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Abstract
Between 1970 and 2015 urban population almost doubled worldwide with the fastest growth
taking place in developing regions. To aid the understanding of how urbanisation has influenced
anthropogenic CO2 and air pollutant emissions across all world regions, we make use of the latest
developments of the Emissions Database for Global Atmospheric Research. In this study, we
systematically analyse over 5 decades of emissions from different types of human settlements (from
urban centres to rural areas) for different sectors in all countries. Our analysis shows that by 2015,
urban centres were the source of a third of global anthropogenic greenhouse gases and most of the
air pollutant emissions. The high levels of both population and emissions in urban centres
therefore call for focused urban mitigation efforts. Moreover, despite the overall increase in urban
emissions, megacities with more than 10 million inhabitants in high-income countries have been
reducing their emissions, while emissions in developing regions are still growing. We further
discuss per capita emissions to compare different types of urban centres at the global level.

1. Introduction

Between 1970 and 2015 the global population
increased by 80%, of which the global urban pop-
ulation almost doubled, while the global rural
population increased by only 40% [1]. The urban
population increased in all continents [2, 3]. The fast-
est urban population growth occurred in developing
and emerging regions, notably Africa (by 3.1 times),
Latin America (by 2 times), Oceania (by 1.7 times)
and countries like India (by 2.7 times) and China (by
1.8 times). Lower urban population growth rates are
found in North America (by 1.5 times), Europe (by
1.3 times), Japan (by 1.2 times) and Russia (by 1.1
times) [4]. By 2015, almost half of the global popu-
lation lived in urban centres, while the largest urban
centres with more than 1 million inhabitants were
only 5% of the total, but had 22% of the world’s pop-
ulation [4] living in them.

As the ‘2030 Sustainable Development Agenda’
reports, a key goal is to achieve sustainable cities bal-
ancing economic growth, social inclusion and envir-
onmental protection to satisfy current needs without
compromising the ability of future generations to sat-
isfy their needs [5]. Reaching this goal is challen-
ging since urban centres are typically characterised by
densely concentrated economic activities generating
high environmental pressures. The eleventh Sustain-
able Development Goal (SDG11) ‘Sustainable cities
and communities’ states that ‘cities and metropol-
itan areas are powerhouses of economic growth—
contributing about 60% of global GDP. However,
they also account for about 70% of global carbon
emissions and over 60% of resource use. The rapid
urbanisation is often associated to a worsening air
pollution’ [6]. SDG13 ‘Climate Action’ also deals with
climate change related issues where urban areas play a
significant role: ‘Governments and businesses should
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utilize the lessons learned to accelerate the transitions
needed to achieve the Paris Agreement, redefine the
relationshipwith the environment andmake systemic
shifts and transformational changes to lower green-
house gas emissions and climate-resilient economies
and societies’ [7, 8].

From a sustainability perspective, the capacity to
identify the nature, location and source of emissions
is important, in particular where localised air pollut-
ant hotspots expose population to high air pollution
concentration levels. Local emissions data are also
important to design locally tailored policy approaches
to climate changemitigation. A place-based approach
is important so that climate policy can take into
account local wellbeing co-benefits, including cli-
mate change mitigation and air pollution [9], as well
as socio-economic vulnerabilities, which depend on
local economic activities, infrastructure and social
conditions. A place-based approach is also important
for the support of local citizens, businesses and gov-
ernments. Local and regional governments have sub-
stantial responsibility for many decisions to reduce
emissions and air pollution, for example, in transport
and land use. Therefore, it is important to map where
emissions happen, to be able to tailor emission reduc-
tion policies to their geographical sources and sectors.

Gathering information on emissions from
densely populated areas at the global level is complex
due to the lack of consistency and harmonisation
between emission inventories at local level [10, 11].
Inventories can differ in methodology [12 –14], sec-
toral detail and availability of emission time series,
which are needed to understand trends and the effect-
iveness of policy implementation.

This study is a first attempt to provide from a
country-level to a global view the evolution of sector-
specific air pollutant and greenhouse gas (GHG)
emissions from urban centres (and other geograph-
ical entities) for different types of human settle-
ments over the past 5 decades. The Emissions Data-
base for Global Atmospheric Research (EDGAR)
underpins this analysis. The EDGAR database is a
global emission inventory that estimates emissions
mainly using international statistics as activity data
(e.g. fuel balance statistics from IEA [15], FAO data
[16], USGS data, etc.) and emission factors from
the IPCC guidelines [17] and EMEP/EEA Guidebook
[18]. In addition, knowledge from scientific literature
is included to provide more accurate emission estim-
ates for specific sectors and countries, as reported by
Janssens-Maenhout et al [19].

The consolidated version 5 of EDGAR [20–22]
represents the state of the art within the emission
inventory communities characterising current and
historic emissions of air pollutants and GHGs at the
global, regional and country level. EDGAR provides
spatio-temporal homogeneous consistent GHG and
air pollutant emissions at the global scale from 1970

to 2015 [19, 23]. EDGAR spatially distributes anthro-
pogenic emissions over a global gridmap with a spa-
tial resolution of 0.1◦ (about 10 km), enabling the
investigation of where emissions happen and sup-
porting the development of place-based mitigation
measures from global to local level. Owing to its
global coverage and consistency, recent applications
of EDGAR include policy consultation [21, 24, 25]
and design of mitigation actions, including contri-
butions to the Fifth and Sixth Assessment reports
of the Intergovernmental Panel on Climate Change
(IPCC). With the aim of increasing its outreach and
exploitation, one of the latest EDGAR developments
is the implementation of high spatial resolution prox-
ies serving the purpose of mapping different types of
settlement layers. This approach, combined with the
latest population statistics (see supplementary mater-
ial (available online at stacks.iop.org/ERL/16/074033/
mmedia)), allows a detailed characterisation of emis-
sions in cities, functional urban areas (FUAs), dense
and semi-dense clusters, suburban and peri-urban,
and rural areas [26, 27]. This latest development aims
to promote EDGAR as a reference inventory also for
mapping emissions released in urban areas. More
in detail, new population-based proxies have been
developed using settlement types obtained from the
GHS–SMOD settlement classification grid at Level 2
[28, 29] defined as ‘very low density rural areas’, ‘low
density rural areas’, ‘rural clusters’, ‘suburban or peri-
urban areas’, ‘semi-dense urban clusters’, ‘dense urban
clusters’, and ‘urban centres’ (see also table S1)[26].

Compared to previous studies [30, 31], the novel-
ties of this work are the detailed spatial distributions
of emissions of both GHG gases (CO2 and non-CO2)
and air pollutants from urban settlements, calculated
for different activities; all of which are available for the
past 45 years.

2. Methods

2.1. The global human settlement layer (GHSL)
The GHSL produces global data and information
about the human presence on Earth. It is produced
with artificial intelligence techniques by combining
Earth observations satellite data, demographic data
and other open geospatial data (i.e. reference data
or thematic data). The GHSL maps built-up areas,
population and settlement typologies atmultiple spa-
tial and temporal resolutions that are freely available
online5 following three core principles for data pro-
duction: (a) test and apply real-world (big) data scen-
arios, (b) produce evidence-based output analytics,
and (c) facilitate repeatability of the results [32].

Satellite records, like the Landsat data collection
that is the primary input for the production of the

5 https://ghsl.jrc.ec.europa.eu/datasets.php.
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multi-temporal built-up area layers (GHS–BUILT),
are the foundation of GHSL data production. The
Built-up layer maps the ‘union of all the satellite
data samples that corresponds to a roofed construc-
tion above ground which is intended or used for the
shelter of humans, animals, things, the production
of economic goods or the delivery of services’ [33].
GHS–BUILT is obtained by large scale processing of
satellite data records with symbolic machine learn-
ing method [34]. Freire et al [35] used the GHS–
BUILT as covariate for a dasymetric disaggregation of
demographic data from CIESIN GPWv4.10 to pro-
duce a global multi-temporal population grid (GHS–
POP, [36]). The combination of the GHS–BUILT
with GHS–POP and ancillary data were used by Flor-
czyk et al [29] to develop a global layer that identi-
fies seven settlement typologies (see table S1) with
1 km spatial resolution (GHS–SMOD, [28]). This Set-
tlement Model (GHSL–SMOD[29]) uses population
density thresholds and connected components pop-
ulation size thresholds to classify the urban—rural
continuum. Urban Centres, Dense Urban Clusters
and Semi-dense Urban Clusters, Suburban or peri-
urban grid cells form the urban domain. Low-density
rural grid cells and Very low-density rural grid cells
and Rural clusters form the rural domain (see table
S1). The GHS–SMOD applies to the globe the stage
1 methodology for delineation of cities and urban
and rural areas called ‘Degree of Urbanisation’. This
methodology has been adopted by theUnitedNations
Statistical Commission [37, 38] for international and
regional statistical comparison purposes.

Based on the GHS–SMOD, the spatial entities
corresponding to the Urban Centre class were used
to collect multi-dimensional and multi-temporal
attributes by means of spatial integration [39].
The resulting information system is the Urban
Centre Database (GHS–UCDB), an analysis ready
dataset on urban centres [2]. The GHS-UCDB is
suitable for a backward analysis of the temporal
changes that occurred within today’s urban centre
(as of 2015).

This article is based on analytics derived from
GHS–UCDB spatial entities and its multi-temporal
attributes, population and emissions.

2.2. The Emissions Database for Global
Atmospheric Research (EDGAR)
EDGAR provides consistent GHG and air pollut-
ant emissions at the global scale from 1970 to
2015 [19, 23] and spatially distributed anthropo-
genic emissions over a global gridmap at 0.1◦ spa-
tial resolution for all anthropogenic emitting sectors
with the exception of Land Use, Land Use Change
and Forestry. The year 2015 represents in EDGAR
the latest year for which air pollutant emissions are
available. This was constrained by the lack of more
recent statistical data (activity data, emission factors,

technologies and abatement measures) needed for
the emissions computation when this study was con-
ducted. New population-based proxies have been
developed in the EDGARv5.0 database using the
seven settlement types delineated in the GHS–SMOD
settlement classification grid at Level 2 [28] with 1 km
spatial resolution for four epochs (1975, 1990, 2000
and 2015). Distribution of emission data (that are a
continuous series) over the proxies (that are based
on GHSL epochs 1975, 1990, 2000, 2015) follows the
logic of the closer available year (e.g. emissions of
1980 are distributed over the proxy of 1975, emis-
sions of 2010 are distributed over the 2015 proxy,
etc.). This methodology is already applied within the
EDGAR database in cases of lack of continuous spa-
tial data to cover the entire time series. In this study
this choice is motivated by the need of changing both
the population intensity trend and its spatial alloca-
tion to the different type of settlements over the con-
tinuous time series, which is the driving compon-
ent; however the corresponding data are not avail-
able. Given its high spatial resolution and temporal
coverage, the GHS–SMOD was considered the most
suitable data source for the update of the population
proxy in EDGAR. The development of a new set of
population proxy data (derived in-house) led to some
considerable improvements for emission distribution
on gridmaps in EDGAR. The finer resolution of the
data source (from 2.5 arc-minutes of CIESIN GPWv3
to 30 arc-seconds in the 4th version) and the use of
satellite imagery brought an increase of accuracy and
precision. The main improvements are:

• the use of population data source with a higher
number of subnational geographical units (around
30 times more) from CIESIN GPWv4.

• moving from one reference year to four reference
years when calibrating the population classes.

• an updated methodology of the settlement classi-
fication by using spatial criteria on population and
built up density and therefore allowing to define a
degree of urbanisation into seven classes for each
cell of the grid.

Using more accurate population gridmaps should
increase the quality of the emissions distribution in
EDGAR, emissions gridmaps that are largely used in
atmospheric modelling and policymaking.

In order to produce the EDGARv5.0 population-
based proxies (table S2) from the GHSL products
[28], some spatial processing has been performed in
Python 3.6 and ArcMap 10.4, as depicted in figure
S1. The previous EDGAR population based proxies,
used in all EDGAR releases up to EDGAR v4.3.2, only
distinguished between rural and urban population
density maps as basis to distribute population-related
emissions and as gap filling proxy (see table S3).
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The main improvement of EDGARv5.0
population-based proxies consists in defining
detailed proxies for small scale combustion activit-
ies with sub-sector and fuel dependent classification,
as reported in table S4. In particular, emissions from
combustion in the agricultural sector are distrib-
uted over ‘low and very low density rural areas’ for
all fuels with the exception of natural gas which is
assumed to be used as fuel mainly in ‘rural cluster’.
Emissions from combustion in the household/com-
mercial/other sectors are attributed over ‘total pop-
ulation’ density maps for all fossil fuels, with the
exception of natural gas which is allocated to the
‘connected’ proxy. The combustion of biofuels in the
household/commercial/other sectors is allocated to
the ‘non-urban’ proxy, assuming therefore a lower
use of biofuels compared to other fuels in urban
centres.

Table S5 provides an overview of all the proxies
used in the current EDGARv5.0 version in compar-
ison with the previous release (EDGARv4.3.2, [19]).
In general, the gap-filling proxies using urban pop-
ulation have been substituted with the ‘connected’
proxy, in order not to concentrate all emissions from
industries and processes, which could not be alloc-
ated to point sources, to urban areas. As a result,
these industrial emissions are distributed over a wider
area and do not impact only urban centres, determin-
ing lower emissions over urban areas in EDGARv5.0
compared to EDGARv4.3.2.

Figures S2 and S3 show the difference in
the v5.0 CO2 2015 emission allocation (https:
//edgar.jrc.ec.europa.eu/overview.php?v=50_GHG)
using the EDGARv5.0 and EDGARv4.3.2 proxies,
both in absolute and relative terms. Major differences
are found over urban areas in particular over Europe
andNorthAmerica, where the newEDGARv5.0 prox-
ies allocate less emissions compared to the former
version. This result mainly reflects the assump-
tions behind each EDGAR proxy dataset, in fact
EDGARv4.3.2 used urban population as gapfilling
proxy, thus allocating to urban areas also all indus-
trial (and other sources) emissions when no point
source information was available (see also table S5).
Moreover, lower emissions over urban areas are due
to the allocation of emissions from biofuel combus-
tion (e.g. combustion of solid biomass in the residen-
tial sector) largely to rural areas and not anymore to
the total population density distribution.

2.3. Sectorial aggregation of the emissions
EDGAR provides emissions of GHGs and air pollut-
ants for all anthropogenic emitting sectors, following
the IPCC categories, with the exception of Land Use,
Land Use Change and Forestry. In this work results
are presented for aggregated sectors, namely ‘energy-
industry’ (which includes the combustion in the
power and non-power generation industries, fugitive

emissions, fuel production, refineries and trans-
formation industries), ‘residential’ (which includes
small scale combustion), ‘transport’ (which includes
both road and non-road transport), ‘waste’ (which
includes solid waste disposal and waste water treat-
ment) and ‘other’ (which includes all emissions not
included in the other categories such as industrial
process emissions (e.g. cement production, iron and
steel production, non-metallic minerals production,
non-ferrous metals productions, chemicals produc-
tion), solvent use, indirect emissions for N2O, etc.).

3. Results

3.1. Emissions are concentrated in urban centres
requiring focused mitigation actions
In 2015 urban centres represented only 0.5% of the
global land and sea surface [4], (Esch et al [40]),
but produced approximately one third of anthropo-
genic emissions of CO2 (35%) and the following pro-
portions of NOx (29%), PM10 (27%), CO (26%),
SO2 (37%) emitted world-wide (figure 1). Expand-
ing the definition of urban areas to include suburbs,
roughly 50% of global emissions cover around 1% of
the global surface. Finally, when including all urban
areas and not only urban centres, around 70%–80%
of global emissions are included, consistently with
the findings of Ribeiro et al [41]. These emissions
are mostly driven by combustion sources. The only
exception is NH3, where rural areas account for more
than 50% of global emissions, mainly associated with
agricultural activities. In 1970, the proportion of total
emissions fromurban centres were lower and on aver-
age 20% for NOx, PM10 and CO, 26% for CO2, 27%
for SO2 and 5% for NH3. The proportion of global
emissions from wider urban areas were also lower
ranging from 40% to 70% depending on the pollut-
ant (figure 1). As recently pointed out by e.g. Ribeiro
et al (2019), these figures make urban centres key to
the implementation of mitigation strategies and solu-
tions to the global climate change problem. As repor-
ted in tables S1–S3 these shares are heterogeneous and
depend on the income level of the country and on the
pollutant (see also figure 2).

Looking at the different regional patterns of the
proportion of total CO2 emitted in urban centres,
these are higher in Asian countries characterised by
high population densities (e.g. Japan, 55% of the
country total) and in emerging economies like China
and India (44%), but also in Middle East (51%) and
North Africa (46%). By contrast, urban centres in
Europe (20%–29%) and North America (22%) are
characterised by a lower proportion of total emis-
sions, in part due to the more frequent siting of high
CO2-emitting activities, such as power plants, outside
urban centres [12] and also due to different urban
structures. Low shares of CO2 emissions from urban
centres are also associated with less developed regions
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Figure 1. Comparison of emission shares by settlement type in 1970 and 2015 for key world regions. The category ‘Rest’
represents the difference between total emissions and those allocated in the different settlement areas (i.e. emissions occurring
overseas, coastal areas, flaring, etc.).

Figure 2. Share of CO2 emissions from urban centres in 1970 and 2015 by country.

such as some central and southern African countries
and Oceania (less than 20%).

In China, per capita CO2 emissions from urban
centres increased by approximately 520% from 1970

to 2015 while national per capita CO2 emissions
over the period has increased by 293%. By con-
trast in the USA the same figures decreased by 45%
and 17% respectively. This result illustrates how
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urbanisation in middle-income and fast-growing
countries is frequently associated with sharply rising
emissions (and yet urbanisation is continuing). Sim-
ilar regional patterns are found for NOx and PM10,
where low shares of emissions from urban centres in
industrialised countries can in part be attributed to
policy measures and technological advancements in
reducing air pollutant emissions from anthropogenic
activities and to the de-localisation of high CO2 emit-
ting industrial facilities. Since GHGs and air pollut-
ants are often co-emitted by the same sources, this
reflects the possible co-benefits between air quality
and climate change policies in reducing them. This
result highlights the need to develop measures tar-
geting urban emissions at the global scale in order to
abate almost a third of global air pollutant emissions.
However, when looking for example at the combus-
tion of biomass as fuel, although being carbon neut-
ral, it is highly polluting in terms of air quality and
the implementation of very strict and specific regula-
tions is required[42]. This example represents a trade-
off between climate change and air quality policies
and it is therefore crucial, when designing mitiga-
tion options, considering both air quality and climate
goals.

3.2. Combustion related sources mostly contribute
to the emissions in urban centres
Emissions of air pollutants and CO2 in urban centres
are mostly associated with combustion activities
related to the production of energy as well as its use in
industrial processes, and the residential and transport
sectors. For example, at global level NOx is mostly
emitted by the energy-industry (69%) and trans-
port sectors (24%), with a higher share from trans-
port in industrialised regions (29%), and in coun-
tries mostly using gasoline vehicles (e.g. North Amer-
ica). CO emissions come mainly from the transport
sector, with a global share of 36%, which increases
up to 47% in urban centres of industrialised regions.
However, CO, SO2 and PM10 emissions decreased
from 1970 to 2015 in industrialised regions despite
the increase in fuel consumption, thanks to the higher
energy efficiency and implementation of new tech-
nologies and abatement measures. By contrast, NH3

is mostly emitted in rural areas, rural clusters and
dense or semi-dense urban clusters, although 9% of
NH3 emissions still happens in urban centres. NH3

is emitted not only from agriculture, but also from
transport and waste. NH3 emissions are increasing
in particular in urban centres, while NOx emissions
are rather stable. In less developed regions contri-
butions come also from the power-industry sector
and residential. Figure S4 shows the sectorial com-
position of the emissions from FAUs (FUAs, [43])
in 1970 and 2015 for different pollutants and world
regions.

3.3. Emissions in urban centres increased strongly
in emerging economies in the past 5 decades but
decreased in high-income economies
Emissions varied across settlement types over the
years, for example, CO2, NOx and PM10 emissions
showed the fastest growth in urban centres compared
to the other settlement classes from 1970 to 2015
both for developing and industrialised countries,
reflecting the enhancement of anthropogenic activit-
ies related with combustion processes (figure 3). On
the contrary, over the same time period CO emis-
sions showed reductions in urban centres due tomore
efficient combustion in particular in industries and
their relocation outside urban centres, while they
increased in urban clusters and rural areas in par-
ticular in developing countries. A different pattern
is found for NH3 with the fastest growth happen-
ing in urban centres in industrialised countries (in
particular in North America and to a lesser extent
in the EU) due to the deployment of selective cata-
lytic reduction systems to abate NOx (which produce
NH3 as a by-product) [44], while NOx emissions are
rather stable. Finally, SO2 emissions decreased over
the past decade, mainly in urban centres thanks to the
implementation of fuel quality directives and inter-
national treaties, which lead to the desulphurisation
of the fuel used in vehicles, power plants and indus-
tries, while they increased in the other settlement
classes in developing regions [45]. Globally, emis-
sions in urban centres increased from1970 to 2015 for
all pollutants, in particular due to higher emissions
from developing countries. CO, SO2 and PM10 emis-
sions in industrialised countries decreased thanks
to the higher energy efficiency and implementa-
tion of new technologies and abatement measures
(figure 3).

Our analysis also identifies the relevance of CH4
emissions in urban centres as summarised in table 1,
showing the rate of change in CH4 emissions in urban
centres in the period 1970–2015. Urbanisation has
indeed a deep impact on CH4 emissions, favouring a
six-fold faster increase in total emissions from urban
centres with respect to the aggregated emissions (30%
vs. 5% for industrialised regions and 358% vs. 59%
for developing regions). The only exception is Europe,
where the urban CH4 emissions decrease faster than
the total CH4 emissions, driven by a steep reduction
in the residential sector. The emission sectors driving
the sharp CH4 rise in urban centres are energy, trans-
port (mainly in Asia) and waste (Africa and Latin
America).

3.4. Megacities in industrialised countries have
been reducing their emissions while in developing
regions they are still growing
The number of megacities (with population higher
than 10 million inhabitants) and very large urban

6
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Figure 3. Emission changes from 1970 (blue dots) to 2015 (red dots) for each pollutant, continent and settlement type. The
category ‘Rest’ represents the difference between total emissions and those allocated in the different settlement areas (i.e.
emissions occurring overseas, coastal areas, flaring, etc.). Country aggregation into continents is shown in the map of figure S6.

Table 1. CH4 emission change in the period 1970–2015 for aggregated regions in terms of total emissions and of emission from urban
centres. The last column indicates the sectors where the largest changes have occurred.

CH4 total emissions
(2015 vs. 1970) (%)

CH4 emissions in urban
centres (2015 vs. 1970) (%)

Predominant sectors driving the change
in urban centres (2015 vs. 1970)

Industrialised 5 30 Waste (+55%)
Developing 59 358 Transport (+1242%);

Energy (+733%)
Africa 83 643 Waste (+1003%)
Asia 61 257 Transport (+1618%)
Europa −29 −39 Residential (−79%)
Latin America 79 371 Energy (+323%); Waste

(+409%)
North America 0 36 Agriculture (+429%);

Energy (+268%)
Oceania 64 89 Agriculture (+298%);

Energy (+474%)
Russia 48 115 Energy (+205%); Waste

(+135%)

centres strongly increased from 1970 to 2015 [4],
in particular over Asia. In 1970, 11 global megacit-
ies (Tokyo, Kyoto, Mexico City, Kolkata, Seoul, New
York, Jakarta, Guangzhou, Mumbai, São Paulo and
New Delhi) accounted for 2.2% and 1.8% of global
CO2 and PM2.5 emissions, respectively. When also

including very large urban centres (26 agglomera-
tions), these high emitting areas are still mainly loc-
ated in Asian region, including also several European
and American urban centres (Los Angeles, Paris,
London, Moscow and Chicago) and accounted for
4.7% and 2.6% of global CO2 and PM2.5 emissions

7
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Figure 4. Evolution of CO2 emissions in urban centres from 1970 to 2015. The size of the bubbles is proportional to CO2

emissions. Megacities with a population of more than 10 million people in 2015 are represented with their names (population
class considered: 2015).

respectively. Due to the fast urbanisation and the
emerge of megacities at the global level, in 2015 the
number of megacities almost tripled compared to
1970 (for a total of 32) and represented 12% and
4.6% of total CO2 and PM2.5 emissions. These shares
strongly increase when considering also the very large
urban centres (71 at global level), reaching 17.7% and
6.7% for CO2 and PM2.5, respectively. Moran et al
[30] find that roughly 18% of global CO2 emissions
is emitted by 100 cities, which is consistent with our
finding of 20.2% of CO2 emissions from top emitting
urban centres in 2015. Figure 4 shows that CO2 emis-
sions are high for all megacities and tend to increase
over time, in particular in emerging economies. By
contrast, PM2.5 emissions decreased by approximately
40% in industrialised countries over the past 4 dec-
ades (figure 6). These results are also confirmed by
the analysis shown in figures 5 and 7, where emis-
sions from countries belonging to different income
classes are clustered. For total CO2 (figure 5) the
bending of the pattern with respect to the 1:1 line
shows that large cities from less developed economies
are those where CO2 emissions have grown the most
since 1970, whereas large cities from North Amer-
ica, Europe and Japan—although having high CO2

emissions—have stalled their emissions over time.

On average (i.e. the average of the variation rate
between 1970 and 2015) we observe for PM2.5 emit-
ted in large urban centres (>5 M inhabitants) (a) a
decrease of approximately 40% in more developed
regions (MDR) and (b) an increase of 280% and in
excess of 600% in less developed countries (LDC)
and least developed countries (LDCL), respectively.
The same analysis applied to CO2 reveals (a) a weak
increase (6%) of CO2 emissions in MDR (thus the
‘stalling’), (b) an increase of 780% of CO2 emissions
in LDC, and (c) an increase of 970%ofCO2 emissions
in LDCL.

Total PM2.5 emissions for very large urban centres
(figure 7(b) confirm the faster rise of urban emissions
in developing economies with respect to megacities
in developed economies whose 2015s emissions are
lower (e.g. Paris, London, Nagoya), or approximately
at the same level (e.g. Dallas, Los Angeles, Toronto) of
those of 1970 (figures 6 and 7).

3.5. High-income countries have decoupled their
emissions from economic growth
In the past 25 years (1990–2015), the urbanisation
process (increase of urban population) and eco-
nomic growth in Europe and North America was
decoupled from CO2 and PM2.5 emissions, which

8
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Figure 5. Comparison of total CO2 emissions (tons, logarithm scale) in 1970 and 2015 in very large urban centres with a
population higher than 5 million, classified by income class (LDC: less developed countries; LDCL: least developed countries;
MDR: more developed regions [46]) and region is also represented.

have been reduced despite the increase of population
in urban areas and economic growth. This result has
been achieved thanks to the introduction of mitiga-
tion measures at national but also local scale, which
effectively reduced air pollutant emissions, enhanced
energy efficiency, deployed less carbon intense fuels
and relocation of power plants and industrial facil-
ities. A very different picture is found on average
for Asian urban centres, where the emissions of air
pollutants and CO2 were not decoupled from the
economic and population growth since 2000. Asian
megacities belonging to high income countries show
the slowest growth in the emissions and some similar
features compared to those of high-income countries,
while urban centres of low and middle income coun-
tries show on average an increase of their emissions
over the past 15 years by around two times (up to
18 times higher in the case of Berhampore–Beldanga
in India, eight times higher for Putian in China, and
seven times higher for Kabul in Afghanistan) [47].
Increasing emissions together with population and
GDP are found for highly populated urban areas
in Latin America and Africa, mostly belonging to
upper-medium income and low-income countries,
respectively.

Although real GDP of the EU, USA and China
has gone upwards, the USA and Europe, as mature

wealthy economies, have decoupled economic growth
from urban emissions and the total population grows
at the same pace as the urban population, while urban
emissions decrease much faster than the total one
[48, 49]. The evolution of population, CO2 (figure
S5(a)), and PM2.5 (figure S5(b)) illustrates the differ-
ential speed of urban centre emissions with respect
to the regional total, most notably for PM2.5 in Asia,
driven by the fast urbanisation of China, where the
fastest changes are found from 2000 onwards. The
comparison withmature economies (EU27+UK and
USA) reveals a consolidated and decreasing trend of
P2.5 and CO2 emissions faster in urban centres than at
national level, that is decoupled from GDP (increas-
ing steadely in both regions) and from urban popu-
lation (albeit stable in EU27+UK and slowly rising in
the USA). China on the other hand has been fastly
developing, its urban population has been growing
faster than the total population and urban emissions
are still in the fast ascending phase, quicker than
the country total [50, 51]. In a recent study, Ruixe
et al [52] use satellite data on air pollution, for the
period from 2001 to 2018 together with data on fossil
fuel carbon dioxide emissions from a global invent-
ory. The joint analysis of these data with GDP has
shown that air pollution is mostly linked to the pace
of economic growth while for CO2 the connection

9
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Figure 6. Evolution of PM2.5 emissions in urban centres from 1970 to 2015. The size of the bubbles is proportional to PM2.5

emissions. Megacities with a population of around 10 million people in 2015 are represented with their names (population class
considered: 2015).

is even more straightforward: countries with high
GDP also have high fossil fuel emissions. Nonethe-
less, as the cases of Europe andNorth America show, a
decoupling between economic growth and emissions
is achievable.

3.6. Per capita CO2 emissions show spatial
differences, at global level
Per capita CO2 emissions from urban centres by con-
tinent (figure 8) show that Asia is by far the contin-
ent with the largest number of urban settlements and
together with Africa has the largest variation of CO2

per capita emissions, independently of the popula-
tion size. On average, in China large urban centres
aremore CO2 demanding (per inhabitant) than small
ones. North America, by contrast, has a very high and
homogeneous urban CO2 consumption across its ter-
ritory and small urban areas, on average, consume
approximately as much as large ones.

There were 72 large urban centres in China in
2015 (43 in 1970) and 31 (19) in the USA. The
number of very large urban centres were 3 (3) in
1970 in China (USA) and became 13 (5) in 2015.
In the time span 1970–2015, the urban centre areas
of China experienced a demographic growth of 76%

and built-up areas expansion of 161% [4]. CO2 emit-
ted in these Chinese urban centre areas has grown
by 1000% (541% per capita). Energy production
(+1800%) and transport (+1300%) are the sec-
tors where the rise is more pronounced. The biggest
increase is registered in very large urban centres, while
the lowest growth is observed in urban centres with
a population between 0.25 M and 0.5 M inhabit-
ants. The maximum increase per capita (∼900%)
is however observed for areas with 75000–0.1 M
inhabitants rather than in megacities where, by con-
trast, the minimum increase per capita is detected
(244%). In absolute terms, looking at the 2015, the
per capita emissions of urban centres with 1 M to
2 M inhabitants are the less sustainable (12.6 ton
CO2 per capita−1 year−1), above the per capita emis-
sions (9 ton CO2 per capita−1 year−1) of very large
cities (>5 M inhabitants).

Over the same 45 years time span (1970–2015),
the trend is the opposite for USA and Europe6. USA
urban centres areas have registered an increase of
52% in both built up surfaces and urban popula-
tion with a decrease in the same area of 17% of CO2

6 Europe is here defined as EU27+ UK.
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Figure 7. Comparison of total PM2.5 emissions (tons, logarithm scale) in 1970 and 2015 in very large urban centres with a
population higher than 5 million, classified by income class (LDC: less developed countries; LDCL: least developed countries;
MDR: more developed regions [46]) and region is also represented.

Figure 8. Per capita urban CO2 emissions by continent (expressed in tonnes CO2/person). The size of the box corresponds to the
number of urban centres, the dots represent the distribution and their size is proportional to the population. Some representative
cities are indicated for reference.

(−45% per capita) emissions driven by residential
(−30%) and industrial (−36%) sectors, while energy
(+30%) and transport (+60%) have continued to
rise. European urban centre areas experienced demo-
graphic growth of 14% and built-up areas expansion
of 24% and CO2 emissions in the same area have

declined by 33%, driven by drastic drop in trans-
port (−85%) energy (−44%) and industry (−50%)
sectors. Per capita CO2 emissions of urban popula-
tion in Europe have decreased by 33% in 40 years.
While in the USA the largest decrease (−49%) in
CO2 emissions is observed for urban centres with
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population between 0.5 and 1 M, and the minimum
(−4%) for urban centres between 0.075 M and 0.1 M
inhabitants, in Europe all urban sizes show a consist-
ent decrease from −36% (0.075 M to 0.1 M inhabit-
ants) to −54% (0.5 M to 1 M inhabitants). The CO2

per capita emissions are levelled to ∼6 ton CO2 per
capita−1 for all urban sizes in the US, much less than
in China, but more than in Europe, where they range
between 2.60 ton CO2 per capita (50 000–75 000
inhabitants) and 5.5 ton CO2 per capita (2 M to 5 M
inhabitants).

4. Discussion

In EDGAR, emissions are first computed at national
level with very detailed sectorial disaggregation,
including information for roughly 60 type of fuels,
hundreds of technologies and abatement measures
over the time period 1970–2015. As a second step,
national emissions by sub-sector and fuel are spatially
distributed over the globe making use of around 300
spatial proxies taking into account country specific
information, fuel characteristics, population and type
of urban settlements etc. (refer to the description of
the spatial proxies provided above and in Janssens-
Maenhout et al [19]). The resulting emission gridmap
has a resolution of 0.1◦ (roughly 10 km) although
several of the original spatial proxies were computed
using information at higher resolution (e.g. point
sources, road network, GHSL data at 1 km spatial res-
olution, etc.).

In order to retrieve information on specific urban
centres, a shape file (‘SMOD_v9s10_HDC_list_2015_
HG0_HDC_ll.shp’, https://ghsl.jrc.ec.europa.eu/
datasets.php) has been overlapped to the EDGAR
gridmaps and the corresponding emissions have been
extracted for each sector, pollutant, etc.

The main advantage of our approach consists in
providing a global picture of urban centre emissions
and of other type of settlements over almost 5 dec-
ades for all air pollutants and GHGs. It is often the
case that literature studies focusmainly on CO2 emis-
sions or on very recent years [30], preventing the ana-
lysis of how emissions evolved over time for different
type of settlements, the investigation of urbaniza-
tion process together with the quantification of the
corresponding emissions and the analysis of air pol-
lutants which are detrimental for human health in
particular in densely populated areas such as mega-
cities. In addition, EDGAR provides a consistent
view at global level, since the same methodology is
applied both for national emissions calculation and
spatially distributed data, allowing the comparabil-
ity of the results amongst countries. Getting a com-
plete, consistent and comparable picture of emissions
by settlement type at the global level for all air pollut-
ants and GHGs is challenging since no global compil-
ation of urban centre emissions exists.

On the other hand, our approach has some lim-
itations related with the spatial resolution (i.e. a
0.1◦ × 0.1◦ resolution is low when needing to invest-
igate specific urban features such as canyons, conges-
tion, emissions from individual buildings, etc.), with
the assumptions behind the spatial proxies used and
lack of detailed or up to date spatial information for
certain regions/sectors. To overtake this shortcoming,
we apply a gapfilling procedure, using a backup proxy
mostly based on population related spatial data when
specific spatial data are not available or not enough
accurate (e.g. missing point sources, industrial facil-
ities, waste plants, etc.).

A complete validation of the EDGAR emissions
is very complex and cannot be done in a systematic
way at the global level. The EDGAR data are valid-
ated against measurements of air pollutants through
the use of chemical transport models [53] or through
inverse modelling in particular for GHGs [19, 54]. In
2018, the Global Carbon Budget used the spatial pat-
terns of the EDGAR grid maps and might give feed-
back on the spatial representativeness in the future.
Another source of uncertainty in emission inventor-
ies comes from the spatial dimensions; in literature,
up to 100% spatial uncertainty can be found for spe-
cific areas, especially at the urban-rural transitioning
areas [55].

5. Conclusions

In this work we have used a consistent methodology
to identify the most polluting areas all over the world.
This can serve to define adequatemitigationmeasures
to reduce CO2 and air pollutants emissions, in cities.
This study pertains with the quantification and trends
of pollutant and GHG emissions in inhabited areas,
globally. It provides a snapshot of the potential of hav-
ing a database of historic urbanization coupled with
economic indicators, emissions by sector and popula-
tion. As an example, we zoomed into specific sectors
and individual countries (China, USA and Europe),
showing the impact of the degree of urbanisation on
emissions and we show the potential of the database
and of the analysis to support sector-specific mitig-
ation strategies. We have shown that urban centres
have different potential in reducing air pollutant and
CO2 emissions compared to the national level. There-
fore, specific measures should be developed for cit-
ies to reduce air pollution and climate change to bet-
ter contribute to the achievement of national emis-
sion reduction targets. In particular, policies could
be focussed on key emitting sectors and most pol-
luted areas/hot spots, to significantly improve global
air quality and guarantee a sustainable future.

Our analysis, which looks at the time period
1970–2015, different sectors, pollutants and various
geographical aggregations shows that:
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• urban centres make a large contribution to global
air pollutant and CO2 emissions, and being these
emissions spatially concentrated (on about 0.5% of
global surface), they can benefit from geographic-
ally focused mitigation actions;

• combustion related sources mostly contribute to
the emissions from urban centres;

• emissions in urban centres fell in high-income eco-
nomies and increased strongly in emerging eco-
nomies over the past 5 decades;

• for megacities, emissions in high-income countries
have been reduced thanks to the implementation
of effective mitigation actions, de-industrialisation
and the growth of the service economy which
allowed to decouple their emissions from economic
growth;

• per-capita urban CO2 emissions show spatial dif-
ferences at global level, among different countries
and cities.

While climate change is a global issue, air quality is
a more local problem to be tackled in order to reduce
urban population exposure to harmful pollutants and
finally to reduce human health impacts and those
on ecosystems. Local actions are therefore needed for
both climate and air pollution. From this point of
view, city level actions can be effective to reduce PM2.5

population exposure; as shown in Thunis et al [56]
for European cities, a 30% PM2.5 reduction can be
achieved with urban actions in at least half of the
considered cities. However, for air pollution exposure
(and in particular for PM2.5 exposure) it is import-
ant to complement local actions with NH3 mitigation
measures focussed on rural areas to reduce the sec-
ondary component of PM2.5.
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