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A B S T R A C T   

Nowadays, it is necessary a better airborne transmission understanding of respiratory diseases in 
shared indoor and semi-indoor environments with natural ventilation in order to adopt effective 
people’s health protection measures. The aim of this work is to evaluate the relative exposure to 
SARS-CoV 2 in a set of virtual scenarios representing enclosed and semi-enclosed terraces under 
different outdoor meteorological conditions. For this purpose, indoor CO2 concentration is used as 
a proxy for the risk assessment. Airflow and people exhaled CO2 in different scenarios are 
simulated through Computational Fluid Dynamics (CFD) modelling with Unsteady Reynolds- 
Averaged Navier-Stokes (URANS) approach. Both spatial average concentrations and local con-
centrations are analyzed. In general, spatial average concentrations decrease as ventilation in-
creases, however, depending on the people arrangement inside the terrace, spatial average 
concentrations and local concentrations can be very different. Therefore, for assessing the relative 
exposure to SARS-CoV 2 it is necessary to consider the indoor flow patterns between infectors and 
susceptibles. This research provides detailed information about CO2 dispersion in enclosed/semi- 
enclosed scenarios, which can be very useful for reducing the transmission risk through better 
natural ventilation designs and improving the classic risk models since it allows to check their 
hypotheses in real-world scenarios. Although CFD ventilation studies in indoor/semi-indoor en-
vironments have been already addressed in the literature, this research is focused on restaurant 
terraces, scenarios scarcely investigated. Likewise, one of the novelties of this study is to take into 
account the outdoor meteorological conditions to appropriately simulate natural ventilation.   

1. Introduction 

Bioaerosols are solid or liquid particles whose size ranges from 0.1 μm to 100 μm, containing smaller particles of biological origin 
[1]. When people breathe, cough or sneeze, they emit bioaerosols to the air that can contain pathogens. Depending on their size, they 
can deposit quickly on surfaces because of the gravity effect (heavier bioaerosols) or remain suspended in the air (lighter bioaerosols) 
during hours [2] according to the ventilation-induced effects [3]. It can generate cross-infections and in fact, bioaerosols play an 
essential role in the transmission of respiratory diseases, such as tuberculosis and measles [4], influenza [5], SARS-CoV 1 [6] or MERS 
[7]. Today, it is well known by the scientific community this fact is also applicable to SARS-CoV 2 [8,9] and it has been already 
recognized by international organizations like WHO (World Health Organization) and CDC (Center for Disease Control and 
Prevention). 
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Europeans spend, on average, between 85% and 90% of their daily time in closed spaces or indoor environments according to a 
report published by the EC [10]. The risk of contagion of airborne diseases in these environments is greater than in open spaces or 
outdoor environments [11]. Therefore, it is usually recommended that some human activities would be carried out outdoor to reduce 
exposure to SARS-CoV 2 [12]. Depending on the country and the age, people spend different time eating and drinking in restaurants, 
cafes, and canteens [10]. This activity is usually carried out in shared indoor/semi-indoor environments and it could potentially 
represent high exposure to SARS-CoV 2 depending on the crowding and noising levels (bioaerosol emission increases with voice 
loudness [13], occupation times, venting and people face covering [14]). 

Natural ventilation dilutes and removes the indoor bioaerosols by providing fresh air. For this reason, improving the natural 
ventilation (i.e. increasing the air renewal rate) in indoor/semi-indoor environments, like restaurants, cafes and canteens are rec-
ommended as a risk reduction measure [15]. But, depending on the flow patterns between people, the ventilation process (by 
providing high renewal rates) may decrease the cross-infection risk or it may increase the spread of diseases in shared environments. 
That is why, presently, more and more works highlight the importance of achieving adequate indoor air circulations to reduce airborne 
transmission [16–18]. Although most of these works are focused on indoor environments with mechanical ventilation [19], for 
example, inside hospitals [20–23]. 

To analyze natural ventilation in indoor/semi-indoor environments, both experimental and theoretical techniques can be used. A 
useful experimental technique is the Particle Image Velocimetry, PIV [24]. Nevertheless, in some cases, obtaining a complete infor-
mation is techno-economically unfeasible from the experimental point of view. Theoretical techniques require using models able to 
simulate bioaerosols behavior in real scenarios. The classic Wells–Riley model [25] is commonly used to calculate the probability of 
infection from airborne diseases indoors, such as SARS-CoV 2. It depends on the quanta (viruses released), people exposure time, room 
ventilation flow rate, room volume, and other factors [26]. And one of their main hypotheses is that the quanta is completely mixed 
into the room. But in real real-world scenarios, this hypothesis hardly ever is verified. That is why the new versions of Wells–Riley 
model tries to overcome this limitation including a mixing factor [27]. This research gap is being covered by Computational Fluid 
Dynamics (CFD) models which are a very useful tool because provides detailed spatial information about the airflow and viruses 
concentrations (if sources are well characterized) in real indoor environments [28]. 

After the COVID19 pandemic lockdown, several activities were moved to the outdoor, for example, restaurants and bars closed 
their indoor stores but opened or extended their terraces even in wintertime. To shield the customers from the weather, their settings 
were outfitted with non-permanent or semi-permanent structures with light walls and roofs giving rise, in some cases, to almost indoor 
or semi-indoor terraces, which would not be able to comply with adequate ventilation [29]. 

The application of CFD models to study the exposure to SARS-CoV 2 in several real environments during COVID19 pandemic has 
been already addressed in the recent literature: in a grocery store [30], in a restaurant [31] or in a waiting room [32]. In addition, the 
local risk level has been analyzed in a classroom [33] or in a theater hall [34]. However, in these studies, natural ventilation has not 
been considered or not accurately considered despite being indoor/semi-indoor environments. For example [31], have simulated a 
restaurant with both mechanical and natural ventilation using constant and homogeneous boundary conditions. But natural venti-
lation, and consequently indoor airflow and bioaerosol dispersion, depend on the outdoor meteorological conditions (wind speed, 
direction, temperature, etc.), and not all of them are equivalent to indoor ventilation. Therefore, to fill this research gap, the domain of 
CFD simulations should cover not only indoor/semi-indoor environment, but also the nearby outdoor, in order to appropriately 
simulate the natural ventilation and its influence on indoor airflow and bioaerosol dispersion. The dependency of natural ventilation 
on the outdoor meteorological conditions is due to its driving forces are wind pressure, stack pressure (buoyancy), or a combination of 
both. And in all cases, the influence of outdoor conditions cannot be neglected. In the first case, the wind flow is induced by a pressure 
gradient between windward and leeward (different pressure coefficients). In the second case, the wind flow is induced by a tem-
perature gradient between indoor and outdoor. And finally, in the third case, the wind flow is induced by a combination of both 
phenomena. 

[35] studied wind speed effect on social distancing, but not the wind direction effect. And, for instance, the indoor flow patterns in a 
restaurant terrace are different depending on the wind direction and the design of the terrace (some of them have usually outfitted 
their setting with doors, windows, walls, and roofs). At the same time, the indoor bioaerosol concentrations in a restaurant terrace are 
different depending on indoor flow patterns and people arrangement inside the terrace. 

Indoor CO2 concentrations are commonly used as a proxy of the risk of respiratory diseases transmission [36–39] due to:  

● these diseases are acquired mainly by inhaling infectious bioaerosols  
● infectious bioaerosols are released to ambient air through the people exhaled air  
● the people exhaled air CO2 concentration is much higher than outdoor CO2 concentration  
● in indoor environments the main sources of CO2 emissions are people. 

But, depending on the bioaerosols size and the ventilation system, the dispersion of bioaerosols and CO2 can be different [40]. 
numerically investigated the behavior of a gas tracer versus particles whose size ranges between 0.1 μm and 20 μm under three 
ventilation strategies: mixing ventilation (MV), displacement ventilation (DV), and under-floor air distribution (UFAD). They stated 
the movements of submicron particles are like tracer gases, whereas the gravitational effect should be taken into account for particles 
larger than 2.5 μm [41]. obtained similar conclusions using an Eulerian CFD model validated with particles whose size ranges between 
0.5 μm and 1 μm and between 5 μm and 10 μm. Recently, [42]; carried out experimental work in a concert hall using an aerosol 
distribution whose size ranges from 0.1 μm to 10 μm with a peak in 0.3 μm (typical distribution for people during breathing) and a 
vertical ventilation system which provides fresh air from bottom to top. In this work, a good correlation between indoor aerosol and 
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CO2 concentrations was found. In this context, this research is focused on small bioaerosols (order of 1 μm or lower), using CO2 as a 
proxy, since:  

● the exhaled bioaerosols size when people are talking ranges from 0.05 μm to 10 μm with the mean value of about 1 μm [13])  
● the impact on health of these bioaerosols because, in addition to ultrafine particles, inhaled bioaerosols between 1 μm and 5 μm can 

go through the upper respiratory tract and have a high probability of deposition on the bronchial tree and alveoli [43]. 

Nowadays the dose of viable SARS-CoV 2 required to cause infection in another person is not well known, therefore, the problem 
needs to be addressed in relative terms, comparing different scenarios/situations. 

Under this framework, the main objective of this study is to estimate the impact of natural ventilation on the relative exposure to 
SARS-CoV 2, using indoor CO2 concentrations as a proxy, in a set of virtual indoor/semi-indoor scenarios representing multiple terrace 
configurations as a function of outdoor wind direction. For this purpose, CFD modelling is used with a URANS type turbulence 
approach which reproduces the real indoor flow patterns and several passive scalars transport equations to simulate people exhaled 
CO2 concentrations. Therefore, one of the main novelties of this study is to take into account the outdoor meteorological conditions to 
appropriately simulate natural ventilation and its effects on indoor airflow and CO2 dispersion considering a numerical domain that 
covers not only the terrace but also the nearby outdoor. In addition, the terraces investigated in the present study is an environment 
scarcely studied. 

The goal of a good venting configuration is to ensure that most exhaled bioaerosols by the people are diluted and removed before 
being inhaled by the surrounding people. Therefore, the numerical results have been analyzed from both spatial average concen-
trations and a local concentrations point of view. Here, the relationship between flow patterns and indoor CO2 concentrations for a 
wide range of scenarios is shown and the relative exposure to SARS-CoV 2 is studied assuming the same exposure time for all cases. 
These results can help to better understanding SARS-CoV 2 transmission in shared indoor and semi-indoor environments with natural 
ventilation and the used methodology can be useful to improve the risk classic models and to evaluate natural ventilation based 
strategies. 

The work outline is the following: firstly, the material and method are described (CFD model description: geometry, mesh, main 
hypotheses as well as the simulations methodology), secondly, the obtained numerical results are shown and discussed and finally, the 
main conclusions are presented. 

2. Material and method 

CFD modelling based on Unsteady Reynolds-Averaged Navier-Stokes equations (URANS) is used to model the airflow and CO2 
dispersion in a set of scenarios representing different configurations of terraces ranging from fully outdoor terraces to fully closed 
terraces including several semi-indoor cases. 

The advantages of using this technique are:  

● it is accurate enough to analyze the average behavior during the steady-state  
● it involves reasonable computation times to compare a large number of scenarios. 

2.1. Setup and description of simulated scenarios 

A 3D geometric model of a real terrace has been done. The terrace is a parallelepiped which surfaces, S, is 32 m2 and its height, H, is 
2.85 m. It is considered representative of a typical terrace [44]. It is located in the center of a cylindrical domain with dimensions 15H 
radius and a domain height of 10H (Fig. 1). 

The domain dimensions have been set according to the best practice guideline of [45]. The terrace tables and chairs have been 
taken from a free 3D model [46] and they have been arranged following an inline configuration. People inside the terrace are sitting 
and talking, as shown in Fig. 1. 3D people models have been obtained from Ref. [47]. The total number of persons is equal to 8 persons, 

Fig. 1. Geometric model: left) domain dimensions; center) zoom in the terrace and layout of the people inside the terrace. Note that blue arrows represent the studied 
inlet wind directions; right) zoom of two partners (dotted circles represent the inhalation (intake) zones around the people). 
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denoted as Pi with i = 1, 2, …, 8, and interpersonal distance between non-partners (people sitting around different tables) is greater 
than 2 m. The inhalation zone of each person has been delimited by a sphere of 50 l centered in her mouth, as shown in Fig. 1). 

Up to 3H height, the mesh model is made by polyhedral cells of typical volume size, ΔV, equal to 1 m3. On surfaces, typical sizes, 
ΔS, range from 0.5 m2 around the terrace enclosures, tables and chairs up to 0.1 m2 around the people (see Fig. 2), but certain re-
finements have been added where surfaces have demanded it, which minimum surface size range from 0.1 m2 around the terrace 
enclosures, tables and chairs up to 0.02 m2 around the people. Finally, a 0.1 m thick prism layer has been applied on the ground (both 
outdoor and indoor) and on both faces of the terrace enclosures (see Fig. 2). From 3H to 10H, the meshing has been extruded using 15 
layers, increasing the thickness with height to save on the total number of cells. The total number of cells is approximately 1.3 106. 

This mesh model has been chosen according to the mesh test carried out (see § 2.2). 
Regarding the physical model, the URANS turbulent approach (based on the concept of Reynolds averaging) has been applied with 

a time-step, Δt, of 0.1 s and 3 inner iterations per time-step. Closing the URANS equations is solved with the κ − ε Two-Layer model and 
the flexibility of the All Y+ wall hybrid treatment. The κ − ε models provide a good compromise between robustness, computational 
cost, and accuracy. In addition, they are commonly used to study the gaseous atmospheric pollutant dispersion in urban environments. 
For the free parameters of the turbulent model, here it has been used the default values of STAR-CCM+15.04.010® [48]. It is verified 
that with this Δt all simulations verify CFL number is lower than 1 in most of the domain. Air has been assumed to behave as an ideal 
gas. 

People can be considered both infecting and susceptible people therefore, we simulate the exhaled CO2. 
The exhaled CO2 by each person has been simulated as a tracer gas, i.e., as a passive scalar magnitude. Thus, for each person, Pi, the 

following transport equations are solved: 

∂tCCO2 ( r→, t) + ∂j

(

ρ uj CCO2 ( r→, t) −
μt

Sct
∂jCCO2 ( r→, t)

)

= SCCO2
j = x, y, z (1)  

where CCO2 ( r→, t) is the CO2 concentration in r→ and t from Pi, ρ is the air density, uj the j-component of velocity, μt is the turbulent 
viscosity, Sct is the turbulent Schmidt number and SCCO2 

is the CO2 exhaled by Pi. The advantage of using Pi equations is because it 
allows quantifying the influence of each infecting people. 

Here, we have assumed that 5% by volume of exhaled air for each Pi is CO2. It is exhaled through the mouths at a 37 ◦C and at 
approximately 0.37 m s− 1 (the mouths’ surface is approximately 0.000 4 m2). The velocity direction is perpendicular to the mouths’ 
surface so, it depends on the people’s surface meshing. The assumed velocity is coherent with literature [49] and is equivalent to 
assume that an adult person exhales 0.5 l of air in each exhalation and has an emission rate at talking of 18 exhalations per minute. 
Note that, no other CO2 sources have been considered. 

Finally, Sct have been assumed equal to 0.7 [50–52]. 
The boundary conditions have been:  

● outdoors, a logarithmic profile for the wind speed (u) and the typical forms for turbulent kinetic energy (κ) and dissipation rate (ε) 
for neutral profiles [53]. 

u(z) =
u∗

κ
· ln

{
(z + z0)

z0

}

, κ =
u2
∗̅̅̅̅̅̅
Cμ

√ , ε =
u3
∗

(κ ·(z + z0))
(2)  

where u* is the friction velocity, z0 is the roughness length, Cμ is a model constant (= 0.09) and κ is von Karman’s constant (κ = 0.4). 
The considered meteorological conditions have been: 1.6 m s− 1 at 10 m-height (a relatively weak wind) and 7 ◦C, usual winter weather 
conditions in Madrid [54]. The ground is considered an adiabatic roughness surface with z0 = 0.03 m.  

● indoors, adiabatic smooth surfaces except for the people, who have been assumed to be at 23 ◦C. This internal heat gain is 
equivalent to assuming an average CLO (Clothing insulation) of 0.7 [55], an average MET (Metabolic rate) of 1.5 [56] an average 
surface area of 1.55 m2 [57] and 75% thermal losses [58]. The radiative effects of people have been neglected versus the convective 
effects. 

Fig. 2. Mesh model: left) horizontal view of the geometric domain at 1 m-height, both indoor and outdoor, and zoom inside the terrace and right) cross-section of the 
entire geometric domain and meshing detail inside the terrace. 
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This modelling approach has been previously applied to real urban environments and validated using experimental data of: NO2, 
measured in a network AQMS (Air Quality Monitoring Stations) and using microsensors [59], and BC (Black Carbon), using an 
aethalometer respectively [60]. 

The simulated scenarios are shown in Fig. 3. The scenarios are defined considering different surfaces of the terrace open. They 
range from all surfaces open (Scenario 0) to all surfaces closed (Scenario 4), which represent typical terrace configurations in Spain. It 
is noteworthy that the airflow can enter and exit through the open surfaces since it is simulated not only the terrace but also the nearby 
environment, i.e. there is not any boundary condition imposed at the open surfaces. 

Before people’s CO2 emissions are run, the free stream is initialized up to wind flow reaches the steady-state at time t0. Then, CO2 
concentration is constant and equals to the background. At t0, people’s CO2 emissions are run up to concentrations achieve the steady- 

Fig. 3. Set of virtual scenarios (open surfaces in yellow and closed surfaces in orange). Note that it has been assumed that the terrace is attached to a building, except 
in Scenario 0. Therefore, there is always a front-side surface which is not shown in the pictures to see inside the terrace. 
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state, which is the main focus of this study (except in Scenario 4, an intrinsically unsteady and fully indoor terrace). From t0, the 
distribution of CO2 concentration in the terrace is heterogeneous and different from the background (ΔCCO2 ) depending on the sce-
nario. Two wind directions have been considered: West (W) and North (W) (see Fig. 1), representing two extreme cases of incident 
wind flow regarding the terrace configuration: the first one longitudinally and the second one transversely. The model convergence 
during the steady-state is guaranteed because all conservation equations residuals are constant and less than 10− 6. 

2.2. Mesh test 

Scenario 2B has been chosen to carry out the mesh test. Three meshes are considered (Mesh_fine, Mesh_medium, and Mesh_coarse) 
which typical sizes are summarized in Table 1, has been applied. 

For West wind direction, indoor profiles, calculated as surface averages every 0.1 m-height, of ΔCCO2 , temperature (T), velocity (u), 
and turbulent kinetic energy (κ) have been compared (Fig. 4). 

As can be seen, from a qualitative point of view, the three meshes adequately reproduce the trends but, from a quantitative point of 
view, there are differences between them. To evaluate these differences, the statistical parameters: correlation coefficient, R, 
normalized mean square difference, NMSD, root mean squared difference, RMSD, and fractional bias, FB, have been used considering 
the Mesh_fine results as a reference because they are the most accurate. Results are shown in Table 2. 

As expected, there is a good agreement in both cases, with high values of R. But, NMSD and RMSD values are slightly higher in 
Mesh_coarse than in Mesh_medium, except for T, where the differences between meshes are negligible. Note that, the negative FB values 
indicate a general overestimation, which occurs in both cases, but more clearly in Mesh_coarse (except for T). 

The few differences between Mesh_medium and Mesh_fine indicate that Mesh_medium resolution is good enough since increasing its 
resolution does not significantly improve the results. Therefore, Mesh_medium meshing seems a good compromise and hence it is then 
used for this study. 

3. Results and discussion 

Wind direction effect on the exposure to SARS-CoV 2 has been analyzed from the global to the local point of view using:  

● the indoor volume average of ΔCCO2  

● the indoor surface average of ΔCCO2 at 1.2 m-height (onset of breathing zone)  
● the volume average of ΔCCO2 incoming to each person, Pi, from the others. 

The first and second ones are associated with collective exposure and the third with individual exposure. 
Unsteady simulations are run until the steady-state is reached. Firstly, the analysis of the results associated with the collective 

exposures has been carried out considering both unsteady and steady-state periods of simulations. For all scenarios, the steady-state is 
reached relatively fast (less than 1 h and most of them in few seconds), and for this reason, secondly, the results associated with both 
collective and individual exposures have been analyzed during the steady-state. 

3.1. Wind direction effect on the collective exposure to SARS-CoV 2 in outdoor and semi-indoor scenarios 

In Fig. 5, the time evolution of indoor volume average of ΔCCO2 in each scenario is shown for both inlet wind directions (West and 
North) and, in Fig. 6, the time evolution of surface average of ΔCCO2 at 1.2 m high for each scenario is also shown for both inlet wind 
directions. Each scenario has been classified according to its Air Changes per Hour (ACH) during the steady-state. This parameter is 
commonly used to study the indoor air quality [61] and here has been calculated from numerical results as: 

ACH =
3600
ρ ·V

∑n

i

∮

Si

ṁi,outdSi (3)  

where ṁi,out is the outlet mass flow rate through each terrace open surface Si, ρ is the air density (calculated at 25 ◦C and 1 atm) and V is 
the terrace volume. 

It is observed that, as ACH decreases,  

● the unsteady-state period increases from few seconds in the best-ventilated scenarios (ACH ≥ 444) to less than 1 h in the worst- 
ventilated scenarios (ACH ≤ 6).  

● in general, and with exceptions, indoor volume average of ΔCCO2 and surface average of ΔCCO2 at 1.2 m increase at the steady-state. 

Table 1 
Summary of meshing characteristics.  

Mesh Coarse Medium Fine 

Total number of cells 310 301 1286 223 6399 519 
ΔV (m3) 2 1 0.5 
ΔS (m2) Terrace enclosures and tables/chairs 1 0.5 0.25 

People 0.2 0.1 0.05 
Refinement (m2) Terrace enclosures and tables/chairs 0.2 0.1 0.05 

People 0.04 0.02 0.01 
Prism layer thickness (m) 0.2 0.1 0.05  
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Fig. 4. Indoor vertical profiles for Scenario 2B and West wind direction for: a) ΔCCO2 , b) T, c) u and d) κ.  

Table 2 
Statistical parameters comparing Mesh_fine results with Mesh_medium and Mesh_coarse results for ΔCCO2 , T, u and κ.   

Mesh medium Mesh coarse 

R NMSD RMSD FB R NMSD RMSD FB 

ΔCCO2  0.998 0.031 1.371 − 0.154 0.997 0.216 4.082 − 0.403 
T 0.999 0.000 0.041 0.000 0.995 0.000 0.101 0.000 
u 0.998 0.000 0.005 − 0.007 0.994 0.014 0.032 − 0.113 
κ 0.999 0.001 0.001 0.023 0.984 0.019 0.003 − 0.099  

Fig. 5. Time evolution of indoor volume average of ΔCCO2 for different Scenarios for a) West wind direction and b) North wind direction.  

E. Rivas et al.                                                                                                                                                                                                           



Journal of Building Engineering 46 (2022) 103725

8

But, these general considerations need to be particularized. 

3.2. Wind direction effect on the individual exposure to SARS-CoV 2 in outdoor and semi-indoor scenarios 

Analyzing the steady-state phase, depending on whether wind direction has an impact on indoor volume average of CO2 or not, two 
cases are distinguished: 

3.2.1. Cases where wind direction has no impact on indoor volume average of ΔCCO2 . Scenarios 0, 1A and 1B, ACH ≥ 144 
In Scenarios 0 and 1A (a completely outdoor terrace without any enclosure and a covered outdoor terrace with a top, respectively), 

the volume average of ΔCCO2 is low (threshold value of [2–3] ppm), which means that outdoor, bioaerosols are well diluted in the air. 
But, this phenomenon is not isotropic and it depends on the source distance. In fact, ΔCCO2 locally can take values equal to 0 ppm (no 
risk) or greater to 0 ppm (certain risk), especially around people’s mouths, as it is shown in Fig. 7a) and b), c) and d). Considering the 
volume average of ΔCCO2 incoming to each person from the others as the individual relative exposures of the people, it is observed that 
these exposures are greater when the susceptible is located inside the slipstreams from other people and when the susceptible is closer 
to the emitter. These results are in line with those obtained [62]. 

For Scenario 1B (a semi-indoor terrace with two facing doors and both, side and front-side, windows open), the volume average of 
ΔCCO2 is the same for both wind directions, nonetheless the surface averaged of ΔCCO2 at 1.2 m-height is different depending on wind 
direction due to the differences between the indoor vertical distributions of ΔCCO2 . In Fig. 8 comparison between indoor profiles of 
ΔCCO2 for both wind directions are shown. 

The in-line people arrangement and rectangular terrace shape give rise to a cleaner people’s breathing zone for North wind di-
rection than for West wind direction and thus the indoor surface average of ΔCCO2 at 1.2 m-height is 1.5 times lower for the North than 
for the West. Besides, due to building wall effects where the terrace is attached, while for North wind direction the exhaled CO2 tends to 
accumulate more in the lower part of the terrace than in the upper part, for West wind direction the opposite happens. 

These local flow patterns have a significant impact on the individual relative risk of SARS-CoV 2 transmission. 
As can be seen in Fig. 7e) and f), depending on the wind direction, people with higher individual relative exposure to the exhaled 

CO2 by other people are different: while for West wind direction the most exposed people are P8, P7, P5, and P6, for North wind 
direction they are P1, P3, P5, and P7 (see Fig. 1 for people numbering). 

Finally, to have an overview of the local conditions, the volume average of ΔCCO2 incoming to Pi from the others for both wind 
directions based on the people arrangement inside the terrace, i.e., as a function of the distance, is shown in Fig. 9. 

The local flow patterns influence on the individual relative exposure in Scenario 1B is appreciated through two peaks, observed at 1 
m (in close proximity) and 4 m (in proximity) respectively (Fig. 9). The first one, associated with Scenario 1B–N, shows a greater 
fluctuation in susceptible exposure than the second one (associated to Scenario 1B–W), indicating the variety of local conditions that 
can occur in close proximity depending on the people arrangement and orientation: facing or back to airflow. 

3.2.2. Cases where wind direction has impact on indoor volume average of ΔCCO2 . Scenarios 2A, 2B, 3A and 3B, ACH < 144  

1. Scenarios where wind direction has a high impact on ventilation: Scenarios 2A and 2B. 

In Scenario 2A (a semi-indoor terrace with side doors and side windows open but front-side windows closed) and Scenario 2B (a 
semi-indoor terrace with only both side doors open), while for West wind direction indoor volume average of ΔCCO2 is 8 ppm and 33 
ppm respectively for North wind direction is 35 ppm and 133 ppm respectively (i.e., the indoor volume average of ΔCCO2,N ≈ 4 times 
indoor volume average of ΔCCO2,W ). In these scenarios, it is verified that: ACHN < ACHW. 

This is due to when airflow is perpendicular to terrace openings: doors and side windows in Fig. 10 a) and doors Fig. 10 c), the wind 
blowing from the West, the outdoor pressure gradient (positive pressure on the windward side and negative pressure on the leeward 
side) generates a wind-driven flow which favors indoor air is continuously withdrawn and replaced by fresh air, i.e., it favors the 
exhaled CO2 horizontal transport from indoor to outdoor. This configuration is commonly known as efficient cross ventilation and here 
is characterized by a well-defined air current from the left side to the right side and relatively high indoor velocities (up to 2.03 m s− 1 in 

Fig. 6. Time evolution of surface average of ΔCCO2 at 1.2 m high for different Scenarios for a) West wind direction and b) North wind direction.  

E. Rivas et al.                                                                                                                                                                                                           



Journal of Building Engineering 46 (2022) 103725

9

E. Rivas et al.                                                                                                                                                                                                           



Journal of Building Engineering 46 (2022) 103725

10

both scenarios, see Fig. 10 a) and c). Whereas, when airflow is parallel to terrace openings: doors and side windows in Fig. 10 b) and 
doors in Fig. 10 d), wind blowing from the North, only local pressure gradients occur which cause a weak airflow through the openings. 
This stagnation effect favors the exhaled CO2 remains inside the terrace. This configuration is characterized by air currents flowing in 
and out at the same time and relatively low indoor velocities (as maximum 0.30 m s− 1 in Scenario 2A, Figs. 10 b), and 0.29 m s− 1 in 
Scenario 2B, Fig. 10 d)). 

The effects of cross ventilation are also observed in Fig. 11, where the comparison between indoor profiles of ΔCCO2 in Scenarios 2A 
and 2B for both wind directions are shown. It is observed how the cross-ventilation can completely inhibit CO2 stratification inside the 
terrace when ACH = 106 (Scenario 2A-W) and it can prevent that exhaled CO2 concentrations in the upper part of the terrace exceed 
exhaled CO2 concentrations at 1.2 m-height when ACH = 49 (Scenario 2B–W). The lack of effective ventilation as ACH value decreases 
gives rise to the CO2 concentrations in the upper part of the terrace exceed CO2 concentrations at 1.2 m-height and the typical shape of 
indoor profiles of CO2 goes from being quasi-linear to sigmoidal, which happens for the North wind (parallel to the open surfaces). 

Note that, similar shapes of indoor profiles are obtained for T, as shown in Fig. 12. Thus, it is easy to deduce that, in conventional 
semi-indoor terraces, is necessary a compromise between ventilation performance and thermal comfort. 

For Scenario 2B, the average relative exposure to SARS-CoV 2 for West wind direction is lower than for North wind direction: 21 
ppm versus 62 ppm, due to the ventilation difference. But flow patterns provide very different individual relative exposure between 

Fig. 7. ΔCCO2 distribution at 1.2 m-height (onset of breathing zone) and volume average of ΔCCO2 incoming to each person from the others (dotted circles) in different 
scenarios for West (W) and North (N) wind directions. Note that red color indicates values higher or equal than the top values of their respective scales, which 
correspond to the indoor surface average ΔCCO2 at 1.2 m-height of each case during the steady-state. The open areas (doors and windows) of each scenario can be 
observed in Fig. 3. 

Fig. 8. Indoor vertical profiles of ΔCCO2 in Scenario 1B for both wind directions. ΔCCO2 ,UorD represent the average values of indoor surface averages of ΔCCO2 up to 1 m- 
height and from 1 m-height to the top respectively. 

Fig. 9. Volume average of ΔCCO2 incoming to Pi from the others in Scenario 1B for both wind directions as a function of the distance.  
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people, as can be appreciated in Fig. 7i) and j). For West wind direction (a cross ventilation scenario), ΔCCO2 high-resolution map at 1.2 
m-height shows strong heterogeneity (higher CO2 concentrations downstream than upstream of people), which yields a maximum 
percentage difference in individual relative exposure between people upstream and downstream of 84%. However, for the North wind 
direction, there is not a well-defined flow removing CO2 and therefore the exhaled CO2 remains mixed inside the terrace, which makes 
the ΔCCO2 high-resolution map more homogeneous and with higher concentrations as the exhaled CO2 is accumulated. In this case, the 
maximum percentage difference in individual relative exposure between people is 47%. 

Furthermore, if individual relative exposure to SARS-CoV 2 is analyzed based on the people arrangement inside the terrace, it is 
possible to better understand the flow patterns’ impact. In Fig. 13, volume average of ΔCCO2 incoming to P8 from the others as a 
function of the distance between them is shown as an example. In both cases, from 4 m, the risk decreases with the distance. But, at 
distances less than 4 m (in proximity), there are strong differences. While in Scenario 2B–N, the exposure is mainly due to the presence 
of P7, P6, and P5 (especially P7 which is located less than 2 m from P8, in closed proximity), in Scenario 2B–W (cross ventilation), in 

Fig. 10. The tangential component of the velocity field on plane A (a section in the middle of the terrace perpendicular to both doors along West wind direction, see 
Fig. 1) for a) Scenario 2A-W, b) Scenario 2A-N, c) Scenario 2B–W and d) Scenario 2B–N. The overlapping red arrows represent the airflows through the inlets/outlets 
and inside the terrace. 

Fig. 11. Indoor vertical profiles of ΔCCO2 in Scenarios 2A and 2B for both wind directions.  
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proximity there is hardly any exposure, but at distance, the exposure is slightly higher than that of Scenario 2B–N. This is due to the 
airflow connecting P8 with P3 and P4. Depending on the Reproductive Number (R0) of the new SARS-CoV 2 variants and the cross 
ventilation flow rate, this situation could be classified as of potential risk, as it is also stated by Ref. [63] in their research on a naturally 
ventilated hospital ward. 

Lastly, to provide a global view regarding the individual relative exposures for Scenario 2B, in Fig. 13, the volume average of ΔCCO2 

incoming to the rest of the people Pi are also shown as a function of the distance. 
Although wide fluctuations in ΔCCO2 are also observed for Scenario 2B–N, unlike Scenario 1B–N, the exposure between 1 m and 4 m 

is quite similar. For this reason, in shared and poorly ventilated settings it is recommended to increase the ventilation to prevent the 
short-range airborne transmission, which is much higher than the long-range airborne transmission.  

2. Scenarios where wind direction has a medium impact on ventilation: Scenario 3A. 

In Scenario 3A (a semi-indoor terrace without front-side enclosures), while for West wind direction indoor volume average of ΔCCO2 

is 32 ppm for North wind direction is 62 ppm (i.e., the indoor volume average of ΔCCO2,N ≈ 2 times indoor volume average of ΔCCO2,W ). 
In this scenario, it is also verified that ACHN < ACHW. 

When wind flow is parallel to the terrace open surface, a clockwise vortex in a horizontal plane is created (see Fig. 14 a). This 
airflow, although is characterized by moderate indoor velocities (as maximum 0.71 m s− 1), promotes the CO2 removal from terrace. 
However, when wind flow is perpendicular to the terrace open surface, there is not a pressure gradient between indoor and outdoor. 
For this configuration, the weak air currents generated close to the terrace open surface (as maximum 0.44 m s− 1), see Fig. 14 b), cause 
a poor mass flow exchange between indoor and outdoor. Therefore, here, CO2 removal from the terrace is lesser. 

Analyzing indoor profiles of ΔCCO2 in Scenario 3A for both wind directions (Fig. 15), the influence of flow patterns in local be-
haviors arise again. Although for the North wind direction the exhaled CO2 tends to provide higher concentrations in the terrace lower 
and upper parts than for the West wind case, the concentration at breathing zone is smaller. 

Fig. 12. Indoor vertical profiles of T in Scenarios 2A and 2B for both wind directions.  

Fig. 13. Volume average of ΔCCO2 incoming to P8 from the others (filled markers) and also to the rest of the people Pi (empty markers) in Scenario 2B for both wind 
directions as a function of the distance. 
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Regarding the average relative exposure to SARS-CoV 2 is practically equivalent for both wind directions: 26 ppm (West) versus 22 
ppm (North) and the maximum percentage difference in individual relative exposure between people also: 46% versus 56% respec-
tively. Nevertheless the impact of flow patterns is observed in Fig. 7 k) and l).  

3. Scenarios where wind direction has a low impact on ventilation: Scenario 3B. 

In Scenario 3B (a semi-indoor terrace with only one side door open), while for West wind direction indoor volume average of ΔCCO2 

is 278 ppm for North wind direction is 211 ppm (i.e., the indoor volume average of ΔCCO2,N ≈ indoor volume average of ΔCCO2,W ). In this 
scenario, it is also verified that: ACHN > ACHW. 

In this scenario, for both wind directions, the indoor-outdoor exchange takes place through a unique surface: the left side door. This 
configuration is commonly known as single-sided ventilation and is characterized by a very limited exchange. For West wind direction, 
the airflow enters through the upper part of the door and leaves through its lower part, see Fig. 16 a), and for North wind direction, the 
air flows the opposite, see Fig. 16 b). But, between both cases, the first one has the most limited exchange. 

This is due to when the airflow is perpendicular to the open door, wind blowing from the West, two vortexes are generated, see 
Fig. 16 a), one outside (clockwise) and another inside (counterclockwise) which block the exit of exhaled CO2 from indoor to outdoor. 
Whereas when wind flow is parallel to the open door, wind blowing from the North, see Fig. 16 b), the local pressure gradient 
generated at the right side of the terrace between indoor and outdoor, allows a slight removal of exhaled CO2. The maximum indoor 
velocities are, for West wind direction 0.22 m s− 1 and for North wind direction 0.29 m s− 1. 

The effects of the different indoor-outdoor exchanges can be also observed in Fig. 17, where surface average of ΔCCO2 at any terrace 
height is higher for West wind direction than for North wind direction. 

Although, in both cases, exhaled CO2 concentrations in the upper part of the terrace exceed exhaled CO2 concentrations at 1.2 m- 
height and the shape of indoor profiles of CO2 is sigmoidal. That is why this configuration is not recommended and it is encouraged to 
increase the ventilation of these environments. Since, natural ventilation efficiency can be improved through features and/or elements 
such as the atrium, wind catcher, solar chimney, and window type [64,65], all of them could be possible solutions to explore. 

Regarding the average relative exposure to SARS-CoV 2, for West wind direction is 198 ppm and for North wind direction is 122 
ppm. These results are due to the ventilation difference. 

Fig. 14. The tangential component of the velocity field at 1.6 m-height in Scenario 3A for: a) West wind direction and b) North wind direction. The red arrows inside 
the terrace represent the air that flows inside the terrace and through the inlet/outlet. 

Fig. 15. Indoor vertical profiles of ΔCCO2 in Scenario 3A for both wind directions. ΔCCO2,U,MorD represent the average values of indoor surface averages of ΔCCO2 up to 
0.9 m, between 0.9 m and 2 m and between 2 m y 2.8 m-height respectively. 
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And regarding the maximum percentage difference in individual relative exposure between people, for West wind direction is 13% 
and for North wind direction is 48%. These results are due to the different mixing degrees, as shown in the ΔCCO2 high-resolution map 
at 1.2 m-height of Fig. 7 m) and n), where homogeneity is greater for West wind direction than for North wind direction. Note that, for 
West wind direction, the average relative exposure to SARS-CoV 2 in Scenario 3B is 25 times higher than in Scenario 0 (outdoor 
environment) and for North wind direction is 15 times higher. These results are coherent with those obtained by Ref. [66]. 

The impact of flow patterns on the individual relative exposure to SARS-CoV 2 is important. In Fig. 18 streamlines from P2’s mouth 
to the outlet are shown. The streamlines are employed to follow the path of the exhaled CO2 by P2 into the bulk fluid. While, for West 
wind direction, the inlet flow forces the exhaled CO2 by P2 goes through a huge part of the terrace before exits across the lower part of 
the door (i.e., it travels along pathway), for the North direction, the exhaled CO2 by P2 immediately exits across the upper part of the 
door (i.e., it travels a short pathway). Therefore, it is reasonable to think that the influence of P2 on other people, especially on P1, 
depends on wind direction and will be higher in the first case than in the second. Note that the exhaled CO2 rises because is hotter than 
the surrounding air, thus, it would be interesting to use this fact to redesign the terrace openings (low-tech modifications) in such a way 

Fig. 16. The tangential component of the velocity field on plane A in Scenario 3B for a) West wind direction and b) North wind direction. The overlapping red arrows 
represent the air that flows inside the terrace and through the inlet/outlet. 

Fig. 17. Indoor profiles of ΔCCO2 in Scenario 3B for both wind directions.  

Fig. 18. Streamlines from P2’s mouth to the outlet in Scenario 3B for both wind directions a) West wind direction and b) North wind direction.  
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the indoor CO2 paths are as short as possible. 
Finally, the overview of the volume average of ΔCCO2 incoming to Pi from the others in Scenario 3B is shown in Fig. 19. Note that, 

on one hand, the mean exposure decreases with the distance between people, but the contribution from people at distance higher than 
4 m is large (similar to people located in proximity) in some cases. On the other hand, the local flow patterns impact is appreciated 
through two maxima: at 1 m (in close proximity) and 4 m (in proximity) respectively, and similar maximum values for the rest of 
distances (both in proximity and distance). These results are analogous to those theoretical obtained by Ref. [33] and those experi-
mental obtained by Ref. [67] in indoor environments (a classroom and an ICU respectively). 

3.3. Comparison between semi-indoor scenarios with similar volume average of ΔCCO2 

This section shows how equivalent scenarios from a spatial average concentration point of view, can be very different from a local 
concentrations point of view. 

Comparison between Scenarios 2A-W and 1B–W and Scenarios 3A-W and 2B–W deserve special attention since, in both cases, 
volume averages of ΔCCO2 are equal, 8 ppm and approximately 32 ppm respectively, but ACHs are different, see Fig. 5. 

In addition, the contaminant removal effectiveness index, defined as the ratio between the average concentration of a contaminant 
at outlets and the average concentration of contaminant in the room during the steady-state, is computed for these scenarios. This 
index depends on the indoor flow patterns and the contaminant sources positions. If the airflow directly join the contaminant sources 
with the outlets it takes high values. But, if contaminant sources are in recirculating zones, it takes low values [68]. 

ΔCCO2 at outlets is ΔCCO2 ,out,2A = 16 ppm and ΔCCO2 ,out,1B = 11 ppm for Scenarios 2A-W and 1B–W respectively. Therefore, the 
removal effectiveness index is greater for Scenario 2A-W than for Scenario 1B–W, indicating that, from the point of view of CO2 
removal efficiency of the complete terrace, Scenario 2A is more efficient than Scenario 1B. This is because, while in Scenario 2A-W, the 
exhaled CO2 is rapidly removed by the generated flow pattern between side doors and windows (cross ventilation), Fig. 20 a), in 
Scenario 1B–W, exhaled CO2, especially by people near the front side windows, remains indoors, accumulated in the upper part of the 
terrace, Fig. 20 b). In the last configuration, the streamlines curve from the left side towards the front side, generating a vortex in the 
upper left half of the terrace and a low-speed zone close to people located near to front side windows. The generated flow pattern 
weakens the cross ventilation and thus the exhaled CO2 horizontal transport. The same was pointed by Ref. [69]; concluding that 
inlets/outlets location severely influences the ventilation efficiency. 

Although this comparison shows the effectiveness of cross ventilation from the global point of view of the terrace, it is also analyzed 
from the local point of view. Fig. 7 g) and 7 e) show that, in both scenarios, the no exposed people (or donors) are P4, P3, P2, and P1 
(ΔCCO2 ≤ 1 ppm) and the exposed people (or receptors) are the P8, P7, P5 and P6 (ΔCCO2 ≥ 8 ppm), because they are downstream of 
P4, P3, P2, and P1 respectively. But, the individual exposures of P8, P7, P5 and P6, are slightly higher for Scenario 2A-W than for 
Scenario 1B–W. 

In the first scenario (cross ventilation), there is only a mainstream crossing the terrace (from the left side door and windows to the 
right side door and windows). However, in the second scenario there is a secondary stream, in addition to the mainstream, acting 
perpendicular to the mainstream (from the left side door and windows to the front side windows) and which inhibits the horizontal 
transport of CO2 but favors the CO2 vertical transport. 

With this case, it is illustrated how in two equivalent scenarios from a global point of view, the removal effectiveness index is not 
decisive, or exclusively decisive, when evaluating individual exposure. Since, due to the flow patterns, in Scenario 2A-W mean people 
exposure is 14% greater than Scenario 1B–W, although it has a better removal effectiveness index. 

Regarding the comparison between Scenarios 3A-W and 2B–W, in spite of the volume average of ΔCCO2 is similar, the individual 
exposures are very different due to the different indoor flow patterns. For example, while P2 is the lowest exposed person in Scenario 
2B–W, is one of the most exposed people in Scenario 3A-W, with an exposure increase of up to 85%. This is because, in Scenario 2B–W 
(cross ventilation), P2 is sited just in front of the inlet and therefore subjects to strong ventilation, but in Scenario 3A-W, the exhaled 
CO2, mainly by P5, P7, and P8, it is efficiently transported from right side to left side by the airflow which pass thought all the terrace 
(Fig. 21). This case clearly illustrates how the transmission of respiratory diseases, like SARS-CoV 2, could be given at a distance. And, 
for this reason, in shared places with natural ventilation, it is advisable to use masks and to reduce the permanence time. 

3.4. Effect of single-sided ventilation in a fully closed terrace on CO2 concentration 

To quantify the growth rate of CO2 concentration when the terrace is completely closed and how rapidly the CO2 concentration 
decreases when the terrace is reopened (or ventilated), the following numerical exercise has been carried out. Starting from the 
Scenario 3B during the steady-state:  

1. The unique open surface (left side door) is closed, in such a way that Scenario 3B (semi-indoor) becomes Scenario 4 (indoor)  
2. The model is run for 1-h recording the results of the dynamic simulation each time-step  
3. Then, the left side door is reopened, in such a way that Scenario 4 becomes Scenario 3B again  
4. The model is run for 1 more hour recording the results of the dynamic simulation each time-step. 

In Fig. 22, it is observed that indoor volume average of ΔCCO2 growth rate for the completely closed terrace is linear (growing rate 
equivalent to 178 ppm/⋅hour) because infiltration is neglected. After reopening the left side door, the CO2 concentration decays 
following the next function: 

ΔCCO2 (t) = C1 + C2 e− t
τ (4) 
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where C1 and C2 are the volume average of ΔCCO2 concentrations in Scenario 3B during the steady-state and in Scenario 4 in 1 h 
respectively, the needed time to reach the steady-state, 5τ, is for West wind direction 3241 s and North wind direction 2767 s, due to 
the ventilation difference. This information can be relevant because the transmission of airborne infectious diseases may occur during 
the unsteady state [70]. 

Finally, the average relative exposure of SARS-CoV 2 in Scenario 4 in 1 h is: for West wind direction 1441 ppm and for North wind 
direction 1383 ppm, Fig. 23, which means that it is between 7 and 11 times higher than in respective Scenario 3A (with only one open 
door: that is the worst semi-indoor scenario). And, the maximum percentage difference in individual relative exposure between people 
is less than 5%, so, in this case, the assumption of a completely mixed flow inside the terrace would be appropriate. 

4. Conclusions 

Within the scope of the research, the following conclusions have been drawn:  

1. In outdoor terraces, such as Scenarios 0 and 1A, little risk of transmission is envisaged except to short-range distances. But under 
certain meteorological conditions, the non-partners influence could be greater than the partners’.  

2. In semi-indoor terraces, in general, the higher the ventilation (ACH value), the lower the average relative exposure to SARS-CoV 2. 
But also, it is advisable trying to minimize the impact of potential flow patterns created by the ventilation increasing. Particularly:  
(a) Wind-driven cross-ventilation (Scenarios 2A-W and 2B–W) can create healthy indoor environments from the global point of 

view, as [71] have already stated. But, depending on the induced airflow, some scenarios can contribute to effectively spread 
the exhaled bioaerosols by some people and causing infections at a certain distance away. That is why it is recommended to 
maintain the interpersonal distancing guidelines of 2 m even in well-ventilated environments like Scenarios 2A-W and 2B–W or 
3A.  

(b) In poorly ventilated scenarios, the distance to what the relative exposure significantly decreases, increases, and in the worse 
cases there is no such distance because the exhaled CO2 is well mixed throughout the room. For example, in Scenario 3B, short- 
range transmission is practically equal to long-range transmission. Therefore, the measures based on the social distance be-
tween people have a negligible impact on reducing the cross-infection risk in this type of environment. Instead, measures based 
on improvement and control of ventilation, the use of masks, and the reduction of exposure time become special importance. 

Fig. 19. Volume average of ΔCCO2 incoming to Pi from the others in Scenario 3B for both wind directions as a function of the distance.  

Fig. 20. Line integral convolution of the tangential component of the velocity field on plane B (a section along West wind direction close to North facade, see Fig. 1) 
and recreation of the exhaled ΔCCO2 by P4 (cells in gray color, threshold used: ΔCCO2 ≤ 7 ppm) for a) Scenario 2A-W and b) Scenario 1B–W. The overlapping yellow 
arrows represent the transport of the exhaled CO2 by P4 inside terrace. The open areas (doors and windows) of each scenario can be observed in Fig. 3. 
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3. Indoor terraces are critical because the air is completely mixed inside them. For example, in Scenario 4, the average relative 
exposure in 1 h is between 7 and 11 times higher than in the worst semi-indoor scenario.  

4. Box models are only suitable for individual risk assessments in closed environments. For semi-indoor environments, airflows are 
complex and therefore distributions of CO2 can be heterogeneous.  

5. Comparison between different terraces (Scenarios 2A-W and 1B–W and Scenarios 3A-W and 2B–W) shows the importance of 
approaching the individual exposure to SARS-CoV 2 from the flow patterns between infectors and susceptibles point of view. The 
SARS-CoV 2 outbreaks reported by Refs. [31,72] (in a restaurant) and [73] (in a choral) have also evidenced this fact 

Fig. 21. ΔCCO2 distributions at 1.2 m-height (onset of breathing zone) due to each Pi in Scenario 3A-W. Note that the red color indicates values greater or equal than 
the upper-value scale. The upper value corresponds with the average relative exposure to SARS-CoV 2. 
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6. Air quality indexes, such as CO2 removal effectiveness, should be used with caution for estimating people exposure. In the analyzed 
case: two scenarios (2A-W and 1B–W) with the same volume average concentration, mean people exposure is higher for 2A-W than 
for 1B–W, which cannot be explained by means of this index since 2A-W has a better index than 1B–W. Future research work should 
be conducted about using air quality indexes for estimating people exposure, including the definition of new ones. 

This study has the following limitations:  

1. The breathing cycle of the people has not been considered while they are talking, i.e., inhalation has not been simulated, only 
exhalation (constant people’s CO2 emissions). No other situations have been considered such as people sneezing, coughing, singing, 
or laughing.  

2. The following physical phenomena have been neglected: turbulent effects at the exiting air of people’s mouths, solar loads, and 
radiative effects of people.  

3. Regarding the turbulence treatment, an LES model would be more accurate than a URANS model. But this work focuses on the 
average behavior during the steady-state and compares the relative concentration between scenarios, for which the URANS models 
are suitable enough. In addition, considering the large number of scenarios analyzed here, the calculation time required for a LES 
model would be very high.  

4. The elimination of infectious bioaerosols due to their viability loss, deposition on surfaces by gravitational and diffusional effects, 
and other mechanisms have been neglected. However, our assumptions are correct for small bioaerosols. They can be considered as 
a tracer gas [74].  

5. It has not been considered the terrace as a dynamic environment, i.e., the effects of possible movements of people are not taken into 
account.  

6. No experimental measurements have been carried out ex professor. 

However, we think these limitations do not affect to main conclusions. 

Fig. 22. Time evolution of indoor volume average of ΔCCO2 for Scenarios 4-W and 4-N (from 0 s up to 3600 s) and for Scenarios 3B–W and 3B–N (from 3600 s 
to 7200s). 

Fig. 23. ΔCCO2 distributions at 1.2 m-height (onset of breathing zone) and volume average of ΔCCO2 incoming to each person from the others (values dotted circles) in 
1 h for a) Scenario 4-W and b) Scenario 4-N. Note that the red color indicates values greater or equal than upper values of respective scales. Upper values correspond 
with the indoor surface average of ΔCCO2 at 1.2 m-height in 1 h. 
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Nomenclature 

Acronyms 
ACH: Air Change per Hour 
AQMS: Air Quality Monitoring Station 
BC: Black Carbon 
CDC: Center for Disease Control and Prevention 
CFD: Computational Fluid Dynamics 
CFL: Courant number 
CLO: Clothing insulation 
DV: Displacement Ventilation 
EC: European Commission 
ICU: Intensive Care Unit 
LES: Large Eddy Simulations 
MERS: Middle East Respiratory Syndrome 
MET: Metabolic rate 
MV: Mixing Ventilation 
PIV: Particle Image Velocimetry 
R0: Reproductive Number 
SARS − COV: Severe Acute Respiratory Syndrome Coronavirus 
UFAD: Under-floor Air Distribution 
URANS: Unsteady Reynolds-Averaged Navier-Stokes 
WHO: World Health Organization 

Subscripts 
0: Initial 
D: Down 
I: Intermediate 
in: Inlet 
N: North 
out: Outlet 
U: Up 
W: West 

Symbols 
(x, y, z): Cartesian coordinates (m) 
ΔS: Surface size (m2) 
Δt: Time-step (s) 
ΔV: Volume size (m3) 
ṁ: Mass flow rate (kg⋅s− 1) 
ε: Turbulent dissipation rate 
κ: Turbulent kinetic energy (J⋅kg− 1) 
τ: Characteristic time (s) 
r→: Position (m) 

C: Concentration (ppm) 
H: Height (m) 
S: Surface (m2) 
T: Temperature (◦C) 
t: Time (s) 
u: Velocity (m⋅s− 1) 
V: Volume (m3) 
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