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Abstract: Health impacts of air pollutants, especially fine particles (PM2.5) and NO2, have been
documented worldwide by epidemiological studies. Most of the existing studies utilised the
concentration measured at the ambient stations to represent the pollutant inhaled by individuals.
However, these measurement data are in fact not able to reflect the real concentration a person is
exposed to since people spend most of their time indoors and are also affected by indoor sources.
The authors developed a probabilistic methodology framework to simulate the lifelong exposure
to PM2.5 and NO2 simultaneously for population subgroups that are characterised by a number of
indicators such as age, gender and socio-economic status. The methodology framework incorporates
the methods for simulating the long-term outdoor air quality, the pollutant concentration in different
micro-environments, the time-activity pattern of population subgroups and the retrospective life
course trajectories. This approach was applied to the population in the EU27 countries plus Norway
and Switzerland and validated with the measurement data from European multi-centre study,
EXPOLIS. Results show that the annual average exposure to PM2.5 and NO2 at European level kept
increasing from the 1950s to a peak between the 1980s and the 1990s and showed a decrease until
2015 due to the implementation of a series of directives. It is also revealed that the exposure to both
pollutants was affected by geographical location, gender and income level. The average annual
exposure over the lifetime of an 80-year-old European to PM2.5 and NO2 amounted to 23.86 (95% CI:
2.95–81.86) and 13.49 (95% CI: 1.36–43.84) µg/m3. The application of this methodology provides
valuable insights and novel tools for exposure modelling and environmental studies.

Keywords: fine particles; nitrogen dioxide; exposure modelling; socio-economic status

1. Introduction

Despite the large efforts have been made, Europe is still facing the severe health outcome brought
by air pollutants, especially from fine particles (PM2.5) and nitrogen dioxide (NO2) [1]. PM2.5 is defined
as the particulate matter with an aerodynamic diameter smaller than 2.5 micrometre. Generally, PM2.5

is classified as primary particles, which are directly emitted from natural or anthropogenic sources;
or secondary particles, which are resulted from the chemical reactions of precursors (SO2, NOx, NH3

and NMVOC). As one of the precursors of secondary particles, NO2 is mainly generated from the
combustion process in industry. Especially in urban areas, a great amount of NO2 originated from
road transportation.

Large number of epidemiological studies have reported the association between exposure to PM2.5

and the incidence of cardiovascular and pulmonary diseases [2,3]. Similarly, the correlations between
NO2 exposure and respiratory difficulties and lung function decrements have been addressed by
Ha et al. [4] and Cibella et al. [5]. As a traditional methodology, concentration response functions (CRFs)
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were derived from the epidemiological studies to quantify the health impacts from air pollution. It must
be noticed that the CRFs usually focused on the pollutant concentration measured by the ambient
monitoring stations. However, the background concentration is inadequate to reflect the concentration
of pollutants in the air inhaled by an individual, since in reality people spend a large portion of
time indoors and are influenced by the indoor sources of pollutants (e.g., cooking, smoking). Thus,
to estimate the health impacts, the exposure to pollutants rather than only the outdoor concentration
has to be known.

A number of studies have been carried out in Europe to measure the exposure to PM2.5 and NO2

with monitoring meters [6–8]. In the meantime, several models—for example, SHEDS [9], LAMA [10]
and APEX [11]— have been developed to assess the exposure to both pollutants. Both the monitoring
studies and existing exposure models were constrained to a short time period and specific regions.
This is especially an issue for monitoring field studies since they are usually expensive to operate and
annoying for some vulnerable subgroups (e.g., children and the elderly) [12]. However, the health
effects, especially the chronic diseases were in fact caused by the long-term, even lifelong exposure
from birth onwards.

Besides, it should be noticed that the exposure to air pollutants is not equal for all population
subgroups even in the same region. A large number of studies have revealed the associations between
socio-economic status (SES) factors (e.g., household income and employment status) and personal
exposure or the concentrations in micro-environments [13,14]. Hence, the influence of SES variables
should be taken into account when estimating the exposure to both pollutants.

Considering the problems stated above, the authors developed a modelling framework to quantify
the annual exposure to PM2.5 and NO2 of the whole lifetime for individuals and population subgroups
in Europe with certain features. The subgroups were characterised by a number of indicators such
as age, gender, socio-economic status, location of workplace and home and behavioural patterns.
To fulfil the goal, large efforts have been made to simulate the long-term background pollutant
concentration in Europe. Besides, the contribution of indoor sources including cooking, smoking,
biomass burning, candles/incense sticks and other sources was incorporated. Also the authors
highlighted the importance to quantify the uncertainties related to the exposure calculation results.
Last but not least, the limitation of this methodology, as well as the potential improvements in the
future work has been discussed.

2. Methods and Data

2.1. Principle of Exposure Modelling

According to Georgopoulos and Lioy [15], the exposure was defined as “the contact concentration
of the pollutant experienced by the individual.” To simulate the exposure, the authors adopted the
micro-environment approach from Duan [16]:

EXP =
∑n

i=1 Citi

∑n
i=1 ti

(1)

where EXP is the average personal exposure [µg/m3], Ci is the concentration in micro-environment i
and ti is the time spent in the micro-environment i.

A micro-environment has typically been defined as an individual volume with a homogeneous
concentration of the pollutant and can be considered a perfectly mixed compartment [17].
As interpreted by Equation (1), the exposure of an individual to a pollutant of interest is the
sum of multiplication between micro-environmental concentration data and the time spent in the
corresponding micro-environments.

For this study, the time-activity pattern data were derived from the multi-national harmonised set
of time use surveys, MTUS. The MTUS contains a large amount of diaries, that is, a 24-h observation
of the time-activity profile that records the sequence of time spent by a survey respondent in
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different micro-environments, as well as the activities performed in each micro-environment [18].
The MTUS database also covers the socio-demographic information (e.g., age, gender, income level,
employment status) of the survey respondents. These data have been used to assign the time activity
diaries to the individuals in the simulation population with the same features from the 27 European
Union (EU27) countries plus Norway and Switzerland (EU27+2). Meanwhile, the parameters of
models for simulating the concentrations in different micro-environments were represented by certain
probability distributions.

For each diary, a set of realisations was compiled for these parameters and a Monte Carlo analysis
was conducted to simulate the exposure for individuals or population subgroups with certain SES
features. Monte Carlo simulation is the most prevailing technique to propagate and analyse the
uncertainty [19,20]. The simulated results are presented in the form of distribution and capable of
simultaneously taking account of the uncertainties of all the input parameters.

2.2. Concentration of Micro-Environments

Generally, six kinds of micro-environments were defined in this study: home indoor, work indoor,
school indoor, outdoor, travel/commute and other indoor environments.

2.2.1. Outdoor

To simplify the study, the data from outdoor concentration fields were utilised for all the outdoor
micro-environments. Large efforts have been made to yield the concentration fields since the 1930s as
the eldest simulated population were 80 years old at the visit date around the 2010s. To achieve the
goal, EMEP chemistry transport model [21], the EIONET interpolation method [22,23], a multiplicative
bias adjustment [24], the EDGAR-HYDE emission data [25] and the EcoSense model [26] have been
applied. More details for methods and data employed for generating outdoor concentration fields can
be found in the deliverable of HEALS [27].

2.2.2. Indoor

For the indoor micro-environments, a mass-balance model was applied:

Cin =
Cout p × AER + ∑n

i=1 Ei
V

AER + k
(2)

where Cin is the indoor concentration [µg/m3], Cout is the ambient pollutant concentration [µg/m3],
p is the penetration factor (fraction of pollutant in the infiltration air that passes through the building
shell), AER is the air exchange rate [h−1] (measurement of how often per hour is the indoor air
exchanged with outdoor air), k is the decay rate [h−1] (loss rate of air pollutants due to all processes),
Ei is the emission rate of source i [µg/h] and V is the room volume [m3].

Following the method of Gens [10], the buildings were classified into three categories as “old”,
“renovated” and “new”. “Old” buildings are naturally ventilated solely through opening windows and
doors. “Renovated” buildings are insulated with air-tight building envelopes. Yet the “new” buildings
are renovated and usually equipped with the heating, ventilation and air conditioning (HVAC)
systems. For the “new” buildings, a modified version of mass-balanced model from Thornburg et al.
[28] was applied:

Cin =
Cout p × AER + ∑n

i=1 Ei
V

AER + k + ηND
(3)

where η is the removal efficiency of HVAC filter, N is the recirculated air exchange rate [h−1]
(measurement of how much air is removed from a space and reused in a given time period) and D is
the duty cycle of the HVAC system (fraction of time that the HVAC fan is operating).
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As interpreted by Equations (2) and (3), the indoor concentration contains two parts: the pollutant
infiltrated from outdoors and the concentration formed by the indoor sources. In this study, the indoor
sources including cooking, environmental tobacco smoke (ETS), wood burning, candles/incense sticks
and other sources were identified. Also the influence of potential measures on indoor sources, for
example, operation of cooking hoods and indoor smoking bans were taken into account.

Tables 1–3 list the data applied for mass-balance parameters. For the air exchange rate of the
“old” buildings, the data measured for residences in Athens, Basel, Helsinki and Prague were adopted.
The method of Gens [10] is applied to assign and extrapolate these values to four geographical
regions (Southern—Athens, Eastern—Prague, North-western—Basel, Northern—Helsinki). Detailed
information for the methods together with other input data utilised in this paper for simulating the
pollutant concentration in different micro-environments is given in Schieberle [27] and Gens [10].

Table 1. Values of air exchange rate, penetration factor and decay rate.

Parameter Micro-
Environment Pollutant Building Type

Old Renovated New

AER (h−1)
home -

North-western: 0.83 (±0.46), log-normal

0.5 (±0.1), log-normal [29]Southern: 1.29 (±1.09), log-normal
Eastern 0.75 (±0.43), log-normal

Northern 0.81 (±0.85), log-normal [30]
work (0.1, 0.6, 1.8), triangular [31]

p - PM2.5 0.95 (±0.1), log-normal [32]
NO2 1, constant [33]

k (h−1) - PM2.5 0.39 (±0.1), log-normal [32] 0.3 (±0.1), log-normal [10]
NO2 0.87 (±0.2), log-normal [33] 0.63 (±0.15), log-normal [34]

Table 2. Values of air HVAC system related parameters.

Parameter Pollutant Value

η
PM2.5 0.1–0.6, uniform [35]
NO2 0.05–0.8, uniform [36]

N (h−1) - 5 (±2), log-normal, N ≤ 25 [35]

D - Residential: 0–1.0, uniform [35]
0.05–0.8, Non-residential: 0.42, constant [37]

Table 3. Values of source strength.

Activity Pollutant Value

Cooking (µg/min)
PM2.5 1125 (±280), normal [12,38]

NO2
270 (±75), normal (Electric stove) [38]
1800 (±450), normal (Gas stove) [33]

Wood burning (µg/kJ) PM2.5 13–146, uniform [39]
NO2 58–185, uniform [39]

Smoking (µg/cigarette) PM2.5 10950 (±2000), normal [32,40]
NO2 1930 (±644), normal [41,42]

Candles/incense (µg/min) PM2.5 5.5–910, uniform [43,44]

Set table, wash/put away dishes (µg/min) PM2.5 20–180, uniform [43,45]
Cleaning/other domestic work (µg/min) PM2.5 90–440, uniform [43,45]

Laundry, ironing, clothing repair (µg/min) PM2.5 20–180, uniform [43,45]
Imputed personal or household care (µg/min) PM2.5 20–80, uniform [43,45]

Wash, dress, care for self (µg/min) PM2.5 20–80, uniform [43,45]



Atmosphere 2019, 10, 507 5 of 19

2.2.3. Travel/Commute

For the concentration in transportation, a traffic factor summarised based on data from literature
review was employed:

Ctrans = FME × Cout (4)

where the Ctrans is the concentration in transport [µg/m3], Cout is the ambient pollutant concentration
[µg/m3] and ME is the traffic micro-environment factor.

As pointed out by [46,47], the pollutant concentration in vehicles is affected by multiple factors
including traffic modes, ventilation in vehicles, type of roads and traffic load. To simplify the study,
we assumed a factor of 2 (±1.7) and 2.5 (±2.1) following the normal distribution for PM2.5 and NO2

respectively based on the data from Zagury et al. [48], Riediker et al. [49], van Roosbroeck et al. [50]
and Zuurbier et al. [51].

2.3. Life Course Trajectory Model

The methods stated above enables the simulation of the personal exposure to both pollutants for
a past year. However, how can the exposure for each year be incorporated properly to generate the
lifelong exposure of individuals? Apparently it is not appropriate to sum up the exposure for each
year since the socio-economic status of a person keeps changing from birth onwards.

To solve this problem, a life course trajectory model developed within the frame of
FP7-ENVIRONMENT research project HEALS (Health and Environment-wide Associations based on
Large Population Surveys, project number: 603946) was adopted. The model was established based on
longitudinal data for employment status and education level from EU-SILC data (European Union
Statistics on Income and Living Conditions). With this model, it is possible to identify the trajectory
patterns for all states of economic status and the transitions between the states retrospectively based
on the status of a given year.

Figure 1 shows the life course trajectory of a German, female, retired, aged 80 in 2010 as an
example. The model predicts the probability of the economic status for each year of an individual‘s
lifespan. The results of exposure modelling for each past year was linked with this model to assess the
lifelong exposure. More detailed information for the life course trajectory model can be found in the
ad hoc HEALS deliverable [52].

Figure 1. Life course trajectory of a German, female, retired, age of 80 in 2010.



Atmosphere 2019, 10, 507 6 of 19

2.4. Validation with Measurement Data

A wide range of input data for the parameters of the mass-balance model has been reported
by different studies. Hence, it is necessary to carry out a thorough data collection and validate the
modelling results with the monitoring data. The authors selected the data from project EXPOLIS
to validate the modelling results for indoor concentration at home. EXPOLIS was a multi-centre
study in Europe which monitored the concentration of PM2.5 and NO2 home indoor and outdoor in
Athens, Basel, Grenoble, Helsinki, Milan and Prague [53]. The measured outdoor concentrations from
EXPOLIS, as well as the time-activity patterns from MTUS and other model parameters, were applied
to the mass-balance model to simulate the indoor pollutant concentrations. The output of model
simulation, which is available as probability density function, is compared with the corresponding
indoor measured value. If the simulated values show a low agreement with the measurement data,
a new round of data collection is carried out to adjust the input data for model parameters until a high
match can be reached.

3. Results

3.1. Annual Average Exposure

3.1.1. PM2.5

As a starting point, the authors simulated the annual exposure to both pollutants since the
1950s. Figure 2 shows the population-weighted arithmetic mean of the PM2.5 exposure in Germany
and Poland stratified by source, including infiltration from outdoors, cooking, wood burning,
smoking, candle/incense burning and other sources. The black line in the figure represents the
population-weighted average PM2.5 ambient concentrations in the two countries.

Figure 2. Population-weighted arithmetic mean PM2.5 exposure by source (infiltration from outdoors,
cooking, wood burning, smoking, candle/incense burning and other sources) for Germany and Poland
from 1950 to 2015. The black line indicates the average background PM2.5 concentrations in the
two countries.

It can be seen from the plot that for both countries, the trend of the total exposure matches well
with the temporal course of the ambient concentration. For the two countries, the exposure, as well as
the background concentration kept increasing from 1950 to a peak in 1985 and fell down notably until
2015. This decrease was mainly originated from the implementation of a series of emission reduction
measures for PM2.5 and its precursors in Europe (e.g., the Air Quality Directives and EURO Standards
for Vehicles) [54].
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Moreover, a sharp decrease of exposure stemming from ETS in 2010 for both countries can be
observed. The reason behind is the measures that were taken in European countries for tobacco control,
including the smoking bans in public places and at workplaces [55]. However, the ETS was still
responsible for 17% and 12% of the average exposure in 2015 in Poland and Germany respectively.
This value even amounted 36% and 27% in 1950 when the contribution made by outdoor air was
relatively small.

Despite the similarities stated above, an apparent gap of the exposure level between the two
countries can be observed. Generally, the exposure in Poland is almost twice that of Germany. First of
all, the background concentration in Poland was obviously higher than that in Germany, especially
between the 1980s and the 1990s. The extremely high PM2.5 ambient concentration in Poland was
mainly resulted from its overwhelming reliance on lignite and hard coal in the energy section compared
other countries [56]. Since Poland became a member state of the European Union in 2004, this issue
has been highly addressed and the government has endeavoured to comply with EU directives [57].
The effectiveness of the measures taken (e.g., renewal of the outdated power plants and construction
of new power plants mainly using gas or other renewable energy) can be reflected by the drop of the
outdoor PM2.5 concentrations since the 2010s.

Moreover, the exposure due to indoor sources in Poland was higher than that of Germany for
all the time periods. The main reason behind is the smaller dwelling size in Poland. According to
the EU-SILC data, the average dwelling size in Germany was 104 m2, while this value for Poland
was only 85 m2. Although the smaller dwelling size is irrelevant to exposure stemming from outdoor
concentration, it slows down the dilution of concentration generated from indoor sources. Last but not
least, the longer cooking time and higher prevalence of indoor smoking also led to the higher exposure
in Poland.

At the European level, the temporal course of PM2.5 exposure has the similar trend as these two
countries. The average exposure in 1950 was at 19.0 (95% CI: 3.3–55.7) µg/m3 and raised to a peak at
37.2 (95% CI: 9.2–113.8) µg/m3 in 1980. Afterward the total exposure kept dropping to 2015 at 20.1
(95% CI: 5.8–51.2) µg/m3. Basically the outdoor air was the greatest contributor to the overall exposure,
especially for the peak year with 55%. Except for the outdoor air, indoor smoking and cooking were
the most important sources.

3.1.2. NO2

The authors also simulated the temporal course of exposure to NO2 for the EU27+2 countries.
Figure 3 displays the population-weighted annual average for Germany and Poland between 1950 to
2015. For both countries, the background concentration and the total exposure kept increasing from
1950 to the highest point in 1990 and then began to decline steadily until 2015. Compared to PM2.5, one
obvious difference can be observed is the contribution made by the indoor smoking. Even for Poland
with very high prevalence of indoor smoking, the contribution made by ETS was still less than 10% in
1990. The less important role played by ETS for NO2 exposure has also been observed by Koo et al.
(1990) [58] and Adgate et al. (1992) [59].

Even though the total exposure levels to NO2 for both countries were similar, their source
distribution made a huge difference. The average background concentration in Germany was on
average twice that of Poland. As a result, the dominant contribution was made by the outdoor air,
especially for the peak year of 1990 (83%). In contrast, the portion occupied by the indoor sources in
Poland was relatively high (40% in 1990). Cooking and wood stove became the two main contributors
for the indoor generated NO2 concentration.

At European level, the temporal trend was similar to that of Germany and Poland. The lowest
level was found in 1950 with 10.4 (95% CI: 0.9–36.8) µg/m3. In 1990 the total exposure reached a peak at
21.4 (95% CI: 6.3–51.8) µg/m3 with 78% contributed by the outdoor air. The overall exposure dropped
to 15.5 (95% CI: 4.8–36.8) µg/m3 in 2015 mainly as a result of the decrease of outdoor concentration.
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Figure 3. Population-weighted arithmetic mean NO2 exposure by source (infiltration from outdoors,
cooking, wood burning, smoking) for Germany and Poland from 1950 to 2015. The black line indicates
the average background NO2 concentration in the two countries.

3.2. Exposure by Socio-Demographic Status

As stated previously, the exposure is differentiated between population subgroups that are
characterised by socio-demographic features. In this paper, the influence of gender, income level and
degree of urbanisation on exposure to both pollutants at European level is discussed.

3.2.1. By Gender

Figure 4 displays the population-weighted arithmetic mean PM2.5 exposure by source and gender
for European countries from 1950 to 2015. It can be observed that before 1980 the total exposure
burdened by women was higher than that by men. However, the opposite situation took place from
the 1980s and lasted until 2010, when females again experienced higher overall exposure to PM2.5.

Figure 4. Population-weighted arithmetic mean PM2.5 exposure by source and gender for European
countries from 1950 to 2015. The “M” stands for “Men” and “W” stands for “Women”.

Very large gaps of exposure owing to ETS and cooking can be seen between women and men.
Basically males experienced a higher level of exposure due to ETS as a result of the higher prevalence
of smokers and average cigarette consumption [60]. In contrast, the exposure stemming from cooking
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of women was apparently higher than that of men, especially for the earlier time periods. The MTUS
data shows that in 1960 women spent on average 116 min on cooking per day, which was almost
10 times that of men (12 min).

Before 1980, the higher exposure originated from cooking played more important role and as a
result women were burdened with heavier exposure to PM2.5, even though they were less affected by
indoor smoking. In the following years, however, the gap of exposure from cooking between the two
groups decreased and the influence of ETS became more crucial. After 2005, the exposure experienced
by women overtook again as a result of the sharp decrease of exposure from smoking due to the
implementation of smoking bans in European countries.

Figure 5 shows the population-weighted arithmetic mean NO2 exposure by source and gender for
European countries from 1950 to 2015. For NO2, the development of temporal trend is less complicated
than for PM2.5—women experienced higher exposure than men for all the time periods. The main
reason behind is that the women were exposed to higher level of exposure from cooking. Even though
the gaps of exposure stemming from indoor smoking can still be observed, the contribution of smoking
to the overall exposure was almost ignorable.

Figure 5. Population-weighted arithmetic mean NO2 exposure by source and gender for European
countries from 1950 to 2015. The “M” stands for “Men” and “W” stands for “Women”.

3.2.2. By Income Level

Figures 6 and 7 show the population-weighted arithmetic mean exposure by source and income
level for European countries from 1950 to 2015 for PM2.5 and NO2 respectively. The income level
was classified into three categories as the “Low” (lowest 25%), “Median” (middle 50%) and “High”
(highest 25%).

For both pollutants, the exposures were negatively correlated with the income level. What can
be apparently observed by both plots are the differences of exposure from cooking among three
subgroups. People with the lowest household income were burdened with the highest exposure due to
cooking. On the one hand, the income level was positively related to the residential size. For example,
the average dwelling size for Germans with the highest income level was 136 m2, whereas the value
for people with lowest income was only 80 m2. Thus, the population with low income were exposed
to a higher level of exposure due to indoor sources, including cooking since the smaller room size
hindered the dilution of the pollutants.

On the other hand, the people with low income tended to spend more time on cooking.
According to the MTUS data, women with high income spent on average 84 min per day on cooking
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in the 1980s, while the cooking time for women with low income amounted to 109 min. The longer
cooking time also increased the exposure from cooking to both pollutants for the low income group.

Figure 6. Population-weighted arithmetic mean PM2.5 exposure by source and income level for
European countries from 1950 to 2015. The “L”, “M” and “H” stand for the “Low”, “Median” and
“High” level of income.

Figure 7. Population-weighted arithmetic mean NO2 exposure by source and income level for European
countries from 1950 to 2015. The “L”, “M” and “H” stand for the “Low”, “Median” and “High” level
of income.

3.2.3. By Degree of Urbanisation

Figures 8 and 9 show the population-weighted arithmetic mean exposure by source and degree
of urbanisation for European countries from 1950 to 2015 for PM2.5 and NO2 respectively. The total
exposures to both pollutants in urban or suburban areas were higher than that in rural areas, especially
for NO2.

What can be seen in both figures is the apparent heavier exposure due to the outdoor air in the
cities as a result of the urban increment. Urban increment is the remarkably higher concentration



Atmosphere 2019, 10, 507 11 of 19

of pollutant in urban areas. This is particularly an issue for NO2 since motor vehicles are important
sources for NO2 emission in urban areas. Meanwhile, it is not surprising that people in urban
areas tended to reside in smaller dwellings. According to the EU-SILC data, the average residence
size of the Germans in urban areas was 103 m2, while for people in rural areas this value reached
123 m2. The smaller room size in urban and suburban areas led to a higher exposure originated from
indoor sources.

Figure 8. Population-weighted arithmetic mean PM2.5 exposure by source and degree of urbanisation
for European countries from 1950 to 2015. The “U” stands for “Urban or suburban areas” while the “R”
stands for “Rural areas”.

Figure 9. Population-weighted arithmetic mean NO2 exposure by source and degree of urbanisation
for European countries from 1950 to 2015. The “U” stands for “Urban or suburban areas” while the “R”
stands for “Rural areas”.

3.2.4. Lifelong Exposure

With the support of the life course trajectory model, the lifelong exposures to both pollutants
for the eldest cohorts of the population data, that is, 80 years of age were simulated. Large variances
of exposure level were observed among different countries. Figure 10 shows the comparison of the
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temporal course of the lifelong exposure to PM2.5 for the 80-year-old male from Poland and Sweden.
The exposure to PM2.5 of the Polish male was apparently higher than that of the Swedish male for each
year of lifetime. The average exposure over lifetime for a Polish man was 42.22 (95% CI: 3.38–153.58)
µg/m3, whereas for a Swedish man the value was only 14.03 (95% CI: 1.33–54.14) µg/m3. Even though
the difference between the two countries was less obvious, the average exposure to NO2 for the Polish
man (12.55, 95% CI: 0.75–39.06 µg/m3) was still over 50% higher than that of the Swedish man (8.10,
95% CI: 0.62–33.79 µg/m3) (see Figure 11).

Figure 10. Temporal course of the lifelong exposure to PM2.5 for an 80-year-old male from Poland and
Sweden. The green line, red line and grey ribbon represent the mean, median and range of 25th to 75th
percentile of the exposure level.

Figure 11. Temporal course of the lifelong exposure to NO2 for an 80-year-old male from Poland and
Sweden. The green line, red line and grey ribbon represent the mean, median and range of 25th to 75th
percentile of the exposure level.

At European level, the average exposure to PM2.5 over lifetime for an 80-year-old reached 23.86
(95% CI: 2.95–81.86) µg/m3, within which 53% was originated from the indoor sources. The average
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exposure to NO2 amounted to 13.49 (95% CI: 1.36–43.84) µg/m3 with more crucial role played by the
infiltration from outdoors (67%).

3.2.5. Validation

As stated previously, the measurement data from EXPOLIS were employed to validate the
parameters of mass-balance model for dwellings. The estimation is considered “good performance” if
the monitoring indoor concentration is within the range of 25th to 75th percentile of the predicting
result. Multiple rounds of data collection and adjustment have been conducted and the results of
validation are presented in Figures 12 and 13. 70% (258 out of 370) and 65% (172 out of 265) of the dots
for PM2.5 and NO2 are within the acceptable range.

Figure 12. Validation for PM2.5. The red dot represents the measurement that is within the
corresponding 25th to 75th percentile of the modelling range, while the green dot is beyond that
range. For PM2.5 70% of the dots (258 out of 370) are within the range.

Figure 13. Validation for NO2. The red dot represents the measurement that is within the corresponding
25th to 75th percentile of the modelling range, while the green dot is beyond that range. For NO2 65%
of the dots (172 out of 265) are within the range.



Atmosphere 2019, 10, 507 14 of 19

4. Discussion

Despite the large efforts that have been made within the last few decades, Europe is still facing
the challenges of severe health impacts brought about by PM2.5 and NO2. However, the existing
epidemiological studies only related the health outcomes to outdoor air concentration, which ignored
the impacts of personal activity pattern, building characteristics and indoor pollutant sources. Also,
the health status of a person is determined by the lifelong exposure rather than the exposure within a
short time period. Thus, to estimate the health impacts, the long-term exposure to pollutants has to be
known, which means a model to simulate the long-term exposure is necessary.

To achieve this goal, the authors developed a methodological framework to quantify the annual
exposures to PM2.5 and NO2 of the whole lifetime for individuals and population subgroups with
certain characteristics. The subgroups were characterised by a number of indicators such as age,
gender, socio-economic status, location of workplace and home and behavioural patterns. To estimate
the exposure for each year, the authors developed a probabilistic model to simulate the concentration
of pollutants in different micro-environments, including outdoors, indoors and in transportation.
The contribution of indoor sources, including cooking, smoking, wood burning, candle/incense and
other sources was evaluated.

Large variances have been observed by the exposure to PM2.5 and NO2 among different countries.
Generally, the exposure in Eastern European countries (e.g., Poland) ranked in the top of all the
simulated countries. First of all, these countries suffered very high background concentration.
For Poland, this was partly originated from the dependence on lignite and hard coal in the energy
industry—over 1/3 of the domestic electricity has been generated by the lignite-fired power plants [61].
The combustion of lignite and hard coal by the professional power industry results in a large amount
of emission of PM2.5 and its precursors (e.g., NOx and SO2) [62]. Besides, the Eastern European
countries reported comparably higher prevalence of indoor smoking and longer time spent on cooking,
which resulted in higher exposure from indoor smoking and cooking. For example, 24% of the people
in Poland were exposed to indoor smoking, while only 2% of the people in Finland were affected.
With respect to cooking time, it is found that the women in Eastern Europe spent on average 68% more
time on cooking than women in Northern Europe in 2000 (105 min for Eastern Europe and 63 min for
Northern Europe). Last but not least, the smaller dwelling size compared to the countries was also an
important reason. Even though the smaller room size is irrelevant to the exposure from infiltration,
it hinders the dilution of the indoor sources.

At European level, the annual average exposure to PM2.5 showed a steady trend of increase since
the 1950s from 19.0 (95% CI: 3.3–55.7) µg/m3 to a maximum of 37.2 (95% CI: 9.2–113.8) µg/m3 in
the 1980s. The exposure turned to decline gradually afterwards until 2015 to 20.1 (95% CI: 5.8–51.2)
µg/m3. The exposure to NO2 followed the similar trend with a peak value in the 1990s at 21.4 (95% CI:
6.3–51.8) µg/m3. In contrast, the average exposures in 1950 and 2015 were only 10.4 (95% CI: 0.9–36.8)
and 15.5 (95% CI: 4.8–36.8) µg/m3. One main reason for the drop of exposure after the peak years was
the implementation of a series of emission reduction policies for PM2.5 and its precursors (NOx, NH3

and SO2) since the 1970s (e.g., the Air Quality Directives and the EURO Standards for Vehicles), which
introduced the continuous decrease of ambient pollutant concentration.

Basically, the outdoor air was an important contributor to the overall exposure, especially for the
peak years (55% for PM2.5 and 78% for NO2). However, the influence of indoor sources should not be
ignored. For PM2.5, the most important indoor source was the ETS, which was responsible for 23% of
the total exposure in 1980. However, the role played by ETS dropped sharply to only 12% after 2010
due to the introduction of indoor smoking bans. For NO2 exposure the role played by ETS was very
limited, while cooking and wood burning turned out to be the crucial sources.

The influence of the socio-demographic factors, including gender, income level, together with
degree of urbanisation on exposure to both pollutants were addressed. Regarding gender, the exposure
due to ETS and cooking showed apparent differences. With respect to cooking, it is not surprising that
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women were more influenced especially in the earlier time periods. While for smoking, men suffered
heavier exposure as a result of higher prevalence of smokers and daily cigarette consumption.

For both pollutants, the highest exposures were experienced by the population with the lowest
income level. This finding was mainly resulted from the smaller dwelling size of the low-income
group. As discussed previously, the tiny room slows down the dilution of pollution generated from
indoor sources. Also the longer cooking time of the people with low income increased the overall
exposure to both pollutants.

People living in urban areas experienced higher level of exposure, especially to NO2, than people
in rural areas. The background concentration in cities was greatly elevated due to the heavy traffic.
Moreover, the smaller average dwelling size of the urban citizens is another important reason for the
advancement of the exposure due to indoor sources.

The authors also conducted the simulation to assess the lifelong exposure to both pollutants for
the people that are 80 years old in Europe. Again very large differences have been observed among
different countries. The comparison shows that the average PM2.5 exposure of lifetime for a Polish
man was over 3 times that of a Swedish man. Even though the gap was less obvious, the average NO2

exposure of the Polish man was still 50% higher than that of the Swedish man. Generally, the average
exposure over lifetime to PM2.5 and NO2 was 23.86 (95% CI: 2.95–81.86) and 13.49 (95% CI: 1.36–43.84)
µg/m3 respectively.

Last but not least, the authors validated the mass-balance model for simulating the concentration
indoors at home with the measurement data from the project EXPOLIS. The adjusted model results
reached very high agreement with the monitoring data. For PM2.5 and NO2, 70% and 65% of
the measurement samples were falling within the range of the 25th to 75th percentile of the
simulated outcome.

5. Conclusions

The methodology framework developed in this publication is applicable to European countries
to simulate the lifelong exposure to PM2.5 and NO2 for different socio-demographic subgroups.
The method integrated the indoor sources, including cooing, smoking, wood burning, candles/incense
and other sources to the traditional exposure models. Meanwhile, it considered the influence of
the reduction measures (e.g., smoking bans and cooking hoods) on the exposure levels. The model
was validated with the measurement data and reached high agreement with the monitoring values.
Last but not least, the incorporation of the life course trajectory model for assessing the lifelong
exposure brought new ideas to the assessment of health impacts and environmental policies.

Still there is great potential for future improvement. Many studies have revealed high pollutant
concentration in restaurants and bars. It is worthwhile if these micro-environments could be
additionally addressed. Moreover, many studies have pointed out the large variance of pollutant
concentration among different modes of transportation. Thus to highlight the different modes
could be advantageous. Besides, to increase the temporal resolution of the model input data, for
example, the background concentration and the air exchange rate would be helpful. Last but not least,
it should be improved in the future that if the life course trajectories for other socio-economic variables,
for example, income level, civil status, could be covered.
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