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Abstract: Classrooms at any educational institution have become high-risk sites for contagion during
past and present pandemic periods caused by the SARS-CoV-2 (COVID-19) viral siege, given the pro-
longed time educators and students spend in joint activity. Among the several strategies employed by
educational institutions to minimize the outbreak of contagion are regulating classroom capacity and
studying the optimal spatial arrangement of students. The architectural features of each classroom,
which include corridors, ventilation components, total volume, and maximum capacity, among other
factors, have a direct impact on the risk of human contagion. This work is a proposal to optimize the
spatial arrangement of students to minimize the risk of contagion, considering not only the distance
between them, but also the different architectural features in the classrooms. The analyses conducted
in the different scenarios conclude with a comparison of risk in terms of the arrangement of students
that various educators would have used at different education levels in their classrooms based solely
on intuitive criteria. The results indicate that in some situations, the locations chosen by educators
can double the risk of infection compared to optimal arrangements.

Keywords: modeling; optimization; position in classroom; infectious disease; COVID-19; high
school; university

1. Introduction

Since the last pandemic, caused by the virus SARS-CoV-2 (now commonly referred to
as COVID-19), societies worldwide have faced several obstacles. Aside from the immediate
health threat, many socioeconomic sectors have had to modify their activities to take the
necessary safety precautions to contain the spread of the disease in order to mitigate the
dramatic increase predicted for the years 2019–2021 globally. The primary metric adopted
by all organizations, including academia, is maximum site capacity. Given the significant
impact of the pandemic on society at all levels (social, political, economic, health, and
educational) and the fact that some countries remain impacted, additional research is
needed on communicable disease containment proposals to protect against the emergence
of new viral variants or the outbreak of new infectious diseases.

Academic institutions around the world are feeling the effects of the spread of this
pandemic. Although institutions have implemented safety measures such as providing
hydrogel hand sanitizers and capacity controls in common areas and classrooms, the numer-
ous cases of contagion in educational institutions have necessitated the implementation of
additional measures. Educators worldwide are meticulously redesigning their classrooms,
from rearranging seating and changing the appearance of rooms to staggering courses,
teaching in smaller groups, and expanding the use of outdoor spaces. Around the world,
various schools, high-schools and universities have adopted a variety of strategies to ad-
dress the issue of decreasing class numbers. Some countries have opted for an online-only
education model to prepare for a near future in which the concept of university must be
expanded to include the so-called “university without walls” [1,2]. Other countries, such as
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Spain, have opted for dual education in 2021, where students alternate between face-to-face
and online sessions. This practically solves classroom capacity problems by halving the
number of students in each classroom each day. As for hands-on instruction, each educator
has the choice of delivering it remotely or in person. However, it appears to be extremely
difficult to conduct certain case study activities using online monitoring tools. This is true
for lab assignments in disciplines such as physics or chemistry. Thus, it appears that while
the digital world has enabled many countries to avoid the issue of confinement during the
2019–2020 and 2020–2021 pandemic academic years, minimal presence is still necessary for
a holistic education of students.

When a particular level of class attendance is required, an additional challenge arises:
how to organize students in the classroom in such a way that the risk of contagion of
this (COVID-19) or other infectious diseases is minimized. The authors of [3] conclude
that although there has been some doubt in the literature about the role of aerosols in
the spread of COVID-19, their results confirm that indoor airborne transmission is an
important factor. Several studies have been undertaken to establish the most acceptable
protocols for movement across enclosed and restricted spaces, such as the hallways of
education institutions [4]. Additionally, there are studies aimed at optimizing student
arrangement in the classroom through the use of nested desks without considering the
beneficial factors provided by the presence of ventilation, which is present in almost all
classrooms in any educational institution to a greater or lesser extent [5]. Several other
studies have concentrated on simulations of the fluid-dynamic conditions in a certain
classroom scenario using ventilation data [6–8]. These investigations enable a thorough
understanding on the classroom areas that benefit from the most effective air renewal and
are therefore the most appropriate for the location of the students. Regardless of their
potential utility, conducting research on a specific architectural reality of the classroom
requires considerable effort in terms of design and simulation calculation, rendering them
impractical for daily use in an educational institution where there are numerous types of
classrooms and the capacity of each varies rapidly depending on the academic activity
being conducted.

This article proposes a tool for optimizing student distribution in classrooms based on
their architectural reality. The tool is composed of a straightforward computation approach
that has been integrated into a widely used software program (Microsoft Excel, from the
Microsoft Office 2021 software package). This tool enables the optimal distribution of
students in the classroom to be calculated with the least amount of effort and time possible
(1–2 min), considering the unique characteristics of each classroom (the presence of corri-
dors, the location of ventilation inlets, etc.). The computation tool was created to minimize
student and educator contagion in order to prevent the spread of an infectious disease. The
optimized outcomes were compared to the classroom arrangements used by educators
in high-schools and universities. The findings emphasize the importance of following
protocolized procedures when arranging students in classrooms, as arrangements made by
educators based on their personal criteria have occasionally resulted in a cumulative risk to
individuals in the classroom that is more than double that of the optimized arrangements.

2. Methodology
2.1. Description of the Context and Participants

The current study enlisted the assistance of multiple individuals from various aca-
demic institutions in order to collect information from different educational classroom
settings. There was a total of 21 participants, including 10 secondary (high school) edu-
cators and 11 professors from various disciplines in higher education (university). The
following Spanish institutions served as partners: The Institute of Secondary Education
“Pare Vitoria” High School (Alcoy, Spain), the Valencia Polytechnic University (Campus
de Alcoy—Alcoy, Spain), the University of Valencia (Campus dels Tarongers, Valencia,
Spain) and the University of Alicante (Campus de San Vicente del Raspeig, San Vicente del
Raspeig, Spain).
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2.2. Method

The purpose of this work is to determine the optimal organization of students in a
classroom in order to minimize the risk of transmission of illnesses such as COVID. A three-
step approach was adopted for this objective. To begin, educators in different institutions
were asked how they would arrange ten students in classrooms measuring 7 × 5 m in
total, but with varying ventilation layouts and a designated space for the educator. This
information was gathered using specially designed templates, and the challenge of filling
them in was having to rely entirely on intuition, without the assistance of calculation tools.
The study on the intuitive position of students is relevant and necessary to justify the need
for a model that optimises the position of students to minimise the risk of transmission
of an infectious disease such as COVID-19. This analysis makes it possible to compare
the pedagogical reality in classrooms during the pandemic, which was that students were
placed in positions intuitively chosen by the educator. Second, a model was developed to
optimize student positions, considering their distance from one to another, their distance
from the educator, and, if the classroom is ventilated, their distance from the ventilation
points. Finally, in the third phase, the data from the opinion of the educators were compared
to algorithmically computed arrangements to assess whether intuition can be relied on in a
scenario as dangerous as the spread of a global viral epidemic such as COVID.

2.2.1. Data Collection

Educators who took part in this study were provided with templates depicting
schematic designs of classrooms. The configurations examined were: classrooms without
windows (equivalent to classrooms with insufficient or inefficient ventilation) and class-
rooms with four windows set in various positions. Educators were required to plan a
classroom arrangement for 10 students in a 5 × 5 m classroom in order to minimize the risk
of COVID transmission. The educator was given a 5 × 2 m space and is believed to have
maintained a fairly constant position in the centre of it. The data collection templates are
presented in Figure 1. Figure 1 shows the different scenarios examined, which replicate the
architecture of the classrooms used for the experimental studies.
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Educ. Sci. 2022, 12, 390 4 of 14

2.2.2. Proposed Model for Calculating Cumulative Risk

It is challenging to offer mathematical models for distance optimization in various
situations since there are no (or very few) simple formulas for predicting the potential risk
of each student and educator in a classroom as a function of the various variables that may
affect it. Recent work, such as that of [3], defines risk as a function of the square of the
distance between two persons. While this type of expression has the advantage of being
extremely simple to use, it has the problem of ignoring the effect of other critical aspects
such as ventilation, which has been emphasized as a critical factor in limiting the spread of
airborne infections.

In this study, we use the well-known Wells–Riley model expression for predicting
transmission risk [9]:

R = 1− exp
(
−Iqpt

Q

)
(1)

where R denotes the probability of infection (risk), I denotes the number of infected
individuals, p denotes the lung ventilation rate of each individual likely to be infected
(we use a standard value of p = 0.3 m3h−1 for people who are seated or active in enclosed
spaces [10]), q denotes the rate at which an infected person generates “quanta” or viral
load emitted to the environment per unit time (quanta·h−1) and t denotes the exposure
time (we take a value of 1 h, which is a reasonable value for a time unit of academic
activity). Q in Equation (1) is the room ventilation rate with germ-free air in m3h−1. The
results in [11] showed that high quanta emission rates (>1.6 quanta/s) can be reached by a
symptomatic infectious SARS-CoV-2 subject performing vocalization during light activities
(i.e., walking slowly) whereas an asymptomatic SARS-CoV-2 subject in resting conditions
mostly has a low quanta emission rate (<0.016 quanta/s). Based on the findings in [7], a
value of 0.238 quanta/s was taken, which corresponds to an environment where people are
seated, without much interaction among them. The q value was then kept as a constant
to project the infection probability and the required ventilation rate for similar confined
spaces. The original Wells–Riley paper [9] defines expression (1) as taking ventilation into
account as a critical parameter for calculating the risk probability under the assumption
of well-mixed air. Because expression (1) includes the time variable in the risk factor, R is
not only dependent on the distance between two persons but also on the amount of time
elapsed during the risk analysis. Using the Wells–Riley model, a number of papers have
been published on airborne transmission of infectious diseases (many of which predate
the COVID pandemic). As an example, we can cite the works based on the analytical
use of this model [12–15] or those that incorporate it in computational fluid-dynamic
calculations [16,17], or some studies that modify this model to make it transient and thus
overcome its limitations of being based on the fact that the air in a confined space is in
a steady state and is fully mixed [7,18]. Not just ventilation has a beneficial effect on
the risk of contagion [19–21]. Maintaining an acceptable distance between persons has
been recommended as one of the most effective methods to avoid disease transmission
during the COVID pandemic [4,5,7,22]. Numerous more variables alter the analysis. One
subset of these variables is related to individual characteristics such as gender and infection
susceptibility, physical condition, age, and level of defences, among others. These variables
are complicated to consider since they require knowledge about each individual and yet
their systematization for the placement of each student in the classroom is very complicated.
Another set of variables relates to environmental conditions. This setting includes not only
the immediate educational environment (the classroom) but also the geographical location
of the education centre on the globe, which influences the climatology and its temporary
pandemic effect. Long-term exposure to air pollution was associated in [23] with stronger
antibody response among infected individuals, probably reflecting higher viral exposure
and disease severity. However, probably the most critical aspect is the conditioning of
the classrooms to maintain clean indoor environments. The primary determinant is the
presence of natural air intake ventilation in classrooms and hallways. It has been observed
that properly ventilated spaces can reduce considerably the danger of infection [6].
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The effect of indoor ventilation on the risk of contagion is extremely difficult to analyse
because it is dependent on changing environmental factors such as air flow rate, which
is determined not only by the size of ventilation windows but also by changing climatic
factors throughout the day, such as local wind speed [24,25]. One of the most often-used
measures for quantifying the effectiveness of interior ventilation is the term “air changes
per hour”, or ACH, which is defined as the air volume added to or removed from a space
in one hour [26–29]. In metric units, ACH is calculated as follows:

ACH =
3.6·Q

L·W·H (2)

where Q is, as already noted, the volumetric flow rate of air entering the room per unit time
(measured in m3s−1 in the International System, but commonly expressed in litres per hour
or l/h), and L, W, and H are the room’s length, width, and height, respectively. It is critical
to understand that an ACH of 1 h−1 does not imply that 100% of the air in the room is
replenished in that time period. This is only true in rooms where the air is refreshed every
hour. This would be valid only in rooms that match the parameters of the so-called “plug
flow” hypothesis, according to which the existing air is moved without mixing with the
new air [27]. The reality is more complicated, as incoming and exiting air are in fact mixed.
A more accurate approximation is made by the authors of [30], who interpret the following
expression as the fraction of initial air (Xair) remaining in the room after a period t:

Xair = e(−ACH·t) (3)

Following Equation (3), the fraction of original air left after 1 h is Xair = 0.36, or 36%,
and after two hours this number drops to only 14%.

Several of the published research on the effect of ventilation on the risk of contagion
go so far as to propose exceedingly extensive analyses that account for a variety of envi-
ronmental variables, including temperature, atmospheric pressure, ultraviolet light, and
the ACH parameter. None of them, however, consider anything as broad as the distance
between an individual and the point of ventilation. Windows that allow for ventilation
have two distinct effects in a confined environment. On the one hand, the overall result
is a re-circulation of air throughout the room during a specified time period (this is the
effect so far considered in current studies on contagion risk). On the other hand, and
maybe more significantly, there are local effects on individual occupants of the space. The
aforementioned plug flow concept [27], which assumes complete air renewal, is true in a
very small number of circumstances, which may be restricted to classrooms with ventilation
on at least two of the opposite walls of the enclosure they enclose. Convective factors make
it much more difficult to renew air much in conventional classrooms with a single row of
windows, with the difficulty increasing further away from the ventilation point.

In this case, the cumulative risk R in Equation (1) is proposed to be dependent on
the distance to the aeration point. This implies that each individual establishes an imag-
inary region confined by his or her distance to the nearest aeration wall (P), the closest
aeration point distance (D), and the classroom’s height (H). Numerous studies indicating
the difficulty of air exchange in confined environments when located far from the aeration
point [24–30] support this working hypothesis. In this work, the expression for the “infec-
tion risk” has been consequently modified to include interpersonal distance and ventilation
as two critical risk factors. For the purpose of calculating the risk associated with each
individual, the expression (1) is adjusted as follows:

Ri = 1− exp(−Rdi · RQi) (4)
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where Rdi and RQi denote the risks associated with each individual arising from the two
examined motives of interpersonal separation and ventilation, respectively. Rdi and RQi,
on the other hand, can be determined using the following expressions:

Rdi =
N

∑
j

(
−18.19· ln(dj→j+1

)
+ 43.276)/100 (5)

RQi =
N

∑
k

Iqpt

Qk
ACHi−k
ACH62.1

(6)

where ACH is the “air changes per hour” parameter. We recall here that the distance
between two points of interest (e.g., the distance between two persons) located in X and Y
coordinates is calculated by the following expression:

d =

√
(X1 − X2)

2 + (Y1 − Y2)
2 (7)

Equation (5) comes from an adjustment of the transmission probability based on the
droplet distribution as a function of interpersonal distance [7]. Equation (6) is based on
the proposal of the modified Wells–Riley model [7], which defines an air distribution
effectiveness parameter, here computed as the ratio ACHi−k/ACH62.1. The subscripts i−k
and 62.1 relate to each individual position and to the ASHRAE Standard 62.1-2019 [31].
ACH62.1 has taken a value of 4 to ensure a proper clean environment. The parameter
ACHi−k can be determined by assuming that each individual defines an imaginary space
with regard to the nearest ventilation point, based on his location in the classroom, such
that:

ACHi−k =
3.6·Q

P·
√

D2−P2

2 ·H
(8)

Thus, the cumulative risk model discussed in this study is composed of straightfor-
ward expressions that enable optimal arrangement of students in the classroom in order
to minimize their risk of infection. Equations (5) and (6) are not intended to be reliable
expressions of individual risk because, as previously stated, it is extremely difficult to
account for all the variables that contribute to this risk parameter, particularly when some
of them are highly variable at any given time, such as the unforced air flow through the
ventilation points. This model satisfies the physical constraints imposed by the context
under consideration. Given that H is a parameter that is typically between 3–5 m, the
most critical variables are P or D, which, when very high (person is located far from the
ventilation point), indicate that the risk R is not minimized by the influence of ventilation.
When D or P are small, as when an individual is near a window, the risk R becomes zero.
As a result, this suggested model accounts for ventilation effectiveness as a function of
distance to ventilation points, a factor that has previously been overlooked in even the
most sophisticated models of contagion risk.

2.2.3. Implementation of the Proposed Model in a Calculation Tool

It is straightforward to extract optimized solutions to Equations (6) and (7) using an
automated computation tool. This study made use of the Excel calculation tool included
in the Microsoft Office package for Macintosh. Two distinct computation scenarios were
used. In classrooms where the location of desks is adjustable, it is sufficient to establish
initial positions in Excel for each of the ten students and the educator (who is considered to
be in a fixed position). For each individual, the spreadsheet calculates the distances and
cumulative risk. The Excel Solver tool is used to identify the optimal positions for the ten
students that minimize the total risk for all individuals present, namely the ten students
and the educator. In classrooms with set table locations that may or may not feature aisles
without desks, a separate procedure should be utilized. Excel organizes and numbers
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the desk locations. If there are no aisles in the classroom, there are 36 desks overall, and
each desk is assigned a number between 1 and 36. When aisles are present, the number
of desks varies according to the classroom configuration. The Solver tool generates ten
random numbers ranging between 1 and the maximum number of desks and determines
the locations with the lowest cumulative risk.

The Solver tool offers three different calculating algorithms. The “Evolutionary”
method was chosen because it is the most powerful but also the most-time consuming
of all. The evolutionary process uses the theory of natural selection, which works well
because the best outcome is already known. It starts with a random “population” of sets
of input values. These values are fed into the model and the outcome is compared to the
target. They are chosen to establish a second population of “offspring” that are closest
to the target number. The input values of the initial population are “mutated” into the
offspring. The evolutionary calculation conditions were as follows: convergence = 0.001;
mutation rate = 0.1; population size 3000; maximum time without improvement = 300 s.

2.2.4. Quantification of Risk Using Data Gathered in Handwritten Templates

A digitisation tool called WebPlotDigitizer was used to quantify the accumulated risk
from the templates filled out by the various educators and compare it to the optimized risk.
This tool, which runs on a Macintosh, allows for the coordinates of the different student
locations chosen by the educators on the basis of intuition. The cumulative risk for each of
these coordinates, as well as the overall risk, was determined using the developed Excel
tool in order to compare it to the results of the optimized calculation.

3. Results and Discussion

The following are some instances of classroom configurations in which student and
educator positions have been optimized to minimize the risk of contagion.

Without ventilation, it can be seen that the optimal distribution of students maximizes
their distances. In case someone required more distance (e.g., the educator is elderly or
considered at risk) the distance between students would be compromised by this person
maintaining a greater distance from the students. In ventilated classrooms, the optimal
arrangement emphasizes locating students near ventilation points.

There is a significant difference in the location of students between the two conditions
represented by the classroom with a free arrangement of desks and the classroom with a pre-
determined arrangement (desks anchored to the floor). The calculated risk for classrooms
with free-standing desks is 5% lower, as they allow desks to be positioned in the optimized
locations with the lowest risk. Aisles and other architectural barriers (e.g., fixed cabinets,
fixed location equipment, etc.) are elements that increase risk contagion since they impair
the possibility of arranging students in optimal configuration. Another important issue is
that calculations show revealing results regarding the beneficial effect of aeration points.
The environment with the lowest risk of transmission is a ventilated classroom with unre-
stricted seats configuration. Unventilated classrooms are clearly unacceptable conditions,
as the cumulative danger is approximately 4–5 times that of a ventilated classroom.

The graphs in Figure 2 were compared to those created by educators who did not
utilize any mathematical tool. These graphs compile the perspectives of educators on how
to arrange students in the classroom solely based on intuition and knowledge gleaned
from support manuals and other resources released by various Spanish media outlets and
government agencies. The data for these graphs were gathered by assigning educators in
two distinct choice environments: (i) individual choice: the educator has a maximum of ten
minutes to make a personalised, free, and non-consensual decision with other educators;
and (ii) consensual choice: educators meet in groups of three between twenty to twenty-five
days after making the individualised choice and have a maximum of twenty minutes to
reach a consensual solution. A condition of the consensus decision is that educators are
prohibited from discussing their individual selections on the days between the two options.
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Figure 2. Optimized student positions in classrooms with the following environments: (a) classroom
with free seating arrangement without ventilation; (b) classroom with free seating arrangement and
facing windows; (c) classroom with free seating arrangement and windows in a wall; (d) classroom
with pre-set seats without ventilation; (e) classroom with pre-set seats and facing windows; and
(f) classroom with pre-set seats, facing windows and corridor.

Figure 3 illustrates a few exemplary graphs collected from the educators who took
part in this study using the personalised choice test.
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Figure 3. Examples of arrangement templates collected as feedback from educators participating in
this study in the individualised choice test for the following configurations: (a) classroom with free
seating arrangement and facing windows, and (b) classroom with pre-set seats and facing windows.
A red cross indicates the position of a student.

A total of 126 plots were examined across the six environments examined in this study.
No significant differences were found between the two modes, individual and consensual,
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of filling in the templates. The cumulative risk for each environment was estimated from
the digitized seating positions and compared to the optimal cumulative risk. The outcome
of the comparisons is depicted in Figure 4, which plots the normalised frequency of the
cases analysed against the relative cumulative risk.
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Figure 4. Cumulative risk distributions of the arrangement templates developed by educators relative
to the risk achieved by an optimal arrangement for the following environments: (a) classroom with
free seating arrangement without ventilation; (b) classroom with free seating arrangement and facing
windows; (c) classroom with free seating arrangement and windows in a wall; (d) classroom with pre-
set seats without ventilation; (e) classroom with pre-set seats and facing windows; and (f) classroom
with pre-set seats, facing windows and corridor.

It is worth noting that the absence of a calculating model forces the educator to rely
on intuition about the arrangement of students, which frequently increases the risk of
transmission for both the students and the educator. This risk increases significantly when
classrooms include architectural features such as corridors. Additionally, it is noted that
the intuition of educators for adequate student arrangement diminishes in the presence
of aeration points (windows) as they do not fully exploit the advantage these points
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provide and may introduce additional risks that could be avoided by using an optimization
technique such as the one provided in this work.

The primary outcomes of this risk calculation work were finalized in October 2019.
These findings were then used to collect data on COVID-19 disease transmission across
different educational institutions and settings throughout the second semester of the
2020/2021 academic year. To accomplish this, study groups and control groups were
established in various educational institutions, and the cumulative incidence of infected
individuals who tested positive in PCR tests was determined. Each school had a research
group and a control group assigned to identical classrooms arrangements and, consequently,
identical ventilation options. Attempts were made to maintain gender equity within these
groupings. As detailed in Table 1, the study was conducted in a variety of classroom
settings. The data in Table 1, which were collected by the various educational centres,
were not subjected to any intentional or unintentional mathematical manipulation. It is
interesting to comment on some of the issues relating to the data in Table 1. In general, it
can be observed that the study group performs better than the control group, despite the
limitations associated with this study (which will be discussed in Section 4, one of the most
important being the fact that educational centres are not closed systems and the infections
can have a foreign origin). In the case of men, the study group performs significantly better
in five of the seven centres (in U2 and U4, the results are roughly comparable). In the case of
females, the results obtained in HS2 and U4 are analogous, and it can also be observed that
the study group improved the results of the control group only in five of the seven centres.

Table 1. Cumulative incidence (number of infected students) in various classroom contexts. The
term “CC” refers to the classroom configuration (the letters correspond to the configurations shown
in Figure 2). The codes refer to: HS1, HS2 and HS3—classrooms at the Secondary Education “Pare
Vitoria” High School (Alcoy, Spain); U1—classroom at the Valencia Polytechnic University (Campus
de Alcoy—Alcoy, Spain); U2—classroom at the University of Valencia (Campus dels Tarongers,
Valencia, Spain); and U3 and U4—classrooms the University of Alicante (Campus de San Vicente del
Raspeig, San Vicente del Raspeig, Spain).

Centre Code CC

Control Group:
Classroom with Non-Optimized Student

Arrangement

Case Study Group:
Classroom with Optimized Student

Arrangement

Number of
Students

Accumulated
Incidence

Number of
Students

Accumulated
Incidence

M F M F M F M F

High-School

HS1 C 12 15 3 2 14 12 2 1

HS2 A 15 9 2 2 13 10 3 2

HS3 C 14 17 4 3 21 17 2 1

University

U1 E 28 26 6 5 32 22 3 2

U2 C 13 18 4 4 18 18 2 2

U3 F 17 15 8 2 14 12 1 1

U4 F 32 25 9 7 28 28 4 3

The following paragraphs describe the conditions under which this study was conducted:

- Both the control and study groups adhered to the general protocols established by
each centre, which are consistent with the general guidelines of the Spanish Ministry
of Health. These guidelines include the use of face masks inside and outside the
classroom, as well as dispensers of hydroalcoholic gel in each classroom.

- The study group adhered to a strict protocol for entering and exiting the classrooms,
as suggested by some authors [3], who emphasize the importance of maintaining inter-
personal distance throughout the classroom corridors until reaching the study tables.
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Although the data in Table 1 should be interpreted cautiously, they are sufficiently
revealing. There appears to be clear evidence indicating a slight but significant decrease
in incidence in the study groups as a result of students being placed in optimal classroom
positions. Additionally, males have a higher incidence than females in both high schools
and universities, with the later exhibiting the greatest gender disparity in incidence.

As a result of the findings in Table 1, it appears that optimizing student seating
arrangements has a beneficial effect on containing the spread of infectious diseases such
as COVID-19. The fact that this effect is more pronounced among younger age groups
of students (i.e., in high schools) could be attributed to a number of factors. One of the
most significant reasons for this was identified in this study as the formation of groups that
jeopardize safe distances at classroom exits (in corridors and playgrounds). Indeed, a study
was conducted to ascertain the average number of students identified in groups at classroom
exits. By and large, it was observed that these groups formed outside of classrooms in
high schools had a larger average membership than those formed in universities (Figure 5).
Extremely large groups have been discovered in high schools that failed to maintain a safe
distance and whose members did not even wear safety masks (Figure 5d). These groups
were predominantly composed of males, which could explain the slight bias of higher
contagion in males seen in Figure 5a,b. At this point, it is also necessary to recall studies
such as [32], which state that clinical studies have shown that women are less susceptible
to viral infections due to higher macrophage and neutrophil activity, antibody production
and response.
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Figure 5. (a,b) Cumulative incidence of detected infection cases for the control group and the study
group in the different high school (HS1–HS3) and university (U1–U4) contexts for males (a) and
females (b); (c) normalized frequency of the number of students forming recreational groups in high
school and university; (d) example of group formation in high schools where members clearly do not
maintain a safe distance.
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Without a doubt, the most significant risk factor in the secondary schools that partic-
ipated in this study was not the classrooms themselves, but rather the entrance and exit
of the classrooms, as well as break times, during which pupils expressed a certain lack of
awareness regarding their health status. However, the situation has been quite different at
university. University students seem to be more aware of the pandemic situation and create
less health risks by always wearing masks and avoiding safety risky group formations
due to the lack of social distancing. Because of the greater precaution of these students,
any action taken to prevent the spread of the disease will be more effective. In any case,
the application of a student arrangement model such as the one described in this research
seems to be important in preventing the spread of an infectious disease such as COVID-19
in the classrooms of any educational institution.

4. Comments on the Limitations of This Study

This study provides a simple and quick articulation proposal that educators can use to
position students in classrooms in order to limit the risk of infectious disease transmission.
In the majority of educational centres, the study group performed better than the control
group, as can be seen in Table 1. However, the author would like to highlight a few
essential issues that may aid in comprehending the associated limitations faced by the
various educators who participated in the study.

On the one hand, students were informed that they would be participating in a study
and their consent was obtained (in the case of minors, parental consent was sought). While
this is true, each student did not know whether he or she belonged to the study group or to
the control group, because students did not know whether the positioning suggested by the
educator upon entering the classroom was based on an optimised distribution calculated
with the proposed model or on the educators’ intuition. Nonetheless, it is possible that
the students who felt they were part of the study changed their health behaviours slightly,
which could have altered the results in both the study and control groups.

Another issue that may influence the outcomes and their comparison, and that is
addressed in the text, is the difference in health protocols between the centres. In this
regard, it is important to note that the involved universities had more numerous cleaning
staff that disinfected classrooms more frequently than high schools. In addition, in the
case of the University of Alicante, which has a fairly large campus with green areas and
is located relatively far from the city centre, the cumulative incidence of infectious cases
seems to be lower than in other educational centres. The other educational institutions are
embedded in urban areas, and it is possible that environmental pollution contributes to
an increased propensity for transmission. Seasonal factors can be excluded because data
collection on infected individuals was conducted at the same time of year in all participating
educational centres (second semester of the 2010/2021 academic year).

In addition, it should be kept in mind that the study and control groups are not closed
groups, as students also communicate with siblings, parents, relatives, and friends outside
of educational institutions. Therefore, it is extremely difficult to distinguish between in-
fectious disease transmission inside and outside the classroom. This could have serious
implications for the results obtained in the work, as the present study assumes that the in-
fections recorded originate in educational centres. The reduced confidence on the gathered
data dictates that any computed results should be read with caution. Nevertheless, it is
reasonable to assume that at the time of the study, there were virtually no extracurricular
activities in the educational centres that could contribute to the spread of disease. In addi-
tion, although the behaviour of the parents of students during time spent at home can be
considered mature and conservative in terms of safety standards, family households can be
considered as infection hotspots due to the confluence of family members who have been
exposed to infected individuals during their regular activities. The youngest members of
the family, who come to educational centres with possible infections of various origins,
including family origin, make these centres important sources of COVID transmission due
to the limited classroom space that students must share during long academic teaching
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days. Despite the limitations noted above and considering that this study can be extended
to obtain data on larger populations, the results presented here are sufficiently informative
to show that there was a positive effect of optimizing the positioning of students in the
classroom, so the author believes that it would be beneficial to use the model and tools
proposed for future infectious disease containment actions.

5. Conclusions

This article presents a straightforward technique for optimizing classroom student
arrangement that can be applied to a variety of architectural situations. The model empha-
sizes the importance of classroom ventilation in reducing the risk of contagious disease
transmission. Cumulative risks associated with the model-derived arrangements are up to
100 percent lower than those associated with intuitive student arrangement. Monitoring
control and study groups in various educational centres have been used to account for
the effects of this optimized design. The results indicate that the proposed approach has
a greater effect in the university context than in the high school context, which could be
explained by the fact that university students have a higher level of health awareness, as
they maintain social distancing even outside the classroom and always wear masks.

Funding: This research was funded by the Spanish “Agencia Estatal de Investigación” (AEI) and
European Union (FEDER funds) through grant PDC2021-121617-C21. This research was also funded
by the Conselleria d’Innovació, Universitats, Ciència, i Societat Digital of the Generalitat Valenciana
through grant GVA-COVID19/2021/097.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Koopman, O.; Koopman, K.J. The Rise of the University without Classrooms after COVID-19. In Re-Thinking the Humanities

Curriculum in the Time of COVID-19; CSSALL Publishers (Pty) Ltd.: Durban, South Africa, 2021; pp. 153–168; ISBN 9780986993619.
2. Said, A.N. University without Walls: A Novel Approach to HigherEducation. New Dir. 1973, 1, 6.
3. Lelieveld, J.; Helleis, F.; Borrmann, S.; Cheng, Y.; Drewnick, F.; Haug, G.; Klimach, T.; Sciare, J.; Su, H.; Pöschl, U. Model

calculations of aerosol transmission and infection risk of COVID-19 in indoor environments. medRxiv 2020, 17, 8114. [CrossRef]
[PubMed]

4. Romero, V.; Stone, W.D.; Ford, J.D. COVID-19 indoor exposure levels: An analysis of foot traffic scenarios within an academic
building. Transp. Res. Interdiscip. Perspect. 2020, 7, 100185. [CrossRef] [PubMed]

5. Rezaei, M.; Azarmi, M. Deepsocial: Social distancing monitoring and infection risk assessment in COVID-19 pandemic. Appl. Sci.
2020, 10, 7514. [CrossRef]

6. Lipinski, T.; Ahmad, D.; Serey, N.; Jouhara, H. Review of ventilation strategies to reduce the risk of disease transmission in high
occupancy buildings. Int. J. Thermofluids 2020, 7–8, 100045. [CrossRef]

7. Sun, C.; Zhai, Z. The efficacy of social distance and ventilation effectiveness in preventing COVID-19 transmission. Sustain. Cities
Soc. 2020, 62, 102390. [CrossRef]

8. van Hooff, T.; Blocken, B. Low-Reynolds number mixing ventilation flows: Impact of physical and numerical diffusion on flow
and dispersion. Build. Simul. 2017, 10, 589–606. [CrossRef]

9. Riley, C.E.; Murphy, G.; Riley, R.L. Airbone spread of measles in a suburban elementary school. Am. J. Epidemiol. 1978, 107,
421–432. [CrossRef]

10. Duan, X.; Beijing, T.; Cao, S.; Beijing, T. Highlights of the Chinese Exposure Factors Handbook; Elsevier Inc.: Amsterdam, The
Netherlands, 2015. [CrossRef]

11. Buonanno, G.; Stabile, L.; Morawska, L. Estimation of airborne viral emission: Quanta emission rate of SARS-CoV-2 for infection
risk assessment. Environ. Int. 2020, 141, 105794. [CrossRef]

12. Escombe, A.R.; Oeser, C.C.; Gilman, R.H.; Navincopa, M.; Ticona, E.; Pan, W.; Martínez, C.; Chacaltana, J.; Rodríguez, R.; Moore,
D.A.J.; et al. Natural ventilation for the prevention of airborne contagion. PLoS Med. 2007, 4, 0309–0317. [CrossRef]

13. Gao, N.P.; Niu, J.L.; Perino, M.; Heiselberg, P. The airborne transmission of infection between flats in high-rise residential
buildings: Particle simulation. Build. Environ. 2009, 44, 402–410. [CrossRef]

14. Gupta, J.K.; Lin, C.H.; Chen, Q. Risk assessment of airborne infectious diseases in aircraft cabins. Indoor Air 2012, 22, 388–395.
[CrossRef]

http://doi.org/10.3390/ijerph17218114
http://www.ncbi.nlm.nih.gov/pubmed/33153155
http://doi.org/10.1016/j.trip.2020.100185
http://www.ncbi.nlm.nih.gov/pubmed/34173461
http://doi.org/10.3390/app10217514
http://doi.org/10.1016/j.ijft.2020.100045
http://doi.org/10.1016/j.scs.2020.102390
http://doi.org/10.1007/s12273-017-0354-3
http://doi.org/10.1093/oxfordjournals.aje.a112560
http://doi.org/10.1016/c2014-0-03838-5
http://doi.org/10.1016/j.envint.2020.105794
http://doi.org/10.1371/journal.pmed.0040068
http://doi.org/10.1016/j.buildenv.2008.03.016
http://doi.org/10.1111/j.1600-0668.2012.00773.x


Educ. Sci. 2022, 12, 390 14 of 14

15. Noakes, C.J.; Beggs, C.B.; Sleigh, P.A.; Kerr, K.G. Modelling the transmission of airborne infections in enclosed spaces. Epidemiol.
Infect. 2006, 134, 1082–1091. [CrossRef]

16. Qian, H.; Li, Y.; Nielsen, P.V.; Huang, X. Spatial distribution of infection risk of SARS transmission in a hospital ward. Build.
Environ. 2009, 44, 1651–1658. [CrossRef]

17. Guo, Y.; Qian, H.; Sun, Z.; Cao, J.; Liu, F.; Luo, X.; Ling, R.; Weschler, L.B.; Mo, J.; Zhang, Y. Assessing and controlling infection
risk with Wells-Riley model and spatial flow impact factor (SFIF). Sustain. Cities Soc. 2021, 67, 102719. [CrossRef]

18. Rudnick, S.N.; Milton, D.K. Risk of indoor airborne infection transmission estimated from carbon dioxide concentration. Indoor
Air 2003, 13, 237–245. [CrossRef] [PubMed]

19. Stabile, L.; Pacitto, A.; Mikszewski, A.; Morawska, L.; Buonanno, G. Ventilation procedures to minimize the airborne transmission
of viruses in classrooms. Build. Environ. 2021, 202, 108042. [CrossRef]

20. Melikov, A.K. COVID-19: Reduction of airborne transmission needs paradigm shift in ventilation. Build. Environ. 2020, 186, 19–21.
[CrossRef]

21. Gil-Baez, M.; Lizana, J.; Becerra Villanueva, J.A.; Molina-Huelva, M.; Serrano-Jimenez, A.; Chacartegui, R. Natural ventilation in
classrooms for healthy schools in the COVID era in Mediterranean climate. Build. Environ. 2021, 206, 108345. [CrossRef]

22. ECLAC-UNESCO, Education in the Time of COVID-19. 2020. Available online: https://www.cepal.org/en/publications/45905-
education-time-covid-19 (accessed on 15 April 2022).

23. Kogevinas, M.; Castaño Vinyals, G.; Karachaliou, M.; Espinosa, A.; De Cid, R.; Garcia Aymerich, J.; O’callaghan Gordo, C.;
Moncunill, G.; Dobaño, C.; Tonne, C. Ambient air pollution and risk of SARS-CoV-2 infection and of COVID-19 disease in a
cohort study in Catalonia (COVICAT Cohort). ISEE Conf. Abstr. 2021, 2021, 1–10. [CrossRef]

24. Heiselberg, P.; Dam, H.; Sorensen, L.C.; Nielsen, P.V.; Svidt, K. Characteristics of Air Flow through Windows. Indoor Environ. Eng.
1999, R9940, 1–9.

25. Masood, O.A.; Guirguis, N.M.; Al-hady, M.I.A.; Fahmi, A.A. Windows Factors Impact on Air Speed and Quality Inside
Architectural Spaces. Int. J. Appl. Eng. Res. 2018, 13, 12146–12156.

26. American Society of Heating Refrigerating and Air-Conditioning Engineers (ASHRAE). Ventilation for Acceptable Indoor Air
Quality; ASHRAE: Atlanta, GA, USA, 2019; Available online: https://www.ashrae.org/technical-resources/bookstore/standards-
62-1-62-2 (accessed on 20 February 2022).

27. Rock, B.A.; Anderson, R. Simplified Air Modeling Effectiveness National Renewable Energy Laboratory University of Colorado
at Boulder Brandemuehl, 1992, June. pp. 1–37. Available online: file:///C:/Users/MDPI/Downloads/4737.pdf (accessed on
15 April 2022).

28. Gungor, K.; Airah, M. Guide to air change effectiveness. Ecolibrium 2013, 33–39.
29. Memarzadeh, F.; Xu, W. Role of air changes per hour (ACH) in possible transmission of airborne infections. Build. Simul. 2012, 5,

15–28. [CrossRef] [PubMed]
30. CIRES—Cooperative Institute for Research in Environmental Sciences at the University of Colorado COVID-19 Airborne

Transmission Tool Available. 2020. Available online: https://cires.colorado.edu/news/covid-19-airborne-transmission-tool-
available (accessed on 15 April 2022).

31. American Society of Heating Refrigerating and Air-Conditioning Engineers (ASHRAE). Ventilation and Acceptable Indoor Air
Quality in Residential Buildings; ASHRAE: Atlanta, GA, USA, 2016; Available online: www.ashrae.org (accessed on 15 April 2022).

32. Kopel, J.; Perisetti, A.; Roghani, A.; Aziz, M.; Gajendran, M.; Goyal, H. Racial and Gender-Based Differences in COVID-19. Front.
Public Health 2020, 8, 418. [CrossRef]

http://doi.org/10.1017/S0950268806005875
http://doi.org/10.1016/j.buildenv.2008.11.002
http://doi.org/10.1016/j.scs.2021.102719
http://doi.org/10.1034/j.1600-0668.2003.00189.x
http://www.ncbi.nlm.nih.gov/pubmed/12950586
http://doi.org/10.1016/j.buildenv.2021.108042
http://doi.org/10.1016/j.buildenv.2020.107336
http://doi.org/10.1016/j.buildenv.2021.108345
https://www.cepal.org/en/publications/45905-education-time-covid-19
https://www.cepal.org/en/publications/45905-education-time-covid-19
http://doi.org/10.1289/isee.2021.O-TO-177
https://www.ashrae.org/technical-resources/bookstore/standards-62-1-62-2
https://www.ashrae.org/technical-resources/bookstore/standards-62-1-62-2
file:///C:/Users/MDPI/Downloads/4737.pdf
http://doi.org/10.1007/s12273-011-0053-4
http://www.ncbi.nlm.nih.gov/pubmed/32218911
https://cires.colorado.edu/news/covid-19-airborne-transmission-tool-available
https://cires.colorado.edu/news/covid-19-airborne-transmission-tool-available
www.ashrae.org
http://doi.org/10.3389/fpubh.2020.00418

	Introduction 
	Methodology 
	Description of the Context and Participants 
	Method 
	Data Collection 
	Proposed Model for Calculating Cumulative Risk 
	Implementation of the Proposed Model in a Calculation Tool 
	Quantification of Risk Using Data Gathered in Handwritten Templates 


	Results and Discussion 
	Comments on the Limitations of This Study 
	Conclusions 
	References

