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A R T I C L E  I N F O   

Keywords: 
Computational Fluid Dynamics (CFD) 
NOX traffic emissions 
Indoor Air Quality (IAQ) 
Single-Sided Ventilation (SSV) 
Air pollution and health 

A B S T R A C T   

The specific objectives of this work are to assess a Computational Fluid Dynamics (CFD) 
modelling performance through data of one experimental campaign, to quantify the impact of 
outdoor NOX traffic emissions on indoor NOX concentration and to investigate the natural 
ventilation using the infiltrated NOX concentration decay and the Air Changes per Hour (ACHs). 
For this purpose, NOX transport phenomena in a single-side naturally ventilated room in a real 
building in Madrid is investigated through an Unsteady Reynolds-Averaged Navier-Stokes 
(URANS) approach and individual passive scalar transport equations for each source (parked 
vehicles with the engine idling, street traffic and urban background). The combination of this 
methodology with suitable boundary conditions properly reproduces the time evolution of Wind 
Speed (WS), Wind Direction (WD) and Turbulent Kinetic Energy (κ), both inside the streets and 
above the buildings, even for WS < 1 m s− 1, and also outdoor and indoor NOX concentrations. In 
this case, urban background significantly contributes to the indoor concentration and idling ve
hicles just below the room can contribute between 10 % and 50 % to the total indoor concen
tration, even when their emissions are considerably smaller than those of traffic in nearby streets. 
The Indoor-Outdoor NOX concentration ratio (I/O) depends not only on the outdoor concentra
tion (which, at the same time, depends on the atmospheric turbulence) but also on the ventilation 
(in this case, type Single-Sided Ventilation, SSV), showing a wide range of values. The impact of 
an indoor Heat Source (HS) below the open window on I/O is low, but under certain meteoro
logical conditions, the stack pressure could be more important than the wind pressure. The time 
required to ventilate the room is 3.4 min. It has been obtained using the infiltrated NOX con
centration decay and has been verified through the average ACH, 〈ACH(t)〉. 

These results provide a better understanding of the impact of the meteorological conditions in 
outdoor-indoor NOX exchange by natural ventilation, which is the main goal of this research.   
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1. Introduction 

Air pollution is one of the most influential factors on human health [1]. According to the WHO, the diseases most closely associated 
with exposure to air pollution are stroke, ischemic heart disease, chronic obstructive pulmonary disease, lung cancer, pneumonia, and 
cataracts [2]. In addition, the risk of suffering, among other, diseases such as some types of cancer, diabetes, cognitive decline, 
neurological diseases and premature births, is linked to exposure to air pollution [2]. Typical air pollutants regulated according to 
health-based criteria are NO2 and PM [3]. While worldwide mortality is mainly associated to PM2.5 [4], NO2 is major concern in urban 
areas were traffic emissions concentrate and has been identified as a key pollutant to prevent air pollution-related premature mortality 
in Madrid [5], where this study takes place. 

Consistently with the relative risks derived from epidemiological studies [6], pollutant concentrations data from air quality 
monitoring stations are commonly used to estimate the health impacts [7]. However, it is well known that their spatial representa
tiveness is limited in urban environments, where most people live [8–10]. This is due to the combination of certain meteorological 
conditions and urban morphologies that induces complex flow patterns inside the streets [11]. This fact, together with traffic roads, 
which is the main source of elevated NO2 levels in EU cities [12], can give rise to very heterogeneous spatial distributions of NO2 in the 
same street, with elevated maximum values at pedestrian height [13–16]. In addition, indoor exposure is not usually considered, and 
people spends more than 90 % of their time indoors: homes, workplaces, public spaces, etc. [17]. For this reason, it is important to 
account for those microenvironments in the assessment of total exposure to airborne pollutants. Hence, recent measuring and 
modelling efforts have been done to take into account the complexity of urban areas and indoor exposure. In this context, CFD models 
can be a very interesting tool for this purpose. 

To determine gradients of concentration in urban areas, extensive field campaigns and/or numerical simulations at high spatial 
resolution are needed. Experimental campaigns usually focus on urban hotspots and cover areas up to 1 km2. Highly detailed con
centration maps corresponding to the sampling period of, at least, one week can be obtained by means of a dense distribution of passive 
samplers’ deployment throughout the studied area [14]. Similarly, high spatial resolution can be achieved by means of CFD models. 
The increasing of computational resources is making affordable covering larger study areas, up to 10 km2 [18] and simulating larger 
periods. Therefore, CFD simulations can add valuable information to experimental campaigns and/or urban air quality monitoring 
stations [19]. These high spatial resolution pollutant concentration distributions are used to obtain more accurate estimates of 
exposure [18] and even these maps were combined with pedestrian mobility microsimulations to estimate pedestrian exposure at 
urban pollution hotspots [20]. CFD models can also consistently describe the link between outdoor and indoor air quality [21]. 
However, modelling indoor environments requires considering specific factors such as ventilation. Ventilation rates have been 
associated to health outcomes although more research is needed to substantiate the causality of this association [22]. 

Ventilation can be made by means of natural, mechanical or hybrid, and/or purification techniques [23]. Natural ventilation is the 
simplest and cheapest option to renew indoor air. It consists of inducing an airflow between outdoors and indoors by opening windows, 
doors, ventilation grills or any other opening placed in the building envelope. Induced flow is due to outdoor-indoor pressure dif
ferences generated by the wind effect, by outdoor-indoor temperature differences or both. Hence, the main two handicaps of natural 
ventilation are its strong dependence on meteorological conditions and its potential contribution to increase indoor exposure due 
outdoor pollution entrainment. 

Few CFD studies considering the natural ventilation of indoor environments have been found in the literature. Tong et al [24] 
studied the impact of various building parameters on the indoor air quality of a naturally ventilated building in a near-road envi
ronment using a CFD model. However, they considered an isolated building and neglected the stack pressure effect. Yang et al [25] and 
Mohammadi & Calautit [26] analysed the traffic-induced pollution on indoor air quality depending on the season and the natural 
ventilation strategy, respectively. Both studies used CFD models but neglecting the influence of buildings around the street canyon and 
the stack pressure effect. Xiong and Chen [27] investigated the effects of horizontal sunshields on the pollutant dispersion and indoor 
air quality of windward rooms by Single-Sided Ventilation (SSV), considering isothermal and non-isothermal boundary conditions 
along an idealized street canyon. SSV occurs when all openings are on a same facade, regardless of the opening number and position 
[28] and is commonly classified according to the opening number, i.e. SS1 (Single-Sided with 1 opening) and SSn (Single-Sided with 
multiple (n) openings). In SS1, the air enters and leaves the indoor environment through the same opening [29]. Hu et al. [30] studied 
the impacts of outdoor-indoor air temperature differences considering different natural ventilation schemes on traffic-related pollutant 
dispersion in an idealized street canyon by means of CFD modelling. Santiago et al. [21] investigated the Indoor-Outdoor concen
tration ratio (I/O) for traffic-related pollutants in a naturally ventilated building located in an idealized urban environment as a 
function of the wind direction and the configuration of open and closed windows using CFD modelling, but only considering the wind 
effect. Hence, to gain confidence in CFD models, it is necessary to assess their performance on real urban environments considering 
both the wind effect and outdoor-indoor air temperature differences, as already pointed out by Ai & Mak [31]. 

In this context, this study presents a comprehensive assessment of urban air quality modelling including an indoor environment. A 
CFD model is applied to a virtual twin of the San Carlos Hospital building (Madrid, Spain) and its surroundings, where different 
experimental campaigns were carried out in the framework of the AIRTEC-CM Project (https://airtec-cm.es/) with three main goals:  

1. To assess the CFD modelling performance through data of one experimental campaign  
2. To quantify the impact of outdoor NOX traffic emissions on indoor NOX concentration  
3. To investigate the natural ventilation using the infiltrated NOX concentration decay and the ACHs 

The novelties of this work are the following: 
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• The numerical domain, which cover even the Hospital indoor environment, consistently bridging the gap between outdoor and 
indoor simulation  

• The model, which explicitly simulates the wind effect and outdoor-indoor temperature differences when natural ventilation starts 
using an URANS approach. Outdoor-indoor temperature gradients are not typically included in these studies  

• NOX emissions are simulated using individual passive scalar transport equations for each source, allowing to address goals 2 and 3 
simultaneously and independently  

• The time evolution of modelled NOX concentration both indoor and outdoor are evaluated during a winter day, when the indoor 
environment was naturally ventilated through an open window, SS1. This kind of evaluation has not been reported previously in 
the bibliography 

The manuscript is structured as follows: in the “Material and methods” section the study area, observational datasets, traffic 
emissions, and CFD model are described. “Results and discussion” are presented in Section 3, including mesh sensitivity test (§ 3.1), 
meteorology (§ 3.2) and air quality (§ 3.3). Resulting outdoor-indoor NOX concentrations are discussed, considering the effects of urban 
background, local emissions and an indoor HS. The SSV is analysed using the infiltrated NOX concentration decay and the ACHs. 
Finally, the main conclusions from the study are drawn in § 4. 

2. Material and methods 

2.1. Study area, experimental campaign and emissions 

The study area focuses on the San Carlos Hospital, located in the Ciudad Universitaria neighbourhood in the western area of Madrid 
City. The hospital is surrounded by high-rise buildings (the height of the tallest building, zmax, is 47 m) and streets with intense traffic 
(Figure SM1 a) in the east. Most of the streets in this area are two-way roads with several lanes. The vegetation around the hospital 
(mostly trees) is deciduous, so in wintertime its effects on air quality can be considered negligible [32]. 

Different experimental campaigns were carried out to record meteorological and air pollutant measurements in the surroundings of 
the San Carlos Hospital, as well as in a room located on the fourth floor of one of the corners of the hospital’s east wing (Fig. 1). This 
room represent the indoor environment. The room, which dimensions are 7.5 x 5 x 3 m3, has an access door and two windows facing 
northeast, whose dimensions are 2 x 1 m2 (Fig. 1). 

Measurements were made during the winter, when some episodes of high NO2 pollution are observed in Madrid [33], and are 
summarized in Table 1. The simulation of this study corresponds to February 18, 2021, a weekday characterized by a typical traffic 
pattern with peaks between 7 and 10 LST, 13–16 LST, and 17–20 LST. The test was carried out without any person in the room and is 
divided into two phases from the IAQ point of view:  

1. from 4:00 LST to 8:40 LST, when both windows were closed. Therefore, inside the room the increasing of pollutant concentration is 
due to infiltration  

2. from 8:40 LST to 14:00 LST, when one window remained closed, but the other window was completely opened. Therefore, inside 
the room the increasing of pollutant concentration is due to SS1 

This test has been chosen because it covers a wide range of working conditions, both meteorological variables and NOx traffic 
emissions. The variability helps guarantee the reliability and repeatability of the simulation. 

During the test, on the one hand, 1 min resolution NO2 and NO concentrations were measured indoor and outdoor using two 
Thermo Scientific™ monitors model 42i and 42iTL (noted as AQ MS ROOM and AQ MS WINDOW, respectively in Fig. 1): at 2 m from 
the open window inwards (IN point, Fig. 1) and outwards (OUT point, Fig. 1). In addition, the indoor air temperature was measured 

Fig. 1. Right) San Carlos Hospital (Madrid): outdoor view. Left up) Location of some ambulances. Left down) room: indoor view. Measurements location (red points). 
(Source: Google Earth satellite image). 

E. Rivas et al.                                                                                                                                                                                                           



Journal of Building Engineering 84 (2024) 108403

4

with a 1 min resolution using a Grimm model EDM 365 equipped with a temperature probe EE08. This study focuses on NOX con
centrations for minimizing the effects of atmospheric chemistry (NOx concentrations are computed from NO and NO2 concentrations 
and express as NO2 mass). More detailed information about air quality instruments at the San Carlos Hospital room during experi
mental campaigns can be found in Alonso-Blanco et al. [34] since a similar deployment was used. 

On the other hand, WS, WD and air temperature (T) were measured using a portable Campbell Scientific® weather station (noted as 
Met. MS ROOF in Fig. 1) on the hospital roof, 34 m above the base of the building (ROOF point, Fig. 1). These data were subsequently 
averaged into 10 min data means. The κ was derived from high-frequency measurements of the three components of the flow obtained 
from a sonic anemometer IRGASON®. Besides, NO2 and NO concentrations were recorded 50 m east from the corner at the street level 
(GROUND point, Fig. 1), as well as WS and WD. These data measured using a mobile air quality monitoring station equipped with a 
portable weather station from the Madrid City Council (noted as AQ MS GROUND + Met. MS GROUND in Fig. 1) were also averaged in 
10 min. 

In addition, from a meteorological tower located 2 km northward from the study area (TOWER point, Figure SM1 b) WS, WD and T 
at 54.29 m and T at 3.6 m Above Ground Level, AGL, (Tu and Td respectively) were measured using RM-Young sensors model 5305LM- 
59 and 41382LC respectively (noted as Met. S. TOWER in Figure SM1 b) to characterize inlet conditions and atmospheric thermal 

Table 1 
Summary of the experimental data. All variables were consistently synchronized over 10 min periods. 

Fig. 2. a) Geometric model of buildings (in red) and roads network (in black). b) Zoom of the San Carlos Hospital and the room where the experimental campaign was 
carried out including the recreation of ambulance locations. c) mesh view in a horizontal plane section (at 3 m height); d) mesh view in a vertical plane section; e) 
mesh view in a horizontal plane section (at 14 m height, corresponding to the fourth floor of the Hospital); f) mesh zoom around the room. 
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stability for simulations. These data were recorded every 10 min. 
In this study, only traffic emissions were considered. Hourly NOX emissions were estimated in all the streets around the Hospital 

(Figure SM1 a) following the methodology described by Borge et al. [35]. The road network in the modelling domain includes 384 
links, corresponding to 27.2 km of single lane total length. Hourly fluxes were derived from a regional traffic demand model, calibrated 
specifically for February 18, 2021 with traffic counts available at Isaac Peral St., adjacent to the Hospital, yielding a total mileage of 
215943 veh⋅km for that day. Emissions factors were derived from COPERT [36] version 5.0, considering hourly-specific average speed 
in each link and the fleet composition corresponding to that area of Madrid according to Pérez et al. [37]. As a result, a total estimate of 
97 kg NOX was obtained for the completely traffic-modelling domain. For the sake of simplicity, in CFD-modelling domain only the 
most crowded streets around the Hospital are considered (as time-variable emissions ECi (t), being i each entire street, see § 2.2.2). 
Details on the temporal and spatial emissions breakdown can be found in the supplementary material, Figures SM2 and SM3 
respectively. 

Arriving ambulances usually park around the hospital (Fig. 1) and stay there idling for long periods. Due to this fact, one parked 
ambulance in front of the emergency entrance (hospital south wing), and three parked ambulances on this corner, just below the room 
(Fig. 2 b) are considered in numerical simulations. Since COPERT does not include vehicle idle emission factors, we considered some 
moving/idling emission ratios from the literature [38,39] and applied it to Euro 5 light duty diesel vehicles, which may represent the 
average characteristics of ambulances. As a result, time-constant emissions, ACi = 5 g h− 1, being i each ambulance, are imposed 
assuming they are parked with the engine idling. This corresponds to a total aggregated NOX emission of approximately 0.5 kg over the 
day. 

2.2. CFD model 

2.2.1. Computational domain and mesh 
A 3D model in an area of approximately 2.5 km2 around the San Carlos Hospital has been built based on the blocks municipal 

cartography from Madrid City Council including building height from LiDAR measurements. Subsequently, the hospital building was 
edited to include the specific room included in the study. The traffic emission region is that shown in dashed yellow line in Figure SM1. 
For modelling purposes, cars emissions are vertically distributed in the first meter above ground level (Fig. 2 a). 

Top boundary is approximately 8.5 Zmax height and distance from buildings up to the inlet boundary (>8 times the building 
heights) has been established according to the best practice guidelines [40,41]. 

The mesh model used is a combination of polyhedral cells whose maximum size, ΔVmax, is 100 m3 up to 1.5 Zmax and 15 layers of 
prismatic cells from 1.5 Zmax up to 8.5 Zmax (top of urban atmosphere) whose size grows hyperbolically with height (Fig. 2 d). The 
polyhedral mesh has been refined both around buildings and around roundabout and radial traffic roads (Fig. 2 c) in such a way that:  

1. On surfaces (ground and buildings), cells have a maximum size, ΔSmax, of 100 m2 and a minimum size, ΔSmin, of 0.5 m2 (see mesh 
sensitivity test, § 3.1) and, a thickness of 0.25 m (equivalent to a prismatic layer, PL)  

2. Cells grow very slowly from surfaces to the bulk (surface growth rate is 1.1, Fig. 2 e)  
3. There are at least 8 cells per street 

In addition, to adequately capture air changes through the opened window during the experiment, the PLs at both sides of the 
outdoor-indoor interface have been divided into 3 sublayers (see mesh sensitivity test, § 3.1 and Fig. 2 f). This mesh model has been 
chosen according to the mesh test carried out (see mesh sensitivity test, § 3.1). 

For meshing, the automatic tool of STAR-CCM+16.02.009-R8® [42] has been used. 

2.2.2. Model description and simulation set-up 
The model is based on Unsteady Reynolds-averaged Navier-Stokes (URANS) equations considering the Realizable k − ε Two-Layer 

closure [43]. This approach is considered a good compromise between accuracy and computational cost and their use is widespread in 
simulations of atmospheric pollutant dispersion in urban environments [21,25,44]. The air is assumed as an ideal gas with constant 
properties and the gravity is considered. 

Traffic-related NOX dispersion is simulated as a non-reactive pollutant using passive scalar transport equations (Eq. 1). In order to 
estimate the contribution of each emission source (entire streets and ambulances) on final concentration, one passive scalar corre
sponding to each contribution is simulated (12 streets and 4 ambulances, see § 2.1). Total NOX concentration is the sum of concen
trations of each contribution. For each ith source: 

{

∂tCi( r→, t) + ∂xj

(

ρ uj Ci( r→, t) −
μt

Sct
∂xj Ci( r→, t)

)

= ECi (t) or ACi

}

j=x,y,z
(Eq. 1)  

where Ci( r→, t) is the NOX concentration at location r→ and time t from ith pollutant source, ρ is the air density, uj the j-component of 
flow, μt is the turbulent viscosity, Sct is the turbulent Schmidt number and ECi (t) and ACi are the NOX emitted by each ith entire street at 
time t or each ith ambulance respectively. Sct is assumed equal to 0.7 [45–47] and ECi (t) data are updated each hour. Simulations are 
performed with a time step, Δt, of 1 s and 1 inner iteration per Δt, except between 8:40 LST and 9 LST, where 10 inner iteration per Δt 
are used to accurately capture the sudden change in outdoor-indoor, and vice-versa, NOX exchange when the window is open. It is 
verified that simulations are time-step independent and the CFL was of the order of 1 both indoor and in most of the outdoor. 

Symmetric boundary conditions are imposed at the top of the domain. The ground is considered a rough wall with z0 = 0.03 m and 
buildings as smooth walls. Both are adiabatic surfaces. The All Y+ wall treatment is used [43]. 
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At inlet boundary, neutral vertical profiles for the wind speed, u(z, t) (Eq. 2), turbulent kinetic energy, k(t) (Eq. 3), and dissipation 
rate, ε(z, t) (Eq. 4) are imposed [48]. 

u(z, t)=
u*(t)

k
ln
{

z + z0

z0

}

; (Eq. 2)  

k(t)=
u*(t)2

̅̅̅̅̅̅
Cμ

√ ; (Eq. 3)  

ε(z, t)= u*(t)3

k(z + z0)
, (Eq. 4)  

where u*(t) is the friction velocity, z0 is the roughness length, Cμ is a model constant (Cμ = 0.09) and k is von Karman’s constant (k =

0.4). WS and WD are taken from the meteorological tower (Met. S. TOWER, Figure SM1 b), Fig. 3. In order to take into account the 
stack pressure effect, the temperature above the Hospital, at the ROOF point, at 8:40 LST (just when the window is open), is imposed at 
inlet (Tout = 281 K) and the initial indoor temperature is established as the indoor temperature at 8:40 LST (Tin = 298 K). 

For NOX urban background contribution, a uniform profile, UBCi (t), is imposed at inlet with concentration changing every 10 min 
corresponding from some fixed urban background AQMS near the district from the Madrid City Council (see supplementary material, 
Figure SM4). Note that measurements from several urban AQMS are used to study the impact of using different urban background 
concentrations. Using individual passive scalar transport equations for district and ambulances NOX emissions, ECi (t) and ACi , 
respectively and NOX urban background, UBCi (t), allows quantifying the influence of each outdoor source on indoor NOX 
concentration. 

Since heating could influence the outdoor-indoor temperature differences (i.e., the stack pressure effect), a 1500 W heater (typical 
thermal power for a 40 m2 room with two windows) installed just below the open window is simulated. In this way, the room 
ventilation due to outdoor-indoor temperature gradient is simulated. Note that, only convection heat transfer between heater and air is 
simulated and no external thermal loads are considered. 

Some common indoor pollutants can be biological, especially in hospital environments, for example, viruses transmitted by people. 
Natural ventilation also dilutes and removes the indoor pollutants by providing fresh air. In fact, improving natural ventilation in 
shared indoor/semi-indoor environments is recommended as infectious agents’ exposure reduction measure [49,50]. However, 
measuring natural ventilation in real conditions is complicated. Two of the main difficulties are, on the one hand, flow meters can 
disturb the flow patterns and, therefore, modify the measurements [51] and, on the other hand, the measurement methods must record 
the flow variations or, at least, the mean flow rate during a given period, for example, of 0.5 h [52]. Therefore, an alternative is to use 
indirect methods. The tracer gas decay technique is commonly used to characterize the natural ventilation in single-zone buildings 
[53]. It has the advantage of not disturbing the flow patterns and is based on the following hypotheses: the tracer gas is homogeneously 
distributed indoors and the flow barely varies during the sampling period. During an experiment, the time required to reduce the tracer 
gas concentration by 64 % (characteristic time, τ) can be obtained by fitting the time evolution of its concentration to an exponential 
decay of type: 

IC(t)= I∞ + I0e−
t− t0

τ (Eq. 5)  

where I∞ and I0 are the concentrations at t∞ and t0 respectively. 
Here, we assume that the infiltrated NOX into the room (through the non-hermetic elements of the building envelope) behaves as a 

tracer gas, before opening the window its concentration is homogeneously distributed indoors and after opening the window its 
concentration varies more rapidly than the flow. Therefore, using an individual passive scalar transport equation for dispersion of 
infiltrated NOX, IC(t), allows quantifying τ by fitting the time evolution of its concentration to Eq. 5. The established indoor NOX 

Fig. 3. WS and WD time evolution at TOWER (54.29 m AGL).  
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concentration when room ventilation starts (at 8:40 LST), I0, is 115 μg m− 3. Note that infiltration time evolution before opening the 
window is not simulated in this work. 

Finally, to check the tracer gas decay technique consistency, the ACHs are used. The ACH index is commonly used to characterize 
natural ventilation and it is equivalent to the number of air renewals per hour of a certain indoor volume of air. Here, the average ACH, 
〈ACH(t)〉, is computed since the window is opened up to the infiltrated NOX concentration is reduced by 95 % from CFD simulation 
using Eq. 6, 

〈ACH(t)〉=
〈ṁ(t)〉

ρ V
(Eq. 6)  

where 〈ṁ(t)〉 the CFD time evolution mass flow rate through the window, ρ is the air density (1.24 kg m− 3) and V is the room volume 
(112.5 m3). 

3. Results and discussion 

3.1. Mesh sensitivity test 

It is very important to define the correct mesh resolution indoors, outdoors close to the room, and on the outdoor-indoor interface 
(at the location of the opened window) to correctly simulate all the processes implied in the indoor-outdoor pollutant exchange. To 
ensure the independence of the model results with meshing, a mesh test is carried out. First, variations of ΔSmin, from 0.25 m2 to 2 m2 

are tested (Table 2) and then, the sensitivity to the number of sublayers into PLs at both sides of the outdoor-indoor interface (from 1 to 
4) is examined. 

Four meshes are built varying ΔSmin but with only 1 sublayer into PLs: Mesh_1 (the finest), Mesh_2, Mesh_3 and Mesh_4 (the 
coarser). The typical ΔSmin sizes and the total number of cells (Nº Cells) of each one, are summarized in Table 2. The differences in 
number of cells are substantial due to the implied refinements around the surfaces. 

Steady simulations for west WD and logarithmic vertical profiles for WS (and the typical forms of k and ε(z) for a neutral profile, 
Eqs. 2 – 4) are carried out considering 3.6 m s− 1 at 10 m height. Vertical profiles of normalized NOX concentration, Cnorm, are compared 
at different locations: indoor (IN), outdoor close to the room (OUTn) and next to the emissions (OUTf). Cnorm (dimensionless) is defined 
as: 

Cnorm =
C u*

EC
(Eq. 7)  

where Cnorm is the CFD concentration and EC is the total NOX emission. 
The results for each mesh are shown in Fig. 4. All vertical profiles are very similar at OUTf, except close to the ground where the 

results of Mesh_4 differ from those of finer meshes. Moreover, at OUTn and IN, not only the results of Mesh_4 differ from those of finer 
meshes, but also the results of Mesh_3. 

However, the results of Mesh_2 and Mesh_1 are very similar both outdoors and indoors, but especially outdoors. Therefore, it can be 
concluded that Mesh_2 represents a good compromise between accuracy and number of cells. 

Table 2 
Meshing characteristics. Frontal and horizontal mesh views around the traffic emissions and buildings (up), indoors, and 
around the room (down) respectively. 
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Secondly, four different meshes are built from Mesh_2 varying the number of sublayers into PLs from 1 to 4: Mesh_2_1P, Mesh_2_2 
PL, Mesh_2_3 PL and Mesh_2_4 PL. The number of cells of each one are summarized in Table 3. As can be appreciated, the differences in 
number of cells are negligible. 

In Fig. 5, the results for each mesh at OUTn and IN are shown. At the outdoor site (OUTn) all profiles are equal in all cases but indoor 
(IN), there are certain differences between meshes with 1 or 2 sublayers into PLs and meshes with 3 or 4 sublayers into PLs. Since the 
indoor results of Mesh_2_3 PL and Mesh_2_4 PL are very similar, Mesh_2_3 PL is chosen because the number of cells is lower. 

Highlight how these results evidence the importance of the mesh resolution at indoor, outdoor close to the classroom and just into 
the outdoor-indoor interface (at the opening) to correctly capture the pollutants exchange by natural ventilation. 

Finally, mesh quality of Mesh_2_3 PL has been verified checking that the limit values of the cell and boundary skewness angle, face 
validity, cell quality and volume change are within the established ranges [54]. 

Therefore, it can be concluded that the model results are independent of the mesh and the mesh quality is adequate. 

3.2. Meteorology 

The model is evaluated from the urban meteorology point of view to determine its capacity to correctly simulate the airflows above 
the buildings and around the San Carlos Hospital, i.e., inside the surrounding streets. This evaluation is essential to be confident in the 
pollutant dispersion simulations. For that, measurements of WS and WD at street level, GROUND point, and above the buildings, ROOF 
point, are used. In addition, measurements of κ at ROOF point are also employed. 

The experimental and numerical WS and WD time evolutions are shown in Fig. 6. In addition, the observed time evolution of Tu and 
Td from meteorological tower are also depicted. 

Fig. 4. Vertical profiles of Cnorm at: a) IN, b) OUTn and c) OUTf.  

Table 3 
Meshing characteristics. Frontal mesh views in and around the room. 

Fig. 5. Vertical profiles of Cnorm at: a) OUTn and b) IN.  
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Two well-marked regimes were observed during the test: the first one, from 4 LST up to 9:50 LST, which is characterized by 
relatively low WS (typically < 1 m s− 1) and strong WD fluctuations and, the second one, from 9:50 LST up to 14 LST, which is 
characterized by a progressive increase in WS (typically > 1 m s− 1) and practically constant WD (SE at GROUND, and SW at ROOF), 
mainly due to the channelling of the airflows within the streets. The regime changes at 9:50 LST is due to the change in atmospheric 
thermal stability, as shown T measured at TOWER, and it is related to thermally-driven flows present at this zone for weak synoptic 
condition [55]. 

To evaluate the model performance, the statistical parameters: correlation coefficient, R, normalized mean square error, NMSE, 
fractional bias, FB, and factor 2, FAC2 [56], are computed (Table 4) through the comparison between observed and simulated values. 

For WS, the statistical parameters are acceptable at both locations (all of them verify R > 0.633; NMSE < 0.493; FB < − 0.052; 
FAC2 > 0.750), although they are better at ROOF, which was expected, as airflow is more perturbed near the surface. In general, at 
both locations, the model slightly overestimates WS (FB < 0) and, in particular, at ROOF, the relative error, RE, of WD is 75 % at 9 LST, 
44 % at 12:50 LST and 43 % at 13:30 LST. For WD, the model does not seem to capture adequately the regime change occurring at 9:50 
LST but it reproduces it somewhat later. However, during most of the simulated period, it reasonably reproduces both, trends and 
values. 

Two regimes are also observed for turbulence conditions, evaluated from κ (Fig. 7): one with lower turbulence (up to 9:50 LST), and 
another (from 9:50 LST) where κ increases. It is observed that the numerical model captures appropriately the time evolution (a high R) 
but underestimates the values (high NMSE and FB and a low FAC2). Previous studies have shown how the Realizable k − ε turbulence 
model often underestimates κ [57]. Besides, the atmospheric thermal effects (which can increase the turbulence) are neglected in this 
simulation, although the thermal convection in winter (the day simulated) is much weaker than in summer. 

3.3. Outdoor-indoor NOX concentrations 

Since the urban background NOX concentration is a fundamental input for this type of simulations [58], first, the impact of using 

Fig. 6. Observed (red points,10 min time series) and simulated (blue points, 10 min time series, and grey points, 1 s time series) of: a) WS at GROUND point; b) WD at 
GROUND point; c) WS at ROOF point; d) WD at ROOF point. In addition, experimental 10 min time series of T at TOWER (at 54.29 m and 3.6 m AGL) are shown (b 
and d). 

Table 4 
Statistical parameters comparing experimental and numerical results at GROUND and ROOF points.   

GROUND ROOF 

WS WS κ 

R 0.633 0.816 0.855 
NMSE 0.493 0.279 1.155 
FB − 0.052 − 0.029 1.471 
FAC2 0.750 0.883 0.150  
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different UBCi (t), on NOX concentrations, particularly outdoors, is evaluated. Four urban background AQMS located at different 
distances and in different directions from the study area are selected. These locations are named as their local sites: Retiro (at approx. 4 
km to the SE), Farolillo (at approx. 5 km to the SO), Tres Olivos (at approx. 7 km to the NE) and Arturo Soria (at approx. 8 km at E) (see 
supplementary material, Figure SM4). These urban backgrounds are simulated considering two cases: 1) neglecting any delay due to 
the time taken for transport polluted air masses from the urban background AQMS locations to the studied domain boundaries, and 2) 
taking into account the possible delay by transport of air masses. This delay was estimated analysing the lag with higher 
cross-correlation between experimental NOX concentrations at GROUND and OUT locations, and the chosen UBCi (t). 

The experimental and numerical time evolutions of NOX concentrations are shown in Fig. 8 and Fig. 9 at GROUND and OUT lo
cations, with the following characteristics:  

• without time lags (SIM)  
• with time lags (SIM_Lag)  
• with time lags + ambulances (SIM_ Lag + Ak) 

Fig. 7. Experimental (red points, 10 min time series) and numerical (blue points, 10 min time series, and grey points, 1 s time series) time evolution of κ above the 
buildings, ROOF location. 

Fig. 8. Experimental (black points) and numerical time evolution of NOX concentrations: without time lags (light blue points), with time lags (dark blue points) and 
with time lags + ambulances (purple points) at GROUND location, and with urban background concentrations from AQMS: a) Retiro, b) Farolillo, c) Tres Olivos and d) 
Arturo Soria. 
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Outdoor NOX observational concentrations are high (typically > 200 μg m− 3), especially between 7 LST and 12 LST. This behaviour 
(high NOX concentrations from early morning up to midday during the weekdays of wintertime) is due to the combination of high 
traffic emissions and very stable meteorological conditions including low-level thermal inversion layer, which is unfavourable for 
pollutant dispersion [33,19]. 

Besides, two peaks are appreciated within this period, the first one around 7 LST and the second one around 9:30 LST. The peak of 7 
LST is observed both at OUT (302 μg m− 3) and GROUND (366 μg m− 3) locations and is typical in cities like Madrid [59]. However, the 
peak of 9:30 LST is only observed at OUT location (340 μg m− 3). 

Regarding the numerical results without time lags and with time lags, the four simulated UBCi (t) fit the experimental results quite 
well, both in trends and in values, especially when the time lags are taken into account. Particularly, the NOX peak at 7 LST is better 
simulated when 2400 s-lagged urban background concentration data from the Farolillo station are used, but not reaching the 
magnitude of the peak. 

However, the peak of 9.30 LST does not seem affected by the urban background since the numerical results are not improved with 
the time lags. Hence, it is reasonable to think that it could be due to other local emissions, closer to the OUT location than GROUND 
location, such as parked ambulances around the hospital with the engine idling. This hypothesis is compatible with numerical results 
with time lags and ambulances since their contribution at OUT location gives rise to a peak of an adequate size but slightly delayed 
from the real (around 30 min). This delay could be related to the fact that the model, as mentioned above, does not seem to capture the 
WD change at the right time and/or the WS peak between 8:50 LST and 9:10 LST inhibits the increase of concentration that occurs 
between 9 and 9:20 LST at OUT location (see § 3.2). Note that the ambulances’ contribution to the peak of 7 LST at OUT location could 
be also important, as numerical results with time lags and ambulances have shown. In addition, it is important to note that the 
contribution from ambulances is modelled as time-constant emissions assuming they are parked with the engine idling throughout the 
entire day, although in reality the movement of ambulances around the hospital is more complex. These results show that emission 
sources in the immediate vicinity of the room can contribute significantly to the total concentration despite their emissions are lower 
compared to other pollutant sources further away (see § 2.1). 

Fig. 9. Experimental (black points) and numerical time evolution of NOX concentrations without time lags (light blue points), with time lags (dark blue points) and 
with time lags + ambulances (purple points) at OUT location, and urban background concentrations from AQMS: a) Retiro, b) Farolillo, c) Tres Olivos and d) 
Arturo Soria. 

Table 5 
Statistical parameters comparing experimental and numerical results at GROUND location.   

Retiro Farolillo Tres Olivos Arturo Soria 

SIM SIM_Lag SIM_Lag +
Ak 

SIM SIM_Lag SIM_Lag +
Ak 

SIM SIM_Lag SIM_Lag +
Ak 

SIM SIM_Lag SIM_Lag +
Ak 

R 0.685 0.766 0.756 0.727 0.882 0.877 0.859 0.851 0.844 0.688 0.854 0.847 
NMSE 0.200 0.159 0.153 0.197 0.093 0.090 0.115 0.126 0.119 0.197 0.137 0.128 
FB 0.257 0.291 0.258 0.365 0.348 0.310 0.325 0.347 0.310 0.255 0.307 0.274 
FAC2 0.800 0.817 0.833 0.650 0.717 0.717 0.750 0.750 0.783 0.817 0.917 0.933  
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To evaluate the outdoor model performance, the previous statistical parameters: R, NMSE, FB and FAC2, are computed at OUT and 
GROUND locations (Table 5 and Table 6). Statistical parameters without time lags are quite good (all of them verify R > 0.658; NMSE 
< 0.246; FB < 0.365; FAC2 > 0.650) but they improve with time lags (all of them verify R > 0.766; NMSE < 0.159; FB < 0.348; FAC2 
> 0.717). 

Note that, at GROUND location, the ambulances are far enough away that their impact is negligible. However, at OUT location, the 
model simulations with time lags but without ambulances underestimate outdoor NOX concentrations (FB > 0), but with time lags and 
ambulances it is the opposite (FB < 0). This is because it has been assumed that the ambulances were constantly parked around the 
hospital with the engine idling due to non-available information about ambulance counts and paths around the hospital during the test. 
The results show that their contribution to the total concentration can be important although their emissions may be lower compared 
to other pollutant sources further away. 

It is concluded that data from all studied background AQMS can be used as background NOX contribution in the CFD simulations 
considering an appropriate time lag. Given these results, simulation using the lagged NOX concentration recorded in the Retiro AQMS 
is chosen to evaluate if the model is capable of properly reproducing the outdoor-indoor NOX exchange, and to analyse the impact of 
each contribution (urban background, traffic emissions in streets surrounding the Hospital and local emissions such as parked am
bulances around the hospital with the engine idling) on indoor NOX concentration. 

In Fig. 10 a, the experimental and modelling time evolutions of NOX concentrations:  

• without time lags (SIM)  
• with time lags (SIM_Lag)  
• with time lags + ambulances (SIM_Lag + Ak) 

at IN location when the room was being naturally ventilated through an open window are shown. In addition, the time evolutions of 
experimental and modelled (for SIM_Lag) I/O is also depicted. Note that I/O concentration ratios are computed using NOX concen
tration at IN and OUT locations. Fig. 10 b shows the time evolutions of the contributions, in %, from each NOX source to the total indoor 
NOX concentration for SIM_Lag_Ak case. 

Note that, time evolution of infiltrated NOX concentration into the room though building envelope before opening the window is 
not simulated here. Indoor NOX concentration at time of window opening is imposed in the simulations as an initial indoor NOX 
concentration. The time evolution of this contribution is shown in Fig. 10 b as “Infiltrated NOX”. 

As observed in the experimental results, NOX concentration at IN location, reaches high values (typically > 200 μg m− 3), especially 
between 8:40 LST and 12 LST and the peak of 9:30 LST is well appreciated (274 μg m− 3). Between 8:40 LST and 12 LST indoor NOX 
concentration is similar to outdoor concentration (experimental I/O is around 0.8 and modelled I/O close to 1). This is because be
tween 8:40 LST and 12 LST, natural ventilation of room is efficient enough so that the indoor NOX concentration time evolution can 
follow outdoor NOX concentration time evolution, although slightly damped. Between 12 LST and 13 LST, NOX concentration at OUT 
location rapidly decreases due to the rapid increase of WS and turbulence (including thermal convection) above the canopy (see Fig. 6 

Table 6 
Statistical parameters comparing experimental and numerical results at OUT location.   

Retiro Farolillo Tres Olivos Arturo Soria 

SIM SIM_Lag SIM_Lag +
Ak 

SIM SIM_Lag SIM_Lag +
Ak 

SIM SIM_Lag SIM_Lag +
Ak 

SIM SIM_Lag SIM_Lag +
Ak 

R 0.708 0.812 0.621 0.743 0.900 0.770 0.839 0.863 0.702 0.658 0.878 0.696 
NMSE 0.227 0.151 0.214 0.192 0.078 0.159 0.138 0.131 0.167 0.246 0.132 0.164 
FB 0.177 0.198 − 0.176 0.297 0.264 − 0.155 0.249 0.267 − 0.144 0.192 0.227 − 0.163 
FAC2 0.850 0.933 0.833 0.833 0.833 0.900 0.900 0.933 0.867 0.833 0.983 0.850  

Fig. 10. a) Experimental (black points) and numerical time evolution of NOX concentrations without time lags (light blue points), with time lags (dark blue points) and 
with time lags and ambulances (purple points) and experimental (red points) and numerical time evolution of I/O (orange points) at IN location, Background con
centration taken from Retiro AQMS; b) contributions, in %, from urban background (in red), district streets (in blue), ambulances (in green) and infiltrated NOX (in 
yellow) on total indoor NOX concentration. 
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c), causing the ventilation of streets. However, for this period, I/O increases above 1 (i.e., indoor concentration is higher than outdoor) 
due to the natural ventilation of the room is not efficient enough to follow the rapid variation of outdoor concentration (indoor 
turbulence is lower than outdoor turbulence). The indoor-outdoor exchange is limited by room ventilation, preventing the rapid 
decrease in indoor NOX concentration. However, from 12 p.m., I/O is variable (experimental I/O ranges from 2.4 to 0.5 respectively 
and modelled I/O from 2.5 to 1). These results show how, in real situations, variations of I/O can be strong and depends not only the 
current conditions but also the previous one. 

As showed in Fig. 10 a, where the NOX concentrations without time lags and with time lags are shown, numerical results fit 
experimental measurements appropriately, in both values and trend, especially when time lags are taking into account, except during 
the peak of 9:30 LST. As expected, the failure of the model to predict the outdoor NOX concentrations during the peak of 9:30 LST is 
transferred to the indoor. About indoor-outdoor NOX concentration ratio, between 8:40 LST and 12 LST, numerical results fit 
experimental values and trend reasonably well (average value 1.1). However, from 12 LST, numerical results seem to reproduce 
experimental results with some delay. This is probably because the transient period between 12 LST and 13 LST is captured with some 
delay. 

To evaluate the indoor performance of the model, the same statistical parameters were computed (Table 7). As expected, statistical 
parameters without time lags are very good (all of them verify R > 0.917; NMSE < 0.048; FB > 0.105; FAC2 = 0.550), and, in general, 
they improve with time lags (all of them verify R > 0.939; NMSE < 0.028; FB > 0.039; FAC2 = 0.550). 

As mentioned above, the parked ambulances around the hospital with engine idling could be an important contribution to outdoor 
NOX concentrations at the OUT location. Hence, it has been also analysed their impact on indoor NOX concentrations at the IN location. 
Their contribution (mainly of those parked on the corner of the Hospital’s east wing, just below the room) to the total indoor NOX 
concentration could be between 10 % and 50 %, depending on the environmental conditions (Fig. 10 b). 

Moreover, although in general, the major contribution to the total indoor NOX concentration comes from the urban background 
(ranges from 38 % to 86 %, Fig. 10 b), it is observed that, under certain environmental conditions, the local emissions (for example, at 
14 LST) become dominant. However, district streets contribution is always the minor contribution to indoor NOX concentration 
(between 2 % and 12 %, Fig. 10 b) due to the window of the room is located more than 80 m away from the nearest street. 

The impact of environmental conditions on percentage contributions from urban background, ambulances and district streets was 
investigated in a previous theoretical study focusing on the same room [60]. It was observed that WD is the most influential factor, 
particularly when the room is at the leeward façade (see supplementary material, Figure SM5) 

Therefore, to understand the behaviour of percentage contributions, two times are analysed hereinafter: 1) 9:30 LST and 2) 13 LST 
with opposite WD (considering the room at the windward and leeward respectively). At 9:30 LST, the urban background contribution 
was increasing and the ambulances contribution was decreasing and at 13:00 LST, the contrary is observed. 

The tangential component of the velocity field and high-resolution maps of total NOX concentration and NOX concentration due to 
ambulances in a vertical plane section passing through the centre of the room at these two times are shown in Fig. 11. 

At 9:30 LST, the room is at the windward facade of the hospital and the outdoor configuration is characterized by the formation of a 
vortex in front of the room that rotates counter clockwise. This vortex, on the one hand, favours the pollutants coming from the urban 
background enter to the room from above (Fig. 11 a), increasing the contribution of this source to indoor NOX concentration. And, on 
the other hand, it prevents the pollutants coming from the parked ambulances just below the room enter to the room from below 
(Fig. 11 b), reducing the contribution of this source to the indoor NOX concentration. 

Instead, at 13 LST, the room is at the leeward facade of the hospital and the outdoor configuration is characterized by the formation 
of a vortex in front of the room, slightly shifted up from the previous one, which rotates clockwise. In this case, the vortex prevents the 
pollutants coming from the urban background enter to the room (Fig. 11 c), reducing the contribution of this source to indoor NOX 
concentration, and, favouring the pollutants coming from the ambulances enter to the room (Fig. 11 d), increasing the contribution of 
this source to the indoor NOX concentration. 

Note that, both times belong to peak hours (Figure SM3) but 9:30 LST time is included in the lower WS regime (inlet WS is 0.55 m 
s− 1, Fig. 3, and UBCRetiro = 192 μg m− 3) and 13 LST time is included in the higher WS regime (inlet WS is 5.32 m s− 1, Fig. 3, and 
UBCRetiro = 14 μg m− 3). 

These results highlight the importance of the environmental conditions in outdoor-indoor NOX exchange by natural ventilation, 
particularly the WD. 

The impact of the heating on the outdoor-indoor NOX exchange is also investigated. The experimental and numerical time evo
lutions of NOX concentrations are shown in Fig. 12:  

• with time lags (SIM_Lag)  
• with time lags + HS (SIM_Lag + HC) 

at OUT and IN locations respectively. 
Numerical results show how, when the window is opened (from 8:40 LST to 14 LST), outdoor NOX concentration hardly changes 

with the HS presence, but indoor NOX concentration decreases slightly (average relative difference of 9 %). As expected, the exchange 
outdoor-indoor concentration is more effective due to stack pressure contribution but the differences with and without HS on I/O are 
low. 

Finally, SSV of the room is analysed using the infiltrated NOX concentration decay and the ACHs. The numerical time evolution and 
exponential fit of infiltrated NOX concentration at IN location when the room was being single-sided naturally ventilated through an 
open window are shown in Fig. 13. 
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As can be seen, numerical results fit well to Eq. 5 (R2 is 0.974) and for this case, the obtained τ is 67.725 s. So, 3τ, which is time 
required to reduce the indoor pollutant concentration by 95 %, is approximately 3.4 min (equivalent to ACH = 17.65 h− 1). In addition, 
〈ACH(t)〉, has been computed from CFD simulation using Eq. 6 and both results have been compared. The obtained CFD value is 15.56 
h− 1, which is consistent with 3τ. Therefore, in this case, the infiltrated NOX concentration decay technique is effective. 

This exercise illustrates how the CFD methodology yields similar results to simple empirical models. However, CFD methodology, 
in addition, allows varying both meteorological conditions and geometric parameters to look for relationships between both and SSV of 
the room, which would be very useful for improvement the simple models. 

Table 7 
Statistical parameters comparing experimental and numerical results at IN location.   

Retiro 

SIM SIM_Lag SIM_Ak_Lag 

R 0.917 0.939 0.918 
NMSE 0.048 0.028 0.112 
FB − 0.105 − 0.039 − 0.401 
FAC2 0.550 0.550 0.550  

Fig. 11. Zoom of the tangential component of the velocity field and high-resolution maps of: a) total NOX concentration at 9:30 LST, b) NOX concentration due to 
ambulances at 9:30 LST, c) total NOX concentration at 13 LST and d) NOX concentration due to ambulances at 13 LST, in a vertical plane section passing through the 
centre of the room. Large black arrows indicate prevailing WD at roof level. 

Fig. 12. Experimental (black points) and numerical time evolution of NOX concentrations, with time lags (light blue points) and with time lags and HS (dark blue 
points) at a) OUT location and b) IN location. Background concentration taken from Retiro AQMS. 

E. Rivas et al.                                                                                                                                                                                                           



Journal of Building Engineering 84 (2024) 108403

15

4. Conclusions 

The traffic-related indoor-outdoor air pollution in a real single-sided naturally ventilated room is addressed applying a CFD model. 
The model simulates explicitly the outdoor-indoor NOX exchange time-evolution in a room located on the 4th floor of San Carlos 
Hospital east wing on February 18, 2021, from 4 LST to 14 LST. 

The sensitivity tests performed highlight the importance of the mesh resolution indoors, and outdoors in the immediate vicinity of 
the building to capture the pollutants exchanged by natural ventilation. Our results also point out that the combination of the URANS 
turbulence approach with suitable boundary conditions appropriately reproduces the time evolution of meteorological variables (WD, 
WS and k), both inside the streets and above the buildings, even for low WS (typically < 1 m s− 1). A Large Eddy Simulation (LES) 
turbulence model would be more accurate but more expensive from the computational point of view. However, on one hand, 
experimental data are averaged every 10 min and, on the other hand, URANS simulation provided suitable results. Hence, considering 
the size of this geometrical domain and the computational time required, this approach is a good compromise between accuracy and 
computational cost. The time evolution of outdoor and indoor NOX concentrations is appropriately simulated too, in particular, when 
the urban background is properly modelled from AQMS data. The results from this case study suggest that it is more important to 
account for the delay of arriving air masses from the urban background AQMS to the domain boundary than the urban background 
AQMS chosen for this type of unsteady simulations. In these cases, NOX urban background concentrations significantly contribute to 
the indoor NOX concentration. Nonetheless, the contribution from local sources seem to be relevant to explain some details of observed 
NOX concentration time series. In this particular study, the results show that idling ambulances just below the room can contribute 
between 10 % and 50 % to the total indoor NOX concentration, even when their emissions are considerably smaller than those of traffic 
in nearby streets. This is because indoor NOX concentration (in the absence of indoor pollutant sources) is intrinsically related to the 
wind flow around the hospital facade where the window is located. Therefore, depending on the outdoor WD (studied facade at 
windward or leeward), the local emissions compete with urban background for the major contribution to the indoor NOX concen
tration. Taking into account this fact, natural ventilation should be done during hours of low air pollutant concentrations, avoiding 
peak hours in the morning and the evening. Additionally, one way to promote natural ventilation in urban environments would be to 
reduce pollutant concentrations close to the windows, for example, implementing measures for reducing traffic around buildings, 
especially in areas with sensitive populations, such as hospitals, schools, nursing homes, etc. In cases where these types of measures 
cannot be implemented, it would be interesting to promote the use of systems that allow the natural ventilation of buildings can be 
smartly managed (i.e. during the hours in which the outdoor air quality is more favourable) and to promote the use of less polluting 
engines. I/O is not constant over time during the test. Just when the window is opened, the concentration just outside of the window is 
higher than the indoor concentration (by almost 50 %) and, due to the strong initial indoor-outdoor concentration and pressure 
gradients, it quickly disperses into the room, being I/O close to 1 in few minutes. This ratio keeps practically constant during 3 h 
approximately. Later, the environment ventilation improves due to the turbulence increasing; however, I/O is greater than 1. This is 
because indoor concentration slowly decreases due to the limited ventilation of the room (in this case, type SSV, which does not favour 
the room ventilation). These results show how I/O depends not only on the outdoor concentration (which, at the same time, depends 
on the atmospheric turbulence), but also on the kind of ventilation, showing a wide range of values. In addition, we should keep in 
mind that the OUT location is outdoor, but just located close to the window and other outdoor locations at pedestrian levels in the 
sidewalks provide different I/O values due to the strong gradient of concentration at the street level [60], which is an important issue 
to be addressed in future studies. The simulation done using a HS in the room illustrate how an internal thermal load modifies the 
natural ventilation and, therefore, impacts indoor pollutant concentrations. Here, the impact of 1500 W heater below the open window 
is low. Notwithstanding, a more detailed study would be needed about possible heat sources in the room because under certain 
meteorological conditions the stack pressure effect could be more important than the wind pressure effect. 

The time required to ventilate the room is 3.4 min. It has been obtained using the infiltrated NOX concentration decay and has been 
verified through the 〈ACH(t)〉. This result shows the potential of time-dependent CFD simulations for characterizing the natural 
ventilation of single-zone buildings. In addition, CFD methodology would be very useful for designing parameterizations of natural 

Fig. 13. Numerical time evolution (black points) and exponential fit (blue points) of infiltrated NOX concentration at IN location.  
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ventilation for simpler models, because they let relate τ and the meteorological conditions depending on the type of neighbourhood/ 
building/room/window. 
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Nomenclature 

Acronyms 
ACHs: Air Changes per Hour 
AGL: Above Ground Level 
AQMS: Air Quality Monitoring Stations 
CFD: Computational Fluid Dynamics 
CFL: Courant number 
EU: European Union 
HS: Heat source 
IAQ: Indoor Air Quality 
LES: Large Eddy Simulations 
LiDAR: Light Detection and Ranging 
LST: Local Solar Time 
PM: Particulate Matter 
PL: Prismatic Layer 
RE: Relative Error 
SS: Single-Sided 
URANS: Unsteady Reynolds-Averaged Navier-Stokes 
WHO: World Health Organization 

Symbols 
ΔS: Surface size (m2) 
Δt: Time-step (s) 
ΔV: Volume size (m3) 
ε: Turbulent dissipation rate (m2 s− 3) 
κ: Turbulent kinetic energy (J kg− 1) 
k: Von Karman’s constant 
ρ: Density (kg m− 3) 
μt : Turbulent dynamic viscosity (Pa s) 
τ: Characteristic time (s) 
AC: Ambulance mass flow rate (g h− 1) 
C: Concentration (μ m− 3) 
EC: Road mass flow rate (g h− 1) 
IC: Infiltration concentration (μ m− 3) 
Q: Mass flux (kg m− 2 s− 1) 
r→: Position (m) 

Sct: Schmidt number 
t: Time (s) 
T: Temperature (K) 
u*: Friction velocity (m s− 1) 
uj: j-component of flow (m s− 1) 
UBC: Urban background concentration (μ m− 3) 
WS: Wind speed (m s− 1) 
WD: Wind direction (º) 
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(x, y, z): Cartesian coordinates (m) 
z0: Roughness (m) 
Z: Height (m) 

Subscripts 
d: down 
f: far 
in: indoor 
max: maximum 
min: minimum 
n: near 
norm: normalized 
out: outdoor 
u: up 
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