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CHAPTER 9
Reducing Air Pollution: Avoidable Health 
Burden

Jos Lelieveld

Summary Anthropogenic emissions have transformed atmospheric composition 
to the extent that biogeochemical cycles, air quality, and climate have changed glob-
ally and profoundly. It is estimated that ambient (outdoor) air pollution causes an 
excess mortality rate of about 4.5 million per year, associated with 122 million years 
of life lost annually, mostly due to the detrimental health effects of fine particulate 
matter (PM2.5). Globally, the largest source of this pollution is residential energy use 
for heating and cooking, notably because of its importance in Asia. Agriculture, 
power production, and road traffic also contribute significantly. If residential energy 
emissions could be eliminated, up to 1.4 million deaths per year would be avoided. 
Agriculture, through the release of ammonia, contributes strongly to PM2.5. A study 
of health benefits achieved through European legislation since 1970 indicates that 
emission controls in the transport and energy sectors have prevented approximately 
61,000 deaths per year in Europe and 163,000 per year worldwide, the latter through 
new technology that penetrated global markets. However, much stronger measures 
are needed to substantially lower the health burden from air pollution. Clean air is a 
human right, being fundamental to many sustainable development goals of the 
United Nations, such as good health, climate action, sustainable cities, clean energy, 
and protecting life on land and in the sea.

 Introduction

Although air pollution episodes have been documented since antiquity by the Greeks 
and Romans, public health concerns with smog emerged with urbanization and 
industrialization, such as in London after World War II. The burning of wood and 
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coal for power generation, heating, and cooking releases sulfur dioxide (SO2), nitro-
gen oxides (NOx = NO + NO2), and carbon-containing compounds from which fine 
aerosol particles are formed through atmospheric chemistry. London’s smog is typi-
cally dominated by sulfur compounds, whereas photochemical smog in Los Angeles, 
for example, is characterized by high levels of ozone (O3), formed from hydrocar-
bons and NOx under the influence of sunlight. During the “great acceleration” of the 
Anthropocene in the middle of the twentieth century (Crutzen, 2002; Steffen, 
Grinevald, Crutzen, & McNeill, 2011), transboundary air pollution reached regional 
dimensions, accompanied by the degradation of ecosystems through the deposition 
of atmospheric sulfur and nitrogen compounds. In recent decades, widespread pollu-
tion emissions from traffic, industry, energy production, agriculture, and biomass 
burning across all continents have emerged into a global challenge.

The chief pollutant that has been related to health outcomes is fine particulate 
matter, which are aerosols with diameters less than 2.5 μm (PM2.5), followed by O3, 
which is a strong oxidant. Depending on size, fine particles can penetrate deeply 
into the lungs, and the smallest ones even reach the bloodstream and affect other 
organs. Based on emission inventories, satellite observations, measurement data 
from monitoring networks, and model calculations, it has been unambiguously doc-
umented that air quality has degraded on regional and global scales (Akimoto, 2003; 
Anenberg, Horowitz, Tong, & West, 2010; Lelieveld & Dentener, 2000; Van 
Donkelaar et al., 2010; Wang & Mauzerall, 2006) (Fig. 9.1). In parallel, evidence 
that air pollutants adversely impact human health, based on epidemiological stud-
ies, has mounted (Burnett et al., 2014; Cohen et al., 2017; Dockery et al., 1993; Lim 
et al., 2012; Pope et al., 2002). The diseases incited by the long-term exposure to air 

Fig. 9.1 Global mean PM2.5 in the period 2010–2012 derived from satellite observations (NASA). 
The World Health Organization (WHO) estimates that 90% of people on Earth are exposed to 
PM2.5 concentrations higher than the air quality guideline of 10 μg/m3 (see also Brauer et al., 2016)
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pollution include acute lower respiratory infections, chronic obstructive pulmonary 
disease, cerebrovascular disease, ischemic heart disease, and lung cancer. This 
chapter uses a global model to estimate the health burden from air pollution, and 
especially how it can be avoided by reducing emissions.

 Methods: Earth System Chemistry Model

We used the ECHAM/MESSy Atmospheric Chemistry (EMAC) computer model 
that comprehensively simulates meteorological and atmospheric chemical pro-
cesses worldwide. It has been developed at the Max Planck Institute for Chemistry 
in Mainz, building on the climate model of the Max Planck Institute for Meteorology 
in Hamburg (Roeckner et al., 2006). EMAC couples atmosphere, ocean, and land 
processes to simulate biogeochemical cycles of reactive compounds. Therefore, it 
can be seen as an Earth system chemistry model, which can cover a wide range of 
space and time scales, typically up to decades or centuries (Pozzer, Jöckel, Kern, & 
Haak, 2011). Currently, the EMAC development is pursued by an international con-
sortium (see http://www.messy-interface.org for details and references). The model 
can be applied at various horizontal resolutions (between about 50 and 250 km grid 
spacing), and covers the lower and middle atmosphere (Jöckel et al., 2006, 2010). 
Here, we use EMAC to investigate the global impact of growing air pollution emis-
sions in recent years and also to determine possible chemical states of the atmo-
sphere up to the middle of the twenty-first century, applying a grid spacing of 
~100 km latitude/longitude. Air pollution emissions have been adopted from the 
Emission Database for Global Atmospheric Research (EDGAR) (http://edgar.jrc.
ec.europa.eu/).

Model calculations have been extensively tested against measurement data of 
gases and particles from ground-based air quality networks and global observations 
from satellites (e.g., Karydis, Tsimpidi, Pozzer, Astitha, & Lelieveld, 2016; Karydis 
et al., 2017; Lelieveld, Gromov, Pozzer, & Taraborrelli, 2016; Pozzer et al., 2012a, 
2012b; Tsimpidi, Karydis, Pandis, & Lelieveld, 2016). To compute the public health 
impacts attributable to air pollution, the model simulations have been combined 
with integrated exposure–response (IER) functions that use annual mean pollution 
concentrations to assess long-term health outcomes, following Anenberg et  al. 
(2010), Lim et  al. (2012), Burnett et  al. (2014), and Lelieveld, Evans, Fnais, 
Giannadaki, and Pozzer (2015). We applied the updated IER coefficients according 
to the Global Burden of Disease (GBD, 2017) and Cohen et al. (2017) to compute 
the relative risk of mortality by cardiovascular and respiratory diseases and lung 
cancer (Lelieveld, 2017). Data sets used as inputs, such as country-level baseline 
mortality rates for the different disease categories and population data, have been 
adopted from the WHO Global Health Observatory (www.who.int/gho/database/
en/), being representative of the year 2015.
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 Multi-pollutant Index (MPI)

Considering that human health is affected by multiple gas and aerosol species, it is 
helpful to combine them into an air quality metric, accounting for the so-called 
criteria pollutants SO2, NO2, carbon monoxide (CO), O3 and PM2.5, for which many 
countries have implemented control measures based on health standards. To assess 
air quality changes globally, regionally and nationally, and also account for the 
number of people subjected to poor air conditions, we adopted a Multi-pollutant 
Index, MPI (Pozzer et al., 2012b). The index is population weighted to represent the 
impact on public health. The scale extends from −1 to infinity, whereby levels above 
zero indicate poor air quality according to the pollution thresholds of the WHO for 
the criteria pollutants. Figure 9.2 compares the air quality development in seven 
regions since preindustrial times.

Figure 9.2 illustrates the differences between regions and the time development 
in the Anthropocene, that is, since the preindustrial period. For example, in the 
Middle East, air quality has been relatively low even without human-induced emis-
sions, related to the high concentration of airborne desert dust, which has a signifi-
cant impact on human health (Giannadaki, Pozzer, & Lelieveld, 2014). Figure 9.2 
also includes results from future projections with the EMAC model according to a 

Fig. 9.2 Population-weighted multi-pollutant index for seven regions and five periods: preindus-
trial times (PI), 2005, 2010, 2025, and 2050. An MPI of −0.8 indicates good, whereas +0.8 indi-
cates poor air quality
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business- as-usual (BaU) emission scenario for the years 2025 and 2050 (Pozzer 
et al., 2012b). BaU means that only current legislation is being considered in the 
modeled emission scenario. Therefore, the projections represent the present trajec-
tory into the future.

The largest changes in the population-weighted MPI occurred during industrial-
ization in the twentieth century, that is, between the preindustrial period and 2005. 
This is related to the rapidly growing pollution emissions, especially since the mid-
dle of the twentieth century (the great acceleration), which strongly impacted air 
quality for a large fraction of the world population. Although the changes between 
2005 and 2050 are smaller, they partly occur rather abruptly. In Europe, the Americas 
and Africa, the anticipated MPI differences are incremental; however, in economi-
cally emerging regions, such as East Asia, very rapid increases have taken place, 
and may continue in the near future, especially in South Asia (Fig. 9.3). On a global 
scale, the population-weighted MPI has increased from −0.63 (PI) to −0.13  in 
2005, and an additional strong increase up to +0.18 is projected until 2050. This 
implies that the BaU scenario will lead to worldwide violation of WHO air quality 
standards.

Figure 9.3 presents the projected population-weighted MPI increase per country. 
Under the BaU scenario, India may experience the strongest air quality degradation, 
followed by Bangladesh and China. Figure 9.3 also includes countries in the Middle 
East where both air pollution and population growth are rapid; hence, many more 

Fig. 9.3 Increasing population-weighted MPI between 2005 and 2050 under a business-as-usual 
scenario. The red dashed line shows the global mean MPI increase in this period
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people may become exposed to poor air quality. The large, densely populated coun-
tries with high levels of air pollution, notably in Asia, relatively strongly affect the 
global mean decline of air quality, and thus adversely influence the health condi-
tions of the “average citizen.” Note that Asia is projected to continually dominate 
the world population (about four of globally seven billion in 2010, and about five of 
globally nine billion in 2050). Further, it is expected that the urban population will 
grow relatively rapidly from 3.6 billion in 2010 to 5.2 billion in 2050.

 Health Impacts of Air Pollution

The model results have been combined with integrated exposure–response (IER) 
functions. We computed the relative risk of mortality by acute lower respiratory 
infections (ALRI) in childhood, chronic obstructive pulmonary disease (COPD), 
cerebrovascular disease (CEV) leading to mortality by ischemic and hemorrhagic 
strokes (CEVI and CEVH, respectively), ischemic heart disease (IHD) leading to 
mortality by heart attacks, and lung cancer (LC). These diseases are related to PM2.5, 
while COPD is additionally related to O3 (Fig. 9.4). Our methodology follows that 
of the Global Burden of Disease for 2010 (Lim et al., 2012), being updated for the 
year 2015 (GBD, 2017).

The minimum risk exposure level distribution for annual mean PM2.5, applied in 
the IER functions, is 2.4–5.9 μg/m3, which is lower than the previously assumed 
range of 5.8–8.8 μg/m3 for the Global burden of Disease 2010, and that of O3 is 
33.3–41.9 ppbv (unchanged). The recent downward adjustment of the “safe thresh-
old” for PM2.5 is the main reason for the higher mortality rates presented here com-
pared to previous estimates for 2010, since a larger fraction of the population is 
exposed to hazardous levels of air pollution. In particular, the mortality rates for 
COPD are significantly higher than reported previously. Thus, the state-of-the- 
science is that only very low mean PM2.5 concentrations under 4.2 ± 1.8 μg/m3 do 
not significantly contribute to morbidity and mortality. The global results presented 
here agree with the GBD for the year 2015, on average within a few percent.

Fig. 9.4 Global excess 
mortality rates attributed to 
air pollution due to 
different disease categories
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The updated calculations indicate a total excess mortality rate attributable to 
ambient (outdoor) air pollution of 4.5 million persons per year, which is about a 
third higher than estimated previously by Lelieveld et al. (2015) and the GBD for 
the year 2010 (Lim et al., 2012). The statistical uncertainty range is estimated at 
3.4–5.6  million per year (95% confidence interval), hence approximately ±25%, 
being dominated by uncertainties in the IER functions and to a lesser extent to esti-
mates of annual mean pollution concentrations (Kushta, Pozzer, & Lelieveld, 2018). 
Note that the IER functions for very high levels of PM2.5 are associated with rela-
tively large uncertainty, as epidemiological data for such conditions are scarce.

The estimated mortality attributable to air pollution is about 265,000 per year in 
the EU-28, 373,000 per year for Europe as a whole (not including Russia), and 
120,000 per year for the United States. The global total number of years of life lost 
(YLL) is about 122 million per year (92–148 million per year), which implies that 
each individual who dies from diseases incited by air pollution loses about 
28 ± 7 years of his or her life. The life expectancy reduction is greatest for ALRI as 
it also affects children, especially in countries where nutrition and medical care are 
inadequate, being on average 54 years, and 20–25 years for the other disease catego-
ries. Among the leading GBD risk factors, ambient particulate matter pollution 
ranks fifth, after high blood pressure, tobacco smoking, diabetes, and being over-
weight (GBD, 2017). Poor air quality is the largest environmental risk factor 
worldwide.

To put the problem in perspective, the WHO estimates that the number of people 
who die annually from malaria and HIV/AIDS together is about 1.5 million, which 
is roughly one third compared to outdoor air pollution. The additional mortality 
attributable to household (indoor) air pollution is about 2.9 million per year (GBD, 
2017). Even though the global implementation of the WHO air quality guideline for 
PM2.5 of 10 μg/m3 would significantly reduce mortality attributable to air pollution 
by more than 50% (Giannadaki, Pozzer, & Lelieveld, 2016), this threshold is still 
too high, especially because the minimum risk exposure level has decreased to 
4.2 ± 1.8 μg/m3 (Lelieveld & Pöschl, 2017). While the control of emissions in pol-
luted regions such as South and East Asia and Eastern Europe has a high potential 
to reduce mortality, air quality improvements at relatively low concentrations still 
have major health benefits because of the nonlinear response to exposure (Cohen 
et al., 2017).

Table 9.1 ranks the countries where mortality exceeds 30,000 individuals per 
year. China and India lead, partly related to their large population size because com-
paratively large numbers of people are exposed to poor air quality. The attribution 
to source sectors in Table 9.1 has been adopted from Lelieveld et al. (2015), calcu-
lated by omitting the respective emissions in the EMAC model. These results repre-
sent the elimination of source categories one at a time, which to a large extent 
represents the efficiency of PM2.5 reductions by controlling these sources, as mortal-
ity attributable to O3 represents only 6% of the total. On a global scale, residential 
energy use for heating and cooking is the largest source category (31%), notably 
because it is the major one in Asia. In eastern Asia and Europe, agricultural emis-
sions are important, such as ammonia (NH3) from animal husbandry and fertilizer 
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use, because this gas is an effective precursor of PM2.5 (Pozzer, Tsimpidi, Karydis, 
de Meij, & Lelieveld, 2017).

 World Avoided by Improving Technology in the EU

To illustrate the effectiveness of air pollution legislation and the consequent public 
health improvement in the past, an emission scenario was adopted, which accounts 
for trends in gaseous and particulate pollution sources in the period 1970–2010 
(Crippa et al., 2016). The scenario focuses on the EU where the EURO norms for 
light- and heavy-duty vehicles have been introduced. The EU additionally imposed 
standards on fuel quality and flue gas desulfurization in the power production sec-
tor. The measures taken in the EU not only impacted European air pollution but also 
worldwide, because the EURO standards penetrated global markets through 
European and Japanese manufacturers, thus effectively exporting EU regulations. 
The scenario assesses end-of-pipe reduction measures in the EU by comparing 

Table 9.1 Top 20 ranked countries of mortality attributable to outdoor air pollution in 2015 (the 
95% confidence interval is about ±25%), and contributions of seven main source categories (in %), 
the leading ones in bold

Country
Deaths 
(×103)

Residential 
energy Agriculture Natural

Power 
generation Industry

Biomass 
burning

Road 
traffic

China 1,44 32 29 9 18 8 1 3
India 967 50 6 11 14 7 7 5
Russia 203 7 43 1 22 8 8 11
Nigeria 158 14 1 77 0 0 8 0
Pakistan 133 31 2 57 2 2 2 3
USA 120 6 29 2 31 6 5 21
Indonesia 90 60 2 0 5 4 27 2
Japan 84 12 38 0 17 18 5 10
Bangladesh 77 55 10 0 15 7 7 6
Ukraine 70 6 52 0 18 9 5 10
Sudana 58 1 0 92 1 0 6 0
Germany 49 8 45 0 13 13 1 20
Egypt 47 1 3 92 2 1 0 1
Brazil 41 9 4 1 2 6 71 7
Vietnam 34 51 12 0 13 8 12 4
Iran 32 1 6 81 4 3 1 4
Italy 32 7 39 6 15 14 2 17
Turkey 31 9 29 15 19 11 6 11
N-Korea 31 21 38 0 20 12 4 5
Poland 30 15 43 0 16 10 3 13
World 4,55 31 20 18 14 7 5 5

aIncluding South Sudan

J. Lelieveld



113

actual emissions to historical fuel consumption along with a stagnation of technol-
ogy, by applying constant emission factors since 1970, that is, without abatement 
measures imposed by European emission standards. It includes three regulated sec-
tors—power generation, manufacturing industry and road traffic—which together 
account for 28% of mortality attributable to air pollution (Table 9.1).

The scenario calculations indicate that, without emission regulation, the European 
sources of SO2 and NOx would have been about 70% and PM2.5 would have been a 
factor of 2.3 higher in 2010 compared to 1970, mainly due to end-of-pipe controls 
(Crippa et  al., 2016). The model calculations suggest that regulation of the road 
transport sector has made a relatively large contribution to emission control of SO2, 
NOx, non- methane hydrocarbons (NMHC), and PM2.5 (including black and organic 
carbon, BC and OC), while power production also contributed strongly, particularly 
to the reduction of SO2 and PM2.5. In Europe, the 2010 emissions by industry were 
higher than from power production, as abatement strategies for this sector have been 
less stringent. Globally, European emission controls in power production have 
played a significant role in reducing SO2 and BC, and road traffic in the reduction of 
NMHC, NOx, and BC emissions. Power production was still the largest contributor 
to SO2 emissions, both in 1970 and 2010. Nevertheless, without EU emission con-
trols, global SO2 emissions would have been 30% higher in 2010.

Emissions that have been avoided as a consequence of EU legislation have led to 
a reduction of annual mean European concentrations of PM2.5 by about 5 μg/m3 and 
of O3 by about 2.5 ppbv, and in Asia 1–2 μg/m3 and ppbv, respectively. Comparing 
the scenario with uncontrolled EU emissions to the reference calculations suggests 
that the mortality rate attributable to air pollution in the EU has been reduced by 
about 61,000 persons per year, which means that 18–19% have been avoided. 
Globally, the reduction has been about 163,000 persons per year, that is, 3–4% were 
avoided; in China and Japan, approximately 2% and 7% were avoided, respectively. 
Within the EU, relatively large reductions have been achieved in Western Europe, 
such as in Germany (21%), France (23%), and the Netherlands (27%).

 Discussion and Conclusions

Based on recently updated data on air pollution, disease and population statistics, 
the excess mortality rate attributable to outdoor air pollution is estimated at 4.5 mil-
lion individuals per year, associated with about 122 million years of life lost in the 
year 2015. This represents mortality through cardiovascular and respiratory ail-
ments that could have been avoided when annual average PM2.5 would be below 
4.2 ± 1.8 μg/m3 and O3 below 37.6 ± 4.3 ppbv. The fractional contribution of PM2.5 
to mortality is about 94%, and of O3 about 6%; hence, fine particulates constitute the 
main health risk. Recent downward adjustment of the minimum risk exposure level 
for PM2.5 to ~4.2 μg/m3 (from ~7.3 μg/m3) is a main reason for the 30% higher mor-
tality presented here for 2015 compared to previous estimates that referred to the 
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year 2010 (Lelieveld et al., 2015; Lim et al., 2012), since a much larger fraction of 
the population is exposed to hazardous levels of air pollution.

In view of the revised minimum risk exposure level of ~4.2 μg/m3, air quality 
standards should be adjusted accordingly, currently being 12 μg/m3 in the USA and 
25 μg/m3 in the EU, and higher or absent in Asian and African countries. The air 
quality guideline by the WHO of 10 μg/m3 for PM2.5 should also be reevaluated. 
While the global implementation of this WHO guideline would reduce mortality 
attributable to air pollution by more than 50% (Giannadaki et  al., 2016), further 
reduction will be necessary. About 75% of the global mortality occurs in Asia, and 
more than 50% in China and India (together 2.4 million per year). While the latter 
countries lead the ranking of total mortality, the per capita mortality rate is highest 
in Eastern Europe (e.g., Russia) with 1.6 deaths per 1000 inhabitants annually, 
being more than twice that in India and four times compared to North America.

The most rapid increase in mortality attributable to air pollution worldwide 
occurs in South Asia, particularly in India. Although the leading source category is 
residential energy use, the recent increase is largely related to fossil fuel consump-
tion, notably of coal, which doubled in the past decade (IEA, 2016). Worldwide, 
approximately 31% of mortality is due to residential energy use, amounting to about 
1.4 million per year. This source category is also a main cause of household (indoor) 
air pollution-related mortality, which adds about 2.9 million per year (GBD, 2017). 
In South and Southeast Asia, residential energy use contributes >50% to mortality 
attributable to outdoor air pollution. Globally, approximately 18% (~800,000 deaths 
per year) is related to natural processes and is difficult to avoid, mostly due to eolian 
desert dust in Africa and Asia.

Pozzer et al. (2017) found that strong reductions of PM2.5 can be achieved by 
controlling agricultural ammonia (NH3) emissions from animal husbandry and fer-
tilizer use. The absolute impact of NH3 on PM2.5 is largest in East Asia, even for 
relatively small emission decreases. In Europe and North America, the formation of 
PM2.5 is not directly limited by NH3, but strong emission controls could nevertheless 
substantially decrease PM2.5 and associated mortality, especially when the NH3 lim-
ited regime is reached at about 50% emission reduction. In other regions, including 
South Asia, the influence of NH3 emissions on public health is relatively minor. 
Based on the fractional contribution of agricultural emissions to PM2.5, it is esti-
mated that a 50% reduction of global NH3 emissions could avoid about 350,000 
deaths per year. A theoretical reduction of 100% could avoid about 900,000 deaths 
per year.

A study of European technology development illustrates the public health benefit 
achieved by emission controls (Crippa et al., 2016). An emission scenario shows the 
actual world avoided by EU legislation since 1970 through the EURO norms for 
light- and heavy-duty vehicles, and standards on fuel quality and flue gas desulfur-
ization in the power production sector. The EU measures have influenced pollution 
emissions in Europe and worldwide because the EURO standards penetrated global 
markets. The scenario calculations suggest that mortality attributable to air pollu-
tion in the EU has decreased by about 61,000 persons per year, which means that 
about 18–19% mortality have been avoided. Globally, the reduction has been about 
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163,000 persons per year, which means 3–4% were avoided. It should be noted that 
these calculations do not account for illegitimate diesel-related NOx emissions. 
Anenberg et al. (2017) estimated that about a third of heavy-duty and more than half 
of light-duty diesel vehicle emissions have been in excess of certification limits, 
associated with about 38,000 deaths globally in 2015.

Zhang et al. (2017) investigated the relationship between exports of goods and 
services and the exposure to poor air quality. In effect, by exporting goods and ser-
vices, countries with emerging economies in Asia and eastern Europe “import” air 
pollution-related mortality. These countries trade monetary revenue against health 
expenditures through emissions embodied in exports. It is likely that some polluting 
industries have been transferred internationally, such as from the EU and the USA 
to regions with more permissive environmental regulations. To prevent such prac-
tices, international norms and agreements are needed. It would be an important 
signal if the UN adopts a sustainable development goal on “clean air.” It can be 
argued that actions to mitigate climate change and improve air quality have co- 
benefits. Furthermore, clean air contributes to other sustainable development goals 
that aim at good health, sustainable cities, clean energy, taking climate action, and 
protecting life on land and in the water.
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