A segment of the building,
including two classrooms (with windows-oriented east and west) and
part of the corridor, was modeled to analyze inter-zone heat and air
flows, as depicted in Fig. 1(a). The classrooms featured double-layer,
clear-glazing windows with a U value of 1.1 W/(m?eK). The floors,
constructed with beam and block, were insulated using polystyrene,
yielding a heat transfer coefficient of U = 0.17 W/(m?eK). Each class-
room had three large windows measuring 2.5 x 2.15 meters, equipped
with controllers capable of adjusting the window opening area. The
classrooms were occupied by 30 individuals who adhered to a schedule
of 45-minute lessons and 15-minute breaks. Calculations were per-
formed for the school year from September to June, with the outdoor
CO4, level set at 400 ppm and individual COy emission rates factored.
Considering the seated students with low activity, they would produce
0.23772 1/min CO5 gas per metabolic equivalent [52]. It was estimated
that each occupant had a low level of activity, with an internal heat gain
of 95 W. Due to Delhi’s relatively stable average temperature during the
study period, a clothing insulation level of 0.5 for students was chosen in
accordance with standard guidelines [53]. Conversely, for Stockholm
and Warsaw, a higher clothing insulation level of 1 was used to meet
heating requirements, with a slight increase to 1.2 during the colder
months of December, January, and February.

Artificial lighting was employed when natural light levels fell below
250 lux. The natural ventilation model accounted for airflow through
leaks and window openings, influenced by wind speed. An exhaust fan
providing 300 CFM (Cubic Feet Per Minute), enhances natural ventila-
tion, was considered when mechanical ventilation is off, and windows
are open. For mechanical ventilation, a packaged terminal heat pump
(PTHP) is considered, comprising an outdoor air mixer, direct expansion
(DX) cooling coil, DX heating coil, supply air fan, and a supplemental
heating coil [34]. The PTHP is controlled by a thermostat located in the
classroom and will be determined through multi-objective optimization
for each city. Since the outdoor air mixer can introduce polluted air into
the classroom, a filter with a 0.14 m3/s removal rate from sinks was
incorporated into the heating, ventilation, and air-conditioning (HVAC)
systems. This removal filter can operate as both mechanical and chem-
ical filters to reduce PM2.5 and NO, concentrations, respectively [54,
55]. The filter’s efficiency starts at 90% and gradually decreases to 50%
after six months. It has been scheduled to replace the filter after six
months, as shown in Fig. 1(b). While the simulated building is crafted to
accommodate diverse climatic conditions, the classroom design en-
compasses characteristics that enhance its versatility and suitability in
both environments. The integration of windows with a high U-value
underscores a commitment to promoting energy efficiency and
enhancing thermal insulation. In colder regions, these windows effec-
tively retain warmth during the winter months, thereby reducing reli-
ance on heating systems. Conversely, in warmer areas, they serve to
block excessive heat ingress, consequently diminishing the necessity for
cooling mechanisms. Moreover, the expansive windows facilitate the
ingress of natural light, fostering a welcoming and optimal educational
setting for students in both regions.

3.2. Climate & pollution of selected cities

Three cities with distinct climates and different pollution levels were
considered in the study. Delhi was selected as a subtropical climate [56]
with the highest air pollution level among the selected cities. Delhi’s
outdoor air pollution makes it a compelling case study for investigating
innovative indoor air control solutions, offering the potential to signif-
icantly improve the health and well-being of its millions of residents. As
illustrated in Fig. 2, the prevailing hot weather on most days in Delhi
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Fig. 1. (a) EnergyPlus geometric model and (b) schedule values defined for occupancy, ventilation system, and filter efficiency of the classroom.
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Fig. 2. Annual outdoor temperatures in Delhi, Warsaw, and Stockholm [57].

makes this city require a cooling load. Stockholm was selected because
of its humid continental climate, which has the lowest level of air
pollution among the selected cities. Opting for Stockholm, with low
pollution levels, is pivotal in showcasing the broad applicability of our
indoor pollution control strategy. Demonstrating indoor air pollution
control effectiveness in a clean city like Stockholm, the aim is to un-
derscore the universal utility of the approach, presenting it as a valuable
solution applicable across diverse urban settings worldwide. The
consistent cold climate experienced in Stockholm on most days neces-
sitates a heating load in the city. Warsaw was selected because of its
humid continental climate, the same as Stockholm, and providing a
relevant case study for the authors. Positioned between Stockholm and
Delhi in terms of pollution levels, Warsaw serves as an intermediary
case, allowing us to assess the adaptability and effectiveness of our
strategy in a city with moderate pollution. Like Stockholm, Warsaw’s
prevailing cold weather underscores the necessity for cooling load,
aligning it with the climatic considerations of the study.

The selection of continental and subtropical climates is warranted by
their worldwide significance, broad suitability, distinct features, and the
pragmatic implications of tackling climate-specific issues despite vari-
ations in outdoor pollution levels. Continental climates undergo notable
temperature fluctuations throughout the seasons, requiring tailored
approaches for heating and cooling. In tropical climates, managing in-
door humidity and coping with significant solar heat gain are major
challenges. The representative cities and their respective climate

characteristics, categorized according to the Koppen-Geiger climate
classification system [56] are summarized in Table 1.

Standards define acceptable indoor pollutant levels. Different stan-
dards were applied for each city, given the varying concentration ranges
of pollutants across selected cities. Efforts were made to select the
pollutant acceptance levels according to the pollution levels of each city.
As shown in Table 2, notably high pollution levels were adopted as the
threshold for Delhi by considering the Central Pollution Control Board’s
national ambient air quality standards [60]. For Warsaw and Stockholm,
the EU air quality standards [61] and WHO global air quality guidelines
[62] were respectively selected. Although Warsaw and Stockholm are
both European Union member states, two different standards were used
in this study. According to the sensitivity analysis, this study considered
standards specific to each city in order to achieve the best outputs in
terms of air quality, energy consumption, thermal comfort, and the

Table 1
Characteristics of the representative cities [58,59].
City Latitude Longitude Climate Elevation
C°N) (°E) (m)
Delhi 28.7 °N 77.10 °E Hot Semi-Arid 293
Warsaw 52.23°N 21.01 °E Humid 100
continental
Stockholm  59.33 °N 18.07 °E Humid 28
continental
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Table 2

Permissible Pollution Thresholds.
City Standard PM2.5 (ug/ NO; (ug/

m®) m®)
Delhi Central Pollution Control Board 60 80
(CPCB)

Warsaw EU air quality standards 25 40
Stockholm  WHO global air quality guidelines 15 25

performance of the introduced controller method. In all cases, the
standards chosen were based on daily average or 24-h mean
concentrations.

The outdoor PM2.5 and NO, concentration was set to the temporal
hour-average values monitored in Delhi [63], Warsaw [64] and Stock-
holm [65]. The red lines in Figs. 3 and 4 represent the defined threshold
concentration of each city based on their selected standards. Given that
the established standard values for PM2.5 are lower than those for NO5
across all selected cities, instances of PM2.5 concentration reaching
critical levels are more frequent. In Delhi, one of the most polluted cities,
the standard threshold is 60 pg/m?. From October to June, PM2.5 con-
centration tends to be notably high. Since the school year extends from
September to the end of June, controlling PM2.5 levels becomes
particularly challenging throughout the academic calendar. In Warsaw,
where the standard threshold value is 40 ug/m?, high PM2.5 concen-
tration is observed in January, March, November, and December.
Despite selecting the lowest PM2.5 standard value for Stockholm, only
March, and to some extent April and September, necessitate protection
from indoor penetration.

As for NO,, standard values are 80 pg/m?® for Delhi, 40 pg/m?® for
Warsaw, and 25 pug/m? for Stockholm. In Delhi, NO; concentration re-
mains high from October to June, mirroring the pattern observed with
PM2.5. Conversely, in Warsaw, elevated NOs levels are recorded mainly
in January, March, April, November, and December. In Stockholm,
March stands out as the critical month in terms of NO5 concentration.

3.3. Window opening & hybrid ventilation control mode

In Fig. 5, outdoor pollution indicators (PM2.5 and NO,) and outdoor
temperature data serve as sensors, feeding information to the EMS for
interpretation. The EMS, in turn, directs actuators to make real-time
adjustments to building systems, forming a closed-loop system for dy-
namic optimization of energy usage and maintenance of optimal indoor
environmental conditions. The EMS, through actuators, enforces control
strategies based on three conditions, including two outdoor pollution
thresholds aligned with selected countries’ standard values and also,
outdoor temperature thresholds determined through multi-objective
optimization. The defined actuators, mechanical and natural ventila-
tion, operate under distinct conditions to ensure the effectiveness of the

Stockholm
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hybrid ventilation system. Therefore, EMS prevents the simultaneous
operation of natural and mechanical systems. Mechanical ventilation is
switched off and natural ventilation is activated only when all three
specified conditions are met. If any of these conditions are not fulfilled,
mechanical ventilation will be activated, and natural ventilation will be
deactivated. A running exhaust fan was considered in the model when
mechanical ventilation is off, and windows are open to ensure sufficient
ventilation through natural ventilation.

3.4. Optimization process

Three objective functions were employed to enhance the energy ef-
ficiency and indoor environmental quality of the classroom. The first
objective (a;) is annual average CO2 concentration, the second one (ay)
is annual energy usage and the third one (a3) is annual average Pre-
dicted Percentage of Dissatisfied (PPD) index. The optimization algo-
rithm aims to minimize all three objective functions simultaneously. In
this study, equal importance was assigned to each objective function
(@i =ay=a3 = %) when selecting the optimal solutions. The algorithm
optimizes controller settings related to outdoor temperature thresholds
and thermostat setpoint parameters to achieve the minimum values for
the objective functions. The optimization task involved four continuous
parameters: P1 and P2, which determined the minimum and maximum
outdoor temperature thresholds for activating natural ventilation
(window opening) and deactivating the ventilation system, respectively,
through the EMS control strategy. The heating and cooling set point
thermostat related to the ventilation system (P3&P4) are also defined as
the third and fourth parameters. Table 3 shows the decision variables
and their respective ranges.

Drawing from insights gleaned in prior research [40], the selection
process for the NSGA-II control parameters was informed. Parameters
such as crossover rate, maximum generation count, mutation rate, and
population size were meticulously deliberated, resulting in 10, 200,
100%, and 20%, respectively. These choices were reached following an
initial examination of convergence dynamics. Fig. 6 illustrates the flow
chart of the simulation progress, energy management system, and
multi-objective optimization.

4. Results and discussion

The results were initially acquired by multi-objective optimization
conducted independently for three cities are presented, with the aim of
enhancing the performance of the defined objective functions while
controlling air pollution. The Pareto optimal solutions were identified,
and the controller settings were optimized for each city based on its
specific design parameters. First, the optimization outcomes and the
selected Pareto optimal solutions are discussed. Next, the overall per-
formance of the hybrid ventilation systems is examined. This is followed
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Fig. 3. Monitored annual hour-average outdoor PM2.5 concentration in Delhi, Warsaw, and Stockholm. Red lines represent standard thresholds.
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Fig. 5. Schematic of the developed energy management system.

Table 3

The domain of decision variables for the optimization.
Parameter  Object Description parameter Unit  Range
P1 EMS Minimum outdoor Q) (0-21)

temperature for keeping the
window open
P2 EMS Maximum outdoor (O] (21-35)
temperature for keeping the
window open

P3 Ventilation Heating setpoint (o) (16-21)
system

P4 Ventilation Cooling setpoint ({9} (21-27)
system

by an analysis of the infiltration of PM2.5 and NO; into the indoor
environment. The energy consumption associated with the optimized
strategies is then evaluated, and the indoor CO; levels achieved with the

optimized settings are assessed. Finally, the thermal comfort conditions
maintained within the indoor spaces are reviewed.

4.1. Multi-objective optimization

The multi-objective optimization seeks to identify and explore the
Pareto frontier curve, which illustrates a collection of optimal solutions.
The secondary objective involves determining the most favorable
compromise among three competing objectives, where attaining one
goal may require sacrificing other metrics. Fig. 7 displays two-
dimensional Pareto frontier diagrams illustrating the CO5 concentra-
tion, PPD thermal comfort index, and energy consumption based on the
NSGI-II algorithm for three distinct geographical locations: Delhi,
Warsaw, and Stockholm. The x-axis represents the PPD thermal comfort
index, the y-axis represents CO» concentration (in ppm), and the color
bar represents energy consumption (in kWh). Each subfigure illustrates
the optimal trade-off points, providing a comprehensive view of the
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Fig. 7. The Pareto frontier diagram of CO, concentration, PPD index, and energy consumption in examined cities.

interactions among these three crucial factors. Simultaneous minimi-
zation of all objective functions proves unfeasible due to their
complexity and interdependencies. The Pareto diagrams exhibit varia-
tions across various cities with different climates and pollution levels.
The weighted sum method was utilized to prioritize a range of options
according to their resemblance to an ideal solution, with elevated scores
indicating superior performance. Bold symbols highlight the selected
optimal answers obtained by the weighted sum approach. In all cities,
energy consumption peaks when Predicted Percentage of Dissatisfied
(PPD) values are at their lowest, indicating that maintaining optimal
comfort levels in various climates demands significant energy expendi-
ture. At the same time, this leads to higher CO, concentrations, high-
lighting the trade-off between energy use and indoor air quality. Delhi,
known for its hot climate and high pollution levels, faces significant
challenges in reconciling energy usage with CO, levels. The severe
pollution limits opportunities for window opening, making it difficult to
decrease CO levels. As a result, Delhi often sacrifices reducing COy
levels to prioritize thermal comfort. Conversely, Warsaw, characterized
by a colder climate and cleaner air than Delhi, effectively maintains low
levels of both CO; concentration and energy consumption due to more
opportunities for window opening. Stockholm, with its Pareto line

between Delhi and Warsaw, still faces challenges in managing CO> levels
due to its severely cold climate, which limits window opening. However,
Stockholm performs better than Delhi because the clean air does not
restrict window opening as much as in Delhi. Therefore, Stockholm
maintains a more balanced approach despite its cold climate, though it
still has more constraints than Warsaw.

Fig. 8 presents the parameter values for selected optimal solutions
based on Eq. (2) for all cities. They are compared with the base case
parameter values, representing the condition where only mechanical
ventilation operates during the simulation without using the smart
controller. Therefore, the base cases do not provide values for the
minimum and maximum outdoor temperatures required to keep the
smart window open (P1 & P2). In the base case, the heating and cooling
set points (P3 & P4) were chosen from standard values defined ac-
cording to resident expectations, based on the EU standard for energy
performance in HVAC systems in buildings [66]. Each value was
selected based on climate’s city and energy load requirements. Initially,
the same setpoints were considered for all three cities. However, the
results for Delhi, including hybrid ventilation performance were not
satisfactory. Consequently, a brief sensitivity analysis was conducted to
optimize these values. Specifically, for Warsaw and Stockholm, the
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heating and cooling setpoints (P3 & P4) were set to 21°C and 23.5°C,
respectively. For Delhi, a lower setpoint provided more favourable re-
sults. After conducting the sensitivity analysis within the allowable
range, the setpoints were adjusted to 17°C for heating and 21°C for
cooling, resulting in more favourable outcomes. After optimization, P3
and P4 did not change significantly. However, for Stockholm, the
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cooling set point was set to a higher value. Additionally, the maximum
outdoor temperature for keeping the window open (P2) in Stockholm
was higher than in the other two cities, at 31°C, while it was around
26°C for Warsaw and Delhi. The minimum outdoor temperature for
keeping the window open (P1) was selected within the 7-9°C range for
all cities.
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Fig. 9. The percentage bar of hour-average pollution data and ventilation mode in examined cities.
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4.2. Hybrid ventilation performance

Following multi-objective optimization, the performance of opti-
mized controller for the studied cities is analyzed in detail to see how the
system works if properly designed. While each controller had different
thresholds of PM2.5 and NO, concentrations for the respective city, the
operation of the designed strategy also varied depending on the city’s
pollution data. Additionally, each controller had different thresholds for
outdoor temperature based on the city’s climate, as determined by
optimization. As shown in Fig. 9 (a), in Delhi, only 39% of the year, the
outdoor air quality meets the standard level. The figure also illustrates
that the air quality met the standard in Warsaw and Stockholm for 89%
and 79% of the year, respectively. Therefore, there was a strong limi-
tation on window openings in Delhi compared to the other two cities.
Even though Stockholm is cleaner than Warsaw, the standard in Warsaw
is less strict, resulting in a higher percentage of the year meeting the air
quality standards. Correlatively, Fig. 9 (b) shows that the controller
allowed the windows to open for natural ventilation for only 11% of the
year in Delhi. This value was 44% for Warsaw and 31% for Stockholm,
signifying that the natural ventilation mode was highly correlated with
outdoor pollution data. A closer look at the figure demonstrates that the
annual duration for keeping the windows open in Warsaw is longer than
in Stockholm, despite Warsaw being more polluted. In addition to wider
pollution thresholds, another reason for the longer window-opening
duration in Warsaw is the more frequent occurrence of outdoor tem-
peratures within the allowable range set by the optimized controller.
However, if identical thresholds were chosen for pollution and tem-
perature, Stockholm would have the highest probability and Delhi the
lowest probability of utilizing natural ventilation.

4.3. Pollution infiltration under optimized hybrid model

Fig. 10 presents the cumulative distribution of PM2.5 concentration
across the selected cities under the optimal condition. In Delhi, where
the standard indoor PM2.5 concentration is 60 pg/m? (represented by
the blue vertical line), approximately 99% of the year, classroom’s air
quality met the desired standards. Similarly, this trend was observed
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consistently throughout the year for classrooms in Warsaw and Stock-
holm with 25 ug/m?® and 15 pg/m? standard indoor PM2.5 respectively.
The figure further shows that during 63%, 10%, and 4% of the year,
outdoor PM2.5 concentrations exceeded standard levels in Delhi, War-
saw, and Stockholm, respectively.

Fig. 11 compares the cumulative indoor and outdoor NO;, concen-
tration distribution for all cities. According to the figure, in Delhi, where
the standard indoor NO- concentration is 80 pg/m? the classroom
consistently maintained the desired air quality throughout the year.
Additionally, NO, concentrations remained below standard values for
the year in all three cities, indicating full compliance with regulatory
standards. Notably, outdoor NO; concentrations exceeded standard
levels during 14%, 5%, and 20% of the year in Delhi, Warsaw, and
Stockholm, respectively.

4.4. Analysis of optimized objective functions

This section describes the optimization process aimed at minimizing
objective function values. Additionally, an extensive analysis of how
decision parameters influenced the energy performance and indoor
environmental quality of classrooms in the three selected cities is pro-
vided. Fig. 12 depicts the energy use of all cities under base cases and
optimized models. To better compare the performance of the designed
controller system and the optimization effectiveness, another case is also
given (Optimized Non-Hybrid model) that is optimized but does not
synchronize the introduced controller and mechanical ventilation sys-
tem to implement the hybrid system. In the base case, which relies solely
on a mechanical ventilation system, Delhi shows the highest energy
consumption with an annual use of 3154 kWh. This is significantly
higher compared to Warsaw (1113 kWh) and Stockholm (1040 kWh),
reflecting the greater energy demands due to Delhi’s climatic conditions.
The optimized non-hybrid model slightly reduces energy consumption
compared to the base case in Delhi. However, this model significantly
increases energy use in Warsaw and Stockholm. This sharp increase is
due to the windows being open during cold seasons while the mechan-
ical ventilation system is operating simultaneously. This underscores the
importance of implementing a hybrid control strategy to achieve
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Fig. 10. Cumulative distribution of PM, 5 concentration in examined cities.
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optimal energy savings while maintaining indoor environmental qual-
ity. The optimized hybrid model demonstrates the most effective energy-
saving strategy. In Delhi, this model reduces energy consumption to
2722 kWh, indicating energy saving compared to both the base case and
the optimized non-hybrid model. Similarly, in Warsaw and Stockholm,
the optimized hybrid model achieves the lowest energy consumption,
with values well below those of the other models. Specifically, Warsaw’s
energy use is approximately 381 kWh, and Stockholm’s is around 438
kWh under the hybrid optimized model. These results highlight the
effectiveness of the hybrid model in reducing energy consumption
across different climatic conditions.

CO; concentration, a crucial indicator of indoor air quality, is the
second objective function. The optimization process aimed to minimize
the average CO2 concentration to enhance indoor air quality. European
standards delineate indoor environment classifications according to CO5

10

concentration, accommodating various demographic groups such as
elderly, children, or individuals with respiratory conditions. These
classifications establish thresholds above the outdoor CO5 concentration
level of 400 ppm, with the initial category set at 550 ppm, the subse-
quent at 800 ppm, and the third permitting up to 1350 ppm higher than
outdoor levels. Fig. 13 compares the cumulative distribution of CO5
concentration during the occupied classrooms under the base case (only
mechanical ventilation) and the designed optimal hybrid system in
different cities. According to the figure, for all six cases, indoor air
quality concerning CO, concentration remained within the widest
Category (III) for the entire year. The base cases in all cities exhibited
nearly identical performance. The indoor CO, concentration fell into
category II for only 17% of the entire year, with the remainder catego-
rized as category III. The optimal cases demonstrated improved per-
formance in terms of indoor CO5 concentration across all cities. Due to
more favorable outdoor temperature and wider pollution thresholds,
Warsaw experienced lower indoor CO; concentrations than the other
two cities throughout the year. In Warsaw, 43% of the year, CO5 con-
centration was within Category I, 12% in Category II, and 45% in
Category III. Stockholm showed similar trends, with 30% in Category I,
14% in Category II, and 56% in Category III. Conversely, Delhi faces
more stringent limitations, with only 8% in Category I, 14% in Category
11, and 78% in Category III. These variations underscore the influence of
local climate and pollution conditions on indoor air quality outcomes,
emphasizing the importance of the hybrid ventilation strategies in
different urban contexts.

Thermal comfort is the last but not least significant objective func-
tion that must be satisfied with minimal energy use and CO, concen-
tration thanks to the multi-objective optimization. The Predicted
Percentage Dissatisfied (PPD) index, predicting the percentage of
dissatisfied individuals, served as the metric for assessing thermal
comfort. The PPD index is categorized based on occupant expectations
and age groups and should not exceed 25%, considering the widest
category defined by European standards [66]. This threshold ensures
that at least 75% of occupants experience satisfactory thermal comfort.
For this, Fig. 14 illustrates the cumulative distribution of the PPD index.
Considering the climatic conditions of the selected cities, a PPD index
above 25% would signify conditions that are too cold for Warsaw and
Stockholm and too warm for Delhi. According to the figure, the base
cases achieved the desired results in all cities by keeping the PPD index
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Fig. 14. Cumulative distribution of PPD index during the occupied classrooms in examined cities.

below 10% in Delhi and below 20% in Warsaw and Stockholm
throughout the entire year. However, the base cases used more energy
than the optimized hybrid models since mechanical ventilation was used
frequently the whole year. Following optimization process to decrease
energy use and CO; concentration, thermal comfort performance
slightly declined in optimized hybrid models compared to the base cases
across all cities. Warsaw’s performance was closely similar to Stock-
holm’s, with occupants reporting acceptable thermal comfort for over
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80% of the year, likely due to the higher probability of open windows in
these cities. Conversely, thermal comfort was acceptable for 99% of the
year in the optimized case of Delhi, where windows were less frequently
opened.
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5.

Challenges and future directions

By incorporating the Adaptive model alongside the Fanger model,
future studies can explore the impact of occupants’ adaptive be-
haviors on thermal comfort perception, especially in educational
settings. In that case, individuals have the flexibility to adjust their
clothing or activities in response to indoor conditions.

The current study is limited to specific climatic and pollution con-
ditions in Delhi, Warsaw, and Stockholm. These locations were
chosen to represent a range of climates and pollution levels. Future
studies should consider a broader range of geographic locations,
environmental conditions, and pollution levels to validate the sys-
tem’s universal effectiveness.

The performance of the hybrid ventilation system is highly sensitive
to the setpoints for PM2.5 and NOs. Our sensitivity analysis revealed
that stricter pollutant setpoints significantly reduce the usage of
natural ventilation, which is a key component of the system’s energy
efficiency strategy. Ensuring outdoor air quality is crucial for maxi-
mizing the benefits of natural ventilation. Future works can explore
adaptive setpoint strategies that can dynamically adjust based on
real-time outdoor air quality and occupant requirements. This
approach could effectively optimize the balance between energy
consumption, thermal comfort, and indoor air quality.

With global temperatures on the rise and the increasing frequency of
extreme weather events, it is critical to evaluate how the system will
perform under future climate scenarios. This includes not only
temperature increases but also changes in pollution patterns and the
frequency of extreme weather events. Simulation results under pro-
jected IPCC temperature increases for 2050 and 2100 suggest that
higher temperatures may require further system optimization to
maintain thermal comfort and indoor air quality. Adaptive strategies
that can respond to these changes will be essential for maintaining
system efficacy in future climates.

Conclusion

This study has successfully developed and optimized a novel hybrid

ventilation system that effectively balances indoor air quality, thermal
comfort, and energy consumption in classrooms across three cities with
distinct climates and pollution levels. The multi-objective optimization
process, employing the NSGA-II algorithm, identified Pareto optimal
solutions that provided the best trade-offs among these objectives for
each city. The main conclusions could be summarized below:

The multi-objective optimization reveals that balancing objective
functions including thermal comfort, CO; concentration, and energy
consumption involves trade-offs that vary significantly across
different climates. Maintaining low energy consumption and CO,
levels proves challenging in hot, polluted environments like Delhi.
Optimization of heating and cooling setpoints, along with the criteria
for opening smart windows based on outdoor temperatures, can
significantly impact the energy performance and indoor environ-
mental quality of buildings in different climates. Delhi, with its hot
climate and high pollution levels, benefits from lower heating and
cooling setpoints and a lower outdoor temperature threshold for
window opening to improve objective functions. In contrast, Warsaw
and Stockholm, with their colder climates, can afford higher set-
points and a higher outdoor temperature threshold for window
openings.

The controller’s operation in synchronizing mechanical and natural
ventilation was significantly influenced by the specific climate and
pollution levels of each city, with natural ventilation being utilized
more frequently in Warsaw and Stockholm compared to Delhi. In
Delhi, natural ventilation was utilized for 11% of the year, compared
to 44% in Warsaw and 31% in Stockholm.
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The controller can effectively maintain indoor air quality standards
for PM2.5 and NO; concentrations in all cities, despite the varying
levels of outdoor pollution and climatic conditions.

The optimized hybrid model significantly improves energy efficiency
compared to the base case across all three cities. Specifically, in
Delhi, the hybrid model reduces energy consumption by approxi-
mately 13 % from the base case. In Warsaw, energy use is reduced by
about 65 %, and in Stockholm, it decreases by approximately 57 %
compared to the base case.

The optimized hybrid models greatly improve CO- levels compared
to the base case. While base cases in all cities mostly stayed in the
lowest air quality category (Category III), the optimized systems
performed better. In Warsaw and Stockholm, these systems notably
increased the time spent in the best air quality category (Category I),
while in Delhi, the improvements were smaller but still noticeable.
Although the optimized hybrid systems led to a slight increase in the
PPD index, which means thermal comfort decreased slightly
compared to the base case, the comfort levels were still acceptable.
Delhi maintained acceptable thermal comfort for 99% of the year,
while Warsaw and Stockholm had it for over 80% of the year.
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This research investigated the effectiveness of desk partitions in reducing airborne infection risks in classroom
environments. Experiments were conducted in a controlled test chamber with two designs of mixing air distri-
bution systems (MV1 and MV2). Nebulized aerosols and bioaerosols were utilized in the presence of physical
barriers to simulate the transmission of exhaled droplets from a source of infection and to assess this transmission
among individuals sitting near this source. In addition, local air change effectiveness (ACE) was evaluated based
on age of air measurements using CO tracer gas decay method. Results showed that air change effectiveness
without partitions were higher than with partitions for both systems, indicating that partitions create an obstacle
for effective ventilation air distribution. Moreover, MV1 exhibited significant ACE reductions at some points with
partitions, while MV2 maintained high ACE values across all points. For aerosol measurements, MV2 achieved
high concentration reduction rates (Cg) around 0.8 across all points, whereas MV1 exhibited mixed results, with
some points showing negative Cgr values due to airflow obstruction. For bioaerosol generation bacteria Micro-
coccus luteus was used. Sampling of bioaerosol measured Micrococcus luteus concentrations, 4- and 45-minutes
post-generation. MV2 system was more effective in reducing bacterial concentrations with partitions, while
MV1 showed variable results, with partitions reducing concentrations at some points but increasing them at
others. Overall, MV2 demonstrated superior performance in maintaining lower contaminant concentrations,
especially for environments requiring prevention measures or where maintaining well-mixed air is difficult.

their efficacy in reducing infection risk [7]. It is also important to note
that while physical barriers can reduce airborne transmission, they do
not completely eliminate the risk [8].

Prior research has explored the effectiveness of physical barriers in

1. Introduction

In response to various pandemics, considerable attention has been
directed towards minimizing infection transmission, particularly within

building environments. Airborne transmission may take place either
through direct contact between individuals in close proximity (short-
range transmission) or indirectly via the blending of exhaled pathogens
with the air in the room (long-range transmission) [1]. Indirect trans-
mission becomes especially significant in areas with insufficient venti-
lation and high levels of occupancy over prolonged periods of exposure
[2]. The World Health Organization (WHO) has implemented various
policies and guidelines to curb virus spread in public spaces [3,4]. The
widespread application of physical barriers, owing to their low cost and
easy implementation, has been a key preventive measure [5]. However,
it is crucial to recognize that while physical barriers offer advantages,
such as affordability, they also bring the limitations [6]. One notable
limitation is the potential disruption to air distribution, which can affect
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mitigating respiratory droplet transmission. Lee and Awbi examined the
impact of internal partitioning on air quality and ventilation in rooms
with mixing ventilation [9]. They found that partition location and
height affect air distribution and contaminant spread. Liu, Xiaoping,
et al. investigated the impact of internal partitions on indoor airflow and
contaminant distribution suggest that 1.5 m (W) x 1 m (H) baffles can
significantly alter indoor airflow distribution [10]. Chen et al. conducted
a study examining the influence of barrier heights on aerosol particle
spread in an open office environment [11]. Their findings indicated that
a minimum barrier height of 60 cm above the desk surface is necessary
for effectively preventing virus transmission. However, for workstations
farther from the exhaust outlet, the effectiveness of physical barriers in
reducing transmission was found to be less pronounced. In a densely
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occupied canteen, Zhang et al. conducted experimental investigations
on the impact of physical partitions on the risk of short-distance
cross-infection [12]. Results showed that physical partitions effec-
tively mitigated short-distance airborne transmission, reducing the
infection risk. However, the presence of physical partitions also led to
the accumulation of expiratory air within compartments, raising con-
siderations for air quality management. Similarly, Dacunto et al. studied
aerosol dispersion in a university classroom by employing three-sided
clear dividers attached to student desk surfaces [13]. They found that
increasing desk spacing reduced potential exposure, and dividers were
particularly effective at reducing aerosol concentrations at instructor
locations.

These studies underscore the importance of physical barriers in
reducing infection transmission while emphasizing the need to consider
factors such as room air distribution and ventilation conditions. [14].
Although the efficacy of physical barriers has been demonstrated, there
is limited understanding of how different air distribution patterns and
ventilation systems influence their performance.

Previous studies conducted under controlled laboratory conditions
have utilized various methods to examine the transmission of infections
between people. Some studies have applied tracer gas to simulate the
spread of airborne pathogens [15], while others have generated aerosols
to mimic real-world conditions [16,17]. Even fewer studies have
employed bioaerosols, which are crucial for a realistic assessment of
airborne infection risks. Previous studies have shown that understand-
ing bioaerosol dynamics is crucial for accurate assessment of airborne
infection risks [18,19]. King et al. [20] demonstrated the feasibility of
using computational fluid dynamics (CFD) to accurately predict bio-
aerosol deposition patterns in different hospital room layouts. This study
underscored the effectiveness of physical barriers in reducing
cross-contamination. However, a comprehensive comparison of
different methods has not yet been conducted to evaluate their respec-
tive impacts on airborne transmission experiments. Investigating the
variations of aerosols and bioaerosols in transmission of infections could
provide deeper insights into the mechanisms of infection spread and the
effectiveness of mitigation strategies. Such comparisons are essential to
optimize experimental setups and enhance the accuracy of infection risk
assessments in various indoor environments.

This study aims to comprehensively evaluate the effectiveness of
desk partitions in combination with two designs of mixing air distribu-
tion systems to reduce airborne infection risks in classroom settings. The
study examines aerosol particle concentration reduction by releasing
nebulized NaCl aerosols to simulate the transmission of exhaled drop-
lets. Measurements were taken at various points near the infection
source to evaluate the effectiveness of the partitions and air distribution
systems in reducing aerosol concentrations. Furthermore, bioaerosol
sampling and analysis were conducted to mimic the spread of infectious
particles. Bioaerosols created from bacteria Micrococcus luteus strain
were sprayed in the test chamber, and concentrations were measured to
determine how the partitions and ventilation systems impact on the
bioaerosol spread. Additionally, the study investigates the Air change
effectiveness (ACE) of both systems, utilizing the tracer gas decay
method to assess their performance in managing indoor air quality. The
focus is on determining whether the partitions influence the airflow
patterns and thus local air change efficiency. In particular, the aim of
this study is to provide information on ventilation systems operation in
environments that incorporate physical barriers, ultimately aiming to
enhance infection control methods in educational settings.

2. Methods
2.1. Test room and ventilation systems
Experiments were conducted ina 9 x 6 x 3.3 m (L x W x H) test

chamber. Three desks were arranged linearly, spaced 0.55 m apart and
centrally positioned within the test chamber, as illustrated in Fig. 1. The
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Fig. 1. Photo of designed partitions and two dummies at a desk.

design and construction of transparent partitions for desktop placement
were meticulously executed. These partitions included a front panel
measuring 65 x 138 cm (H x L) and three side panels: two at the desk
edges and one dividing the two seating areas. This configuration ensures
each occupant has an enclosed space, acting as a physical barrier to
minimize the transmission of airborne particles between adjacent in-
dividuals [21]. The height and width of the partitions adequately cover
the occupants’ breathing zones, making them a potentially effective
preventive measures in educational settings.

To simulate the effect of occupants on air flow pattern in the room,
six heated dummies were utilized, with two placed at each desk, each
carrying a sensible heat load of 60 W, which corresponds to low-seating-
activity. Each dummy took the form of a 1.10 m tall cylindrical steel tube
with a diameter of 0.40 m, resulting in a surface area of 1.63 m?
equivalent to that of a 15-year-old child. The cylinders were painted
grey. The test room incorporated two different mixing ventilation sys-
tems with unique configurations as depicted in Fig. 2. The setup con-
sisted of a single pollutant source, simulating an infected person, and
five measurement points (P1-P5) representing susceptible individuals.
Airborne particle concentrations were monitored at the breathing height
of dummies, approximately 1.1 m above the ground.

For the first one denoted as MV1, four ceiling air terminal devices
were positioned on both sides of the room. These devices integrated both
air supply and exhaust. The air supply was directed downward through
square diffusers, while exhaust air was extracted through grilles located
above the supply. The second one (MV2), characterized by four ceiling
swirl air diffusers positioned on both sides of the room. MV2 involved
supplying air through square diffusers that swirl the air downwards,
while exhaust air was extracted through a circle air exhaust terminal
located near the ceiling level. Fig. 3 illustrates the configuration of
supply diffusers for the two selected mixing ventilation systems.

In all measurement cases, indoor space was ventilated using 148 L/s
of fresh air, resulting in an air change rate of 3 k1. The variations during
the tests were +10 L/s. The supply air temperature was kept at 20 + 1
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Fig. 2. Test room with mixing ventilations and experimental setup illustration, (a): MV1 (b): MV2. One infected occupant (Red circle) and 5 susceptible occupants
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Fig. 3. Configuration of air terminal devices used for diffuse, (a): MV1 (b): MV2.

°C. In all studied cases, the average room air temperature was 22 + 1 °C
and relative humidity at 40 + 10%.

2.2. Tracer gas dosing and measurement

Carbon dioxide was utilized as a tracer gas to study the effectiveness
of MV to deliver clean ventilation air at the occupants’ locations. CO5
was chosen for its inert properties and relevance to indoor air quality
assessment. The simplest technique employed was the decay method,
also known as the step-down method. This method involves injection of

CO9, tracer gas into the enclosed space under investigation. The tracer
gas was thoroughly mixed with the ambient air, simulating a uniform
distribution throughout the environment. After the injection phase, the
CO, dosing was stopped, and gas concentration measurements were
conducted at five distinct points (Fig. 2) within the space and one
exhaust location. P1 to P5 were chosen to ensure accurate representa-
tion of areas potentially affected by physical barriers. In the case of
insufficient air mixing the location of exhaust is particularly important,
as it affects Air change effectiveness (ACE). The Testo 160 sensors were
used to record the CO, concentration in 1 min interval. The measuring
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range of the sensors was from 0 to 5000 ppm, with uncertainty of + 50
ppm.

2.3. Aerosol generation and measurement

In previous research, the Collision nebulizer has been successfully
employed to produce aerosols for virus assays [22]. In this study, a
Collison nebulizer with 3 jets [23] was employed along with a solution
of sodium chloride (NaCl) to simulate droplets in human exhalation.
According to Nicas et al. [24], respiratory fluid droplets can be likened
to NaCl solution. The solution comprised 1 gram of NaCl dissolved in a
solvent mixture of 250 cm?, consisting of 50% distilled water and 50%
isopropyl alcohol by volume. The solution was proved to properly
simulate the evaporative behavior of human saliva and provide a more
accurate representation of its composition [25]. Atomization occurred at
a pressure of 20 psi, resulting in droplets with a geometric mean
diameter (GMD) of 0.7 um and a geometric standard deviation (GSD)
ranging from 1.22 to 1.35. The Collison nebulizer produces a log-normal
distribution of droplet sizes ranging from 0.05 um to 20 um under typical
operating conditions [23]. This range aligns well with the size spectrum
of respiratory droplets generated during human exhalation [26]. While
the mean diameter of 0.7 um represents the finer fraction of exhaled
droplets, it is crucial for assessing airborne transmission risks, as smaller
droplets remain suspended for longer durations and can travel farther in
indoor environments. The aerosolized droplets, blended with clean air,
emanated from the nebulizer inlet positioned precisely at the top of the
dummy mimicking the mouth location of a subject. The ejection air
velocity from the nebulizer was calculated to be approximately 2 m/s.
Five measurement points (Fig. 1) were designated at the mouths of the
exposed dummies. An aerodynamic particle sizer (PCE), capable of
detecting particles ranging from 0.3 to 10 Aum , was employed to
measure both particle counts and aerodynamic diameters at 1-minute
intervals. PM2.5 was measured and used in the analysis due to its rele-
vance in evaluating indoor air quality and health impacts.

2.4. Bioaerosol generation and sampling method

Bacteria belonging to Micrococcus luteus were used as a model or-
ganism to prepare suspensions for bioaerosols generation. Bioaerosols
were generated using the same method as aerosol generation, ie, Colli-
son Nebulizer, ensuring that in all tests the droplets were of similar size.
The bacteria concentration in the suspensions was adjusted to 150 x
10°6 CFU/ml. This concentration was determined and verified using
McFarland standards and by measuring the optical density at a wave-
length of 600 nm using a Hitachi UV-Vis spectrophotometer. Bio-
aerosols were emitted continuously for 4 mins using the Collison
nebulizer, which operated at an air flow rate of 6 L/min to disperse the
suspension into the room. Samples of bioaerosols were collected by the
impact method using the Airldeal 3P sampler (Biomerieux). The first
measurement of microorganism concentration was performed immedi-
ately after the 4-minute nebulization. The second measurement was
taken 45 mins after the bioaerosol emission had ended. All measure-
ments were done in triplicate. The research was conducted in a room,
which had been previously sterilized with 60 mins of UV light (250-270
nm) before starting the research. Measurements were taken at three
points (P1, P3, P5) which localization is presented in the Fig. 2. Tryp-
ticase Soy Agar (BTL) plates were used for bacteria growth, and samples
were incubated for 48 h at a temperature of 37 °C. The number of
bacteria was counted using a bacterial counter, and results were pre-
sented as CFU/m®. The efficiency of the ventilation system in the
classroom, with and without partitions, was evaluated by comparing the
differences in microorganism numbers between sampling points.

3. Results

The results are divided into three main sections: Ventilation
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Effectiveness, Aerosol Particle Concentration Reduction, and Bioaerosol
Analysis. Each category is analyzed under two different air distribution
systems (MV1 and MV2), both with and without partitions. The data
collected provides insights into how different air distributions and the
presence of physical barriers impact indoor air quality and infection
transmission.

3.1. Air change effectiveness

Effectiveness of ventilation to provide clean air was evaluated based
on local Air Change Effectiveness Index [27]. It was calculated as the
ratio of the age of air in the exhaust duct (z.) to the local mean age of air
at a measured location (z,,):

ACE=" o))
Tm

The higher the ACE values, the more effective the ventilation system
is in that area. In this study, the CO: concentrations were obtained
during a decay test, where the decay of tracer gas concentration over
time was measured at different points. As depicted in Fig. 4, measure-
ments were conducted under two air distribution systems (MV1 and
MV2) and two conditions (with physical barriers and without physical
barriers). The results show that local ACE values without partitions
obtained higher values for both MV1 and MV2 systems, indicating good
mixing and relatively effective ventilation. However, there are varia-
tions across the points, particularly in MV1 where points P4 and P5 show
slightly lower ACE values. Introducing physical barriers (PB) generally
results in lower local ACE values, suggesting that PB might create ob-
stacles that reduce ventilation effectiveness in some areas. For MV1,
points P1 to P3 exhibit ACE values close to 1 in both conditions, indi-
cating good ventilation performance, although slightly reduced with PB.
Points P4 and P5 show a noticeable drop in local ACE values with PB,
highlighting the hindrance caused by partitions in these specific areas.
In contrast, the MV2 system maintains consistently high ACE values
across all points, even with PB, indicating a more robust and capable
performance. Despite the reduction in local ACE with PB in MV2, these
values are still high compared to MV1. Overall, the MV2 system shows
more uniform and effective local ACE values and is less affected by the
introduction of partitions, suggesting it might be a better choice for
environments where partitions are necessary for preventing infection
transmission.

3.2. Aerosol concentration reduction

The aerosol measurements were conducted under two air distribu-
tion systems (MV1 and MV2). Particle concentrations were measured at
five points near the infection source, where the exposed individuals
were positioned. The average particle concentration value at each point
was calculated under 45 mins steady-state conditions. At each point,
there were two values representing two different conditions, comprising
with and without partitions. Fig. 5 illustrates the concentration reduc-
tion rate (Cg) of aerosol particles under two different air distribution
systems, MV1 and MV2, at five points (P1 to P5) near the infection
source where exposed individuals were situated. The Cg was determined
by comparing the particle concentration with and without the use of
partitions, following the equation:

_ CWithout PB — CWith PB )
Cr=—————""— @
CWithuut PB

Under the MV1 system, P1 and P2 showed a moderate positive
concentration reduction rate, indicating that partitions were somewhat
effective in reducing the particle concentration in these areas. Specif-
ically, Cg values were around 0.4. P3 had a slight positive reduction rate,
close to 0.3, demonstrating minimal improvement with the partitions. At
the same time, the standard deviations calculated using error propaga-
tion techniques were relatively high at these three points (P1, P2, P3).



S. Nateghi et al.

Building and Environment 272 (2025) 112676

m Without PB

|

mWith PB

—

14

1.2

0.8

0.6

Local ACE

0.4

0.2

PL P2 P3 P4 PS

mMv1

P1

ACEExhaust

P2 P3 P4 PS5

mMv2

Fig. 4. Local air change effectiveness (ACE) at points P1-P5 comparison across air distribution systems and physical barriers (PB).

1.1

0.9
0.7

0.5

P1 P2 P3

MV1

P4 PS | P1 P2 P3

MV2

P4 PS5

Fig. 5. Comparison of aerosol concentration reduction rates (Cr) across air
distribution systems and prevention measures.

Error propagation involves assessing how uncertainties in input vari-
ables impact the uncertainty of the final result. This high variability
reduces the certainty of the positive effect of the partitions. P4 and P5
exhibited negative Cg values, with P4 showing a significant negative
value of approximately —0.95 and P5 around —0.65. This suggests that
in these locations, the partitions were ineffective and possibly even
detrimental, leading to higher particle concentrations than without
partitions. Moreover, the standard deviation at P4 was too high, indi-
cating significant variability. In contrast, the MV2 system consistently
showed high positive Cg values across all five points. P1, P2, and P3 had
Cpg values of around 0.8, indicating a substantial reduction in particle
concentration with the use of partitions. P4 and P5 also demonstrated
strong positive Cg values, slightly lower but still significant at around 0.7
and 0.6 respectively. This indicates that under the MV2 system, parti-
tions were highly effective in reducing aerosol particle concentrations.
The results for aerosol measurements highlight a stark contrast between

the two air distribution systems. The MV2 system, which likely involves
more effective air circulation and distribution, shows that the use of
partitions can significantly reduce aerosol concentrations near the
infection source. This suggests that the MV2 system is more conducive to
the effective use of partitions in mitigating airborne transmission risks.
On the other hand, the MV1 system’s mixed results indicate that parti-
tions alone may not be sufficient to reduce aerosol concentrations and
could even exacerbate the situation in certain locations. This un-
derscores the importance of optimizing the overall ventilation strategy
in conjunction with physical barriers.

3.3. Bioaerosol sampling and analysis

The bioaerosol sampling involved measuring the concentration of
Micrococcus luteus strain at three locations near the infection source (P1,
P3, P5), where individuals were exposed. Measurements were taken
immediately after 4-minute bioaerosol generation and also 45 mins after
bioaerosol generation had ended at each point. Fig. 6 illustrates two
values at each point, depicting conditions with and without partitions.
The analysis of bioaerosol concentrations immediately after 4 mins
emission provides a clear comparison of the effectiveness of the two
ventilation systems (MV1 and MV2) in reducing airborne bacterial
concentrations and their spreading, both with and without the presence
of partitions. For MV1, without partitions, the bacterial concentrations
after 4 mins bioaerosol emission were 1089 CFU/m? at P1, 693 CFU/m?
at P3, and 987 CFU/m? at P5. With PB, the concentrations changed to
423 CFU/m?® at P1, 1569 CFU/m? at P3, and 1363 CFU/m? at P5. While
partitions significantly reduced the concentration at P1, they caused an
increase at P3 and P5. The increased concentrations at P3 and P5 suggest
that the partitions might have redirected airflow, causing a build-up of
bacteria in those areas. Therefore, partitions in MV1 potentially
obstructed the airflow, thereby reducing the effectiveness of the venti-
lation in dispersing and removing bioaerosols. The standard deviations
were also considerably high, indicating significant variability and
possible inefficiency in well-mixing and distributing the air uniformly in
the presence of partitions. For MV2, without partitions, the bacterial
concentrations at 4 mins of emission were 731 CFU/m? at P1, 679 CFU/
m?® at P3, and 648 CFU/m?® at P5. With partitions, these concentrations
were reduced to 273 CFU/m?® at P1 and 340 CFU/m? at P5 but increased
to 777 CFU/m® at P3. This shows that partitions effectively reduced
concentrations at P1 and P5. At P3 under MV2, particle concentrations
increased after the addition of partitions. However, the high standard



S. Nateghi et al.

Building and Environment 272 (2025) 112676

2200

2000

1800

1600

CFU/m?

4 min 45 min

Mv1

Without PB With PB |WithoutPB  With PB |Without PB With PB Without PB  With PB

@EP1 @P3 mP5

4 min 45 min

Mv2

Fig. 6. Comparison of bioaerosol concentrations at different points with and without PB under MV1 and MV2 systems.

deviation at this point made the concentration measurements less
certain. Furthermore, the increase in concentration at P3 under MV2
was smaller compared to P3 under MV1. Obtained results suggest that in
the case of MV2 the presence of partitions helped stabilize the airflow
and reduce bacterial concentration more efficiently. The standard de-
viations in MV2, although present, were smaller compared to MV1,
suggesting a more stable and effective air mixing and bioaerosol removal
capability, even with partitions in place. For measurements 45 mins
after the bioaerosol emission ceases, a significant reduction in bacterial
concentrations was observed for both systems. Bacteria concentrations
decreased substantially across all points with and without partitions in
comparison with the results just after emission. In MV1 system, after 45
mins the use of partitions led to lower concentrations at most points,
with less variability. MV1 not only helped in immediate reduction but
also maintained lower concentrations over time, with reduced vari-
ability as indicated by lower standard deviations. This indicates that
while both systems effectively reduced bacterial concentrations over
time, MV2 with partitions consistently showed better performance in
maintaining lower concentrations and reduced variability.

The data conclusively show that MV2 is superior in maintaining
lower and more consistent bacterial concentrations across different
points in the room, both with and without partitions. This indicates a
higher efficiency in ventilation and better compatibility with physical
barriers. The smaller standard deviations observed in MV2 further un-
derscore its effectiveness in providing a well-mixed environment, which
is crucial for minimizing infection risks in enclosed spaces. Conversely,
MV1’s performance was notably hindered by the presence of partitions,
highlighting its limited capability in ensuring effective air distribution
and particulate removal under such conditions.

4. Discussion

This study aimed to evaluate the effectiveness of desk partitions
under two different mixing air distribution systems in reducing airborne
infection risks in classroom settings. The results indicate that desk par-
titions can effectively reduce infection transmission, but their effec-
tiveness heavily relies on the design of the ventilation system. This is
consistent with findings from previous studies [13,28], which empha-
size the necessity of proper ventilation to enhance the protective effects
of physical barriers. The design of the ventilation system is important for
optimizing ventilation effectiveness and consequently mitigating infec-
tion risk. Although both studied ventilation systems operated on the

principle of mixing ventilation and had two air inlets on both sides of the
benches, as shown in Fig. 2, their effectiveness in removing pollutants
differed in areas not directly under the inlet. The MV2 system, which
maintained high Air change effectiveness (ACE) and consistent reduc-
tion in aerosol and bioaerosol concentrations, outperformed the MV1
system, highlighting the role of well-designed ventilation systems in
mitigating airborne infection transmission risks [29]. The observed
differences between the MV1 and MV2 systems can be attributed to their
distinct airflow patterns and mixing efficiencies. MV1 directs airflow
downward with a lower inlet air velocity of 0.4 m/s.

The ceiling-mounted exhaust terminals positioned directly above the
supply diffusers intensify this configuration’s limitations, often creating
localized recirculation zones [30]. These zones, particularly near phys-
ical barriers, lead to stagnant areas and poor ventilation effectiveness
and areas where contaminants can accumulate. Consequently, while
MV1 may effectively ventilate the areas on both sides of the benches, it
struggles to deliver fresh air to the benches in the central part of the
room, where physical barriers further obstruct direct airflow. In
contrast, MV2 employs swirl air diffusers with a higher initial inlet air
velocity of 2.3 m/s. The swirling motion introduced by these diffusers
promotes enhanced air mixing and a more uniform airflow distribution
throughout the classroom. Previous studies have demonstrated that
swirl diffusers are particularly effective in preventing stagnant zones
and ensuring better contaminant removal compared to standard
downward diffusers [31,32]. Despite having diffusers positioned on the
sides of the room, MV2 effectively distributes fresh air to the central
regions, ensuring adequate ventilation at critical measurement points.
Additionally, the centralized exhaust terminal in MV2 further enhances
pollutant removal by minimizing recirculation zones and directing
airflow more efficiently. The superior performance of MV2 in reducing
both aerosol and bioaerosol concentrations, even in the presence of
physical barriers, underscores its compatibility with partitioned envi-
ronments. CFD simulations from a related study reinforce these obser-
vations, showing that MV2s swirling airflow pattern mitigates
recirculation zones and promotes efficient air mixing, ensuring effective
ventilation in challenging scenarios [33]. Moreover, the higher air ve-
locity of MV2 not only improves the reach of fresh air but also reduces
the likelihood of pollutant accumulation in localized areas.

Fig. 7 shows the concentration reduction rates (Cg) for aerosols and
bioaerosols under the MV1 and MV2 systems at three measurement
points (P1, P3, and P5). At P1, both MV1 and MV2 systems were
effective in reducing particle concentrations, but MV2 showed a higher
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Fig. 7. Comparison of aerosol and bioaerosol concentration reduction (Cr) across air distribution systems and prevention measures.

overall reduction in both aerosols and bioaerosols, reflecting better
management of airflow and particle dispersion. At P3, a notable differ-
ence in performance between the two ventilation systems and also in
aerosol and bioaerosol concentrations is observed. For aerosols, MV1
exhibited a positive Cg value, indicating a reduction in concentration,
whereas MV2 had a significantly higher positive Cg value, showcasing
its superior capability in reducing aerosol concentrations beside the
source pollution. In contrast, bioaerosol Cr values were negative for
both systems, with MV1 having a significantly more negative value
compared to MV2. The negative Cr values for bioaerosols in both sys-
tems suggest challenges in managing particles with biological proper-
ties, which may settle or adhere to surfaces more easily [34]. On the
other hand, standard deviations for bioaerosols at P3 were notably high
for both MV1 and MV2, indicating significant variability and further
emphasizing the difficulty in consistently reducing bioaerosol concen-
trations. At P5, MV1 showed a negative Cg value for aerosols and bio-
aerosols, indicating an increase in concentration behind the source,
which suggests that the airflow pattern of MV1 may be obstructed by the
partitions, leading to particle accumulation. In contrast, MV2 main-
tained a positive Cg value for aerosols and bioaerosols, demonstrating an
effective reduction in aerosol and bioaerosol concentration. This further
supports the superior performance of the MV2 system in managing
airflow and reducing particle concentrations even in the presence of
partitions.

The comparison between aerosols and bioaerosols under the two
ventilation systems revealed distinct results, which can be interpreted
through the different nature of aerosols and bioaerosols: Aerosols (NaCl
solution) and bioaerosols (Micrococcus luteus) have different physical
and chemical properties. Aerosols are primarily influenced by factors
like particle size, density, and the ability to remain suspended in air.
Bioaerosols, created by biological particles, are bigger in size and
heavier. Moreover, due to the cell surface hydrophobicity and electro-
static charge are more affected by environmental factors such as hu-
midity and temperature, what affect their sedimentation and adhesion
properties. Their ability to settle or be resuspended can differ signifi-
cantly in different conditions [35,36]. Moreover, methodologies for
measuring aerosols and bioaerosols differ. Aerosol measurements were
taken using an aerodynamic particle sizer at regular intervals, while
bioaerosol concentrations were measured with Aerobiocollector and
then using a bacterial counter after growth on agar plates. This differ-
ence in methodology can contribute to variations in detected concen-
trations and reduction efficiency between aerosols and bioaerosols.

Despite these differences with aerosols, the bioaerosol method remains a
reliable indicator for investigating infection transmission and provides
insight into the behavior of real biological particles, posing a health risk,
under varying conditions.

5. Challenges and limitations

The study examined only two ventilation designs, MV1 and MV2,
which, while mixing ventilation is representative of the most common
systems, do not encompass the full range of possible configurations.
Additionally, the location of supply and exhaust ventilation may
significantly influence airflow patterns and pollutant removal.

Indoor pollutant concentration distribution is strongly influenced by
the room arrangement, such as desk location, placement of physical
barriers, and the position of the infected occupant. In this study, the
infected occupant was consistently positioned at a fixed point, and the
selected measurement points were strategically chosen to evaluate the
performance of the ventilation systems in mitigating airborne trans-
mission in these high-risk areas. However, the fixed location of desks
and partitions limited the ability to explore different classroom layouts,
which could affect airflow and transmission dynamics. Variations in the
location of the infected individual or exposed occupants could also in-
fluence the results by altering airflow patterns and particle dispersion,
particularly near physical barriers or ventilation inlets and outlets.
Future studies should consider varying occupant configurations, desk
layouts, and placements to provide broader insights into the impact of
such variables on ventilation performance and infection control
strategies.

The use of heated dummies with simplified cylindrical geometries
presents a limitation in capturing the full complexity of human anatomy.
Although this design accurately generates enthalpy and buoyancy
fluxes, as supported by Zukowska et al. [37], it does not simulate res-
piratory activities such as breathing or coughing. This restricts the
ability to fully replicate the dynamic interactions of human occupants
with airflow and pollutant dispersion, which should be considered in
future studies.

6. Conclusion

The study comprehensively evaluated the effectiveness of desk par-
titions in combination with two distinct mixing air distribution systems
(MV1 and MV2) to reduce airborne infection risks in classroom settings.
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The results indicated that the performance of these preventive measures
is significantly influenced by the efficiency of ventilation and the airflow
patterns generated by the ventilation systems. Key findings include:

e The use of desk partitions proved effective in reducing infection
transmission by minimizing direct airflow between individuals.
However, this effectiveness is highly dependent on the design of the
ventilation system, which plays a crucial role in managing airflow
and particle dispersion in indoor environments.

The study highlighted significant differences in the performance of
mixing ventilation designs, as exemplified by the MV1 and MV2
systems when used with partitions. The MV2 system consistently
maintained high Air change effectiveness (ACE) and significantly
reduced both aerosol and bioaerosol concentrations. In contrast, the
MV1 system exhibited decreased ACE and increased particle con-
centrations at specific points, indicating its lower effectiveness in
environments with physical barriers. Overall, the superior air mixing
and distribution capabilities of the MV2 system underscore the
importance of optimizing mixing ventilation to maintain lower
contaminant levels in various settings.

The observed differences in concentration reductions between
aerosols and bioaerosols across the air distribution systems and
measurement points highlight the complex interplay of factors such
as particle properties, and measurement techniques. This un-
derscores the importance of properly tailored methods for control-
ling different types of airborne particles in indoor environments.
Furthermore, the study suggests that using bioaerosol methods to
investigate infection transmission is appropriate and effective,
similar to the use of aerosols. However, bioaerosols require specific
handling and analysis due to their more complex biological
composition.

Overall, this study underscores the importance of designing venti-
lation systems and understanding their airflow patterns, particularly in
environments that incorporate physical barriers, to ensure effective
infection control. Future studies should explore further optimizations
and configurations of ventilation systems to enhance their effectiveness
in various indoor settings.
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This study investigated the effectiveness of integrating desk partitions and personal exhaust ventilation to
mitigate airborne infection risks in areas where people sit closely together. Experiments were conducted in a test
chamber equipped with different air distribution systems, including two different mixing and one displacement
ventilation. NyO tracer gas was utilized to study airborne transmission between occupants. Results showed
effectiveness of preventive measures varied depending on air distributions. In the absence of preventive mea-
sures, mixing ventilation systems exhibited higher infection risk compared to displacement ventilation. After the
introduction of physical barriers, NoO concentration increased at two measurement points in presence of one of
the mixing ventilation systems. In contrast, the other mixing ventilation and displacement ventilation showed a
reduction in NyO concentration, up to 63 % and 43 %, respectively, depending on measurement points. Com-
bination of physical barriers and personal exhaust ventilation consistently reduced N»O concentration by 34 % to
83 %, depending on measurement point’s location and type of air distribution. Furthermore, higher airflow rates
of personal exhaust increased efficiency of proposed strategy in limiting infection risk. This study supports
employing physical barriers and personal exhaust ventilation to reduce airborne infection risks. Tailoring pre-
ventive measures to specific air distribution system is crucial.

1. Introduction

In response to the worldwide challenge posed by COVID-19
pandemic, there has been a significant focus on mitigating the trans-
mission of infections, particularly in building environments. The ur-
gency of the current global health crisis underscores the need for
comprehensive solutions applicable across diverse regions (Balogun
et al., 2020). The World Health Organization (WHO) has introduced
various policies and guidelines to prevent virus transmission in public
places (World Health Organization. Infection Prevention and Control during
Health Care When COVID-19 Is Suspected: Interim Guidance, 19 March
2020. World Health Organization;, 2020., n.d.). People who have con-
tracted the virus release viral particles attached to the saliva in the air
when they speak, cough, or sneeze (V et al., 2020). Airborne trans-
mission can occur directly between individuals in close proximity
(short-range transmission) or indirectly through the mixing of exhaled
pathogens with room air (long-range transmission) (Asif et al., 2022).
Indirect transmission is particularly critical in spaces with inadequate
ventilation and high occupancy levels during extended periods of
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exposure (Leung, 2021). Physical barriers have been widely employed as
a preventive measure due to their affordability and ease of imple-
mentation (Eykelbosh A. A Rapid Review of the Use of Physical Barriers in
Non-Clinical Settings and COVID-19 Transmission. Vancouver, BC: National
Collaborating Centre for Environmental Health (NCCEH). 2021 Nov., n.d.),
especially in spaces where occupants stay close to each other. However,
it is important to acknowledge that physical barriers can also introduce
limitations, such as potential disruptions to air distribution, which can
impact their effectiveness in reducing infection risk. Previous studies
have examined the efficacy of physical barriers in reducing respiratory
droplet transmission (Rooney et al., 2021).

Chen et al. conducted a study to assess the impact of barrier heights
on the spread of aerosol particles in an open office environment (Ren
et al., 2021). Their findings revealed that a minimum barrier height of
60 cm above the desk surface is necessary to effectively prevent the
transmission of viruses. However, for workstations located further away
from the outlet, the effectiveness of physical barriers in reducing
transmission was found to be less significant. In a densely occupied
canteen, Zhang et al. conducted experimental investigations to examine
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the effect of physical partitions on the risk of short-distance cross--
infection (Ye et al., 2021). The results demonstrated that partitions were
effective in mitigating short-distance airborne transmission, thereby
reducing the risk of infection. However, the presence of physical parti-
tions also resulted in the accumulation of expiratory air within the
compartments, which may have implications for air quality manage-
ment. Similarly, Dacunto et al. investigated the dispersion of aerosols in
a university classroom by implementing three-sided clear dividers
attached to student desk surfaces (Dacunto et al., 2022). The use of
partitions resulted in a decrease in overall contaminant concentrations
in most cases compared to desks without partitions. Mentioned studies
highlighted the importance of physical barriers in reducing infection
transmission, but they also emphasize the need to consider factors such
as barrier height, room air distribution, and ventilation conditions
(Zhang et al., 2022). It is important to note that while physical barriers
can reduce airborne transmission, they do not completely eliminate the
risk (Bagherirad et al., 2014).

While physical barriers play a significant role in reducing direct
airborne transmission, personalized ventilation (PV) systems recently
have been used extensively as a separate strategy to address mitigating
infection transmission (Izadyar & Miller, 2022). PV systems provide
targeted clean air by supplying fresh air or exhausting exhaled air of
occupants, offering enhanced protection from infection transmission in
short-range scenarios (W. Liu et al., 2021). Previous studies have
investigated the efficacy of PV systems in reducing airborne trans-
mission risks (Katramiz et al., 2022). Liu et al. conducted a study to
explore the potential of personalized ventilation (PV) in reducing the
risk of cross-infection between occupants in close proximity within in-
door environments (W. Liu et al., 2021). The PV system, with adjustable
flow rates, HEPA filtration, and a circular nozzle emulating aircraft
cabin or coach airflow patterns, was optimized for improved thermal
comfort and ventilation efficiency. The findings revealed that PV was
effective in decreasing the infection risk for individuals when compared
to relying solely on mixing ventilation. Notably, the side-by-side
orientation was identified as a crucial factor in airborne risk control
with PV, as it facilitated the lateral diffusion of infectious droplets to-
ward adjacent occupants. Some well-designed PV systems provide an
excellent approach to controlling infection risks by Personalized Exhaust
(PE) (Pantelic & Tham, 2011). Yang et al. introduced an innovative
personalized ventilation (PV) — personalized exhaust (PE) system that
was designed to effectively remove exhaled air from the vicinity of an
infected individual (Yang et al., 2015). The personalized ventilation
(PV) system was delivered outdoor air via PV air terminal devices,
complemented by two distinct PE-integrated chairs, namely
Shoulder-PE and Top-PE, each equipped with adjustable local exhaust
devices, ensuring the inhaled air quality in the controlled environment.
The results demonstrated that the combined PV-PE system, imple-
mented for a healthy person, resulted in the lowest intake fraction of
contaminated air. Furthermore, when considering the infected person
alone, utilizing the PE system alone yielded superior performance
compared to solely relying on the PV system for the healthy individual.
In an experimental study, Karam et al. proposed the integration of a
localized chair exhaust device with a downward piston ventilation sys-
tem in an educational setting (Karam et al., 2022). They found that to
ensure practical use in educational spaces, the DPV system should be
operated at a rate of 60 L/s per person, accompanied by a localized chair
exhaust operating at rate of 20 L/s. This configuration maintained a high
level of protection provided by the downward piston ventilation system
while achieving significant energy savings, reducing the overall system
energy consumption by 51 % compared to the reference case which was
the operation of downward piston ventilation without the imple-
mentation of the localized chair exhaust devices. Mentioned studies
highlight the effectiveness of PE systems in mitigating infection trans-
mission and emphasize their distinct role in addressing indirect trans-
mission. The local exhaust might significantly enhance system efficiency
in all environments, particularly when the personal exhaust is located
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close to the occupants (Pantelic et al., 2009). While previous studies
have made significant strides in understanding the efficacy of physical
barriers and personalized ventilation systems in reducing infection
transmission risks, it’s important to acknowledge certain aspects that
have remained unexplored. Notably, past research has primarily focused
on the effectiveness of these strategies separately. Additionally,
comparing the compatibility of various air distribution methods in
airborne transmission within densely populated spaces has not been
systematically studied. Evaluating the compatibility of a new approach
under various environmental conditions enhances the credibility and
sustainability of the solution making the study more comprehensive
(Amirzadeh et al., 2023).

This study aims to contribute insights applicable on a global scale by
investigating the potential of two possible strategies for mitigating
airborne transmission risk, i.e. physical barriers and personal exhaust
ventilation, specifically in densely populated spaces such as public
buildings, clinical environments, schools, and offices. Different venti-
lation systems, including mixing and displacement will be examined, to
evaluate the impact of various air distribution methods on airborne
transmission. Additionally, the compatibility of each air distribution
system will be assessed with the proposed prevention strategies designed
to reduce infection risk. This study investigates the potential of physical
barriers in mitigating infection transmission as well as proposes a new
approach that combines physical barriers and personal exhaust venti-
lation. To assess the efficiency of this innovative system, experiments
were conducted at different flow rates. Six heated dummies were used to
simulate seated occupants and employed tracer gas to replicate the
behaviour of fine droplet nuclei exhaled by an infected person. Con-
centration measurements of NO were taken at three points near the
source location to assess the effectiveness of the proposed strategy in
reducing airborne contaminant concentrations and consequently trans-
mission risks. Overall, this research contributes to the global effort in
combating the spread of airborne infections, with the ultimate goal of
enhancing global health resilience in the face of the ongoing pandemic
and potential future threats.

2. Methodology
2.1. Experimental setup

Experimental investigations were carried out within a test chamber
measuring 9 x 6 x 3.3 m. Three desks were arranged in a row with 0.55
m between them. The desks were positioned centrally within the test
chamber, as shown in Fig. 1. Six heated dummies, two at each desk, were
used to simulate the presence of occupants with low seating activity
each with a sensible heat load of 60 W. Each dummy was constructed as
a 1.10 m in height cylindrical steel tube with 0.40 m in diameter,
resulting in a surface area of 1.63 m?, which corresponds to a 15-year-
old child. The cylinder was painted grey.

The test room was equipped with three different air distribution
systems: two designs of mixing ventilation and one displacement
ventilation system. Only one system was installed and studied at a time.
Mixing air distribution system denoted as MV;, employs an air fabric
supply duct with small nozzles located centrally above the desks and the
exhaust grill placed at a floor level. This setup is shown in Fig. 2a. The
other mixing ventilation system, referred to as MVy, employs a distinc-
tive configuration. In this setup, four ceiling air terminal devices are
positioned on both sides of the room, as indicated in Fig. 2b. Each ter-
minal device integrates both air supply air and air exhaust. The air was
supplied with a square diffuser downwards and the exhaust air was
extracted with the grilles located above the supply. Lastly, the third air
distribution system adopts the Displacement Ventilation (DV) approach.
In this configuration, two displacement diffusers were placed on the
floor in the front corners, see Fig. 2c. The air was exhausted with grills
located at the ceiling in the back side of the room.

In this study, all experimental trials were conducted in the same
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Fig. 1. Photo of the test room with desks and heated dummies.

controlled environment and chamber indicated in Fig. 1. The variations
depicted in Fig. 2 solely arise from the distinct ventilation systems
employed, allowing for a comprehensive assessment of their individual
effects on airborne infection risks.

2.2. Design of physical barriers (PB) and personal exhaust (PE) system

Transparent partitions were meticulously designed and constructed
to be placed on the desktops, as illustrated in Fig. 3. Each partition
consisted of a front panel measuring 65 x 138 cm and three side panels,
two at the desk edges and one separating occupants. A plenum box was
attached to the front side of a partition. It had a narrow slot opening,
with a height of 1 cm and the whole table width. The slot was used to
extract the air at the tabletop level. The plenum box was attached to
exhaust duct with a flow measuring device and variable motor fan
removing the air outside the test chamber. The authors successfully
implemented the designed system in a previous study (Nateghi et al.,
2023).

2.3. Tracer gas dosing and measurements

In order to mimic airborne viruses, present in the exhaled air of an
infected individual, N,O (nitrous oxide) was used as a tracer gas. Tracer
gas simulations are effective for replicating the movement of particles
smaller than 3-5 ym, such as droplet nuclei released from respiratory
tracts. (Ai et al., 2020). A constant flow of N,O at rate of 0.532 L/min
obtained by mass flow controller (Biirkert Communicator) was mixed
with air and supplied through an 8 mm opening tube at a constant
airflow rate of 14 L/min. The meticulous mass flow controller, ensuring
a constant flow of the tracer gas independent of pressure and flow
resistance, enhances the accuracy and reliability of dosing experiment.
The end of the tube was placed on the edge of the cylinder representing
“infected” occupant. To quantify the concentration of the tracer gas, Fast
Concentration Meters (FCMs), utilizing non-dispersive infrared absorp-
tion (NDIR) technology, were employed at a sampling rate of 4 Hz and a
time constant of 0.8 s. NDIR-based FCMs measure the absorption of
infrared light to accurately and continuously analyse the concentration
of N2O. Only instruments based on NDIR absorption method are fast
enough to follow the respiration cycle. NDIR provides tracer gas con-
centration measurements with an uncertainty of +£20.0 ppm at a 95 %
confidence level (Kierat & Popiolek, 2017). The instruments were
intercalibrated before and after measurements to reduce the measuring
error.

2.4. Experimental procedure and conditions

To evaluate the efficacy of the developed system, various scenarios
were analysed and compared. The baseline cases, without any preven-
tive measures, were used as a reference point to assess the impact of
different preventive measures. The effectiveness of these measures was
evaluated under three different air distribution principles (MV;, MV,
and DV), considering the use of partitions alone as well as the integra-
tion of partitions with a personal exhaust system. Under all the indoor
space was ventilated using 148 L/s of fresh air, resulting in an air change
rate of 3 h ~ 1. The variations during the tests were +10 L/s. The supply
air temperature was kept at 20 + 1 °C. In all studied cases, the average
room air temperature was set at 22 + 1 °C and relative humidity at 40 +
10%. The efficiency of the personal exhaust ventilation was investigated
at 9 L/s/person for all three ventilation systems tested. In case of MV,
there were two additional air flow rates of 4, and 12 L/s per person
tested. While using personal exhaust ventilation, the air extraction was
balanced by matching the ventilation rate of the main exhaust system
with the personal exhaust flow rate. Table 1 provides a comprehensive
overview of the various scenarios and their corresponding
configurations.

Measurements of N2O concentration were conducted continuously at
the three locations of the occupants in the closest proximity to the source
of infection. The sampling tube was placed approximately 1.1 m above
the floor at a distance of 0.02 m from the cylinder. The measuring points
are labelled as 1, 2, and 3 (Fig. 1). Each measurement lasted at least 1 h.
Concentration data were recorded continuously, but only data obtained
under steady state of N2O concentration were taken for the analysis.
Fig. 4 illustrates the monitored N2O concentration at all points during
each ventilation system. The initial step involved measuring N2O con-
centration without preventive measures until reaching the equilibrium
concentration value, which was the longest period. Subsequently,
physical barriers and personal exhaust were introduced, respectively,
until steady states were achieved. The recorded signals exhibited mod-
erate fluctuations and deviations in concentration levels due to noise
and brief instabilities caused by minor turbulence within the flow
(Kierat & Popiolek, 2017).

3. Results

Fig. 5 presents the average NyO concentration values at equilibrium
obtained at three points under various scenarios. Concentrations
differed between the conditions studied and between measured points.
In general, higher N>O concentrations were obtained in rooms without
any prevention mean, ie without partition and personal exhaust. An
exception was found in MV;, where the introduction of partitions alone
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Fig. 2. Test room arrangement. (a): Mixing ventilation, MV;. (b): Mixing
ventilation, MV5,. (c): Displacement ventilation, DV. Red circle is infected and
grey circles are susceptible occupants. 1, 2, and 3 indicate measurement points.

worsened the condition at points 2 and 3 compared to the condition
without physical barriers.

To comprehensively evaluate the impact of the ventilation system
and the applied prevention methods at each exposure individual loca-
tion, i.e. each measuring point was analysed separately. The analysis
was conducted using the equilibrium N3O concentration value at each
point related to the local maximum equilibrium value according to Eq.

1):

Ci

N; = (@]

Cmax,i

in which N; represents the normalized equilibrium concentration value
for point i, ¢; is the equilibrium N3O concentration (ppm) for point i, and
Cmax; 18 the maximum equilibrium N3O concentration value (ppm) in
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point i. The normalization method based on local maximum value was
chosen for its simplicity and effectiveness, providing a dimensionless
index for meaningful comparisons across scenarios. By expressing con-
centrations as fractions of the maximum observed at specific points, this
approach yielded a specific value for different prevention measures and
air distribution, which was comparable on the same scale for each point.
The higher N; index indicates the greater likelihood of cross-infection.
Since the normalization is based on the local maximum equilibrium
concentration, the analysis of the results is presented separately for each
measurement point. At each point, there were nine values representing
nine different conditions (comprising three air distribution systems for
each of the three prevention measures). An index with a maximum value
of 1 is obtained for each point representing the local maximum equi-
librium value.

3.1. Point 1

The individual, positioned in front of the pollution source, was
considered as the first measurement point. The ventilation system MV,
devoid of any additional prevention measures, exhibited the highest
normalized concentration value (N;=1) as shown in Fig. 6. Two other air
distribution systems also registered elevated values in the absence of
prevention measures. Adding only physical barriers (PE=0) yielded
varying outcomes, contingent upon the type of air distribution system
employed. Incorporating PB with MV; had minimal impact on reducing
the risk of infection transmission. Conversely, in the MVy and DV air
distribution systems, the normalized concentration of N»,O was notably
reduced to 0.53 and 0.44, respectively. Implementing physical barriers
in combination with personal exhaust ventilation (PE=9 L/s per person)
led to a significant reduction of normalized N>O concentration in all
three air distributions. Displacement ventilation demonstrated the best
performance in limiting likelihood of cross-infection by reducing
normalized concentration to 0.23.

3.2. Point 2

The second point of assessment focused on the vulnerable individual
beside the infection source, where the infected individual and an
exposed person were seated together at a shared desk. As indicated in
Fig. 7, the lowest normalized concentration among scenarios without
applied prevention measures was observed in displacement ventilation
condition. In the configuration involving designed physical barriers, a
divider was employed to separate the local environment for two occu-
pants at a common desk. The separator yielded favourable conditions for
air distributions MV, and DV, reducing the normalized concentration
compared to scenarios without any protective measures. However, in air
distribution MV, the partitions not only failed to reduce the normalized
concentration but increased this value significantly leading to increased
probability of being infected. Consequently, the highest normalized
concentration at Point 2 (N, =1) was observed when partitions were
utilized in air distribution MV;. Similar to Point 1, the implementation
of personal exhaust ventilation integrated with partitions resulted in a
reduction in N,O concentration in all three air distributions. The lowest
normalized concentration was observed in displacement ventilation
when partitions were employed in conjunction with personal exhaust
flow rate of 9 L/s per person (N»=0.07).

3.3. Point 3

The third assessment point concentrated on the individual situated
behind the source of infection. Investigation of location behind the
infection source was crucial because implementation of partitions could
change air flow distribution. In contrast to points 1 and 2, the lowest
normalized concentration among the air distributions without any pre-
ventions was observed in mixing ventilation system MVs, as shown in
Fig. 8. Within the implemented physical barrier setup (PE=0), notable
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Fig. 3. Real setup picture (right) and diagram (left) depicting a two-person desk with integrated partitions and a personal exhaust system.

Table 1
Overview of measurement scenarios.

Ventilation principle Physical barrier (PB) PE flow rate (L/s per person)

MV, X X

i 0,9
MV, X X

i 0,4,9,12
DV X X

i 0,9

reduction of normalized concentration was observed in DVand MV,
compared to scenarios without any protective measures. However,
similar to point 2, the physical barriers failed to decrease the normalized
concentration in air distribution MV;, but also led to increase N3 to 1,
due to airflow blockage and alteration. As a result, the highest
normalized concentration at Point 3 was observed when only partitions
were employed in MV;. The utilization of partitions combined with
personal exhaust ventilation (PE=9), reduced the concentration at Point
3 across all three air distributions. The lowest normalized concentration
occurred in air distribution MV, when partitions was combined with
personal exhaust ventilation (N3=0.22). However, contrary to expecta-
tions, the normalized N2O concentration was relatively high in condi-
tions where DV was employed. It is justifiable that in displacement
ventilation, exhaled air containing N»O is lifted by the convective flow
above the dummy and directed toward the room air exhaust at the back
of the room.

3.4. Personal exhaust flow rate

The assessment of the effect of airflow rate of personal exhaust on
mitigating the risk of transmission was conducted for MVy. In the pre-
vious section, where an air flow rate of 9 L/s per person was used for PE,
it was shown that personal exhaust ventilation has a significant effect on
reducing the risk of infection transmission. Comparing the efficiency of
different flow rates helps to improve the proposed system in terms of
reducing the risk of infection transmission. Fig. 9 illustrates the con-
centration of N»O at various points by manipulating the airflow rate of
the personal exhaust (PE) system. In the case of the lowest PE flow rate
(4 L/s), the highest concentrations were observed at point 1, which
represents the location in front of the infection source. Points 2 and 3
exhibited relatively similar concentrations across all airflow rates.
Increasing the PE flow rate from 4 to 9 L/s per person, resulted in a
relative decrease in NoO concentration at all three points. Subsequently,

when the flow rate was further increased from 9 to 12 L/s, NoO con-
centration experienced a steeper decline, reaching the range of 5 ppm at
all points. Considering the negligible impact on N3O concentration at
higher flow rates, higher flow rates were disregarded.

4. Discussion

Analyses were conducted with the aim of evaluating the effectiveness
of prevention strategies and compatibility of different air distributions in
reducing airborne infection risks. Due to the applied tracer gas method
the analysis focused on the transmission of small droplet nuclei. Three
measurement points close to the infection source were selected, as they
represent highly exposed individuals. N2O tracer gas has been widely
employed in previous research due to its advantages, which include low
background concentration, inertness, and non-toxicity at low concen-
tration levels(M. Bivolarova et al., 2017; Cermak & Melikov, 2007;
Kierat et al., 2018; Nielsen et al., 2011, 2012; Qian et al., 2006).
Moreover, it does not substantially change the characteristics of exhaled
air, as it has the same density as CO». Lipczynska, et al. employed N2O in
the inhaled air of the thermal manikin and used the measured concen-
tration values to calculate infection probability (Lipczynska et al.,
2022). The decrease in NoO concentration indicates a reduced risk of
transmitting infections, as the concentration values measured can be
linked to the probability of infection transmission (Shao & Li, 2020).

4.1. Without prevention

The study investigated one displacement and two mixing air distri-
bution systems. By including two different mixing ventilation designs,
the study aimed to assess how variations in the location and arrange-
ment of supply and exhaust components within the room might impact
contaminant distribution. When comparing different air distribution
systems without any preventive measures, significant variations in
infection risk were observed. Mixing ventilation systems exhibited the
higher infection risk, while displacement ventilation system demon-
strated the lowest. At Points 1 and 3, located in front of and behind the
pollution source, MV; exhibited the highest NoO concentration, reach-
ing 66 ppm and 45 ppm, respectively. MV, which directed airflow from
above individuals, led to the dispersion of tracer gas both in front of and
behind the infected person. The point positioned beside the source,
recorded the highest NoO concentration in MVy, reaching 58 ppm. MV,
supplying airflow from the sides of the infected person, resulted in
lateral dispersion of N2O. In contrast, DV, which introduced airflow
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from the back of occupants, maintained the lowest N>O concentration at
Points 1 and 2. This phenomenon can be attributed to a specific flow
pattern associated with displacement ventilation, where clean air from
the floor level is drawn into the convective flow around the heated
dummy. To further validate these findings, CFD simulation can offer
stronger confirmation of this hypothesis (Kosutova et al., 2018; Lin
et al., 2005; Serra & Semiao, 2009). Overall, displacement ventilation
maintained the lowest NoO concentrations across measurement points,
establishing it as the most effective air distribution system in reducing
contamination risk. In the comparison of the two mixing ventilation
systems, MV, consistently exhibited higher concentrations than MVj,
indicating that MV; was the least effective among the three air distri-
bution systems. Supporting our results, Yonggao et al. found that when
the exhaust of the displacement ventilation system is positioned at the
ceiling, it outperforms mixing ventilation in reducing airborne infection
risk (Yin et al., 2009).

4.2. Physical barrier (PE=0)

There is no doubt that a physical barrier proves effective in
obstructing an individual’s exhalation, thus serving as a valuable mea-
sure for significantly reducing the likelihood of cross-infection among
individuals seated closely together. Additionally, the utilization of par-
titions offers increased surfaces for virus-laden droplets to adhere to.
Wang et al. (Wang et al., 2021) identified that expiratory droplets could
settle on the partition surfaces. Nevertheless, the findings of our current
investigation also indicate that partitions lead to the accumulation of
exhaled air within the compartment partially enclosed by the partition
and the desk, a phenomenon supported by a computational analysis
conducted by Liu et al. (Z. Liu et al., 2021). While partitions effectively
mitigate short-range exposure, they do not reduce the dispersion of
exhaled air into the room, thereby maintaining the risk of long-distance
airborne transmission resulting from increased room concentration. In
MV}, point 2, where an infected individual and an exposed person were
seated together, partitions as a preventive measure proved to be inef-
fective. Interestingly, adding partitions not only failed to reduce the N2O
concentration but also led to a doubling in NoO concentration due to
airflow blockage. As in previous studies where the side-by-side direction
was identified as critical (W. Liu et al., 2021), presented results under-
score the high potential of infection transmission of side-by-side occu-
pants when using physical barriers strategy. Also at Point 3, located
behind the infection source, presented similar challenges due to the
potential airflow alterations caused by partitions. Physical barriers
applied in the room with the mixing (MV;) air distribution system
caused an 8 % increase in N,O concentration at Point 3, and 7 %
reduction at Point 1, indicating limited effectiveness. This highlights the
importance of considering airflow dynamics and the specific charac-
teristics of the air distribution system when implementing partitions.
However, the other two systems exhibited strong compatibility with the
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implemented partitions. In MV, the use of partitions resulted in a
reduction of the N2O concentration at points 1, 2, and 3 by 30 %, 63 %,
and 37 %, respectively. Similarly, in the DV system, adding partitions
reduced the N,O concentration at all points. N3O concentration reduc-
tion at points 1, 2, and 3 when using only partitions was 33 %, 43 %, and
25 %, respectively. The effectiveness of partitions depends on the spe-
cific characteristics of the air distribution system. Overall, as highlighted
by Ren et al., the implementation of physical barriers can diminish the
likelihood of infection risk, contingent upon a comprehensive under-
standing of the ventilation system’s impact on airflow and pollutant
concentration (Ren et al., 2021).

4.3. Integrated physical barriers and personal exhaust

Due to the accumulation of exhaled air within the compartment

partially enclosed by the partition and the desk, there is a need for
suction devices to reduce the dispersion of exhaled air, in addition to
providing protection. The PE suction effect helps in reducing spread of
contaminants and cross-contamination risks, as endorsed by Karam,
Jennifer, et al., who used two outlets above the manikin’s shoulders
(Karam et al., 2022). Another localized exhaust design proposed by
Bivolarova et al. (M. P. Bivolarova et al., 2023) was a wearable exhaust
placed even closer to the contaminant source - mouth. Applying such
designs in practice in many cases, such as schools, may be problematic.
In this study a personal exhaust is integrated with physical barrier. It has
an outlet slot located at the desk level, which does not restrict the oc-
cupants’ movements and does not limit the view. Results for mixing
ventilation MV; indicate that the integration of personal exhaust
ventilation is crucial for enhancing the effectiveness of physical barriers
in reducing airborne infection risks. While adding partitions, NyO
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concentration at point 2 increased more than twice (from 49 to 106
ppm), the integration of personal exhaust ventilation substantially
reduced it by factor 2.5. NoO concentration reduction trend was
observed in all points while operating MV, and DV. Remarkably, N2O
concentration values were at the same level across all measured points
for the three distinct air distribution systems. The introduction of par-
titions, while disrupting air mixing by creating barriers, led to localized
increase in tracer gas concentration at specific points. However, when
the personal exhaust system was operating, its concentrations at all nine
measured points were significantly lower compared to the previous
cases and showed minimal variation within the space. Consequently, the
proposed design demonstrated acceptable compatibility with all three
air distribution systems.

To conduct a comprehensive assessment of the proposed system’s
efficiency, it is imperative to examine the importance of the PE airflow
rate. As expected, when the PE flow rate was set at 4 L/s, the normalized
concentration exhibited the highest value at each measurement point,
indicating the highest infection risk. Increase in PE flow rate to 9 L/s
resulted in a noticeable concentration decrease. Specifically, at points 1,
2, and 3, the normalized concentration decreased by 23 %, 35 %, and 30
% respectively. With further exhaust flow rate increase to 12 L/s, the
normalized concentration experienced even steeper decline. It decreases
by 65 %, 71 %, and 52 % at points 1, 2, and 3, respectively.

The measurement results confirmed that a higher PE airflow rate
unquestionably increases occupant protection. An increased air flow
may suggest higher energy consumption for its transport. In this case,
however, increased airflow of PE was connected with the appropriate
decrease of overall exhaust ventilation airflow rate, thus the total flow of
air exhausted from the test chamber remained the same. In the proposed
approach the PE substitutes the conventional method of exhausting air
through the main ventilation system. It facilitates the precise and more
efficient removal of pollutants at their source. Nevertheless, it’s imper-
ative to emphasize that personal ventilation systems, owing to their
complex feature, generally may comprise higher costs compared to the
total volume ventilation system.

4.4. Limitations and future studies

e The use of tracer gas in the study accurately represents smaller
aerosols (M. Bivolarova et al., 2017) influenced by air distribution,
but it does not capture the behaviour of larger droplets that have
different aerodynamic properties and can settle (Ai et al., 2020).
Therefore, it is recommended to employ various methods such as
aerosol or particle generation, to gain a comprehensive under-
standing of the entire aerosol spectrum.
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e The measurements were conducted under steady-state conditions,
which only partially reflect the complexities observed in practical
scenarios where people move and have different head orientations. It
is suggested to conduct further research to incorporate dynamic
factors in order to more accurately simulate conditions individuals
encounter in practice.
The dosing of tracer gas with exhaled air was simplified to constant
exhalation for the sake of the experiment’s convenience. Computa-
tional fluid dynamics (CFD) analyses have indicated that a simplified
constant exhalation model can effectively be utilized for spatial an-
alyses (Bulinska & Bulinski, 2017). Nevertheless, it is important to
consider more advanced dosing models, encompassing parameters
such as coughing, sneezing, etc., in future studies (Nishihara et al.,
2023).
The study chose the normalized concentration index as a measure to
assess the exposure risk for an individual. This index is useful for
making quick and straightforward predictions regarding pathogen
exposure but does not account for the specific infectivity of a
particular disease agent. Although various infection risk assessment
models are commonly used to project infection risk over time, they
consider factors such as pathogen infectivity, viability, and concen-
tration in respiratory fluids. However, these models were not taken
into consideration in this study due to the absence of a pandemic
scenario.

e Future research should focus on a more completed experimental
setup and optimizing various parameters such as the dimension of
partitions and the personal exhaust outlet to maximize their effec-
tiveness in mitigating airborne infection risks across different air
distribution systems.

5. Conclusion

This study investigated effective strategies for mitigating airborne
transmission risks in densely populated spaces between occupants
staying in close proximity. Three locations of susceptible occupants in
relation to the infected person were considered: in front, side and back.
Various ventilation systems, including two mixing ventilation (MV; and
MV,) and one displacement ventilation (DV) were examined to assess
their compatibility with infection prevention strategies. Preventive
measures including a new proposed combination of the physical barrier
with personal exhaust ventilation were examined. Analysing the mea-
surement results, the following findings have been obtained:

e In the absence of any additional prevention methods, the displace-
ment ventilation system demonstrated superior performance
compared to the two examined mixing ventilation systems in terms
of reducing the risk of infection for occupants seated in close prox-
imity to an infected individual.

e The application of a physical barrier alone, without the use of per-
sonal exhaust, in rooms with different ventilation systems had
varying effects depending on the occupant’s location and the specific
ventilation system. Conditions improved for all locations in the case
of systems MV and DV. However, for MV, the conditions deterio-
rated, especially for occupants seated beside the infected person.

Integration of physical barriers and personal exhaust ventilation

demonstrated a more substantial reduction of infection risk in all

three air distributions. Within MV, the infection risk was signifi-
cantly reduced, aligning it with MV, and DV, which consistently
showed lower risks.

Comparing the performance of different air distribution systems,

MV, and DV demonstrated better performance compared to MV; in

the probability of infection transmission.

Increasing the flow rate of personal exhaust ventilation further re-

duces the risk of infection transmission at all points and improves the

proposed strategy’s efficiency.
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e Overall, the result of this study suggests the combination of physical
barriers and personal exhaust ventilation as a promising effective
way to reduce airborne infection risks and highlights the importance
of considering the specific air distribution system when implement-
ing preventive measures.
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This study investigates the performance of integrated personal exhaust ventilation and physical barriers in
mitigating airborne transmission, addressing the critical need for effective infection control in indoor environ-
ments. Using computational fluid dynamics, we modeled aerosol dispersion in a test room and validated these
results with experimental data. Experimental validation strengthened the computational findings by providing
empirical evidence for system efficacy under varying airflow conditions. We examined various prevention levels,
including no prevention measures, only physical barriers, and physical barriers integrated with personal exhaust
ventilation. The designed system with a barrier height of 65 cm and a personal exhaust flow rate of 9 L/s per
person demonstrated strong efficacy in mitigating airborne transmission. Further numerical analysis was con-
ducted to evaluate the impact of critical parameters, including barrier height and exhaust flow rate, on the
aerosol removal efficiency of the integrated system. Results indicate that reducing the barrier height to 45 cm
and the exhaust flow rate to 6 L/s per person retains 95% of aerosol removal efficiency, offering the most cost-
effective and sustainable design without compromising system’s performance in limiting airborne transmission.
These findings suggest that moderate adjustments can enhance system sustainability by enabling significant
material and energy savings.

ANSYS-Fluent software to simulate the spread of COVID-19 via sneezing
and coughing in a commercial aircraft cabin with a high density of
passengers. They found that sneezed droplets could travel farther and
affect more seated passengers than droplets from coughing. The speed of

1. Introduction

The recent global health crisis (COVID-19) has highlighted the need
for effective methods to reduce indoor airborne infection risks [1,2]. The
World Health Organization (WHO) has established directives and rec-
ommendations to minimize virus spread in public settings [3]. Under-
standing the transmission routes of these diseases and their
characteristics allows for identifying effective prevention and control
measures [4-6]. Infected individuals exhale viral particles into the air,
posing risks of both short-range and long-range airborne transmission
[7-9]. Given the challenges of conducting experiments, Computational
Fluid Dynamics (CFD) techniques are widely employed as reliable tools
for studying the airborne transmission of pathogens in indoor environ-
ments [10-14]. In the past years, numerous studies have examined the
flow dynamics of airborne infections. Kotb and Khalil [15] utilized
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movement correlated with increased droplet dispersion. Ren et al. [16]
performed numerical simulations on three ventilation strategies in a
prefabricated COVID-19 inpatient ward. They discovered that small
particles traveled long distances along main airflow streams, with
ventilation effectively removing many droplets through exhaust outlets.
Larger particles tended to settle on solid surfaces due to gravitational
sedimentation in each ventilation strategy across ward regions. Yan
et al. [17] used a 3D thermal manikin and a multi-component Euler-
ian-Lagrangian approach to study the thermal effects of the human body
on the dispersion and evaporation of cough droplets. Their findings
indicate that human body heat significantly influences droplet mass
fraction, and air velocity distributions, and increases the inhalability
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Nomenclature

Fp Brownian force

Fp Drag force

g Gravitational acceleration

F, Additional factors, such as the Thermophoretic force
Dim Mass diffusion coefficient

Dr; Thermal diffusion coefficient

Sct Turbulent Schmidt number

Y; Local mass fraction

Uy free-stream air velocity (m/s)

d. The characteristic dimension of the obstacle (m).
d Diameter (m)

Abbreviation

CFD Computational Fluid Dynamics

WHO World Health Organization

Covid-19 Corona Virus Disease 2019

LCE Localized-Chair Exhaust

DPV Downward Piston Ventilation

PE Personal Exhaust

PB Physical Barrier
FCM Fast Concentration Meters
NDIR Non-Dispersive Infrared

DRW Discrete Random Walk

RNG Re-Normalization Group

EPT Eulerian Particle Tracking

LPT Lagrangian Particle Tracking

STK Stokes number

Greek letters

Py Particle density (kg/m>)

Hg Molecular dynamic viscosity (kg/m/s)

P Fluid density

v Velocity (m3/s)

¢ Solving variables (i.e., velocity, temperature, and
concentration)

Sy Term contributing to sources

Ue Turbulent viscosity (kg/m/s)

Ty Effective diffusion coefficient

and infection risks of cough droplets in indoor spaces. Zhang et al. [18]
used a Lagrangian model to study the impact of different ventilation
systems on the spread of coughed droplets in a conference room. They
found that bottom-supply upper-return systems, like Displacement
Ventilation, effectively control respiratory disease spread and provide a
healthier indoor environment. Yang et al. [19] conducted CFD simula-
tions to examine droplet dispersion carrying viruses or bacteria in a bus.
Their research highlighted changes in droplet distribution due to grav-
ity, ventilation, thermal body plumes, and surface deposition mecha-
nisms. Abuhegazy et al. [20] used computational fluid-particle
dynamics simulations to study aerosol transport in a classroom,
finding that particle size, source location, and mitigation measures like
glass barriers and open windows significantly impact aerosol trajectories
and deposition. Their results suggest that opening windows can increase
particle exit by about 38% and reduce aerosol deposition on people in
the room.

Previous research studies, along with the identified concerns and
uncertainties regarding infection risks, indicate a necessity for further
investigation into virus transmission within indoor environments and
the development of strategies to mitigate such transmission. The
deployment of physical barriers has emerged as a widely adopted pre-
ventive measure, especially in spaces where individuals are in proximity
[8,21-25]. These barriers are commonly used to separate workstations,
service counters, and communal areas, helping to reduce the risk of
direct transmission of airborne particles. However, the effectiveness of
these barriers can be influenced by factors such as barrier height and
room air distribution [26]. In parallel, personalized exhaust ventilation
systems present a targeted approach to mitigating infection transmission
[27]. The exhaust vents near the breathing zone of individuals are
designed to capture exhaled air directly from the source and signifi-
cantly decrease the concentration of airborne pathogens in crowded
spaces [28,29]. Personal exhaust (PE) ventilation systems, when inte-
grated into educational settings, have showcased efficiency in infection
risk reduction while achieving energy savings [30-32]. Numerous
studies have used CFD simulations to investigate the physical barriers
and personal exhaust ventilation systems, evaluating how various pa-
rameters influence their effectiveness in reducing the spread of airborne
contaminants. Cheong et al. [33] conducted CFD simulations to inves-
tigate the impact of architectural features, such as increased ventilation
rates, diffuser positions, and partitions between beds on airborne path-
ogen dispersion. They showed that increasing the ventilation flow rate is

the most effective strategy for reducing pathogen concentration. Mirzaie
et al. [23] used CFD to investigate the dispersion of cough droplets
containing coronaviruses in a classroom, assessing the impact of venti-
lation speeds and transparent barriers on droplet concentration. Their
results indicated that seat partitions can reduce infection risk, and
higher ventilation speeds decrease droplet trapping time by barriers
while increasing droplet velocities. Karam et al. [30] proposed inte-
grating a localized-chair exhaust (LCE) device with downward piston
ventilation (DPV) to create a safe educational environment while
reducing energy consumption. Their CFD model, validated experimen-
tally, demonstrated that this combination, with DPV at 60 1/s per person
and LCE at 20 1/s, could maintain high protection levels and thermal
comfort with 51% energy savings compared to standalone DPV. The
combination of Physical barrier with PE systems, as proposed by Nateghi
and Kaczmarczyk [34], has demonstrated promising results in mini-
mizing the intake of contaminated air. They conducted various air dis-
tribution systems and demonstrated that the effectiveness of these
measures depends on the air distribution type. However, there is still a
need to explore how combining physical barriers with personalized
exhaust ventilation can control the spread of airborne contaminants in
indoor environments. The optimal configuration of these systems,
including their aerosol capture efficiency, material usage, visibility,
energy consumption, and impact on sustainability and carbon emissions,
has not been fully studied due to practical limitations.

This research bridges theoretical concepts with practical applications
by combining experimental studies and simulations to offer valuable
insights into airborne transmission and infection control. We use CFD
simulations to explore the dynamics of airflow and the dispersion of
airborne particles in indoor settings. Our experimental studies comple-
ment these simulations by measuring air velocity, temperature, and
concentrations of airborne particles in a controlled environment. Our
main objective is to evaluate how integrated physical barriers and per-
sonal exhaust ventilation systems can effectively reduce the risk of
airborne transmission by removing airborne particles from indoor
spaces. By combining simulation technology with rigorous experimental
validation, we provide a detailed analysis of how airflow patterns,
physical barriers, and the dispersion of airborne particles interact.
Moreover, we focus on CFD modeling, supported by experimental data,
to refine and optimize the use of integrated physical barriers and per-
sonal exhaust ventilation. Simulations investigate key system parame-
ters, such as barrier height and exhaust flow rate, to determine their
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impact on the efficiency of aerosol removal. We aim to find the optimal
configuration that maintains aerosol removal efficiency with practical
considerations like sustainability, visibility, and energy use. This study
employs ANSYS-Fluent software to model the dispersion of aerosols
exhaled by an infected person seated in a room with five nearby in-
dividuals. The k-e model is employed to simulate turbulent airflow,
solving both the airflow and particle governing equations. The com-
bined use of experimental measurements and simulations provides
robust evidence for the efficacy of the proposed integrated system in
mitigating airborne transmission risks in indoor environments.

2. Physical model

The selection of the physical model was based on experimental
testing conducted in a 9 x 6 x 3.3 m test chamber. Three desks were
arranged in a row with a 0.55 m gap between them, positioned centrally
in the chamber, as shown in Fig. 1a. The setup included one pollutant
source representing an infected person and five measurement points
(P1-P5), demonstrating susceptible individuals to capture airborne
particles in the vicinity of the breathing zone. Six heated dummies (60 W
each), designed to approximate typical high school students engaged in
seated activities, were used to simulate occupants. Each dummy was
constructed as a cylindrical steel tube, with dimensions of 1.10 m in
height and 0.40 m in diameter, resulting in a total surface area of 1.63
m?. Although cylindrical geometry does not capture all anatomical de-
tails of a human body, it was chosen based on its ability to generate
accurate enthalpy flux and buoyancy flux, as supported by Zukowska
et al. [35]. This approach ensured consistent thermal plume
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development, which is critical for studying airflow patterns and aerosol
dispersion. The test room utilized a mixing air distribution system with
four ceiling air diffusers on both sides of the room. These diffusers
directed air downward in a swirling motion, while exhaust air was
extracted near floor level through grilles. The ventilation system sup-
plied 148 L/s of outdoor air, resulting in an air change rate (ACH) of 3
h!, with minor fluctuations of +1.3 L/s. The supply air temperature was
maintained at 20.5 + 0.4 °C, with an average room temperature at 21.5
+ 0.6 °C and relative humidity at 38 + 8%.

Integrated personal exhaust (PE) ventilation and physical barriers
(PB), depicted in Fig. 2, were carefully designed and constructed [36].
These transparent partitions were made to fit on desks. These partitions
consisted of a front panel measuring 65 x 138 cm, along with three side
panels positioned at the edges of the desk and between occupants. Each
partition included a plenum box attached to the front, featuring a nar-
row 1 cm high slot running across the table’s width. This slot functions
as an air outlet for personal exhaust ventilation, facilitating air capturing
directly from the source infection. Each box is connected to an exhaust
duct equipped with an airflow meter and adjustable fan to control the
airflow rate. Personal exhaust ventilation was configured to operate at
an airflow rate of 9 L/s per person. This rate was carefully balanced with
the main exhaust system’s ventilation. The main exhaust flow rate was
reduced to ensure that the air supply matched the total air removed by
both the personal exhaust and the main exhaust systems.

(a)
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Fig. 1. Test room arrangement. (a) Top-view illustration of the experiment setup (b) The room air supply ventilation system.
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Fig. 2. (a) Experimental setup and (b) 3D geometry model of integrated PE & PB.

3. Methods
3.1. Aerosol generation and measurement

Previous research studies commonly employed the Collison nebu-
lizer for generating aerosols in virus assays [37]. In this study, the 3-jet
Collison nebulizer and a sodium chloride (NaCl) solution were utilized
to aerosolize human exhaled droplets. According to Nicas et al. [38],
respiratory droplets can be simplified as NaCl solution droplets. The
solution used in this investigation consisted of 1 gram of NaCl dissolved
in a 250 cm?® solvent mixture comprising 50% distilled water and 50%
isopropyl alcohol by volume. Nebulization was conducted at a pressure
of 20 pounds per square inch (psi), resulting in 6 L/min flow rate and
aerosol droplets with an average diameter of 0.7 micrometers (Geo-
metric Mean) and a geometric standard deviation ranging from 1.22 to
1.35, consistent with the size distribution of human exhaled droplets
[39]. The flow rate of nebulization closely matches the airflow of seated
individual’s exhalation, where the tidal volume is around 500-600 ml

per breath with 10-15 breaths per minute [40]. The aerosolized drop-
lets, mixed with clean air, were released from the nebulizer inlet posi-
tioned at the mouth level of simulated subjects. Five specific
measurement locations (Fig. 1) were chosen at the mouths of the
simulated subjects. An aerodynamic particle sizer (PCE-MPC 30 Particle
Counter) capable of measuring particles ranging from 0.3 to 10 micro-
meters in diameter was utilized to determine particle count and aero-
dynamic diameters, with readings recorded at 1-minute intervals. The
particle sizer operated at a flow rate of 2.83 L/min.

3.2. Airflow simulation

The fundamental equations for mass, momentum, and energy con-
servation in incompressible steady airflow are expressed as follows:

) 047)

The RNG k-¢ model, known for its robustness in simulating turbu-
lence, has been widely applied in modeling airflow within enclosed

= V (F¢V¢) + S(/, (1)
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spaces and has demonstrated its suitability in various studies [41]. To
enhance the precision of the numerical solution, a second-order upwind
discretization scheme was employed for all relevant parameters. Addi-
tionally, a coupled algorithm was used to effectively couple pressure and
velocity in the steady-state computations, ensuring accurate and stable
results.

3.3. Particle movement

Eulerian Particle Tracking (EPT) and Lagrangian Particle Tracking
(LPT) are widely used techniques for modeling indoor particle dy-
namics. EPT models the concentration of particles in a fixed grid, while
LPT tracks individual particle trajectories [42]. Recent research suggests
that the LPT method may offer greater accuracy than the EPT approach
in predicting the distribution and concentration of pollutants, as indi-
cated in studies [43,44]. However, the LPT method often requires sub-
stantial memory and computational time to yield statistically significant
results. Despite these demands, the Lagrangian method is preferred
when detailed particle motion needs to be depicted, as it determines the
path of individual particles by integrating force balances on each one.
This approach allows for a more precise representation of particle
behavior in complex indoor environments. In Fluent, particle motion
was simulated using the Discrete Phase Model (DPM) to perform LPT
with an automatic time step.

v _

3 =Fp(u—u,) +g(p——p)

p

+FB+Fe (2)

where terms without subscripts refer to the air. The expressions ddit" and

Fp(u—up) represent the inertial and drag forces per unit mass of the
particle, respectively. Other effects like Basset history, pressure
gradient, and virtual mass are considered insignificant compared to the
drag force [45]. The Discrete Random Walk (DRW) model is used to
simulate the random velocity fluctuations in the fluid phase, assuming
these fluctuations follow a Gaussian distribution. Due to high compu-
tational demand, particles are injected only after the airflow field is
completely resolved, rather than continuously [46]. The effect of these
discrete phase trajectories on the continuous phase is ignored. Typically,
the interaction between particles and the airflow field in indoor envi-
ronments is considered a one-way coupling [44,47,48]. Each particle’s
motion equation was computed until one of the following conditions
was met: the particle exited the domain by reaching an escape zone, was
deposited in a trap zone, or reached the maximum number of time steps.
This study considers Brownian diffusivity to accurately capture the
behavior of smaller particles [44]. Generally, particle dispersion is
affected by the Stokes number (Stk), the ratio of a particle’s aero-
dynamic response time to the characteristic time. Particles with Stk <
0.1 will follow the airflow streamlines closely [47,49]. The Stokes
number is defined as follows:

ppdp U,
18u,d.

STK = @)

By applying the maximum particle diameter of 20 ym and the
simulation velocity values we calculated the highest possible Stokes
number to be 103, Smaller particles would result in an even lower Stk.
A Stokes number of this magnitude implies that the particles are highly
responsive to the surrounding fluid’s movement. Consequently, varia-
tions in particle size within the range of 5 to 20 ym have a minimal
impact on their trajectories, with only slight differences due to minor
variations in drag and gravitational forces. As a result, these small sub-
micron droplets and their residual nuclei remain completely suspended
in the air, closely following the flow. Since the Stokes number is
significantly less than 1.0, the particles exhibit negligible inertia relative
to the fluid, ensuring their motion is dominated by the fluid dynamics.
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3.4. Air sampling

In experiments, atmospheric monitoring is conducted using the
active air sampling method, which provides data on the concentration of
viable air particles. To replicate the active sampling method, sensors
were placed near the mouths of dummies to collect airborne particles. In
numerical simulation, the active air sampling approach was simulated to
examine particle distribution and deposition. Fig. 3 depicts the mouth
design that was simulated for this study. It features an 8 mm diameter
opening that matches the air inlet nozzle of the sensors. This guarantees
that the same measurement location and sampling rate are used in both
the experimental and numerical approaches. Particles were considered
to have escaped the domain upon reaching the main air exhaust or
personal exhaust, and their trajectories were deemed trapped if they hit
arigid surface without considering rebounding [42,50]. The flow rate of
sensors for collecting particles was set to match the experiment’s active
sampling rates. This allows the simulation to mimic active air sampling
conditions accurately.

4. Grid independence tests

The computational grid in this study contains approximately 5.6
million cells, as shown in Fig. 4. This grid was generated with ANSYS
Fluent’s meshing 2022R1 software and employs a poly-hexcore cell
type. Five smooth transition boundary layers with a transition ratio of
0.272 and a growth rate 1.2 were applied around the walls to improve
solution accuracy in regions with significant gradients. Inflation layers
are applied near walls to increase boundary layer resolution and ensure
that Y-plus values satisfy the wall function requirements for turbulence
simulation. Increase mesh resolution using mesh refinement imple-
mented in critical areas such as dummies’ mouths, personalized exhaust
vents, and ventilation openings to improve the accuracy of airflow and
thermal prediction in regions with complex flow features. To ensure that
the computational results are independent of the grid resolution, a grid
dependency analysis was conducted using three distinct mesh densities.
The simulations were performed with grid counts of approximately 2.4
million, 5.6 million, and 10.8 million cells. Throughout these simula-
tions, the supply air conditions, and ventilation mode were maintained
constant, consistent with the experimental setup. The results of the grid
independence analysis, as illustrated in Fig. 5, show the impact of

Fig. 3. Simulated Mouth Design for Air Sampling.
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Fig. 4. Computational Mesh Employed in CFD Simulations for the Model.
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Fig. 5. Grid independence analysis for the grid numbers 2,4, 5,6, and 10,8 million (a) Air velocity (b) Temperature at the center point of the room.

different mesh densities on air velocity and temperature at a central
point in the room. The simulations using 5.6 million and 10.8 million
grids demonstrated a high degree of consistency, with deviations of less
than 7%. Based on these findings, the grid with 5.6 million cells was
selected for the final simulations, as it provided a satisfactory balance
between computational efficiency and accuracy. This mesh density was
deemed sufficient to accurately model pollutant dispersion, thermal
behavior, and air movement in the studied environment.

5. Result and discussion

Following the confirmation of grid independence, three distinct
simulation scenarios were designed to evaluate particle concentration
distributions under various airborne transmission mitigation measures.
The reference scenario, which involved no mitigation measures, served

as a baseline for comparing the effects of physical barriers and personal
exhaust systems on the transmission of airborne infections. The effec-
tiveness of these interventions was assessed by analyzing air distribution
patterns, both with partitions alone and in combination with a personal
exhaust system. The validation of the numerical results was carried out
by comparing air velocity, temperature, and particle concentrations at
different points in the room with experimental data. Finally, the study
examined how key system parameters, specifically the height of physical
barriers and the flow rate of personal exhaust, affect aerosol removal
efficiency.

5.1. Air flow distribution and temperature

To ensure the accuracy of the numerical simulation, it is essential to
verify the models against experimental data. To verify the outcomes of
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computational simulations, practical measurements were carried out
within the experimental enclosure. As depicted in Fig. 6, we set up three
measurement lines labeled A, B, and C to collect air velocity and tem-
perature data at different heights: 0.1 m, 0.6 m, 1.1 m, and 1.7 m above
the floor. The measurement lines are positioned symmetrically in the
center of the XZ plane, with the width of the room being 6 m, and the
lines placed 3 m from both side walls. Along these lines, physical barriers
and personal exhaust systems were strategically placed to assess their
impact on airflow and thermal conditions.

Figs. 7-9 juxtapose the experimental airflow and temperature data,
recorded by highly accurate AirDistSys 5000 anemometers (+0.02 m/s,
+2% of readings, < +0.1%/K), with the outcomes derived from
computational simulations at three specific locations along the cham-
ber’s central plane. Measurements were conducted over a 5-minute
duration, with data collected at 1-minute intervals. Error bars repre-
senting the standard deviation were included for air velocity to show
measurement variability. For temperature, deviations were minimal and
ignorable. Fig. 7 illustrates the air velocity and temperature profiles for
the case without prevention measures. The figure shows relatively
consistent profiles, indicating that natural convection and standard
ventilation were adequate for maintaining a stable indoor environment
under these conditions. The results demonstrate that in the absence of
physical barriers (Without PB &PE), the existing ventilation system was
effective in sustaining steady air movement and uniform temperature
distribution.

Fig. 8 illustrates the effects of introducing physical barriers without
personal exhaust systems (With PB) on airflow patterns and tempera-
ture. The presence of physical barriers significantly altered the airflow
patterns within space. Physical barriers created localized regions where
air velocity was notably reduced. This modification in airflow could
restrict the movement and spread of airborne particles.

Fig. 9 depicts the effects of integrating physical barriers with per-
sonal exhaust systems (Integrated PE & PB) on airflow patterns and
temperature distribution. Compared to the scenario with only physical
barriers (With PB), the results demonstrate a more uniform temperature
distribution throughout the room and a more controlled airflow profile.

The numerical simulations closely align with the experimental re-
sults, showing an average deviation of 16% for air velocity and 5% for
indoor temperature, which is acceptable from an engineering perspec-
tive. While a slight variance was observed in temperature values on one
side of the chamber between the CFD predictions and the experimental
data, the computational model accurately predicted the overall airflow
patterns. This minor discrepancy could be attributed to nonuniformity
and insufficient detail regarding the boundary conditions of the walls,
potentially impacting temperature predictions. Fig. 10 presents velocity
magnitude contours at the YZ-plane through the centerline of dummies
in the presence of physical barriers. The velocity distribution shows a
distinct pattern influenced by the air distribution system, physical bar-
riers, and heated dummies. On the top of the dummies, a pronounced
thermal plume is observed. This thermal plume is characterized by a
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vertical column of increased velocity extending upwards, a result of the
heat emitted by the dummy that causes the surrounding air to rise due to
buoyancy effects. The air distribution system, with supply air descend-
ing from the ceiling diffusers and spreading out across the room, con-
tributes to an even distribution of air velocities, effectively maintaining
a gentle airflow around the occupants and minimizing drafts. However,
the presence of physical barriers also influences the airflow patterns,
causing deviations and creating recirculation areas. The middle dummy,
which acts as an infection source, generates particles along with the
airflow. The resultant distribution of these particles within the airflow
pattern provides insights into how airborne contaminants might spread
in a controlled environment. The interaction between the thermal
plumes generated by the heated dummies and the downward airflow
from the ceiling diffusers plays a significant role in the dispersion and
dilution of these particles.

Fig. 11 presents temperature contours at the YZ-plane through the
centerline of dummies in the presence of physical barriers. The highest
temperatures, reaching up to 27 °C, are observed directly above the
heated dummies. This temperature distribution results from the heat
generated by the dummies, which causes the surrounding air to rise,
creating a thermal plume that extends upwards. As this heated air rises,
it gradually mixes with the cooler air in the room, leading to a decrease
in temperature as it disperses toward the ceiling. The air distribution
system, with supply air descending from the ceiling diffusers, aids in
mixing the air and helps maintain a more uniform temperature distri-
bution throughout the room. This setup ensures that the thermal comfort
of the occupants is maintained, with minimal temperature gradients that
could cause discomfort.

5.2. Particle concentration and distribution

Aerosol measurements were conducted at five locations near the
infection source to evaluate individuals’ exposure risk. The average
particle concentration at each location was determined under steady-
state conditions over 45 min. Fig. 12 illustrates the normalized parti-
cle concentration levels at equilibrium across five locations under
various prevention measures. The concentration values varied both
between the different scenarios and among the measurement points. To
facilitate the comparison between experimental observations and
simulation outcomes, we normalized the concentration data using a
single reference value, defined mathematically as:

Ci
Cref

Cn =

where C; is the concentration at a specific location under a given sce-
nario, and C, represents the reference concentration, calculated as the
average concentration across all scenarios and locations. This normali-
zation allows us to compare deviations in particle concentration relative
to a reference baseline. The experimental results display standard de-
viation bars, indicating variability in the measurements. In the scenario
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Fig. 7. Comparison of CFD simulations and experimental data for air velocity and temperature—Without PB & PE .

Without PB & PE, the normalized concentration values at all five loca-
tions are consistently above 1. This indicates that the particle concen-
trations at each point in the absence of PB and PE, were higher than the
average concentration of all values. The elevated Cy values, particularly
at point P3 near the infection source, highlight the significant risk of
exposure in the absence of PB and PE. The CFD simulations generally
follow this trend but tend to overestimate concentrations at points P4
and P5. The discrepancy between numerical and experimental results
may stem from limitations in available data on boundary conditions,
such as the lack of wall temperature measurements. Additionally, minor
experimental variations such as measurement sensor uncertainty and
fluctuations in ventilation rate could further contribute to these differ-
ences. In the second scenario, where only physical barriers (With PB)
were employed, the Cy was around 0.5 across all points. The concen-
tration reduction by approximately 50% indicates that the barriers
effectively minimized particle spread, lowering exposure risk compared
to the scenario without prevention measures. The CFD simulations for
this scenario closely align with the experimental results. In the third
scenario, which integrates both personal exhaust ventilation and phys-
ical barriers (Integrated PE & PB), Cy are close to 0 across all points
except P3. This near-zero concentration indicates that the combined
measures effectively removed airborne particles at the measurement
locations. The experimental results demonstrate minimal standard de-
viations at all measurement points, indicating consistent and reliable
performance across all experiments. The CFD simulations corroborate
these findings, showing low normalized concentration values. While
slightly underestimating concentrations in the last scenario, the CFD
model generally aligns well with the experimental results.

The distribution of particles in the room was analyzed by studying
how particles emitted by an infected person were dispersed, expelled
through personal exhaust systems or the main outlet, and trapped on
surfaces. Although the airflow remained steady, the particle distribution
varied over time. The study utilized a single-diameter particle for
simulation. Fig. 13 illustrates the distribution of aerosol particles in a
ventilated room under different scenarios and different times after in-
jection. Three scenarios were analyzed: without preventive measures,
with only physical barriers (With PB), and with integrated personal
exhaust and physical barriers (Integrated PE & PB). The results pre-
sented in the figure clearly demonstrate that preventive measures
significantly influence particle dispersion and transport. The scenario
without any preventive measures demonstrates a significant and un-
controlled dispersion of particles. Particles begin to disperse upward and
outward from the infection source, indicating the rapid spread of aero-
sols in the absence of physical barriers. At t = 10 s, the upward disper-
sion becomes more pronounced, with particles rising toward the upper
part of the room. As time progresses, the spread of particles intensifies.
At t = 20 s, the particles are widely dispersed and reach near the ceiling
level. This trend continues with a wide distribution of particles
throughout the room at t = 50 s and 100s. The high concentration near
the ceiling and around the source highlights the significant risk of
airborne transmission. This makes it clear that preventive measures are
essential to control aerosol dispersion in indoor environments. However,
the presence of physical barriers significantly alters the dispersion pat-
terns. In the presence of physical barriers (With PB), particles initially
settle near the source, with barriers providing airborne transmission
containment. By t = 10 s, the particles start to rise but are confined
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Fig. 8. Comparison of CFD and experimental data for air velocity and temperature—With PB.

within the barriers, indicating a reduction in lateral spread compared to
the no-barrier scenario. At t = 20 s, the vertical containment becomes
more evident, with particles concentrated above the barriers and limited
horizontal spread. As observed at t = 50 s, the particles remain primarily
above the barriers, with the spread controlled. By t = 100 s, the particles
remain contained around and above the barriers. While physical barriers
effectively limit horizontal dispersion, they do not significantly control
vertical spread. This indicates that while barriers can somewhat reduce
cross-contamination, additional measures are needed to manage vertical
aerosol dispersion effectively. In the scenario with integrated PE & PB,
particles are initially settled near the source and the exhaust system
quickly begins to capture them. By t = 10 s, the active removal of par-
ticles by the exhaust system is evident. At t = 20 s and 50 s, particle
dispersion remains upward, leading to limited lateral spread. At t = 100
s, the particle concentration and dispersion are evidently lower than the
two previous scenarios, demonstrating the effectiveness of the inte-
grated system in removing particles.

5.3. Effect of physical barrier height and exhaust flow rate on aerosol
removal efficiency

The height of physical barriers and the personal exhaust flow rate are
critical parameters in evaluating the effectiveness of the designed sys-
tem. While numerous studies have extensively examined the role of
personal exhaust ventilation in reducing particle transmission [34]
limited research has focused on the influence of barrier height as a key
factor in aerosol transmission control. This gap exists primarily due to
the practical challenges in experimentally manipulating barrier height

in real-world or lab settings, which restricts our understanding of its
impact on aerosol containment. Computational Fluid Dynamics (CFD)
simulations provide an opportunity to explore critical parameters
comprehensively and address the existing in practical experiments. Ren,
Chen, et al. [26], suggest that when the position and number of infected
individuals are uncertain, it is advisable to use barriers with a height of
at least 60 cm above desk level, assuming adequate ventilation is in
place. Their investigation demonstrated that higher barriers are more
effective in preventing the transmission of airborne particles in venti-
lated rooms. In our experiments, we used physical barriers with a height
of 65 cm, along with additional protection from personal exhaust
ventilation systems. Given this combined approach, the minimum
effective height for physical barriers may be reduced. The personal
exhaust system’s ability to capture and remove contaminants directly at
their source suggests that shorter barriers may achieve similar levels of
protection and potentially lower the requirement for barrier height.
Furthermore, the environmental implications of higher plexiglass bar-
riers, including increased material consumption and associated carbon
emissions, present additional challenges. Taller barriers can also impede
airflow, which may negatively impact both air quality and occupant
comfort [26,34]. Thus, a refined approach in designing these systems,
balancing barrier height with efficient exhaust flow rates, is essential to
achieving sustainable and effective infection control. This study assessed
the impact of different barrier heights on aerosol removal efficiency
using Relative Aerosol Removal (RAR) as the metric. RAR is defined as:

N, removed (h)

RAR = ——————"—
Nremoved (650m)
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Fig. 10. Velocity magnitude contour at the YZ-plane through the centerline of dummies- With PB.

where Nremoved(h) is the number of particles removed at a barrier height
h, and Niemeyeq(65cm) is the number of particles removed by the baseline
case with a barrier height of 65 cm. This baseline case served as the
reference point for all comparisons. The results, as shown in Fig. 14,
indicate that the height of the physical barrier significantly influences
the efficiency of the designed system. At the baseline barrier height of 65

10

cm, the RAR is set at 1. Increasing the barrier height to 85 cm results in a
slight increase in RAR. This marginal improvement suggests that while a
higher barrier captures slightly more aerosols, the additional material
usage, increased carbon emissions, and potential impact on airflow and
comfort may not justify the minimal increase in performance. Reducing
the barrier height to 45 cm, which matches the height of the aerosol
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source, results in a slight decrease in RAR to 0.95. A further reduction to
a barrier height of 25 cm leads to a drop in RAR to 0.83. The change in
RAR from 85 cm to 45 cm was minimal, considering that the 45 cm
height of the barrier aligns with the aerosol source generation height.
However, the reduction in RAR from 45 cm to 25 cm was more notable
as the barrier height dropped below the source level. At 0 cm height,
where no barrier is present, the RAR falls sharply to 0.07. This sub-
stantial decrease highlights the critical role of the physical barrier in
aerosol capture. Therefore, the removal efficiency of the system is
severely compromised without a physical barrier. Overall, reducing the
barrier height decreases RAR, with the most significant decline occur-
ring when the height is reduced from 25 cm to 0 cm. However, it is
noteworthy that reducing the barrier height to as low as 45 cm still
maintains 95 % of the aerosol removal efficiency observed with a 65 cm
barrier height in the experimental setup.

Different flow rates were investigated to determine the impact of
personal exhaust flow rate on aerosol removal efficiency. This investi-
gation is crucial because higher exhaust flow rates typically demand
more energy [51,52]. Fig. 15 illustrates Relative Aerosol Removal (RAR)
for various personal exhaust flow rates. The RAR values were compared
to those observed at a flow rate of 9 L/s per person, which was utilized in
experiments. The result reveals a clear trend between exhaust flow rate
and aerosol removal efficiency. At the baseline flow rate of 9 L/s per
person, the RAR is set at 1 as the baseline. Increasing the flow rate to 12
L/s per person results in a modest increase in RAR to 1.03, while further
increasing it to 13.5 L/s per person leads to a slightly higher RAR of 1.05.

This suggests that higher flow rates do improve aerosol removal effi-
ciency. However, the improvements become less significant as the flow
rate increases, indicating diminishing returns. Considering the addi-
tional energy consumption, may not justify the additional increase in
flow rate. Conversely, reducing the flow rate below 9 L/s per person
results in a noticeable decline in RAR. At 6 L/s per person, the RAR drops
to 0.94. A further reduction to 4 L/s per person leads to a more sub-
stantial drop in RAR to 0.83, reflecting a significant decline in aerosol
removal efficiency. The most dramatic change occurs when the flow rate
is reduced to 2 L/s per person, where the RAR decreases to 0.27. With no
exhaust flow (0 L/s per person), the RAR is 0, indicating that the exhaust
system is inactive. This trend indicates that while increasing the flow
rate above 9 L/s per person yields only minor efficiency improvements,
reducing the flow rate below this baseline substantially decreases
aerosol removal effectiveness. Nonetheless, it is important to note that
even with a reduction in flow rate to 6 L/s per person, the system retains
94 % of the aerosol removal efficiency observed at the baseline flow rate
in the experimental setup.

Optimizing the exhaust flow rate is crucial to balance efficient
aerosol removal with the potential impact on energy consumption,
noise, and overall system performance. Future research should further
investigate the interactions between the integrated system and factors
such as room ventilation rates, the spatial distribution of occupants, and
the nature of activities conducted within space. Exploring these vari-
ables will help refine system design to enhance both efficiency and
occupant comfort.

11
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6. Conclusion

This study confirms that the integration of personal exhaust

0 2 4 6 8 10 12 14
Personal Exhaust Flow Rate, L/s per person

Fig. 15. Relative Aerosol Removal (RAR) for various personal exhaust
flow rates.

ventilation and physical barriers significantly enhances airborne particle
control, using both experimental and numerical methods. The experi-
mental measurements, which included air velocity, air temperature, and
aerosol concentration, validated the result of computational
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simulations. Particle concentration measurements revealed that the use
of physical barriers alone significantly reduced particle concentrations
compared to the scenario without physical barriers. The combination of
physical barriers and personal exhaust systems achieved the most sig-
nificant particle concentration reduction. Therefore, the integration of
personal exhaust ventilation and physical barriers proves to be a highly
effective approach for minimizing airborne transmission. Further in-
vestigations were conducted using CFD simulations to explore the
impact of varying physical barrier heights and personal exhaust flow
rates. The baseline experimental case utilized a barrier height of 65 cm
and a personal exhaust flow rate of 9 L/s per person. Numerical simu-
lations further demonstrated that reducing the barrier height to 45 cm
maintained nearly the same level of aerosol removal efficiency. This
adjustment not only preserved the system’s effectiveness but also
improved visibility, minimized potential airflow obstruction, and low-
ered carbon emissions, thereby enhancing sustainability, air quality, and
comfort. Similarly, CFD simulations revealed that lowering the exhaust
flow rate down to 6 L/s per person retained almost the same aerosol
removal efficiency as the baseline case. This reduction in flow rate not
only maintains system effectiveness but also offers significant energy
savings, making the system a more practical and sustainable option.
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