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Abstract: This paper presents a detailed analysis to optimize natural ventilation performance in
educational buildings to minimize the probability of viral infection (POI) and avoid draught discom-
fort. A whole building energy simulation tool has been coupled with the Wells–Riley equation to
predict the probability of infection and Fanger’s draught equation to estimate the draught risk for
classroom environments. Several parameters have been investigated, including window opening
fraction (WOF), volume-to-student ratio, number of source patients, and exposure time. The analysis
confirmed a dual effect of space volume on the POI where the POI can be increased or decreased
simultaneously when the space volume is increased. Therefore, the WOF/(Volume/Student) ratio is
introduced, and an optimization analysis is performed to determine the optimum ratio that delivers
the lowest POI. The results showed that a WOF/(Volume/Student) ratio between 0.1 and 0.17 is rec-
ommended to guarantee low values of POI for a standard Volume/Student ratio of 6 m3. Even though
high ventilation rates are required to prevent viral infection, it will certainly increase the draught
risk. Therefore, optimal ventilation rates are required to maintain low POI and minimum draught
risk, which can be achieved by optimum design of windows and implementing control systems for
window operations to minimize turbulence effects and reduce the possibility of draught discomfort.

Keywords: natural ventilation; indoor air quality; airborne viral infection; draught risk; educational
buildings

1. Introduction

Building ventilation is the main strategy for replacing contaminant indoor air with
fresh outdoor air through natural or mechanical means [1]. Natural ventilation is the
intentional movement of air from the outdoors to the indoors typically driven by wind
forces or buoyancy effect caused by temperature differences without the use of mechanical
systems. These natural driving forces are normally produced through operable windows
and pressure differences between spaces. These forces can drive the flow of fresh air
through and within a building, moving from a high-pressure to a low-pressure zone.
Indeed, natural ventilation is considered an efficient strategy for reducing cooling energy
use of buildings in some cases in addition to improving indoor air quality by diluting
pollutants and minimizing the impact of bacterial and viral infections.

From an operational standpoint, natural ventilation could be considered a simple
system; however, high air change rates can be achieved when specific design techniques
are implemented. It is worth noting that buildings operating with mechanical ventilation
systems are associated with more Sick Building Syndromes (SBS) such as headache, dizzi-
ness, and throat irritation compared to buildings depending merely on natural ventilation
systems [2–4]. Nevertheless, the extensive use of mechanical ventilation systems and their
possible negative impact on the occupants and the environment offered the opportunity to
sustainable strategies and passive systems, such as natural ventilation systems, to spread
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widely as a sustainable supplementary solution [5]. On the other hand, natural ventilation
could be a reliable system to improve IAQ for most buildings, especially for those charac-
terized as high occupancy density buildings, such as educational buildings. For classrooms,
natural ventilation is considered as one of the most commonly used sustainable solu-
tions capable of providing high ventilation rates to ensure healthy and productive indoor
environment while reducing energy use compared to other ventilation strategies [6,7].

IAQ is associated strongly with human health, and is usually defined as the ability to
meet human needs [8]. Human needs have many requirements that must be considered
during the designing stage of a building. Recently and after the COVID-19 pandemic,
people have been showing a special interest in the health aspect of the indoor environment
where air pollution levels often exceed the outdoor environment, while approximately 90%
of the people spend most of their time in indoor spaces [9,10]. Nevertheless, improving
the IAQ of existing classrooms can be challenging if conventional design features are
considered. High ventilation rates could be achieved with natural ventilation as stated
above; however, there are several factors that could influence the performance of natural
ventilation such as outdoor climate conditions, building geometry, and the design of the
building envelope [11]. Recent studies discussed the important role of natural ventilation
in improving the quality of the indoor environment. One of the studies investigated
the IAQ in eight different schools while evaluating and proposing solutions to improve
it through natural ventilation strategies, which showed positive results [12]. A study
conducted by Ma’bdeh et al. [13] proved that through some architectural modifications to
a classroom building, especially in hot climate areas, the IAQ can be enhanced, which in
turn improves students’ academic performance and provides a healthy environment for
them. The study used computer simulations to analyze the rate of natural ventilation in
the classroom building before and after the architectural improvement. The results showed
positive indicators and improvement of the rate of natural ventilation after the architectural
modifications. Furthermore, natural ventilation systems can directly affect IAQ; however,
due to the large number of parameters such as opening types, dimensions, orientations, air
distribution, etc., accurate predictions of the performance of natural ventilation can be hard
to quantify and control [14].

Moreover, a number of studies investigated the interaction between human and indoor
microbial contamination in indoor spaces [10,15,16]. The transmission and spread of these
microbial and viral particles typically happen through airborne means and the interaction
with indoor building surfaces. It is worth mentioning that a large number of studies routed
the impact of airborne transmission diseases to human health [17–19]. Many previous stud-
ies indicated that natural ventilation reduces the risks of infection and airborne diseases,
and there is recent scientific evidence that supports the validity of the outcomes of these
studies [20]. In fact, the relationship between airborne infection and ventilation systems
has been discussed extensively in the literature. Most of these studies have introduced
mathematical models to explore the viral dynamics and investigate pathogenic characters
of viral infection [21]. However, the most recognized method used for evaluating the
impact of ventilation strategies on viral transmission in buildings is Computational Fluid
Dynamics (CFD). In addition, CFD modeling has also been used to monitor microbial
spread and airborne cross-infection [22]. In fact, CFD has long been utilized as an effective
and efficient method to accurately analyze air distribution and precisely visualize airflow
patterns and contaminant movements in enclosed spaces. For example, a recent numer-
ical study conducted by Wang et al. [23] explored cross-transmission of pollutants for a
single-sided natural ventilation. This study indicated that the risk of infection decreases
when increasing the ventilation rate; however, the risk of infection is not quantified in this
research study. In another study presented by Lipinski et al. [24], several ventilation strate-
gies have been analyzed using CFD to examine risk reduction in pathogen transmission in
buildings. Furthermore, a recent study investigated the likelihood of COVID-19 airborne
transmission for various scenarios of aerosol droplets dilution and transport using CFD
along with Monte-Carlo simulations to quantify the exposure time of aerosol for indoor en-
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vironments [25]. Moreover, Peng et al. [26] reviewed several studies that have investigated
pathogen transmission through CFD simulations and concluded that natural ventilation is
considered the main method to dilute pathogen concentrations. CFD modeling has also
been utilized to explore the evolution of coughed droplets for various ventilation patterns
in air-conditioned space [27]. Additionally, airborne contaminant transmission has been
evaluated in a hospital and laboratory settings using airflow simulation environment that
couples CFD with a multizone network software [28]. Some research studies utilized other
modeling techniques besides CFD such as empirical models and dynamic airflow modeling
using EnergyPlus to evaluate indoor pollutants and viral infection transmission in naturally
ventilated buildings [29,30].

The Wells–Riley model has been used in various recent research studies to estimate the
probability of infection in buildings to enhance ventilation techniques in order to minimize
the probability of airborne infection. This mathematical model assumes a steady-state
quanta generation rate delivered by infected people and a ventilation rate term responsible
for diluting the quanta concentration of the virus [31]. Therefore, according to this model,
increasing the ventilation rate will exponentially reduce the probability of infection in build-
ings. Hence, many research studies explored the influence of ventilation rates on infection
transmission in buildings either delivered naturally through windows or delivered by
mechanical ventilation systems. For instance, Dai and Zhao [32] evaluated the relationship
between ventilation rates and the probability of infection in buildings using the Wells–Riley
model and determined the quantum generation rate value of COVID-19. Additionally,
Kurnitski et al. [33] used the Wells–Riley model to develop a simplified ventilation equation
capable of estimating the ventilation rate of particular quanta emission rates in order to
reduce infection risk in buildings. On the other hand, mechanical ventilation has also
been evaluated to improve ventilation performance to minimize infection risks. A recent
study by Sha et al. [34] presented a modified Wells–Riley model to investigate the effect of
mechanical ventilation on airborne viral infection by combining ventilative cooling rate and
dilution ventilation rate. Another recent study introduced by Stabile et al. [35] performed
simulation analysis of typical school scenarios to estimate the required mechanical and
natural ventilation rates to prevent virus transmission. It is worth noting that limited
research studies applied the Wells–Riley model to estimate the probability of infection in
the context of multizone building environments. For instance, Yan et al. [36] estimated
viral infection risk of SARS-CoV-2 for a mechanically ventilated multizone building us-
ing CONTAM simulation software. Additionally, Alaidroos et al. [30] investigated the
probability of infection of a naturally ventilated historical building using the EnergyPlus
Airflow-Network model along with the Wells–Riley model to estimate the probability of
infection for various natural ventilation rates.

Indeed, high ventilation rates are most of the time necessary to maintain acceptable
indoor air quality as mentioned above; however, high ventilation rates might cause high
indoor air velocities that could lead to uncomfortable draught in the occupied spaces [37].
According to ASHRAE Handbook of Fundamentals [38], draught is “an undesired local
cooling of the human body caused by air movement” and is classified as one of the most
annoying factors affecting indoor environmental comfort in ventilated spaces. Therefore, it
is crucial to investigate the characteristics of airflow within the indoors and its impact on
draught and occupant comfort especially for naturally ventilated spaces where airflow tur-
bulence is commonly occurred due to air velocity fluctuations [39]. Generally, in ventilated
spaces, periodic fluctuation of air velocity commonly exists which causes turbulence. In
fact, air turbulence is known to cause draught complaints more than laminar (nonfluctuat-
ing) airflow [40]. Moreover, several studies showed that complaints of draught increase
with the increase in turbulence intensity [37]. This explicit relationship between turbulence
intensity and draught complaints is due to the increase in convective heat transfer when
turbulence increases [41].

The earlier studies that investigated the effect of draught on occupants’ discomfort
focused on examining the local air movement around an occupant’s head and ankles, which
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was the first to conclude that indoor discomfort is increased with the increase in indoor
air velocity [42,43]. However, these studies did not take occupants’ thermal perceptions
into account; thus, it was hard to determine the exact influence of draught in contrast to the
overall occupant’s comfort. Afterwards, a series of experiments were conducted to analyze
the characteristics of air movement and its impact on the overall comfort for occupants
who were thermally neutral. Specifically, Fanger and Pedersen [44] explored the effect of
air velocity, periodical fluctuation of airflow, and air temperature on draught discomfort.
They confirmed the relationship between air velocity and draught discomfort in addition
to finding that a fluctuating airflow leads to more discomfort conditions than a constant
airflow. Furthermore, Fanger and Christensen [45] also found in another experimental
study that turbulent airflow significantly influences the sensation of draught. Yet, in this
study, the turbulence intensity was kept within the range of 30% to 60%. Therefore, another
related study conducted by Fanger et al. [40] expanded the previous findings by applying
three levels of turbulence intensities (low: less than 12%; medium: between 20% and 35%;
high: greater than 55%). Hence, turbulence intensity was integrated into the new draught
model which has since been adopted in indoor thermal comfort standards such as ASHRAE
55 [46] and ISO 7730 [47] to predict the percentage of dissatisfaction from draught.

Few recent studies have discussed the influence of ventilation on draught risk; for
instance, Mumovic et al. [48] revealed that mechanical and hybrid ventilation systems in
new secondary schools usually causes draught problems where the draught risk is above
15% most of the time. It is to be noted that the risk of draught should always be less
than 15% in the occupied spaces according to the ASHRAE thermal comfort standard [49].
Another investigation conducted by Deng and Tan [50] explored the effect of low air
temperatures and outdoor wind speed on the draught risk in a naturally ventilated office
building. Moreover, Markov et al. [51] also discussed the possible problems with the
draught assessment procedure provided by ISO 7730:2005 [47] when strong fluctuations
in airflow is anticipated in university classrooms. Additionally, Conceição et al. [52] a
conducted a numerical study to predict the draught risk in addition to IAQ and indoor
thermal comfort for a classroom with desk-type personalized ventilation system.

As discussed earlier, numerical simulation methods are commonly used to analyze and
evaluate ventilation system effectiveness on minimizing airborne infection transmission
in buildings. The numerical modeling techniques presented in the literature are used
successfully to visualize contaminants distribution and airflow patterns; however, the vast
majority of these numerical simulation packages are not capable of estimating the impact of
airborne viral transmission on occupant’s infection rate inside buildings. In fact, there is a
lack of research studies to predict the probability of infection based on the ventilation rates
in naturally ventilated buildings, especially for educational buildings where occupancy
density is commonly high. In addition, occupants’ discomfort due to draught caused by
high ventilation rates is a common issue in naturally ventilated buildings that has not been
extensively studied yet. Hence, optimal ventilation rates that serve the right balance of
both viral infection prevention and minimum draught risk is a research gap that should be
investigated. Therefore, the contribution of this research study is to provide a list of design
recommendations to prevent airborne viral infection while avoiding draught discomfort
through a comprehensive analysis of the effectiveness of natural ventilation for educational
buildings.

This study will use a classical mathematical model that predicts the probability of
infection using several variables such as ventilation rates, duration of exposure to infectors,
and the number of source patients. In addition, Fanger’s draught model will be used to
estimate the draught risk in this study. A whole building energy simulation tool is utilized
to investigate the influence of climate conditions and building design characteristics and to
predict hourly ventilation rates which are then fed to the models to analyze the probability
of infection and the draught risk for each time step.
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2. Materials and Methods

A typical classroom building in King Abdulaziz University–Rabigh branch has been
selected as a case study for a thorough investigation of the effectiveness of natural venti-
lation for educational buildings. Rabigh is located in the western region of the Kingdom
of Saudi Arabia on the red sea cost which features a sweltering and muggy days during
summer and mild windy days during winter. The average annual wind speed is around
4 m/s while the maximum wind speed reaches up to 7.5 m/s. This prevalent outdoor
wind speed commonly promotes desirable natural ventilation rates if the building is well
designed to harvest and distribute the air evenly throughout the indoors. The analyses
have been performed using EnergyPlus [53] to simulate natural ventilation using Rabigh’s
TMY weather file. The 3D building model and the actual prototype building are shown
in Figure 1. In particular, the Airflow-Network module in EnergyPlus has been utilized
to analyze the building’s airflow distribution and ventilation rates. The Airflow-Network
model can accurately simulate the airflows of multizone indoors produced from cross
ventilation and stack effects, which has been validated through several experimental stud-
ies [54]. The selected classroom building is a three-story building with a gross floor area
of 2758 m2 and an overall window to wall ratio of about 20%. Classrooms are rectangular
and their dimensions are around 7 × 9 × 3 m (W × L × H) as illustrated in Figure 2. The
classrooms buildings at KAU-Rabigh have a linear disposition which enables the placement
of openings along the longer side of the rooms. This is a typical and representative case
study in terms of construction, typology, and integration of environmentally driven design
principles, and due to its standard characteristics, it has been selected to assess natural
ventilation and spread of viral infection within classrooms.
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There are several known means typically employed to improve indoor air quality
in buildings. However, this research study focuses on evaluating the effectiveness of
natural ventilation in controlling the spread of airborne virus transmission in buildings
and to assess draught discomfort caused by high ventilation rates. As stated earlier,
previous studies suggest a strong relationship between ventilation rates and concentrations
of particulate matter in addition to microbial and virus transmission within buildings.
However, ventilation rates, in the case of natural ventilation, are directly affected by specific
parameters such as wind speed, building orientation, window to wall ratio, space volume,
and window opening fraction; thus, these parameters could also affect the behavior of
airborne transmission of viruses and the probability of infection in buildings. Accordingly,
the emphasis will be on assessing the impact of ventilation rates produced by natural
ventilation on the likelihood of infection of occupants in educational buildings to eventually
recommend a list of design guidelines based on selected building parameters. Specifically,
general analysis of the performance of natural ventilation is performed throughout the
year for the selected educational building including the impact of building orientation
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and window opening fraction on the air change per hour of the building. Correlation
analysis is then implemented for classrooms volume, ventilation rates, window opening
fraction (WOF) and ventilation rates. Furthermore, sensitivity analysis is conducted to
analyze the impact of selected parameters on the probability of infection (POI) including
the number of source patients, class volume, window opening fraction. For easier and
efficient analysis, new ratios are introduced such as the classroom volume to the number
of students ratio which will be analyzed further against the WOF to explore their impact
on the POI. Based on the outlined results, correlations are developed for a selected set
of variables and stepwise regression is performed to develop a fit model to predict POI
through specific design parameters. Optimization is then performed to find the optimum
ventilation rate, classroom volume and WOF/(volume/student) ratio that delivers the
lowest POI. Furthermore, draught risk is estimated for three levels of indoor airflow
turbulence intensities, and the relationship between the probability of infection, draught
risk and ventilation rates is analyzed. Finally, design guidelines for educational buildings
are presented to optimize the performance of natural ventilation to prevent airborne
transmission of viral infection in classroom spaces while reducing the chances of occupant’s
complaints from draught discomfort.
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3. Results and Discussion
3.1. General Analysis of Natural Ventilation

To analyze natural ventilation performance for the educational building, an initial
model has been set for extreme conditions where all windows in all zones are assumed to
be fully opened. It is to be noted that the analysis has been performed for the first floor to
account for the worst-case scenario of wind speed since wind speed is normally found to
be higher at higher elevations. An hourly simulation was performed for the whole year
to analyze the ventilation rate of the building. In contrast, mechanical ventilation was
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turned off, and infiltration was set to minimum values, so it does not interfere with natural
ventilation. As presented in Figure 3, the simulation results show typical average daily
ventilation rate variations for the whole year. The annual ventilation rate values fluctuate
between 13 and 43 Air Change Per Hour (ACH) with an annual average of 23 ACH. It is to
be noted that ACH represents the number of times indoor air is completely replaced by
fresh outdoor air in one hour. The average ventilation rate values presented in Figure 3 are
desirable for an acceptable indoor air quality performance. However, as stated above, the
building’s floorplan consists of several zones distributed around the building in different
orientations. In Rabigh and the areas around it, most of the wind blows from the northwest;
therefore, those zones located on the building’s northwestern orientation should have
the highest ventilation rates. On the other hand, the northeastern exposures get the least
wind. This, in turn, affects the overall performance of natural ventilation in the building,
especially if cross-ventilation design techniques are not considered.
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The selected classroom building design is considered typical where each classroom
is isolated; thus, cross-ventilation could not be applicable in this case. Consequently,
ventilation rates in classrooms for each orientation have been investigated to evaluate
the impact of orientation on ventilation rates. Figure 4 shows the ventilation rate for
building zones located in four different orientations. It is clear from the simulation results
that most of the wind activity is coming from the northwest direction, which reflects the
high ventilation rates in the building zones located on that side, which can reach up to
85 ACH in some incidences, while the average is found to be 39 ACH. On the other hand,
ventilation rates in the northeast zones are constant for the whole year with around 7 ACH.
Classrooms in different orientations, southeast, and southwest, have an acceptable average
ventilation rate that swings between 17 and 25 ACH. According to the previous results,
the northeastern direction should be avoided when distributing classrooms in the design
stage to prevent low ventilation rates if natural ventilation is considered when designing
the building.
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3.2. Influence of Window Opening on Ventilation Rates

Typically, windows are not opened fully all the time, especially for educational build-
ings located in inappropriate outdoor weather conditions; thus, it is necessary to assess
the effect of the window opening area on the ventilation rates for the building. For this
analysis, one zone located on the northwest side of the building has been selected. The
average annual ventilation rate has been computed for various WOF, starting from 10% up
to 100% with a 10% increment. As depicted in Figure 5, there is a clear linear relationship
between the window opening fraction and ventilation rates for the selected classroom.
Even though 10% window opening is considered small, there is still an acceptable venti-
lation rate, around 4 ACH, due to continuous and high wind speeds from the northwest.
Ventilation rates higher than 15 ACH could cause drafting, which is undesirable, especially
for classrooms. Therefore, a 30% opening fraction could be the right choice in this case.
According to the results, for enhanced utilization of natural ventilation, it is recommended
to use a control system to regulate the window opening based on the requirements of
ventilation rates and indoor environmental quality constraints such as indoor temperature,
humidity, air quality, and drafting if existed due to high wind speeds.

Based on the above findings, adequate ventilation rates could not be a problem if
abundant wind is available. However, what is the effectiveness of the obtained ventilation
rates on improving the indoor air quality of the building? According to ASHRAE standard
62.1 (Ventilation for Acceptable Indoor Air Quality) [55], the minimum outdoor air rate
for lecture classrooms is 0.3 L/s · m2 this corresponds to 0.36 ACH for the analyzed
classroom in this study. Accordingly, the building exceeds the minimum requirements by
ASHRAE standard 62.1 to maintain acceptable indoor air quality. Yet, the question here
is whether the obtained ventilation rates of the classroom analyzed above can minimize
airborne transmission of viruses, thus lowering the probability of virus infection. In
contrast, the World Health Organization (WHO) issued a guideline report for infection
control in hospitals through natural ventilation requirements [56]. The guidelines stated
an average ventilation rate of 160 L/s per patient for airborne precaution rooms. WHO’s
above recommendation is presented solely for health care facilities; however, it is worth
investigating the recommended ventilation rates by WHO in an educational building
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setting to determine if the available ventilation rates in the selected building are capable of
eliminating the airborne cross-infection. According to the Neufert Architects’ Data [57], the
classroom area should be 2 m2/student. The classroom analyzed in this study has an area of
71 m2, which means the acceptable number of students should be 35. If 10% of the students
in the classroom are assumed to be infected, the number of infected students is about 4.
Suppose the number of infected students is multiplied by the ventilation rate recommended
by WHO (160 L/s per patient). In that case, it will return 640 L/s (about 11 ACH) as the
required ventilation rate for this specific classroom. According to the simulation results
presented in Figure 5, a 30% window opening fraction will provide a ventilation rate of
12 ACH, which exceeds the WHO’s ventilation rate for health care settings.
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3.3. Analysis of Airborne Infection Risk

The above discussion indicates the effectiveness of natural ventilation on providing
adequate ventilation rates that could exceed the WHO recommendations assigned for
airborne precaution rooms. However, further analysis is necessary to confirm that the
obtained ventilation rates for the building are sufficient to prevent airborne infection
transmission. Therefore, to explore the impact of ventilation rates on the probability of
infection, the Wells–Riley equation [58] is used to predict the probability of infection as
presented below:

P = 1− e−Iqpt/Vn (1)

where P is the probability of infection transmission, I is the number of patients (infection
source), q is the quantum generation rate produced by an infector, p is the respiratory
ventilation rate of each susceptible, t is the exposure time, V is the volume of the enclosed
space, and n is the air change rate of the ventilation system.

To apply this equation for COVID-19 specifically, this particular virus’s quantum
generation rate should be determined. A recent research study by Dai and Zhao [32] intro-
duced the range of quantum generation rates for COVID-19 through regression analysis
using available quantum generation rates and basic reproductive numbers of other airborne
transmitted infectious diseases from previous studies. The range of quantum generation
rate (q) for COVID-19, according to Dai and Zhao [32], is found to be between 14 and
48 (quanta/h).

Before continuing further with the analysis, validation of the Wells–Riley model is
performed. Actual data of COVID-19 cases reported in the literature [59–61] were used
and a comparison between the predicted POI and the real cases POI is presented. Table 1
summarizes the details of the actual infection cases of COVID-19 along with the values of
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reported ventilation rates, exposure duration, respiratory ventilation rate, and the quantum
generation rate for each case. Table 2 shows the comparison between the predicted results
and actual values of POI and number of infected people for each case. According to the
results presented in Table 2, acceptable agreement is observed between the predicted results
of the Wells–Riley model and the actual reported values of the infection cases with an
average difference of 6.9% between the predictions and actual data.

Table 1. Summary of the reported information of the COVID-19 actual cases.

Case Case Date Place Type Total Oc-
cupants

# Primary
Infected

Cases

# Secondary
Infected

Cases

V
(m3)

n
(ACH)

t
(h)

p
(m3/h)

q
(quanta/h)

1 24 January 2020 Restaurant 21 1 9 127 0.6 1.25 1.1 42.1

2 20 February 2020 Meeting room 14 1 ≥11 189 0.2 9.5 1.1 42.1

3 10 March 2020 Choir rehearsal hall 61 1 33–53 810 0.35–1.05 2.5 1.1 195.5

Table 2. Comparison between the prediction and actual values of POI and number of infected people.

Case
Actual Prediction

POI Infected People POI Infected People

1 0.45 9 0.53 10.6

2 1 13 1 13

3 0.53–0.87 32–52 0.47–0.85 28–51

For a preliminary analysis, the parameters of the Wells–Riley equation have been
assumed and summarized in Table 3. Only one infection source (patient) is assumed for
the initial analysis. Since the students are seated in the classroom, a value of 0.3 m3/h is
assumed for the respiratory ventilation rate, which corresponds to occupants with indoor
light activity. A five-hour duration of exposure has been set to examine an extremely
long exposure to the infectors. A sensitivity analysis of the number of source patients is
presented afterward.

Table 3. List of the parameter’s values used in the Wells–Riley equation.

Symbol Value

I 1

q 48 quanta/h

p 0.3 m3/h

t 5 h

V 210 m3

The annual ventilation rate values obtained from the simulation results of the fully
opened window scenario have been substituted in the Wells–Riley equation, and the
probability of infection has been predicted for this particular case. The results shown in
Figure 6 demonstrate a clear exponential decay curve where the probability of infection is
diminished with the increase in ventilation rate. The results indicate that the probability
of infection is found to be below 0.1 when the window opening fraction is set to 30% or
larger. In fact, the dilution of contaminants could reach high levels when the window
opening fraction is set to 80% or larger. This is depicted in Figure 6 where the probability
of infection diminishes with values lower than 0.04. Keep in mind that the results shown in
Figure 6 represent the results of a one-source patient. Indeed, the probability of infection
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will increase with the increase in the number of source patients. Therefore, to explore
the effect of the number of patients that can transmit the infection on the probability of
infection in the analyzed class, a sensitivity analysis has been performed. The simulation
results in Figure 7 shows that the more infection sources are inside the space, the larger the
probability of infection it will get. Yet, the results indicate the high impact of ventilation
rates on the probability of infection even with large numbers of source patients. Infection
transmission could reach very high levels if the ventilation rate is lower than 5 ACH,
which could get close to 0.9 if the number of source patients equals 10. On the other hand,
moderate ventilation rates above 35 ACH help keep the probability of infection below
0.1 despite the number of source patients. It is worth noting that these high values of
ventilation rates are commonly obtained through natural ventilation. Detailed analysis is
recommended if mechanical ventilation is utilized to deliver high ventilation rates such as
those presented in this analysis to prevent high energy consumption implications.
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3.4. Optimized Classrooms to Minimize Airborne Infection

The above discussion demonstrated the significant impact of ventilation rates on
the probability of infection for educational buildings. However, the main point worth
discussing is what are the design parameters that have the most influence on natural
ventilation? Additionally, what are the optimum values of these parameters to ensure
optimum performance of natural ventilation? In order to answer these questions, two
variables have been selected assumed to have the highest effect on ventilation performance,
which are the opening fraction of windows and the volume of the space. For this analysis,
the classroom volume has been varied by a fraction from 0.1 to 1 with a 0.1 increment
where 1 means 100% of the actual volume of the classroom and 0.1 means 10% of the actual
original classroom volume. Figure 8 illustrates the values of ventilation rates based on the
change of volume (represented as normalized volume) and the change of window opening
fraction. According to the simulation results, there is an exponential relationship between
the space volume and the ventilation rate, where ventilation rates increase exponentially
with the decrease in space volume. On the other hand, ventilation rates will increase with
the increase in window opening fraction, as stated previously. So far, the results make
sense as long as high ventilation rates are the only target. However, after a closer look
at Equation (1), an inverse relationship is observed between the space volume and the
probability of infection, meaning that increasing the volume of the space will decrease the
probability of infection, as shown clearly in Figure 9. According to the stated observation, a
dilemma is emerged, and the following question should be answered: should the volume
be increased to reduce the probability of infection, or should the volume be decreased to
increase the ventilation rate that will in turn minimize the probability of infection? Indeed,
there should be an optimum value of the space volume that can assist in delivering the
acceptable ventilation rate to maintain the lowest probability of infection for the classrooms.

According to the analysis presented so far, two parameters are considered critical
when analyzing the probability of infection (POI) for classrooms, which are WOF and the
enclosed space volume. For efficient and easier analysis, the two stated parameters are
presented in one inclusive ratio defined as the WOF by the volume-to-student ratio. An
optimization analysis has been performed to determine the optimum ratio of WOF and
volume that delivers the lowest POI. Based on the optimization results shown in Figure 10,
the higher the ratio of WOF/(Volume/Student) the lower the POI values. For this particular
classroom design condition, the value of the optimum WOF/(Volume/Student) ratio is
found to be one that returns a POI value of 0.006. For a ratio of 1, the WOF should equal
to 100%, and the Volume/Student equals to 1 m3. The recommended Volume/Student
value is very small and unacceptable according to standards even though the POI has
been eliminated. For practical values of Volume/Student ratio and WOF, constraints
have been applied for Volume/Student ratio values that correspond to minimum area
requirements for classrooms according to Neufert Architects’ Data [42]. Figure 10 shows
the results in red dots, which denotes the Volume/Student ratio values that are equal to or
greater than 6 m3/student. Hence, POI with values less than 0.05 could be achievable for
WOF/(Volume/Student) ratio between 0.1 and 0.17 which corresponds to Volume/Student
ratio of 6 m3 and an optimum WOF of 100%. However, due to the large window opening
fraction, ventilation rates exceed acceptable limits, which can reach up to 120 ACH and
produce undesirable air draught currents. Yet, POI with values around 0.07 is observed
when ventilation rates swing between 40 and 60 ACH, which is considered acceptable.
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The above results and discussion demonstrate the implications of outlining an ideal
design solution of natural ventilation to minimize the probability of infection in classrooms,
especially when standard space areas and number of students are considered. Optimum
design solutions, for this case, could be even more complicated when considering outdoor
climate conditions in addition to building design parameters and indoor conditions. Utiliz-
ing control systems tailored to achieve optimal natural ventilation performance to eliminate
virus infection in classrooms is a promising strategy. Optimized control algorithms can
be developed to operate windows with specific cost functions and constraints where all
related parameters are measured instantaneously for accurate control decisions.

The data obtained through simulations in this research study have been used to
produce an empirical model that can predict the probability of infection with new input
variables such as WOF and WOF/(Volume/Student) ratio for classrooms. This model can
be utilized for initial design stages when evaluating natural ventilation and its impact on
airborne infection transmission. The following variables are considered: ventilation rates,
WOF, space volume, number of students, and number of infected students. Stepwise regres-
sion analysis is carried out using R (a data analysis programing language) [62] to develop a
fit model for POI with two independent variables: WOF and WOF/(Volume/Student) ratio.
Equation (2) below represents the regression model used to predict the POI. The values of
the model coefficients shown in Equation (2) are listed in Table 4.

POI = β0 + β1WOF + β2

(
WOF2

V
St

)
− β3

(
e

WOF·St
V

)
(2)

Table 4. Coefficients values of the POI fit model presented in Equation (2).

β0 1291.1

β1 256.1

β2 146

β3 1290.7

The model offers acceptable accuracy with an R2 of 0.78. Verification analysis has been
performed to verify the accuracy of the model through a validation set of data selected from
the simulation predictions. The results suggest fair predictions compared to the original
simulation results with a coefficient of variation of the Root Mean Square Error (RMSE)
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equal to 3.9% which measures the variability of errors between the original data and model
predictions. The developed empirical model presented above has been used to re-predict
the probability of infection (POI) based on a wide range of WOF and volume-to-student
ratio (V/St) for classrooms located in Rabigh’s climate. The results are then used to produce
a contour plot, as shown in Figure 11, that demonstrate the relationship between WOF
and V/St and their combined effect on the probability of infection for the classrooms.
The contour plot illustrated in Figure 11 reveals that low POI is achievable when about
10% increment of WOF is applied for each 0.5 increase in classroom volume-to-student
ratio. In this case, the POI is kept below 0.1 for all classroom sizes and occupancy density.
Furthermore, Figure 11 can be used as a simple guide for the required opening fraction of
the windows depending on the size of the classroom and the number of students occupying
the classroom. However, it is worth noting that this particular POI contour plot is only
applicable for classroom buildings located in climate conditions such as that of Rabigh
with its special wind speed and wind direction which is considered a limitation. Hence,
comparable contour plots accounting for wind speed and wind direction as independent
variables should be produced to develop general correlations that work for various climate
conditions.
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3.5. Analysis of Draught Risk

Designing optimum ventilation systems that deliver air distribution without draught
issues is an essential design requirement to prevent indoor thermal comfort dissatisfaction
and draught complaints. The latest Fanger et al. model [40] has been used in this study to
quantify the draught risk of the natural ventilation system in the building. The turbulence
intensity is first calculated by dividing the root mean square of the velocity fluctuation
inside the building by the mean velocity as shown in Equation (3) below.

Tu =

√
v′

2

v
·100% (3)
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The root mean square of the velocity fluctuation (RMS) can also be estimated for three
levels of turbulence (low, medium, and high) using the following regression equations
developed by Fanger et al. [40]:

Low turbulence : RMS = 0.1218v− 0.00846
Medium turbulence : RMS = 0.1661v + 0.01863

High turbulence : RMS = 0.7278v− 0.0185
(4)

The mean indoor air velocity in the building is dependent on the window opening
fraction and the average ventilation rates throughout the building. Figure 12 illustrates
a selected sample of indoor mean air velocity against calculated turbulence intensities
using the above correlations for various turbulence intensity levels. Typically, in actual
operational settings of ventilated spaces, various turbulence intensities might occur de-
pending on the indoor and outdoor conditions. Therefore, the three levels of turbulence
intensities shown in Figure 12 were used to predict the draught discomfort rating for the
indoors. The draught rating is estimated as a function of mean air velocity, indoor air
temperature and turbulence intensity as shown in Equation (5), where Ta is the average
indoor air temperature, v is the mean indoor air velocity, and Tu is the turbulence intensity.
The average indoor air temperature has been assumed to be 23 ◦C since the DR model was
developed in an experimental setting at 23 ◦C. It is to be noted that this model is applicable
for certain conditions where the occupant’s body is at thermal neutrality, and occupants
are wearing normal indoor clothing while conducting sedentary activities [40].

DR = (34− Ta)(v− 0.05)0.6223(0.3696vTu + 3.143) (5)

The simulation results show a clear and expected correlation between ventilation rates,
air velocity, and draught rating. As depicted in Figure 13, increasing ventilation rates leads
to increasing indoor air velocity which in turn increases the draught rating. For instance,
a significant increase in ventilation rate from 45 to 90 ACH increases the indoor mean
air velocity from 0.1 to 0.2 m/s which in turn will increase the average DR from 7% to
19%. These results confirm the significant impact of the ventilation rate on the draught
rating and eventually on occupant’s discomfort. In fact, draught risk could reach up to
100%, which means 100% discomfort due to draught, when very high ventilation rates are
observed (above 200 ACH). These high ventilation rates are achievable when all windows
of the building are fully opened.
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The effect of ventilation rate on the probability of infection and viral transmission has
been demonstrated and discussed in the previous section. The analysis confirms the logical
consequences of increasing the delivery of fresh air into the building by increasing the
dilution of contaminants (reducing the concentration of viruses in this case). However, high
rates of ventilation might cause occupants’ discomfort as illustrated in Figure 13. Therefore,
a precise ventilation rate is required to prevent viral infection (minimum POI) while
lowering the risk of draught discomfort (minimum DR). A detailed simulation analysis was
performed to analyze the interrelationship between ventilation rates with both POI and
DR. The number of infectors has a significant influence on the estimated POI, as discussed
earlier in Figure 7; therefore, the analysis has been conducted for a range of number of
infectors to number of students ratio (#infectors/#students). A priority constraint has been
specified by defining a POI threshold equal to 0.01. The value of required ventilation rate is
then identified, and DR is computed for three levels of turbulence intensity (low, medium,
and high). Figure 14 shows a sample of the analysis results. The results clearly suggest
that very low POI can be maintained, as low as 0.01, for all #infectors/#students ratios;
however, very high ventilation rates are required for higher infectors ratios to keep the POI
constant at 0.01 which can easily cause DR values to rise significantly and thus increasing
the risk of draught discomfort especially when assuming high turbulence intensity cases.
It is worth noting that the higher the ventilation rate the larger the gap between DR of
low turbulence intensity and DR of high turbulence intensity. In specific, the difference
between DR for high and low turbulence intensities for 27 ACH is about 25% required for a
3% infector/student ratio. On the other hand, the difference between DR for high and low
turbulence intensities for 200 ACH is about 67% required for a 25% infector/student ratio.

It is to be noted that ventilation rates in naturally ventilated buildings are signifi-
cantly influenced by several factors such as wind speed, wind direction, opening area,
orientation of the building, and the volume of the space. Therefore, high ventilation rates,
including extreme rates, could be achievable if certain conditions are met through factors
mentioned above. In fact, some research studies available in the literature demonstrated
high ventilation rates through simulations and experimentations as listed in Table 5.
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Table 5. Previous studies demonstrating high ventilation rates for naturally ventilated buildings.

#Ref. Type of Study Obtained Ventilation Rate (ACH)

[63] Simulation 150–200 ACH

[64] Simulation 50–350 ACH

[65] Simulation 117 ACH (with wind catcher assistance)

[66] Experiment Up to 100 ACH

[67] Experiment 73.7 L/s/m2 = 88 ACH

Table 6 below shows the results for more values of the infectors/students ratio and
the amount of increase in DR between high and low turbulence intensities. The results
indicate a clear exponential increase in DR with the increase in the infectors/students ratio
until it reaches a 100% maximum draught rating at 27% infectors/students ratio where
the difference in DR between high and low turbulence intensities start to decline. As the
simulation results imply, a large reduction in draught risk is achieved if the turbulence
intensity within the space is controlled to ensure low turbulent airflow of the ventilated
indoors. Successful control of turbulence intensity will offer a chance for delivering higher
ventilation rates to prevent viral infections without jeopardizing occupants’ comfort due
to high draught ratings. The following important question arises out of this analysis: is it
possible to control the turbulence intensity of naturally ventilated spaces to minimize the
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draught risk when high ventilation rates of fresh air are supplied? This particular topic
is worth being investigated to develop effective natural ventilation systems capable of
preventing viral infection while reducing possible draught discomfort.

Table 6. Ventilation rates and draught ratings to limit the probability of infection at 0.01 for different
ratios of number of infectors by number of students in classrooms.

#Infectors/#Students Ratio 3% 9.4% 15.4% 18.8% 21.9% 25% 34.4% 46.9%

Probability of infection 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Ventilation Rate (ACH) 27 79 128 154 180 203 277 375

Maximum Draught Rating 2.4% 21.6% 44.6% 59% 75% 90% 100% 100%

DR difference between high and
low turbulence intensity 25% 50% 60% 63% 65% 67% 57% 38%

According to the analysis and results discussed in this study, some design recommen-
dations are listed below to help in delivering optimal natural ventilation performance for
acceptable indoor air quality and minimizing the probability of virus airborne infection:

• Classrooms should be located on the building side that provide enough wind speed
for adequate ventilation rates. In general, for Rabigh and the surrounding west coast
provinces, classrooms should not be located on the northeastern side of the building.
While other orientations can provide sufficient ventilation rates, the northwestern
orientation offers the highest wind speed throughout the year.

• There is an apparent association between classroom volume and air change per hour
(ACH). In contrast, the opposite relationship is found between the classroom volume
and the probability of infection (POI). This interrelationship between volume, ACH,
and POI makes it challenging to determine the exact classroom volume that will offer
adequate ACH with the lowest POI. Based on the analysis presented in this research
study, the optimum value of Volume/Student is found to be 6 m3, and the ideal WOF
is 100%. Yet, acceptable POI values are achieved for WOF between 30% and 100%
depending on wind speed conditions.

• To keep the POI as low as possible in classrooms, about 8% of WOF is required for a
volume-to-student ratio of 0.5. The WOF should then be increased exponentially for
each additional 0.5 of volume-to-student ratio as denoted in Figure 11.

• Even though high ventilation rates are required to maintain a low POI, it will most
likely affect occupants’ comfort by increasing draught risks due to turbulence effects.
Therefore, a precise ventilation rate is required to achieve the right balance between
POI and DR. This balance can be accomplished through an optimum design config-
uration of windows and classrooms in addition to control systems to operate the
windows in order to minimize turbulence effects and reduce the possibility of draught
discomfort.

4. Conclusions

This research study introduced a detailed analysis to evaluate the performance of
natural ventilation in educational buildings to minimize the probability of viral infection
(POI) and avoid draught discomfort. The study has been implemented for a selected
classroom building at KAU-Rabigh and went through systematic analyses including para-
metric, sensitivity, and optimization analyses to investigate a list of parameters such as
window opening fraction (WOF) and volume-to-student ratio. The results indicated a clear
linear relationship between WOF and ventilation rates for the classrooms. A value of 30%
WOF found to provide an acceptable ventilation rate that exceeds WHO’s recommended
ventilation rates assigned for airborne precaution health care spaces. The analysis results
confirmed achieving low values of POI when the WOF is set to 30% or larger. Moreover, the
analysis revealed significant influence of both WOF and space volume on the ventilation
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rates; thus, these two variables were combined into one inclusive ratio defined as the
WOF by the volume-to-student ratio. This ratio has been used in an optimization analysis
to determine the optimum ratio that delivers the lowest POI. The optimization results
suggested a ratio between 0.1 and 0.17 to achieve less than 0.05 POI values. This WOF by
the volume-to-student ratio corresponds to a Volume/Student ratio of 6 m3. Additionally,
a regression model has been developed using a large set of data from simulation results
to predict the probability of infection with new independent variables including WOF
and WOF/(Volume/Student) ratio. The analysis indicates that 8% of WOF is required to
maintain low POI values for each additional 0.5 volume-to-student ratio.

This research study is not intended to provide finalized guidelines for preventing
viral infections. Instead, the principal objective behind this research study is to identify
the significant design parameters and their relationship to selected dependent variables
through parametric and sensitivity analysis to deliver a balanced ventilation rate capable of
minimizing viral infection transmission while avoiding draught discomfort. Finally, experi-
mental measurements of natural ventilation rates and viral concentrations for educational
buildings should be considered in future research to validate current simulation results and
to develop generic correlations suited for a wide range of climates and building conditions.
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Nomenclature

Symbols
P Probability of Infection
I Number of infection source
q Quantum generation rate
p Respiratory ventilation rate
t Exposure time
V Volume of the enclosed space
n Air change rate of the ventilation system
St Number of students in classroom
Ta Average indoor air temperature
Tu Turbulence intensity
v Mean indoor air velocity
RMS Root mean square of the velocity fluctuation
DR Draught Risk
Abbreviations
WOF Window Opening Fraction
POI Probability of Infection
ACH Air Change per Hour
TMY Typical Meteorological Year
IAQ Indoor Air Quality
CFD Computational Fluid Dynamics
ASHRAE American Society of Heating, Refrigerating and Air Conditioning Engineers
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