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Abstract: Urban air quality presents a significant global environmental challenge. In this con-
text, understanding indoor and outdoor air quality levels is key to assessing population exposure
better. Despite extensive research on modeling and monitoring air quality, studies that simultane-
ously model both remain limited. This study addresses this gap by combining Nitrogen Dioxide
(NO2) outdoor levels from the CALIOPE-Urban air quality model with indoor-outdoor parametric
relations. Bias-corrected NO2 concentration levels at the street scale are used. These NO2 levels are
based on a kriging data-fusion method, merging monitoring station data and the CALIOPE-Urban
dispersion model. Two parametric relations depending on building use are assessed for deriving
indoor air quality levels: infiltration rates and indoor-outdoor ratios. Bias-corrected outdoor lev-
els and the parametric relations are combined to obtain unprecedented city-wide maps containing
indoor NO2 concentrations accounting for uncertainty quantification. Despite large confidence inter-
vals in our results, the validation against observational data shows satisfactory model performance.
Results reveal significant variations in indoor NO2 concentrations across different districts, with the
highest levels observed in areas with heavy traffic such as the l’Eixample district. Specifically, in
this area, 86.4% of homes have a probability of 50% or higher of exceeding the legal threshold of 40
µg/m³, posing considerable health risks for their inhabitants. This comprehensive approach refines
the understanding of indoor and outdoor air quality dynamics in Barcelona, revealing NO2 pollution
hotspots and enabling reliable and comprehensive air pollution exposure studies.

I. INTRODUCTION

The impact of air pollution on human health has be-
come a major problem in cities due to high pollution
levels and the increasing percentage of people living in
urban areas. Currently, more than half of the world’s
population resides in cities, with even higher percentages
in regions such as Europe, where over 70% live in urban
areas (European Environment Agency 2024). According
to the IPCC, this trend is expected to continue growing
in the coming years (IPCC 2021). Focusing on the city of
Barcelona, NO2 is one of the main pollutants (Generali-
tat de Catalunya 2021), as a result of high levels of traffic
along the city, being motorized transport one of the main
sources of outdoor NO2 in urban conurbations (Moham-
madi and Calautit 2022). NO2 is an irritant gas that
can cause both acute and chronic respiratory effects, in-
cluding inflammation of the airways (Valero et al. 2009).
In 2021, the European Environment Agency (EEA) esti-
mated 52,000 deaths to nitrogen dioxide due to exceeding
the 2021 World Health Organization (WHO) annual lim-
its (Chen et al. 2024), (EEA 2023). Furthermore, early-
life exposure to indoor NO2 has been negatively asso-
ciated with neuropsychological development during the
first four years of life (Morales et al. 2009). In this con-
text, understanding and monitoring exposure levels in
urban areas is a relevant matter to protect public health.
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Traditionally, fixed air quality stations have been em-
ployed to monitor outdoor pollution levels. However, an-
alyzing human exposure requires a different approach, as
individuals spend a major portion of their time indoors.
It is estimated that people now spend about 90% of their
lives indoors (Milner et al. 2011). To address indoor ex-
posure, studies have increasingly focused on monitoring
indoor air quality, particularly in environments such as
schools, due to the high sensitivity of children (Rivas
et al. 2014, Salonen et al. 2019). Data on indoor pol-
lutant concentrations remain relatively deficient in other
environments. Nonetheless, indoor NO2 concentrations
can be related to outdoor NO2 levels due to the exchange
of air between the two environments (Mohammadi and
Calautit 2022, Morawska et al. 2017). Several studies
have reported infiltration rate (IR), which accounts for
the amount of pollutants penetrating indoors, and the
ratio between indoor and outdoor concentration levels
(I/O), which also account for indoor emission sources.

For instance, Óscar Garćıa-Algar and Pichini (2003) re-
ported I/O ratios by analyzing indoor sources of NO2 in
the city of Barcelona with passive dosimeters, consider-
ing a cohort of 340 infants. They established I/O rations
as a function of various factors of indoor sources, such
as gas fire, type of extractor fan used during cooking,
and the type of central cooking. Following this line, Es-
plugues et al. (2010) added not only indoor sources to
analyze Indoor/Outdoor (I/O) ratios, but also socioeco-
nomic variables in a cohort in València. These included
educational level, social class, or smoking habits.
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All these studies are based on experimental data by si-
multaneously measuring indoor and outdoor concentra-
tion levels. However, there are also approaches based
on computational fluid dynamics (CFD) models to solve
the Navier-Stokes equations. Such approaches provide
meaningful simulation results on how pollutants disperse
in complex geometries. For example, (Mohammadi and
Calautit 2022) simulated an ideal canyon, which is a
simplified representation of a street used to study en-
vironmental factors. They examined the differences in
indoor concentration in terms of ventilation, wind speed,
and room orientation in a building of three stages. In
the same line, Santiago et al. (2022) studied the indoor-
outdoor ratio differences taking into account the height
of the building and the stage of each room studied.

In this study we aim to develop and validate a method
for estimating indoor nitrogen dioxide levels by using lit-
erature parametric relations that connect indoor and out-
door concentrations. As input for our methodology, we
use the outdoor NO2 concentrations computed through
the urban air quality system CALIOPE-Urban (Bena-
vides et al. 2019) and bias-corrected using observational
data (Criado et al. 2023). We analyse infiltrated and
indoor NO2 across Barcelona city during 2019. We care-
fully consider uncertainty sources coming from the out-
door NO2 data and the used parametric relations. Our
final goal is to enhance the understanding of NO2 expo-
sure within indoor environments in Barcelona.

II. DATA AND METHODOLOGY

A. Domain of study

Barcelona is a city located on the Mediterranean coast,
in the northeast of the Iberian Peninsula. It is the cap-
ital of Catalonia and the second most populous city in
Spain, with a population of 1.6 million inhabitants, a sur-
face area of 101.4 km2 and a population density of 16.3
inhabitants per km2 (IDESCAT. Institut d’Estad́ıstica
de Catalunya 2024). The administrative area is divided
into 10 districts (Figure 1). The city has a Mediterranean
climate, with mild winters and hot summers, and it is
known for its sunny weather and pleasant temperatures.
Barcelona is also known for its environmental initiatives,
including efforts to reduce air pollution and promote
sustainable transportation (Rodriguez-Rey et al. 2022).
Barcelona’s port is also one of the busiest in the Mediter-
ranean, with a large number of ships and cargo passing
through the city each year, which constitutes a signifi-
cant source of air pollution (Toscano 2023). It is the city
in Europe with the highest density of vehicles, leading to
increased pollution levels (Rivas et al. 2014).

Figure 1: Districts of Barcelona

B. Data

The data used in this work is divided into two main cat-
egories: the outdoor NO2 concentration and the indoor-
outdoor ratios.
The outdoor NO2 concentration is obtained from the

CALIOPE-Urban model, developed by the Barcelona Su-
percomputing Center (BSC). This multi-scale air qual-
ity system produces hourly estimates of NO2 surface
concentrations over Barcelona, coupling the regional air
quality system CALIOPE (Baldasano Recio et al. 2011)
with the Gaussian dispersion model R-LINE adapted to
street canyons. The regional model uses a set of three
nested domains for dynamic downscaling: the Euro-
pean region, the Iberian Peninsula, and Catalonia. Fur-
thermore, urban results are bias-corrected using a data-
fusion technique that merges model outputs with mea-
surements from the Catalan Air Pollution Monitoring
and Forecasting Network (XVPCA) and short experi-
mental campaigns. This provides reliable high-resolution
maps of outdoor surface concentration levels of NO2 over
Barcelona at a resolution of 20 x 20 meters at 3 meters
height (Criado et al. 2023). For the aim of this study, the
annual and the seasonal means of 2019 are used. Criado
et al. (2023) also made available the NO2 uncertainty,
which will allow us to estimate indoor NO2 uncertainties
and to evaluate probability of exceeding the legal thresh-
olds.
Apart from the outdoor NO2 concentration, two well-

established parameters in the literature are considered.
On the one hand, the infiltration rate, which quantifies
the fraction of outdoor NO2 that contributes to indoor
concentration levels. It typically depends on three pa-
rameters: the penetration coefficient, which is defined
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as the fraction of NO2 that passes through the build-
ing walls, the air change rate, and the deposition rate.
In the case of NO2, the penetration coefficient is con-
sidered to be 1 (Hu and Zhau 2020), as the entire frac-
tion of NO2 in the outdoor air mass, fully enters indoors.
Consequently, the infiltration factor mainly depends on
the ventilation patterns (Mohammadi and Calautit 2022,
Morawska et al. 2017).

On the other hand, the I/O ratio is defined as the
fraction of the indoor and outdoor concentrations of NO2.
Its expression is described in Equation 1.

I/O =
Cindoor

Coutdoor
(1)

So, the infiltration rate is equal to the I/O ratio when
there are no indoor sources. These values could be ob-
tained from measuring campaigns or from Computational
Fluid Dynamics (CFD) models. In this work, the val-
ues are obtained from Hu and Zhau (2020), a review of
218 studies reporting measuring campaigns from several
countries. The review identified three different indoor
environments: homes, schools, and workplaces, and cat-
egorized them into three periods in the year. This is
because their emission sources and ventilation patterns
may differ. The infiltration rates used are shown in Ta-
ble I and the I/O rates in Table II.

Table I: Seasonal Infiltration rates for three different in-
door environments.

Homes Offices Schools
Summer 0.87± 0.13 0.81± 0.05 0.89± 0.22
Winter 0.63± 0.25 0.72± 0.17 0.75± 0.20

Spring and Fall 0.65± 0.24 0.64± 0.12 0.72± 0.22

Moving forward, we use the Copernicus Urban At-
las 2018 (EEA 2021) to distinguish between homes and
workplaces. This Atlas provides land use and land cover
data from satellite images at high resolution for Europe,
including the city of Barcelona. For the schools’ loca-
tions, we use the information available on the council
dataset website (Ajuntament de Barcelona 2019), cover-
ing kindergartens, schools, high schools, and universities.

Finally, to validate our results, we use two different
measurement campaigns: xAire and Breath. These cam-
paigns provide simultaneous indoor and outdoor NO2

concentration data for schools in the city of Barcelona.
The first one, xAire citizen science campaign (Perelló

et al. 2021) in 2017 was composed of 725 passive samplers
distributed across 23 schools in the city of Barcelona.
A passive sampler is a device that absorbs pollutants
directly from the surrounding air without requiring a
power supply, allowing for easy and inexpensive moni-
toring over a wide area. Outdoors samplers were located
in the school surroundings or in the playground within
the school. The second experimental campaign, Breath
(Sunyer et al. 2015), deployed samplers in 39 schools dur-
ing 2012 and 2013.

C. Methodology

This section aims to describe the data analysis and
processing methods applied to the available NO2 out-
door data. The first step is to establish a coherent value
of indoor-outdoor rates with the data we are applying.
The indoor-outdoor rates depend on building character-
istics, indoor sources (e.g., gas cooking or heating), and
people’s behavior. Therefore, the ratios vary greatly in
different campaigns across different countries, even when
measuring in the same environment type. Because of
this, we select only European and Mediterranean-basin
countries detailed in Annex I.
The final values that we use for the I/O ratio are shown

in Table II. The means are calculated using the averages
of all I/O values from the mentioned campaigns. The
standard deviation shown in the table is calculated as
the mean of the standard deviation instead of an error
correlation, given that we wanted to account for the dis-
persion of the mean value. Such dispersion is expected
as I/O rates embraces very different indoor air quality
contexts.

Table II: Mean Indoor - Outdoor ratios for the
Mediterranean basin and their standard deviation.

Homes Work Schools
I/O ratio 0.98± 0.77 0.73± 0.24 0.92± 0.51

For the infiltration rate, a different analysis was done.
Since this parameter is independent of the indoor sources,
all the measurement campaigns were considered for its
calculation. Moreover, to have a better representation of
this rate, a seasonal distinction was made. We considered
three different infiltration factors, one for winter (Decem-
ber to March) and summer (June to September), and a
third for spring & fall (April, May, October, and Novem-
ber), each ensuring an equal number of days throughout
the different subsets. This will help in the discussion of
the results, as the ventilation patterns change during the
year.
A land use map of the city of Barcelona is used to dis-

tinguish between homes, schools, and workplaces. This
specific information is not easily available, nor in the lit-
erature or on the council dataset website. To catego-
rize homes and workplaces, the time-microenvironment-
activity (TMA) methodology was applied (Ramacher and
Karl 2020). This approach involves associating various
microenvironments with the Land Use and Land Cover
(LULC) of the Copernicus Urban Atlas 2018 product
(EEA 2021) based on satellite imagery. LULC distin-
guishes between roads, industrial areas, port areas, green
areas, water bodies, and urban fabric. The TMA allows
the identification of workplaces and home microenviron-
ments in any European urban region where Urban Atlas
data is accessible.
The procedure is the following: First, the Urban At-

las file is cropped within the limits of Barcelona, as it
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contains information about the entire metropolitan area.
Next, for each different category described in the Urban
Atlas, we applied the proposed building use distribution
(Ramacher et al. 2019). For the ”continuous urban fab-
ric” category, it is proposed to allocate 70% to residential
buildings and 30% to workplaces. This distribution en-
sures that office buildings and commercial areas in the
densely populated city center are represented. The re-
maining ”urban fabric” are designated as homes. Lastly,
categories such as ”industrial, commercial, public, mili-
tary, and public units” as well as ”construction sites” are
classified as workplaces.

Once we have a city-wide map of land use in Barcelona,
the output data of the CALIOPE-Urban model is used
to assign outdoor NO2 concentrations to each building.
This consists of superposing the 20 m × 20 m grid of
the annualized CALIOPE-Urban model with the land use
map. To do so, the centroid of each block of the land
use map is calculated. Then, the NO2 concentration of
the CALIOPE-Urban model is interpolated following an
Ordinary Kriging to the corresponding block. With this,
we obtain the outdoor NO2 concentration for each block
of the city with their corresponding variance.

The next step is to apply the parametric relations to
obtain indoor NO2 concentration levels. For this, the
I/O ratio is applied to the blocks of homes, schools, and
workplaces. To quantify the uncertainty of the indoor
NO2 concentration, we combine the standard deviation
of outdoor NO2 from CALIOPE-Urban with the indoor-
outdoor ratios (and infiltration ratios) with Equation 2.

σ2
[NO2]I

=
(
σ2
I/O + µ2

I/O

)(
σ2
[NO2]O

+ µ2
[NO2]O

)
− µ2

I/Oµ
2
[NO2]O

(2)

where σ is the standard deviation, µ is the mean, and
[NO2]I and [NO2]O are the indoor and outdoor concen-
tration, respectively. Finally, the indoor NO2 concentra-
tion is obtained by multiplying the outdoor concentration
by the I/O ratio.

A validation of the results is performed using the mea-
surement campaigns data, xAire and Breath. First, to
compare observational data from different years with the
2019 CALIOPE-Urban output, we normalized the data
using a method from Perelló et al. (2021). This method
assumes independency regardless of location and can be
uniformly applied to all sampling devices. Although this
might introduce some variability into the experimental
data, it compensates for biases due to metorological fac-
tors (such as wind speed, atmospheric stability, precipi-
tation, radiation, and temperature), and enables the in-
tegration of data from both campaigns (Criado et al.
2023). The adjusted factor is calculated for each month
and year of measurements. It is defined by Equation 3,
where NO2,measured, month is the measurement taken in a
particular month, NO2,2019 is the annual average of all
stations in 2019, and NO2,month is the monthly average
of all stations for the given month.

F = NO2,measured,month
NO2,2019

NO2,month
(3)

To analyze if legal NO2 limit values are being ex-
ceeded in Barcelona we study two variables: the percent-
age of blocks that have an associated NO2 indoor levels
above the allowed threshold and the likelihood that the
NO2 concentration will surpass this limit, calculating the
probability of exceedance.
First, we compute the amount of blocks exceeding the

limit value of NO2 concentration. Additionally, we es-
timate the probability of exceeding a given threshold,
assuming a normal distribution for the NO2 error. Con-
sidering that, L is the established limit, Z(x) is the NO2

concentration, σ(x) is the standard deviation, and F is
the cumulative distribution function of the normal dis-
tribution; then, the probability of exceedance (P(X)) of
each block x is shown in Equation 4.

P (x) = 1− F

(
L− Z(x)

σ(x)

)
(4)

Two different thresholds are considered: 40µg/m3,
which is the annual limit value for NO2 set by the Euro-
pean Air Quality Directive 2008/50/EC (EC 2008); and
the limit of 20 µg/m3 that is expected to be established
soon (Parliament 2024).
All data processing, methodology development, and re-

sults are achieved using R coding. Additionally, the maps
displayed in the results section are created using the gg-
plot2 package (Wickham 2016) in R.

III. RESULTS AND DISCUSSION

A. Indoor air quality levels in Barcelona

Figure 2 shows the outdoor NO2 concentration as-
signed to each block of buildings. This is the first step
before applying the parametric relationships of indoor-
outdoor rates and obtaining an indoor value for each
block. As expected, buildings next to the main streets
carrying high dense traffic are those with a higher asso-
ciated outdoor NO2 concentration.
Once we apply the ratios for each environment, we

obtain a map for the indoor air quality of NO2 concen-
tration levels. It is shown in Figure 3a along with the
associated standard deviation and the normalized stan-
dard deviation (Figures 3b and 3c, respectively). The
results are similar to the outdoor concentration ones but
with some differences to point out. The concentration
has generally been reduced by about 10 % for residences
and schools, and about 30 % for workplaces, consistent
with the rates applied. This is more visible in the work
blocks in the city center (l’Eixample district) where the
indoor NO2 is higher than in other districts. Moreover,
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Figure 2: Outdoor NO2 concentration associated to
each block.

the results enable the identification of hot spots. These
are located mainly in the city center with high traffic
intensity roads and associated with the highest density
zones in the city.

Diving into the uncertainties analysis, we have two
main components. On the one hand, the one associ-
ated with the outdoor concentration. This value is an
estimation of the error variance of the universal krig-
ing technique and decreases in places near a monitoring
station. On the other hand, the high dispersion of the
indoor-outdoor rates, and its consequent high standard
deviation (especially for homes), induces a considerable
dispersion of the results. The greater the concentration,
the greater the associated dispersion. The larger stan-
dard deviation in residences is because natural ventila-
tion is predominant in these environments, and therefore,
the dispersion is larger. Other reasons include variations
in building characteristics that influence airflow and tem-
perature regulation (Morawska et al. 2017). Looking at
the Eixample district, building blocks located next to
each other have very different standard deviations. This
is because, unlike residences, workplaces’ I/O ratio have
a smaller standard deviation and its dissemination of
values is lower. This fact is most clearly shown in the
normalized standard deviation. While residences have
around 50-60 % of scattering, depending on the neigh-
borhood; the dispersion of work blocks and, to a lesser
extent, schools, is around 20-30 %

Another aspect to consider is that we did not take into

account additional variables (e.g. gas cook or socioeco-
nomic differences) that could potentially change the I/O
ratios, which were studied in some articles (Esplugues

et al. 2010), (Óscar Garćıa-Algar and Pichini 2003). We
made this decision because of the lack of data availability.

B. Probabilities of exceedance

After obtaining a city-wide map of the indoor air qual-
ity, we can assess if the legal limit set by the Directive
2008/50/EC is being exceeded. To do so, firstly, we eval-
uate how many blocks are actually above the 40 µg/m3

of NO2. To have a better knowledge of how pollution
is distributed in the city, the blocks are categorized by
districts and by type of environment. These results are
shown in Table III.

Table III: Number of blocks exceeding and the percentage
(in parenthesis) exceeding the annual limit values set by
Directive 2008/50/EC by districts and environments.

Exceedances of the legal thereshold
District Homes Schools Work

Ciutat Vella 180 (45.6%) 19 (46.3%) 13 (5.2%)
Eixample 317 (86.4%) 61 (66.3%) 43 (7.2%)
Gràcia 126 (13.1%) 5 (12.8%) 11 (7.2%)

Horta-Guinardó 120 (5.7%) 1 (2.9%) 11 (0.8%)
Les Corts 133 (18.4%) 2 (3.8%) 11 (4.5%)
Nou Barris 99 (7.4%) 2 (4.9%) 1 (0.4%)
Sant Andreu 118 (21.4%) 1 (2.1%) 11 (3.1%)
Sant Mart́ı 242 (22.6%) 2 (3.6%) 19 (3.5%)

Sants-Montjüıc 129 (26.3%) 6 (18.2%) 20 (1.7%)
Sarrià-Sant Gervasi 494 (35.5%) 8 (36.2%) 28 (17.7%)

Barcelona 1958 (18.2%) 107 (22.5%) 160 (4.1%)

In general, residential buildings have higher percent-
ages, followed by schools and work buildings. As ob-
served in the indoor NO2 maps of Figure 3, the most
polluted zones are in the city center, specifically in Eix-
ample and Ciutat Vella districts. The most affected area
is Eixample, where nearly 9 out of 10 residential blocks
exceed the legal threshold. Additionally, over 65 % of
educational centers in Eixample have indoor NO2 con-
centrations above the limit. However, looking at the
workplaces, these blocks do not exhibit the same behav-
ior. This is because there are no significant NO2 sources
in these areas, and mechanical ventilation with filtration
systems is predominant. Looking at the results for the
entire city, schools overall have a higher percentage than
residences, even though residences are more numerous.
Like in the district’s analysis, workplaces have a lower
percentage of blocks exceeding the legal threshold.
To compute the dispersion associated with NO2 con-

centrations in this analysis, we calculate the probabil-
ity of exceedance per block, assuming a normal distribu-
tion. The city map is represented in Figure 4. Again,
the higher exceedances are located in the Eixample, with
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(a) NO2 (b) σNO2 (c) σNO2/NO2

Figure 3: Indoor NO2 results per building block: in (a) is represented the NO2 concentration, in (b) its standard
deviation, and in (c) the normalized standard deviation.

some areas exceeding 70 % of the probability of ex-
ceedance of 40 µg/m3.

The results show that 15 % of them exceed the 50 %
probability of exceedance of the threshold set by Direc-
tive 2008/50/EC, mostly in the Eixample district with a
70 % of exceedance. Furthermore, the European Com-
mission is expected to tighten the thresholds to be more
similar to those of the World Health Organization. With
that horizon in mind, the new directive will come into
effect this year or next, but the limit of 20 µg/m³ must
be met starting from 2030. For this new threshold, the
probability of exceedances rises to 97 % of the blocks in
the city exceeding 50 % of probability (37 % for the 75
% probabilities). Given these results, it is clear that this
issue constitutes a public health problem. Therefore, it is
recommended to implement policies to reduce these fig-
ures. Non-compliance with these policies could result in
fines for the responsible administrations.

C. Infiltration rate

Given the high levels of NO2 concentration in the Eix-
ample district, in this section we are studying its origin,
whether it is due to the high pollutant situation out-
doors or the indoor sources also play a role. To extend
this analysis, we consider applying the infiltration rates

(see table I) to this district. This way, we are obtaining
which fraction of pollutant enters from the outdoors to
the indoor environments. Given that this rate strongly
depends on the ventilation patterns, and these change
during the different seasons of the year, we consider three
different maps (summer, winter, and spring & fall). The
results (Figure 5) indicate that approximately 70% of
the indoor concentration levels originate from outdoor
sources. Regarding seasonal differences, the period of
the year with the highest infiltration of NO2 into build-
ings is summer. Contrary to what might be thought, as
indoor spaces are less polluted than outdoors, opening
more windows allows higher concentrations of NO2 to
enter the buildings, despite increased recirculation and
air renewal. Taking into account that the input of the
outdoor data is lower for spring & fall seasons, the worst
season in terms of indoor pollution is summer. The ob-
served difference between winter and spring/fall can be
attributed to higher overall outdoor concentration levels
in winter, likely due to more stable meteorological con-
ditions.

Regarding the spatial distribution, the highest levels
are located in the major city center streets, like Passeig
de Gràcia and Aragó streets, where cars and other motor
vehicles dominate. In these zones, opening a window
significantly increases the concentration of pollutants in
the indoor space, especially in residences, where manual
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Figure 4: Probability of normal exceedance of 40 µg/m3

NO2 limit value per building block.

ventilation dominates in front of mechanical ventilation.
Furthermore, we estimate the mixture distribution of

indoor NO2 for each environment in the Eixample dis-
trict (Figure 6). The mixture distribution quantifies the
probability density based on all mean values in the Eix-
ample and their associated variance. To compute it, we
follow a Monte Carlo approach: first, a building block is
randomly selected; then, an indoor NO2 value is drawn
assuming a normal distribution based on the correspond-
ing mean and variance of the specific block. This proce-
dure is repeated 106 times for each environment (work,
school, and home). Finally, densities are calculated from
this subset only retaining positive values to obtain unique
distributions for each environment.

Thus, we are obtaining the indoor concentration dis-
tribution by computing in addition the intrinsic variance
of each block. Assuming a higher dispersion of I/O ratio
for schools and homes, their distributions are flatter in
comparison to workplaces. The mean of the distribution
indicates that only in work buildings the 40 µg/m3 legal
threshold is not exceeded. Both schools and homes have
their maximum above that threshold.

D. Validation of results

Finally, using available data from two experimental
campaigns, we validate our indoor NO2 results. These

campaigns reported data of simultaneous indoor and out-
door NO2 levels for 62 schools in Barcelona. Figure 7
represents the indoor results of our methodology versus
measured indoor concentrations. The associated stan-
dard deviation of our predicted values is also represented.
A dashed line represents the 1:1 ratio. An estimated error
of 25 % is considered for the measurements (Hafkenscheid
et al. 2009).
Our results slightly overestimated the indoor concen-

tration, as the majority of the schools are a bit above
the dashed line. To quantify these biases, the root mean
square error (RMSE) is calculated. Distinguishing be-
tween campaigns, Breathe has an RMSE of 15.5 µg/m3,
while xAire is a bit lower with 10.8 µg/m3. We also
computed the linear regression correlation coefficient for
each campaign having the following results: R2

Breath =
0.27 and R2

xAire = 0.55. The root mean square error
results are coherent with this R2 results, as the devia-
tion between the measurements and our predictions for
Breath are 5 µg/m3 higher than for the xAire campaign.
For both campaigns, our methodology overestimates the
indoor concentration levels. One reason for this could
be the calculating method of the indoor-outdoor rates,
as this work includes Mediterranean basin countries that
might have different schools’ characteristics, impacting
the measurement of indoor NO2 concentration. It is also
important to note that indoor concentration may not be
uniform. The measured indoor concentration depends on
the particular point where the sampler is installed.
Likewise, it is important to point out that xAire cam-

paign was conducted over two months while Breathe
recorded data throughout a whole year. This is the rea-
son for the dispersion of the measures between campaigns
and reflected in the R2 results. As we apply a single value
of the I/O ratio for the whole year, we expect seasonal
biases to some extent. xAire results follow better our pre-
dictions as the measurements were taken in February and
March. However, for Breath, our method overestimated
some cases, mainly in fall when the outdoor concentra-
tion is lower and the ventilation is reduced.
Considering the high dispersion observed in both

schools and homes, this deviation is already accounted
for in the estimated standard deviation of schools. Thus,
we find the method’s performance satisfactory.

IV. CONCLUSIONS

This study offers a groundbreaking analysis of
Barcelona’s indoor air quality by examining NO2 con-
centration levels across the city for three different indoor
environments: schools, residences, and workplaces. Un-
derstanding pollution levels in indoor environments is a
step forward for more accurate human exposure assess-
ment to pollution. By integrating outdoor NO2 data
from the CALIOPE-Urban model with indoor-outdoor
parametric relationships, we have obtained the indoor
concentration per building block.
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Figure 5: Infiltrated indoor NO2 by seasons.

Figure 6: Mixture distribution probability for
l’Eixample district.

The findings revealed significant variations in indoor
NO2 concentrations across different districts and types of
environments. The highest levels were observed in areas
with heavy traffic, such as the l’Eixample district, partic-
ularly in residences and schools. Seasonal variations also
played a critical role, with summer showing the highest
infiltration rates due to increased ventilation. This sea-
sonal impact underscores the importance of considering
temporal changes in air quality studies and raising aware-
ness among citizens about the ventilation consequences
in polluted areas.

Figure 7: Indoor NO2 schools validation. In red is
represented Breath campaign and in blue xAire. Along

the concentration values are represented their
associated standard deviation. In addition, the dashed

line represents the ratio equal to 1.

Furthermore, the validation of results using data from
the xAire and Breath campaigns showed satisfactory per-
formance of the methodology, despite some overestima-
tion in indoor concentrations.

The analysis of the probability of exceedances re-
vealed that a substantial fraction of residential blocks
and schools, especially in densely populated districts,
have critical NO2 concentration values. Particularly, we
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estimate that more than 86% of residences and 66% of
schools in Eixample are exposed to NO2 levels above the
legal threshold.

These findings stress the importance of implementing
specific air quality improvement policies to prevent con-
siderable health risks to citizens. The characterization
of indoor air quality in schools and the rest of the envi-
ronments could be improved with more studies and cam-
paigns of simultaneously indoor and outdoor measures
centered in Barcelona to have a bigger acknowledgment
of the dispersion in indoor and outdoor rates.

In future research, it is important to focus on im-
proving both indoor and outdoor air quality measure-
ments and to explore how socioeconomic factors impact
air quality. It is essential to consider the associated un-
certainties in these efforts and the validation of residences
and workplaces. Enhancing the precision of exposure as-
sessments will aid in the development of effective strate-
gies to reduce public health risks in urban areas. Addi-
tionally, an interesting research direction would involve
estimating the population in the analysis. Having knowl-
edge of the number of residents in a residential block, the
workforce in a particular workplace, or the number of
students in a school would enhance exposure studies and
better inform the implementation of air quality policies.

In conclusion, this study advances our understanding
of indoor air pollution in Barcelona, providing a frame-
work for assessing population exposure to NO2 and in-
forming public health interventions. Further research
and continuous monitoring are essential to address the
challenges of urban air quality and protect the health of
city inhabitants.
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Pérez Garćıa-Pando, Albert Soret, and Oriol Jorba. Data
fusion uncertainty-enabled methods to map street-scale
hourly no2 in barcelona: a case study with caliope-urban
v1.0. Geoscientific Model Development, 16(8):2193–2213,
April 2023. ISSN 1991-959X. doi:10.5194/gmd-16-2193-
2023.

EC. Directive 2008/50/EC of the European Parliament and
of the Council of 21 May 2008 on ambient air quality and
cleaner air for Europe. 2008. URL http://data.europa.

eu/eli/dir/2008/50/2015-09-18/eng. Legislative Body:
OPDATPRO.

EEA. Urban atlas land cover/land use 2018 (vec-
tor), July 2021. URL https://doi.org/10.2909/

fb4dffa1-6ceb-4cc0-8372-1ed354c285e6.

EEA. Harm to human health from air pol-
lution in europe: burden of disease 2023.
https://www.eea.europa.eu/publications/

harm-to-human-health-from-air-pollution/, 2023.

Ana Esplugues, Ferran Ballester, M Estarlich, Sabrina Llop,
Virginia Fuentes-Leonarte, and E Mantilla. Indoor and
outdoor concentrations and determinants of no2 in a cohort
of 1-year-old children in valencia, spain. Indoor air, 20:
213–23, June 2010. doi:10.1111/j.1600-0668.2010.00646.x.

European Environment Agency. Exceedance of air quality
standards. https://www.eea.europa.eu/en/analysis/

indicators/exceedance-of-air-quality-standards,
2024. Accessed: June 2024.

Generalitat de Catalunya. La qualitat de l’aire a catalunya
- anuari 2019, 2021. URL chrome-extension:

//efaidnbmnnnibpcajpcglclefindmkaj/https:

//mediambient.gencat.cat/web/.content/home/

ambits_dactuacio/atmosfera/qualitat_de_laire/

avaluacio/balancos_i_informes/documentos/

La-qualitat-de-laire-a-Catalunya-2019.pdf. Ac-
cessed: June 2024.

T. Hafkenscheid, A. Fromage-Marriette, E. Goelen,
M. Hangartner, U. Pfeffer, H. Plaisance, F. De San-
tis, K. Saunders, W. Swaans, S. Tang, J. Targa, and
M. Gerboles. Review of the application of diffusive sam-
plers for the measurement of nitrogen dioxide in ambient
air in the european union. EUR 23793 EN JRC51106,
OPOCE, Luxembourg (Luxembourg), 2009.
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V. ANNEX I

Residences

Nationality N n Mean SD
Belgium 1 19 0.85 0.25
Bulgaria 1 20 2.42 5.04
Croatia 1 15 0.60 0.00
Czech Rep. 1 50 0.97 0.00
Denmark 1 38 0.73 0.12
Finland 4 414 0.67 0.15
France 3 178 0.49 0.24
Germany 3 1954 0.56 0.16
Greece 1 3 0.79 0.34
Italy 6 800 1.22 1.51
Netherlands 4 1607 1.36 0.93
Norway 1 30 0.70 0.00
Poland 1 14 0.80 0.00
Portugal 1 4 0.38 0.25
Slovakia 1 20 1.31 0.00
Spain 4 1621 1.34 0.49
Sweden 5 466 0.77 0.30
Switzerland 9 1832 0.74 0.21
Turkey 2 73 1.45 0.70
UK 9 1422 1.00 0.82

Table IV: I/O ratios per country for residences. N is the
number of campaigns carried, n is the number of
sampling sites and SD is the standard deviation.

Workplaces

Nationality N n Mean SD
Czech Rep. 1 50 0.73 0.00
Finland 1 176 0.89 0.00
France 2 93 0.85 0.33
Greece 1 4 0.66 0.00
Ireland 1 3 0.14 0.08
Italy 1 9 0.87 0.00
Switzerland 4 240 0.79 0.22
Turkey 4 21 0.90 0.35
UK 4 150 0.96 0.23

Table V: I/O ratios per country for workplaces. N is the
number of campaigns carried, n is the number of
sampling sites and SD is the standard deviation.

Schools

Nationality N n Mean SD
Belgium 1 54 0.83 0.29
Croatia 1 6 0.77 0.21
France 4 154 1.38 1.78
Greece 1 3 0.70 0.33
Italy 1 3 0.74 0.00
Malta 1 15 0.62 0.00
Netherlands 5 120 0.51 0.16
Poland 1 2 0.54 0.26
Portugal 4 98 0.85 0.67
Serbia 2 40 1.45 0.71
Spain 7 529 1.29 0.97
Sweden 2 22 1.10 0.00
Switzerland 1 2 1.06 0.03
Turkey 3 14 0.96 0.24
UK 4 62 0.70 0.51

Table VI: I/O ratios per country for schools. N is the
number of campaigns carried, n is the number of sam-
pling sites and SD is the standard deviation.
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