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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 CO2 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 (R0 < 1).

Keywords: ventilation; classroom; opening window; energy simulation; thermal comfort; CO2

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

Energies 2023, 16, 592. https://doi.org/10.3390/en16020592 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16020592
https://doi.org/10.3390/en16020592
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-7049-1939
https://orcid.org/0000-0002-4742-5263
https://doi.org/10.3390/en16020592
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16020592?type=check_update&version=1


Energies 2023, 16, 592 2 of 21

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 classrooms 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 CO2 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 × 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/(m2·K)), and beam and block floors are insulated with polystyrene
insulation (U = 0.17 W/(m2·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 × 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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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 tavg = 8.2 ◦C).

Three options for opening the window were assumed (Figure 1): O1—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:

Energies 2023, 16, x FOR PEER REVIEW 4 of 20 
 

 

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 
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 tavg = 8.2 °C). 

Three options for opening the window were assumed (Figure 1): O1—one window 
sash tilted, O2—one window sash opened, and O3—one window sash tilted and one win-
dow 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: 
• Part I (connected with CO2 concentration in classroom): the window was opened if 

the limit value of CO2 concentration in the room was exceeded (PPM_o—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 tempera-
tures, one window was tilted and the other was opened (O3); for temperatures be-
tween low and high, option 2 was used. The external temperature range for window 
openings was optimized (TOut_o1, dTOut_o1). The summary of controller operation in 
part 1 is shown in Table 1. 

• Part II (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 (Tin) and the outdoor temperature (Tout). The operation diagram is 
shown in Table 2 (optimized values are the ranges of outdoor temperatures (TOut_o2, 
dTOut_o2) and the corresponding indoor temperature limits (Tin2_o, Tin2_o, Tin2_o) at which 
the window is opened). 

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

  

 
  

(a) (b) (c) 

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 × 7 cm according to Pinto
et al. [42]).

• Part I (connected with CO2 concentration in classroom): the window was opened if
the limit value of CO2 concentration in the room was exceeded (PPM_o—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_o1, dTOut_o1). The summary of controller operation in part 1 is
shown in Table 1.

• Part II (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 (Tin) and the outdoor temperature (Tout). The operation diagram is
shown in Table 2 (optimized values are the ranges of outdoor temperatures (TOut_o2,
dTOut_o2) 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 TOut Windows Opening Options

≥PPM_o

<TOut_o1 01
≥TOut_o1 and < TOut_o1 + dTOut_o1 02

≥TOut_o1 + dTOut_o1 03

Table 2. Controller part II work algorithm.

If TOut
If Tin ≥ 21 ◦C

and If TOut < Tin and If Tin
Windows Opening Options

<TOut_o2 ≥Tin1_o 01
≥TOut_o2 and < TOut_o2 + dTOut_o2 ≥Tin2_o 02

≥TOut_o2 + dTOut_o2 ≥Tin3_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 (Tin2_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_o∈{450, 500:100:1000}, TOut_o1∈{–6:2:10}, dTOut_o1∈{1:1:10};
TOut_o2∈{22:1:30}, dTOut_o2∈{1:1:10}, Tin1_o, Tin2_o, Tin3_o ∈{21:1:30};
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 [Hcomfort(x) + HCO2(x) + HR0(x)] (1)

where the functions in square bracket are connected with:

(1) Thermal comfort (Hcomfort):

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) CO2 concentration (HCO2)—number of hours with conditions within category IV:
PPM > 1200, i.e., indoor concentration increased by 800 ppm above outdoor CO2
concentration of 400 ppm.

(3) Infection risk (HR0)—number of hours with bad conditions: Reproduction number
R0 > 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
4 mm [47]).
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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:

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

.
V = a·l·(∆p)n (2)

where
.

V—airflow, a—airtightness factor, l—the length of the window cracks, n—exponent,
and ∆p—pressure difference.

According to [49], the following values of a and n were adopted:

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

• 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].

• Gravitational Chimney: Darcy-Colebrook Resistance Model was assumed for chim-
neys [40]. The gravity chimneys were assumed as brick ones with dimensions of
27 × 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 × 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 µm size. The device is appropriate
for large rooms as the selected volume flow (CADR) is 330 m3/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 (QC0) 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(t) (quanta/m3)
in the classroom can be obtained from Equation (3).

QC(t) =
E·I·(1− ηi)

V·λ +

(
QC0 −

E·I
V·λ

)
·e−t·λ (3)

where V, I, ηi, and λ 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 (λv), filtration (k f ), deposition (λdep), and airborne virus decay (k). Hence, λ is
defined as summed effects of these values (Equation (4)).

λ = λv + λdep + k + k f (4)

As this study considers natural ventilation, λv 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−1 [52] and airborne virus decay was evaluated
as equal to 0.63 h−1 [53]. Filtration removal rate can be calculated as k f = 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 kf = 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 (t). 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 (Qi) 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 (ηs) 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(t1) = n
(

1− e−Qi(1−ηs)
∫ t1

0 QC(t)dt
)

(5)

A plausible probability level for the classroom can be defined based on the reproduc-
tion number R0, 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
(R0 < 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 (CO2 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, CO2 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 f ) 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.

Case Controller Basis Number of People Mask Clean Air Delivery Rate by Air
Cleaner (CADR, m3/h)

1 Opening window during
breaks 30 No –

2
Objective function:

(1) Thermal comfort;
(2) CO2 concentration.

30 No –

3

Objective function:
(1) Thermal comfort;

(2) CO2 concentration;
(3) Infection risk.

30 No –

4 30 Yes –

5 30 Yes 330

6 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 CO2 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, CO2 concentration and indoor temperature. The
changes were displayed for window status, air change rate, CO2 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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The effect of the optimized controller on the reduction in CO2 concentration on 6th
March was investigated. Figure 6 shows that in case 1, the CO2 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
CO2 concentration varied between 600 ppm and 1200 ppm. Therefore, using the optimized
controller was very effective in reducing CO2 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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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 CO2 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 CO2 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 CO2 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 CO2
concentration and the indoor air quality. Figure 8 shows the distribution of ACH values
based on time (only occupied time). As for CO2 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−1 in some hours.
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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 R0 was close to linear from 0 to 11. The reproduction
values also reached 11 in Case 2, but for 90% of the time, R0 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 R0 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 5 to 7.
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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, CO2 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 CO2 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.
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On the other hand, the influx of a large amount of outside air into the room (sometimes
over 10 h−1), 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 CO2 concentration is a relatively
common approach that has been experimentally and numerically investigated already.
Heebøll et al. [57] investigated that, in the case of using an automatic window along with
mechanical ventilation, a significant reduction in CO2 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 CO2 emission
introduces three categories, which suggest maintaining the CO2 concentration maximum
at 550 ppm, 800 ppm, and 1350 ppm above the outdoor CO2 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 CO2 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
CO2 concentration was maintained within the defined standard categories. In addition, for
80% of the time, the CO2 concentration was in category I (400–950 ppm), while in Case 1,
requirements for category I were fulfilled for only 5% of the time.
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Although the air change rate is not one of the objective functions, this value signif-
icantly changes after optimization of thermal comfort and CO2 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−1, 2.7 h−1, and 2.9 h−1, respectively. As shown in Figure 8, ACH was
less than 1 h−1 in all hours in Case 1, which is not proper hygienically. Case 2 experienced
entirely different conditions. ACH was higher than 3.4 h−1 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−1. In addition, for approximately 20% of the students’ presence time in
the classroom, ACH was lower than 1 h−1. Hence, mechanical ventilation is necessary to
ensure a steady, constant exchange of air.

4.2. Infection Risk Optimization

Unlike CO2 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, R0
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, R0 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 (R0 > 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 (R0 > 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
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(Case 2) improved air quality conditions in the classroom, but a substantial increase in
heating demand was indicated (about 190%).
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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 CO2 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,
CO2 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 R0 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 CO2 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 CO2 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:

• 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%.

• 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.

• 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).

• 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.

• 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%).

• 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%).

• 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

• 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.

• 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.

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

• 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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