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Abstract. This paper presents a state-of-the-art anthropogenic emission inventory developed for the European
domain for an 18-year time series (2000–2017) at a 0.05◦× 0.1◦ grid resolution, specifically designed to support
air quality modelling. The main air pollutants are included: NOx , SO2, non-methane volatile organic compounds
(NMVOCs), NH3, CO, PM10 and PM2.5, and also CH4. To stay as close as possible to the emissions as officially
reported and used in policy assessment, the inventory uses the officially reported emission data by European
countries to the UN Framework Convention on Climate Change, the Convention on Long-Range Transbound-
ary Air Pollution and the EU National Emission Ceilings Directive as the basis where possible. Where deemed
necessary because of errors, incompleteness or inconsistencies, these are replaced with or complemented by
other emission data, most notably the estimates included in the Greenhouse gas Air pollution Interaction and
Synergies (GAINS) model. Emissions are collected at the high sectoral level, distinguishing around 250 differ-
ent sector–fuel combinations, whereafter a consistent spatial distribution is applied for Europe. A specific proxy
is selected for each of the sector–fuel combinations, pollutants and years. Point source emissions are largely
based on reported facility-level emissions, complemented by other sources of point source data for power plants.
For specific sources, the resulting emission data were replaced with other datasets. Emissions from shipping
(both inland and at sea) are based on the results from a separate shipping emission model where emissions are
based on actual ship movement data, and agricultural waste burning emissions are based on satellite observa-
tions. The resulting spatially distributed emissions are evaluated against earlier versions of the dataset as well
as against alternative emission estimates, which reveals specific discrepancies in some cases. Along with the
resulting annual emission maps, profiles for splitting particulate matter (PM) and NMVOCs into individual com-
ponents are provided, as well as information on the height profile by sector and temporal disaggregation down
to the hourly level to support modelling activities. Annual grid maps are available in csv and NetCDF format
(https://doi.org/10.24380/0vzb-a387, Kuenen et al., 2021).

1 Introduction

Emission inventories are the key starting point for under-
standing the causes and possible mitigation of air pollution.
They provide information about the sources of air pollution,
which can be used in environmental assessment models and
air quality models to obtain information on levels of air pol-
lution. In particular, atmospheric dispersion models are us-

ing the information on the releases of air pollutants into the
atmosphere to calculate levels of air pollution in various ge-
ographical domains to get a better understanding of the re-
lation between emission sources and air pollutant concentra-
tions (Belis et al., 2020; Liang et al., 2018). When inventories
span a longer period the trend in air pollution and exposure
can also be assessed, for example to identify the impact of
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changes in industrial processes, fuel mix or implementation
of policies (Buonocore et al., 2021).

At the same time, emission inventories are the backbone
of policies that control air pollution and climate change. In
the climate change community, the United Nations Frame-
work Convention on Climate Change (UNFCCC) relies on
emission inventories to provide information on the reduction
in emissions and progress towards future reduction commit-
ments related to the Kyoto Protocol and the Paris Agree-
ment. In the European air pollution community, the United
Nations Economic Commission for Europe (UNECE) Con-
vention on Long-Range Transboundary Air Pollution (CLR-
TAP) (UNECE, 2012) and the EU National Emission Ceil-
ings Directive (NECD) (European Commission, 2016) set
reduction commitments for air pollutant emissions. In this
framework, emission inventories are used to identify mit-
igation options and to check progress towards objectives.
In view of these policy needs, each country that is part of
the convention is required to develop an emission inventory
that meets the requirements set for these inventories annu-
ally. These requirements have been standardised over the last
decades by prescribing methodologies for both greenhouse
gases and air pollutants. These methodologies, documented
in the Intergovernmental Panel on Climate Change (IPCC)
Guidelines for National Greenhouse Gas Inventories (Eggle-
ston et al., 2006) for greenhouse gases and the European
Monitoring and Evaluation Programme/European Economic
Area (EMEP/EEA) air pollutant emission inventory guide-
book (EEA, 2019a) for air pollutants, provide a set of default
methodologies that each country shall use to establish the
emission inventory for each source. However, they explicitly
say that if a country has better information than the default
methodologies provided by the guidance, it should be used.

Apart from the national total emissions by sector, both
CLRTAP and NECD require countries to submit gridded
emission inventories to support air quality modelling and as-
sessment at the (sub-)national and European level. While un-
til 2016, the requirement under CLRTAP was to report at
a horizontal resolution of 50km× 50km, the resolution for
both CLRTAP and NECD has been increased to 0.1◦× 0.1◦,
which is equivalent to roughly 5–10 km. However, most of
the EU Member States do report gridded emission data that
are of good quality; some of them and most of the non-EU
countries submit incomplete or erroneous data or no data
at all (EMEP, 2017). Therefore, the merged submitted grid-
ded inventory data do not yet provide a complete and re-
liable inventory for the entire European domain that is us-
able for air quality modelling. Using the country reporting
of gridded data, the Centre on Emission Inventories and Pro-
jections (CEIP) annually compiles a European spatially dis-
tributed emission inventory for modellers. Given the short-
comings described in the reported gridded emissions, this
work also involves significant gap-filling on both the sectoral
total emissions per country and the spatial distribution com-
ponent (Wankmüller, 2019). Where directly reported gridded

data are not available, the spatial distribution pattern from
other inventories, in particular CAMS-REG (this inventory),
is used to disaggregate country and sector totals.

For CH4, being a greenhouse gas, no requirements with
regard to emission reporting exist in the framework of CLR-
TAP or NECD. Given that UNFCCC does not include any
requirements for spatially distributed emissions, no spatially
distributed CH4 emissions are available from country report-
ing.

Next to the official inventories various initiatives have
been providing gridded emission inventories as this informa-
tion is a prerequisite for global, national and local air qual-
ity studies and policies. Globally, the EDGAR emission in-
ventory was developed in the 1990s as a bottom-up emis-
sion inventory using activity data (e.g. energy statistics) and
emission factors (Crippa et al., 2018). Other important global
inventories include ECLIPSE (Klimont et al., 2017), CEDS
(McDuffie et al., 2020) and CAMS-GLOB-ANT (Doumbia
et al., 2021). At the European level, the TNO_MACC in-
ventories were developed in the MACC (Monitoring Atmo-
spheric Composition and Climate) FP7 project in 2007 (Kue-
nen et al., 2014). The MACC project has evolved into the
Copernicus Atmosphere Monitoring Service (CAMS) under
the umbrella of the EU Copernicus programme. CAMS iden-
tified a continuous need for up-to-date emission information
that can be used in support of air quality production and fore-
casting systems at both the global and the European scale.
To fulfil this need at the European scale the CAMS regional
inventory (CAMS-REG) was developed. The CAMS-REG
inventory covers both air pollutants and greenhouse gases,
the latter to support upcoming initiatives for greenhouse gas
(GHG) emission verification and inversions. This paper de-
scribes the methodology used to derive the CAMS-REG air
pollutant (CAMS-REG-AP) inventory (hereafter referred to
as CAMS-REG), in particular its version 4, which covers the
years 2000–2017. Separately, CAMS-REG-GHG is available
and includes emissions of CO2 and CH4. Apart from the use
in CAMS, the data are freely available for air quality mod-
ellers and other scientists who are in need of emission infor-
mation at the European scale. To make the inventory fit for
purpose, CAMS-REG provides not only the gridded emis-
sions but also default profiles for typical emission height by
source type, temporal profiles to distribute emissions over the
year, and chemical speciation of particulate matter (PM) and
non-methane volatile organic compound (NMVOC) emis-
sions.

2 Methodology

The CAMS-REG emission inventory focuses on the main
air pollutants (NOx , SO2, NMVOCs, NH3, CO, PM10 and
PM2.5). CH4 is also included because of its role in atmo-
spheric chemistry. For this inventory, the general methodol-
ogy is illustrated in Fig. 1. The strategy was to use officially
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reported emission data from national inventories for both
the greenhouse gases and the air pollutants where possible,
recognising that these often contain specific national infor-
mation, which increases the accuracy of the data compared
to estimates at the continental or global scale (see Sect. 2.2.2
and 2.2.3). At the same time, it is clear that in specific cases
these data have shortcomings, e.g. in the form of missing
or inaccurate data (EMEP, 2020). Therefore, an alternative
emission dataset available from the IIASA GAINS model
(IIASA, 2018) was used to fill in the gaps or replace any data
which are considered of insufficient quality (see Sect. 2.2.1
and 2.2.4). All of this was done at the level of annual sec-
toral emissions by country (not distributed in space). As a
next step, the dataset holding emissions from these different
sources was spatially distributed in a consistent manner using
relevant proxies for each source (see Sect. 2.3). In addition,
all shipping emissions were excluded and taken from a differ-
ent data source (see Sect. 2.4) to allow a consistent approach
towards all shipping emissions given the mix of national and
international shipping. For agricultural waste burning a sim-
ilar approach was followed (see Sect. 2.5) given the limited
reporting of emissions from this source.

This methodology was applied for UNECE-Europe, which
refers to all European countries including Turkey (as a
whole) and Russia (only the European part, until 60◦ E) on
the eastern side. The domain stretches between 30 and 72◦ N
and between 30◦W and 60◦ E, including all the European
countries fully within the domain. Emissions from countries
outside of Europe but still part of the rectangular domain
(most notably North Africa and the Middle East) were taken
from EDGAR-v4.3.2 (Crippa et al., 2018) to complete the
overview of anthropogenic emissions for the entire domain.
Finally, only those sources contributing to the national total
emissions in the inventory reporting system were included;
all (semi-)natural sources were excluded for as far as re-
ported, which is in line with the sources included in official
national total emissions used for compliance assessment.

2.1 Source sector definition

The reported data from EMEP and UNFCCC (for CH4) as
well as the IIASA GAINS emissions were converted to a
newly defined sector format, which combined the level of
detail available in various datasets. A full overview of the
sector definitions is provided in the Supplement (Table S1).
This new sector and fuel definition was developed primar-
ily since none of the existing classifications contained all
the necessary details. Also, it gave the opportunity to in-
troduce a hierarchical and numerical structure which allows
simple aggregation and disaggregation of emission sectors
where necessary. The sectoral structure defines 209 individ-
ual source categories at the highest level of detail, consid-
ering the highest detail in sectoral emissions for each of the
data sources. Each sector can be aggregated up to a minimum
of seven main groups: energy industry, manufacturing indus-

try and product use, road transport, non-road transport, small
combustion activities, agriculture and waste. In practice, the
emission data were processed at the highest sectoral detail
possible, restricted by the level of detail in the different data
sources (EMEP, UNFCCC and IIASA GAINS).

Apart from the detailed source sector definition, also an
aggregated sector level was defined which is used as the de-
fault aggregation level in which the gridded emissions are
provided. This aggregation is based on the GNFR sector
level, which is an aggregation of the NFR (Nomenclature For
Reporting) that is used as the basis for reporting spatially dis-
tributed emissions of air pollutants by European countries. A
complete overview of the GNFR sectors in this inventory is
given in the Supplement (Table S1).

2.2 Emission data collection and processing

2.2.1 GAINS emissions

The GAINS model is developed by IIASA to explore emis-
sion control strategies for air pollutants and greenhouse gases
by modelling the impact of possible measures. Originally
developed for Europe, it now covers most regions of the
world. The model is used to underpin policies such as the
UNECE Gothenburg Protocol (UNECE, 2012) and the EU
National Emission Ceilings Directive (European Commis-
sion, 2016). For this inventory, the most recent emission
data from the model were taken as they were incorporated
in the CEP_post2014_CLE scenario updated in December
2018 (IIASA, 2018). This scenario takes into account his-
torical emission data up to 2015, and future emissions for
5-yearly intervals (2020, 2025, 2030) were modelled based
on the latest available information on activity data and con-
trol measures available at the time. The emission data were
obtained at the level of detailed source categories and fuels
for each country for 5-yearly intervals (2005, 2010, 2015,
2020). Linear interpolation was used to estimate emissions
for each of the years in between. To estimate emissions prior
to 2005, an earlier GAINS dataset which was used in the
TNO_MACC-II inventory (Kuenen et al., 2014) and includes
the year 2000 was used to extrapolate the trend backwards in
time until 2000.

The GAINS sector and fuel classifications were converted
to our own sector and fuel definitions (see Supplement: Ta-
ble S1 for definition, Table S4 for the links). For industrial
combustion, an additional step was needed since the GAINS
sector classification has most industrial combustion aggre-
gated to one industrial combustion sector. To split these over
various industrial sectors, a specific bottom-up emission in-
ventory was set up for the industrial sectors. This bottom-up
inventory uses energy consumption from the International
Energy Agency (IEA) energy statistics combined with de-
fault emission factors to calculate emissions per pollutant,
country, year and industrial sector. The share of each sector
in this bottom-up inventory was then used to disaggregate
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Figure 1. General methodology applied for the CAMS-REG emission inventory.

the GAINS industrial combustion emissions over the differ-
ent industrial sectors as identified in this inventory (see Ta-
ble S1).

2.2.2 Reported emissions for greenhouse gases

CH4 emissions for 2000–2017 (based on reporting year
2019) were obtained from the national inventory submis-
sions to the UNFCCC (UNFCCC, 2019). Emission data at
the CRF level were extracted from the CRF tables and com-
bined into a single database. For categories 1A1–1A4, which
concern emissions from the combustion of fuels, emission
data were collected for each individual fuel. Subsequently,
the CRF sectors were converted to our own sector definitions
(see Table S3).

2.2.3 Reported emissions for air pollutants

Officially reported emissions (reporting year 2019) were ob-
tained from CEIP for the years 2000–2017 (CEIP, 2019),
containing sectoral emissions reported under the EMEP re-
porting requirements, for all the countries for which data
were available and for all air pollutants included in the scope
of this inventory. Reporting follows the NFR (Nomencla-
ture for Reporting) structure, which was converted to our
own sector definitions as developed for this inventory (see
Table S2). Whereas the UNFCCC emissions from combus-
tion activities and IIASA GAINS emissions are available per
main fuel type, the EMEP emissions are not. Therefore, the
relative distribution of fuels for each pollutant, year, country
and sector from the GAINS emissions dataset was used to
add the fuel split to the dataset. Where for a specific combina-
tion, no emission was available from the GAINS dataset for
the same pollutant, year, sector and country, an average fuel
split was used which was calculated by taking the GAINS
data for the sum of all years between 2000 and 2017. Ul-

timately, if this average split was also not available, default
fuel splits were calculated for each pollutant and sector based
on the total emissions from GAINS for the pollutant and sec-
tor (in all countries and all years).

2.2.4 Combination and processing

As a next step, the reported data were quality-checked to
decide the cases in which these are fit for use. In the qual-
ity checks, it was taken into account that the greenhouse
gas emissions from Annex I parties have been reviewed
on an annual basis for many years. For air pollutants, this
annual review cycle has been in place since 2017 as part
of the National Emission Ceilings Directive (NEC Direc-
tive), thus covering only the EU Member States. While this
annual review cycle has improved reporting by countries
over time, shortcomings are still identified for EU Member
States (IIASA, 2019). For non-EU countries, the complete-
ness and quality of the inventory data differ significantly be-
tween countries, and for some countries no national emis-
sion inventory is available at all (EMEP, 2020). All in all,
a thorough check of completeness and accuracy is key be-
fore using reported emission inventory data for air quality
assessment. Therefore, as a starting point the reported data
from each EU Member State (including the United King-
dom and also including Iceland, Norway and Switzerland)
were used, whereas reported emission data from other coun-
tries were not used. Hereafter these 31 countries are referred
to as the EU+ countries. While for all of these other coun-
tries (consisting of Turkey, Balkan countries and former So-
viet Union countries) in some cases reported emission data
are submitted, no consistent emission inventory for air pollu-
tants is available on an annual basis. Therefore GAINS emis-
sions were used for these countries. And while for some of
these countries GHG emissions are being reported to the UN-
FCCC, for consistency reasons GAINS data were also used

Earth Syst. Sci. Data, 14, 491–515, 2022 https://doi.org/10.5194/essd-14-491-2022



J. Kuenen et al.: CAMS-REG-v4 495

for the CH4. Figure 2 shows the data sources for each Euro-
pean country.

Next, a quality check is performed for the 31 countries
for which reported data were used. These checks focussed
on completeness (emissions reported for each GNFR sector
where emissions are expected to occur), time series consis-
tency (trend in reported emissions as expected, no missing
years) and the distribution of emissions over sectors to iden-
tify possible missing sectors. Compared to the assessment of
reported data for the earlier TNO_MACC-II inventory (Kue-
nen et al., 2014), the number of gaps and inconsistencies was
significantly smaller, and no major issues of such nature were
identified. For three countries (Romania, Malta and Lithua-
nia), emissions prior to 2005 were found to be incomplete
and/or inconsistent with later years. This is likely related
to the fact that under the NEC Directive, 2005 is the base
year, and there is relatively little attention for earlier years.
For these three countries, the 2000–2004 emissions were re-
placed with an extrapolation of the 2005 emissions based on
the trend in GAINS emissions per GNFR category.

At the same time, larger inconsistencies were identified
for agricultural emissions. For NMVOCs from animal hus-
bandry and manure application, a methodology to estimate
emissions was only recently included in the EMEP/EEA
Guidebook (EEA, 2019a), which led to inconsistent and in-
complete reporting by countries. Given that these emissions
are also not included in the GAINS model, it was decided
to leave this source out of the CAMS-REG-v4 inventory.
For NOx from agriculture, reporting is also found to be in-
consistent between countries. In addition, one of the main
sources of agricultural NOx emissions is soil NOx , and many
air quality models have separate modules to calculate soil
NOx internally. To avoid double-counting, it was therefore
decided to exclude NOx emissions from agriculture.

Minor issues that were found include mainly gaps or out-
liers in a specific year for a specific sector. These were identi-
fied by looking at year-to-year changes for each country and
pollutant at the level of GNFR categories (aggregated sec-
tors) and taking those cases where the average importance of
the GNFR category in the national total was above 3 %, and
at the same time there was a change of more than 5 % from
one year to the next in the time series. Where this was based
on reported data, the underlying detailed sector data were
checked, and gaps or other errors were identified. These were
fixed using interpolation and/or extrapolation or by keeping
emissions constant from the previous or next year (based on
a manual case-by-case assessment).

Finally, some other modifications were made to the dataset
to make it consistent and fit for purpose for the spatial distri-
bution:

– Emissions of NMVOCs from natural gas production and
distribution systems (NFR category 1B2b) were split
into production, high-pressure distribution and low-

pressure distribution based on the relative contribution
of these subsectors in GAINS to total emissions of CH4.

– Emissions from combustion in energy industries (ex-
cluding power and heat plants and refineries) were split
into fuel consumption in coal mines, oil extraction, gas
extraction and coke ovens (see Sect. S1 in the Supple-
ment for details).

– Emissions from road transport are available at differ-
ent levels of aggregation (different vehicle type groups),
which were harmonised. Also, a road type split between
highway and non-highway (urban and rural) emissions
was added based on information obtained from the
COPERT model (Ntziachristos et al., 2009). More de-
tails are provided in the Supplement (Sect. S3).

2.3 Spatial distribution

Each combination of sector and fuel was assigned a spe-
cific proxy for the spatial distribution. The proxy is a vari-
able which is available in gridded form (at the resolution of
0.05◦× 0.1◦) and can be used to mimic the spatial distribu-
tion of the emission source. The proxy is defined as the frac-
tion of the national total to be allocated to this grid cell, and
the sum of fractions for each country always equals one.

Some examples of proxies include the network of high-
ways in each country with traffic intensities, which is used to
distribute emissions from road transport on highways, and a
list of emissions from individual power plants and their emis-
sion strength for specific pollutants is used to distribute emis-
sions from power plants. The summary of proxies used for
each sector is provided in Table 1, and a complete overview
of the selected proxies for each source is provided in the Sup-
plement (Table S5).

For a number of the sectors, point source information was
used in the spatial distribution. This concerns power plants,
industrial sources, airports and waste water treatment plants;
these are described in Sect. 2.3.1 to 2.3.3. Non-point source
distribution proxies are described in the other subsections.
For power plants and industry, the E-PRTR emissions are not
only used relatively (as a proxy), but their absolute value is
used. The remainder is then distributed as an area source as
this is expected to represent those sources which are below
the threshold for reporting in E-PRTR.

2.3.1 Public power and heat plants

For public power and heat plants, three different datasets
were combined. E-PRTR (the European Pollutant Release
and Transfer Register) collects facility-level emission data
for all EU Member States, with informing the European cit-
izens about pollutant transfers and releases in their area as
main a goal. The data have been reported on an annual basis
since 2007 (before that 3-yearly since 2001) and are publicly
available (EEA, 2019b). In addition to E-PRTR, EU Member
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Figure 2. Emission domain and choice of data source for each country. Green: reported data; orange: reported data with significant correc-
tions or gap-filling; red: GAINS emissions; blue: countries outside of UNECE-Europe. Gridded emissions from EDGAR-v4.3.2 inserted for
these locations.

States are required to report information (fuel consumption
and emissions) at the level of individual installations (stacks)
of large combustion plants annually. This requirement fol-
lows from the Large Combustion Plants (LCP) Directive
(European Commission, 2001), superseded by the Industrial
Emissions Directive (European Commission, 2010). Thirdly,
a commercial dataset on power plants known as Platts-WEPP
was used, which records characteristics of power plants
worldwide, such as the technology type, fuel type, capacity,
etc. (Platts, 2017).

In processing the E-PRTR- and LCP-reported emission
data at the facility level, a sector designator was used to
select the facilities corresponding to the public power and
heat sector. Matching and linking of identical facilities in
the LCP and E-PRTR datasets was partly possible using a
joint “national ID” field. Linking was then manually com-
pleted based on similarities in facility name and location, and
each individual facility was assigned a new and unique iden-
tifier. Emissions of NOx , SO2 and dust reported to the LCP
dataset were supplemented with an estimate of CO2 emis-
sions based on reported fuel use and default CO2 emission
factors (Eggleston et al., 2006). While CO2 is not explicitly
part of this work, it has been included in the point source
database since it is relatively well covered and has a relatively
low uncertainty and could therefore be used as an indicator
for gap-filling.

Emissions reported to the E-PRTR and LCP datasets were
then combined by facility, pollutant and year using the new
joint ID field. Since the scope of the E-PRTR is the most

complete1, where available, the E-PRTR emissions were se-
lected. Where E-PRTR emissions were missing, but LCP
emissions had been reported, LCP emissions were used in-
stead. Since the scope of LCP and E-PRTR reporting is not
identical, the LCP emission values used for gap-filling were
adjusted based on the average ratio between the E-PRTR and
LCP emission values for the years where both were reported.
A final step of emissions gap-filling was performed using
the ratio between reported emission values for CO2 and the
other pollutants. When both an air pollutant and CO2 are re-
ported together for several years, the average ratio between
the emission values was multiplied with the reported (or cal-
culated) CO2 value for years the pollutant had not been in-
cluded. To avoid introducing outlier emission values, the E-
PRTR reporting threshold was applied as a maximum emis-
sion value in gap-filling.

The facility-level emissions were then split by fuel type.
This was done by calculating a proxy emission value us-
ing the LCP-reported fuel input by fuel type and country-,
fuel- and pollutant-specific emission factors from the IIASA
GAINS model at the country-, fuel- and pollutant-specific
level. The relative contribution of each fuel type was then
applied to the reported emission value to distribute it to the
various fuel types. Where no fuel input data were available,
the unit fuel type from the Platts-WEPP dataset was used
instead to assign the emission value to one or multiple fuel

1LCP reporting is only for facilities with a thermal capacity
> 50 MW thermal and covers emissions of NOx , SO2 and dust.
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Table 1. Summary table with main proxies per GNFR source category.

GNFR category Main proxies used

A: power plants – European Pollutant Release and Transfer Register (E-PRTR) and Large Com-
bustion Plants (LCP) reporting combined with the Platts-World Eletric Power
Plants (WEPP) database
– CORINE land cover 2012 industrial area

B: industrial sources – E-PRTR
– Our own point source database
– CORINE land cover 2012 industrial area

C: other stationary combustion – Population density
– CORINE land cover 2012 arable land (for stationary agricultural emissions)
– Our own developed wood consumption map

D: fugitives – Our own point source database
– Population density

E: solvents – CORINE land cover 2012 industrial area
– Population density

F: road transport – Road network
– Population density

H: aviation – Airports

I: off-road – Population density
– CORINE land cover 2012 industrial area, arable land

J: waste – E-PRTR reporting
– Our own point source database
– Waste water treatment plants
– Population density

K: agriculture livestock – United Nations Food and Agricultural Organisation (FAO) gridded livestock
of the world

L: other agriculture – Common Agricultural Policy Regionalised Impact (CAPRI) model distribu-
tions
– CORINE land cover 2012 arable land

types. Finally, for the remaining facilities the fuel type used
was searched for online to fill the gaps.

Several checks were then performed to compare the to-
tal emissions by country with the reported UNFCCC and
EMEP sector totals for public power and heat production.
This check led to the identification of unrealistically high
emission values for some facilities, where there had evidently
been an error in reporting. In these cases, the erroneous value
was removed (and then gap-filled following the routine de-
scribed above) or lowered in case of a likely unit error (e.g.
factor 10 too high).

The final step was the assignment of point source and
area source emissions to GNFR A. In the case that the
reported sector-level emissions were higher than the pro-
cessed facility-level emissions, the remainder is assigned
as area source emissions under GNFR A, representing the
smaller facilities which are below the threshold for report-
ing. The processed facility-level emissions were then as-

signed as point source emissions under GNFR A. For some
countries and years, the total facility-level emissions were
higher than the reported sector total. In that case the emis-
sions for all facilities were scaled down to arrive at the coun-
try total emission for the sector power plants. For the point
source emissions, the facility coordinates included in the E-
PRTR dataset were used for spatial distribution of the emis-
sions. For some facilities, coordinates were added or cor-
rected manually when they were found to be incorrect or
missing. For the area source emissions, the CORINE dataset
was used to spatially allocate emissions to areas with indus-
trial activity (see Sect. 2.3.5).

2.3.2 E-PRTR for industrial sources

For industrial point sources, similar to the power plants the
main sources of information for the EU+ were E-PRTR,
combined with various online sources and one commercial
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industrial directory, and the TNO point source database for
the other countries in Europe (see Sect. 2.3.3). For industrial
emissions in particular the E-PRTR registry is the most com-
plete and best available database for the EU+, but it nonethe-
less frequently contains facilities that have an incorrect sec-
tor code or erroneous or missing emission data. Compared to
power plants, industrial point sources in E-PRTR are much
more numerous and diverse in type, and as a consequence a
somewhat less detailed approach had to be followed to cor-
rect any pressing deficiencies in E-PRTR.

For oil refineries and integrated iron and steel plants, ex-
ternal lists of all existing plants in the EU+, including op-
erational status, were consulted to extract all corresponding
records from E-PRTR (years 2001, 2004 and annually from
2007 onwards) regardless of the E-PRTR sector code. Any
missing facilities were added. Complete lists of existing and
operational oil refineries in the EU+ were available from,
for instance, the OGJ Worldwide Refining Survey or online
directories such as the Wiki site “A barrel full” (A barrel
full, 2021). For integrated iron and steel plants, the exten-
sive commercial Plantfacts Capacity Database was consulted
to extract any facilities operational after the year 2000 from
E-PRTR and to complete any missing plants. The Plantfacts
Capacity Database is an online source (World Steel Dynam-
ics, 2020) which was initially compiled and maintained by
the German Steel Institute VDEh.

Next, based on E-PRTR sector classification, the follow-
ing types of industrial facilities were selected from E-PRTR
(including data from the European Pollutant Emission Reg-
ister (EPER), E-PRTR’s predecessor, for the years 2001 and
2004):

– coal mines

– coke ovens not belonging to iron and steel plants

– secondary iron and steel smelters and foundries

– chemical plants

– non-ferrous metal plants (primary and secondary, in-
cluding aluminium)

– non-metallic mineral plants (e.g. cement, lime, glass)

– paper and pulp plants

– waste incinerators without energy recovery

– landfills without energy production

– other waste disposal plants (such as composting plants)

– all other industrial facilities (except oil and gas produc-
tion, transport and processing; grouped as “other indus-
try”).

All industrial facilities extracted from E-PRTR have been
subjected to a brief individual check for plant characteristics
to ensure that the plants were assigned the right industrial ac-
tivity. This elaborate process used E-PRTR plant names and
locations to identify the true primary industrial activity of the
E-PRTR facility through an online search as the true main
activity sometimes proved different from what E-PRTR indi-
cated.

The basic aim for industrial point sources was to compile
a complete emission time series for plants that appeared to
have been operational in the period 2000–2017 but also to
take plant closures, production stops and emission data be-
low the reporting thresholds into account. For oil refineries
and integrated iron and steel plants, any missing (but ex-
pected) CO2, NOx and SO2 data were estimated, in addition
to NMVOC emission data for refineries specifically and CO
and PM data for iron and steel plants. For all other industrial
activities the basic assumption used in gap-filling was that all
operational plants must have emission data for each relevant
pollutant for each reporting year. So principally all emission
data missing in this sense have been gap-filled for each facil-
ity by assuming the average of the emissions reported by that
facility for other years unless

– emission data reported for other years was ever close to
the threshold (missing emission data are below thresh-
old);

– emission data are missing at the beginning or end of a
time series (facility may report missing emission data
under a different facility ID in earlier or later years, or
the plant was modernised or closed);

– a facility did not report any emission data at all for a
specific year (facility is assumed to be temporarily shut
down).

2.3.3 Other point source proxies

An independent point source database was developed for the
spatial distribution of point source emissions in earlier Euro-
pean inventories (Denier Van Der Gon et al., 2010; Kuenen
et al., 2014). Since this point source dataset is only available
for the year 2005, it is only used for specific sectors where
no point source data could be extracted from E-PRTR.

Airports have been included as point sources in this
dataset. The contribution of each airport to the country to-
tal for this sector was calculated based on flight statistics per
airport (Eurostat, 2019). First, a split was made at the country
level between passenger and freight traffic using the number
of flights in the country as a whole. Thereafter, freight traf-
fic was distributed to individual airports using the tonnage of
freight, and passenger traffic was distributed using the num-
ber of passengers per airport. This was done on an annual
basis to allow for changes in time (e.g. opening of a new
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airport in a different location). Eurostat data were only avail-
able from 2003; for 2000–2002 the distribution is based on
the Eurostat statistics as of 2003.

For domestic waste water treatment, an EEA dataset on
urban waste water treatment plants was used (EEA, 2014),
which includes plant coordinates. This dataset provides the
flow and capacity or urban waste water treatment plants in all
European countries, from which their share in total emissions
was inferred.

2.3.4 Population density

The LandScan Global dataset (Oak Ridge National Labora-
tory, 2017) for population density was obtained for the years
2005, 2010 and 2015 at high spatial resolution (∼ 1 km). A
country mask was combined with this dataset to allocate each
grid cell to a specific country. For cells that include a border
between countries the relative area of each country was used
to split up population for the two (or more) countries.

Based on the population of each grid cell, an additional
qualification was made whether the cell was allocated as ur-
ban or rural. The definition of urban and rural areas however
differs significantly between different regions of the world
and between countries. To ensure consistency across the do-
main, a fixed value of 250 inhabitants per square kilometre
was chosen. Above this value the cell classifies as urban; be-
low it classifies as rural. This results in around 75 % of the
people living in urban areas, which corresponds well to the
urban population percentage for the EU as published else-
where (World Bank, 2018).

As a final step the data were converted to a resolution of
0.05◦× 0.1◦ for the entire domain, separately for urban, rural
and total population.

2.3.5 Land cover

The CORINE Land Cover dataset (Copernicus Land Mon-
itoring Service, 2016) was obtained from Copernicus Land
Monitoring. This dataset has a resolution of approximately
100 m and for each grid cell the main use type is given. These
high-resolution grid cells were aggregated to 0.05◦× 0.1◦,
and for each of these larger grid cells the fraction of different
main use types was calculated by adding up the number of
grid cells with this main use type and normalising the totals
per 0.05◦× 0.1◦ grid cell.

The dataset identifies around 45 different use classes. For
this work, three different proxies were extracted from this
dataset:

– industrial area (taken as the sum of “industrial or com-
mercial units”, “port areas” and “construction sites”)

– arable land (taken as the sum of “non-irrigated arable
land”, “permanently irrigated land”, “complex cultiva-
tion patterns” and “land principally occupied by agri-
culture, with significant areas of natural vegetation”)

– rice fields.

Similar to the population proxies, a country mask was added
to the dataset to be able to calculate a distribution map for
each country separately.

2.3.6 Road network

For road transportation, shape files from Open Transport
Map (OTM; OpenTransportMap, 2017) and Open Street Map
(OSM; Open Street Map, 2017) were obtained for the entire
European domain.

While OSM contains the road network across Europe,
OTM adds the traffic volumes to these and divides the roads
into different classes (main roads and from first-class to fifth-
class roads). The two datasets were merged, which resulted
in a European-wide map of roads, each with an associated
intensity. This intensity is directly used as a proxy for the
emissions, not taking into account more detailed parameters
like vehicle speed, traffic jams, etc. However, especially for
smaller roads in many cases the traffic volume was not avail-
able, and traffic volume had to be estimated for these cases.
To do this, first a relation between the traffic volume and the
population density in each grid cell was determined based
on all the grid cells with a known traffic volume per country
and per road class. Then this relation was used to estimate
the traffic volume where this was not available, based on
the population. Since smaller roads are expected to contain
mostly local traffic, this approach is expected to represent re-
ality reasonably well.

The traffic intensity map was classified per country, per
vehicle type and per road type. The latter refers to the sepa-
ration between highway (assumed equivalent to main roads)
and non-highway emissions. Thereafter, the non-highway
emissions were split between urban and rural by means of
overlaying the traffic intensity map with a population map
(which includes rural and urban shares; see Sect. 2.3.4). This
way, the fact that on average the road in urban areas will have
higher emissions per vehicle kilometer (vkm) is taken into
account in a generic way. Using this approach, 18 different
traffic intensity maps were created (6 vehicle types, 3 road
types) for Europe as a whole. As a final step, the resulting
dataset was combined with a country mask to introduce the
country codes similar to the population and land use distri-
butions, and the map was subsequently normalised with the
country total traffic intensities to create the final proxy map.

2.3.7 Other proxies

For agriculture, a number of specific agricultural proxies
have been used:

– Gridded livestock of the world (FAO, 2010), avail-
able from the UN Food and Agricultural Organisation
(FAO), has been obtained per animal type and converted
to a 0.05◦× 0.1◦ resolution.
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– Distributions representative of manure application and
fertiliser application have been extracted from the Com-
mon Agricultural Policy Regionalised Impact (CAPRI)
modelling system (CAPRI, 2020). This model is a
global partial-equilibrium model for the agricultural
sector with a focus on the European Union, developed
in a series of EU research projects, and is now used by
the European Commission to underpin agricultural poli-
cies.

Given the importance of residential wood combustion for
some pollutants, a specific distribution proxy was developed
to represent wood combustion emissions, taking into account
population density and also proximity to wood. Based on
population density and degree of urbanisation, a hypotheti-
cal fuel wood demand function is derived. The starting point
is that the more densely populated and urbanised (ranging
from free-standing houses in rural areas to urban high-rise
apartment dwellings), the less wood combustion appliances
will on average be present in households. Next, a fuel wood
supply function is derived which, depending on land cover
class, estimates how much fuel wood a certain type of land
cover is able to produce sustainably. Then the wood demand
function and the wood supply function are overlaid spatially,
assuming that a local source of fuel wood will primarily pro-
vide to the nearby residential areas. In addition, it is assumed
that a residential area cannot consume more wood than what
the surrounding area is able to produce sustainably. The re-
sult is a wood use proxy that principally follows popula-
tion distribution but which is also strongly influenced by lo-
cal wood availability and degree of urbanisation. Using this
proxy, most of the wood consumption is thus allocated to ru-
ral areas, especially those near forested areas. Despite this
modification to the distribution of residential wood combus-
tion, an over-allocation of the emissions in urbanised centres
may still be present in the spatial distribution (Timmermans
et al., 2013). In practice it is observed that the distribution
also depends on national circumstances, e.g. bans on using
wood or coal in urban areas, making it difficult to derive a
generic distribution at the European scale.

Finally, for high-pressure gas distribution network and for
rail transport, specific maps are available to spatially dis-
tribute emissions. These are similar to those used in the ear-
lier TNO_MACC inventory (Kuenen et al., 2014).

2.4 Shipping emissions

Emissions from shipping can be divided into sea shipping
and inland shipping but also into domestic and international.
The latter is typically used in official reporting, where do-
mestic refers to a ship leaving and arriving in the same coun-
try, irrespective of the route. International shipping how-
ever is not a primary part of national inventory reporting,
and therefore reporting is more incomplete and inconsistent.
Given the importance of shipping for emissions and air qual-

ity at the European scale (Jonson et al., 2020; Viana et al.,
2014), shipping emissions from national reporting are re-
placed with an alternative based on a consistent modelling
approach. The STEAM model (Jalkanen et al., 2012; Johans-
son et al., 2017) provides global emissions at high resolu-
tion based on AIS (automatic identification system) records
that track the whereabouts of ships around the world. The
STEAM model then computes emissions from shipping for
CO2 as well as major air pollutants based on the generation
of shipping routes from the AIS signals and emission char-
acteristics based on the characteristics of each ship. For the
CAMS-REG inventory, the STEAM model was run at a res-
olution of 0.05◦× 0.1◦ for the European domain covered by
this inventory and for the relevant pollutants (NOx , SO2, CO,
NMVOCs, PM, CO2), where PM was speciated into elemen-
tal carbon (EC), organic carbon (OC), SO4 and ash. The main
limitation for this inventory was that STEAM data were only
available from 2014 onwards, given the availability of global
AIS datasets used in the ship emission modelling. Therefore,
for years 2000–2013 the emission data have been extrapo-
lated backward in time using a separate estimate of shipping
emissions per year, pollutant and sea area using historic ac-
tivity data and information on fuel quality regulations and
policies. This extrapolation only concerned the total emis-
sions per sea region, whereas the spatial distribution before
2014 is assumed constant. Therefore, the shipping emissions
for the years 2014–2017 are less uncertain than the pre-2014
data, when AIS data were of much lower quality and/or not
available at all.

2.5 Agricultural waste burning

Field burning of agricultural waste is a separate reporting
category in national inventories. Agricultural waste burning
(AWB) is formally forbidden in the EU. It may however
still happen, albeit illegally, by accident or possibly under
certain exemptions. As a result the reporting of this cate-
gory is highly variable between countries and inconsistent.
In previous TNO-MACC (Kuenen et al., 2014) and CAMS-
REG inventories this category was gap-filled using data from
the IIASA-GAINS model (IIASA, 2018). With the ongo-
ing development of fire detection with global satellite prod-
ucts it was now possible to include an AWB emission esti-
mate based on earth observation. For this we used the CAMS
Global Fire Assimilation System (GFAS), which assimilates
fire radiative power (FRP) observations from satellite-based
sensors to produce daily estimates of wildfire and biomass
burning emissions (Kaiser et al., 2012). The GFAS data out-
put includes spatially gridded FRP, burnt dry matter and
biomass burning emissions for a large set of chemical, green-
house gas and aerosol species. Data are available globally on
a regular latitude–longitude grid with horizontal resolution
of 0.1◦ from 2003 to present. By overlapping these data with
land use maps, the emission from biomass burning on agri-
cultural fields was derived. To match with the annual total
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emission data and complete time series in CAMS-REG the
available high-resolution GFAS data over the years 2003–
2018 were processed to derive an annual average with a
monthly distribution pattern and average spatial distribution
map which can be applied to all years in the time series. It
is important to note that in the case of Europe this approach
only makes sense when data of a resolution of 0.1◦× 0.1◦

are available because in many European countries land use
is mixed, and forests and agricultural lands may occur in the
same pixel if the resolution is not high enough. In fact even at
the resolution of 0.1◦× 0.1◦ this still introduces uncertainty.
Nevertheless, it is by far the best resource available for this
emission source. For further details we refer to Sect. S2 in
the Supplement.

2.6 Non-European countries

Apart from the European emissions, also emissions from
just outside the European borders may influence air qual-
ity in the study area. Therefore, the land-based emissions
for those countries that are not included in Europe but are
part of the rectangular area of the domain have been added
to the dataset. These “missing countries” include parts of
North Africa and the Middle East as well as the eastern Euro-
pean, Caucasus and Central Asia (EECCA) countries. Emis-
sions for these regions were taken directly from the EDGAR
v4.3.2 inventory (Crippa et al., 2018) for air pollutants (cov-
ering 1970–2012). From 2013 onwards emissions for these
regions have been kept equal to 2012 levels. EDGAR source
categories were converted to GNFR categories, and since the
resolution in the EDGAR inventory (0.1◦× 0.1◦) is a fac-
tor of 2 coarser compared to the resolution in this inventory,
each EDGAR grid cell was divided in half, where both halves
were each assigned 50 % of the emission from the original
EDGAR grid cell.

2.7 Speciation profiles, temporal profiles and emission
height

For the pollutants which are essentially groups of pollutants
(PM, NMVOCs), a speciation into actual components has
been calculated and provided along with this inventory. At
the most detailed sector level, the PM and NMVOCs were
split into various components for each source. PM emissions
are divided into EC (elemental carbon), OC (expressed in
full molecular mass), sulfate (SO4), sodium and other min-
erals. NMVOC emissions have been split into 23 different
hydrocarbon groups. This was done by combining infor-
mation from many literature sources over the last decades.
For PM most of the information is derived from an ear-
lier EC and OC inventory for Europe (Visschedijk et al.,
2009), supplemented by the EMEP/EEA Guidebook (EEA,
2019a) and other source-specific literature. The sources for
NMVOC speciation consist of many older source-specific re-
ports from which a complete and consistent database was de-

rived (Olivier et al., 1996). This consistent database has been
the basis for many later works on NMVOC speciation (Th-
eloke and Friedrich, 2007), and it was also the basis for the
latest speciated NMVOC inventory, which was developed for
the EDGAR global inventory (Huang et al., 2017). Eventu-
ally, both PM and NMVOC profiles are provided per coun-
try and per year, reflecting the different shares of subsectors
and fuels in each situation. In the case of PM, the profiles
distinguish between fine- (< 2.5 µm) and coarse-mode (2.5–
10 µm) particles.

Temporal emission profiles can be used to break down
annual emissions into hourly values by means of applying
factors representing the month, the day in the week and the
hour in the day. These are default profiles per GNFR sector,
to be applied for all pollutants, countries and years, largely
based on the earlier temporal profiles provided with the
TNO_MACC-II inventory (Kuenen et al., 2014). Recently a
more detailed set of temporal profiles (CAMS-TEMPO) has
been proposed (Guevara et al., 2021), for which the evalua-
tion is currently ongoing. Based on the results of this eval-
uation, the default temporal profiles may be updated in the
future.

Finally, for the emission height a default height profile
per sector is included, which accounts for the average effec-
tive emission height (including plume rise), based on earlier
work (Bieser et al., 2011). Especially in sectors which in-
clude stacks, emissions are released into the atmosphere at
a higher altitude, which has important consequences for air
quality, especially close to these sources.

The PM and NMVOC speciation files, the default temporal
emission profiles, and the default emission height profiles are
all available as separate files, which are provided along with
the gridded data files.

3 Results

3.1 Resulting emissions

Table 2 shows the total emissions for each pollutant for se-
lected years as well as the emission trend. It shows that for
each air pollutant the emissions have decreased during the
whole period. However the level of reduction for the period
2000–2017 as a whole differs significantly between pollu-
tants, with the largest reductions for SO2 emissions and low-
est reductions for NH3. In Table 2 the trend is calculated sep-
arately for the period 2000–2010 and for 2010–2017, which
shows that for most pollutants the reductions in the 2000s
have been significantly larger than in the 2010s. For NOx and
PM however, reductions are more stable, whereas for NH3 a
small increase in emissions is found between 2010 and 2017.

The emission reductions are not equally distributed over
Europe. Figure 3 shows the change in emissions from 2000
to 2017 per country group. The country groups distinguish
four different regions covering the EU+ countries and sepa-
rately non-EU countries and sea (international shipping). The
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Table 2. Emissions for selected years for all pollutants (sum of all countries and sectors, given in kilotonnes) and the trend in emissions
between 2000 and 2010 and between 2010 and 2017.

2000 2005 2010 2015 2017 Trend 2000–2010 Trend 2010–2017

CH4 47 425 45 147 41 431 39 665 39 448 −13 % −5 %
CO 58 235 49 792 43 261 35 885 35 299 −26 % −18 %
NH3 5877 5490 5261 5339 5410 −10 % 3 %
NMVOCs 15 805 13 532 11 377 9867 9757 −28 % −14 %
NOx 17 190 16 212 12 987 11 090 10 397 −24 % −20 %
PM10 5465 5281 4854 4483 4436 −11 % −9 %
PM2.5 3705 3560 3347 3044 3025 −10 % −10 %
SO2 16 110 12 665 8748 7482 6230 −46 % −29 %

exact definition of the country groups is provided in the Sup-
plement (Table S6). It shows a mixed picture between differ-
ent pollutants. Overall, the largest emission reductions were
achieved in the western, central and southern EU countries
for most pollutants. Smaller reductions in emissions are seen
for the non-EU countries and for shipping.

Figure 4 shows spatially distributed emissions for two se-
lected pollutants (NMVOCs and NOx), for the sum of all
sectors. In this plot, the resolution is aggregated here by a
factor of 2 to increase visibility of point sources on the map.
Apart from these point sources (clearly visible as red dots
on the maps, especially in areas where area sources are less
important), other major sources (shipping, road transport) as
well as urban areas are shown with higher emissions. For
NMVOCs, emissions are more diffuse, with small combus-
tion and solvent use as important contributors. But here also
point sources are a significant contributor, as shown on the
map.

The difference between spatially distributed emissions in
2000 and 2017 is shown in Fig. 5 for PM2.5 emissions from
small combustion (GNFR C) and NOx emissions from road
transport – diesel exhaust (GNFR F2). Both examples show
reductions in some countries and increases in other coun-
tries but also within countries. The latter is due to differences
in the relative contribution of underlying specific emission
sources which are spatially distributed using different param-
eters. Figure 5 also indirectly illustrates that the EU has more
coordinated policies on road transport engine technology and
associated emissions than for residential combustion, which
shows a much more variable development. The reason why
road transport NOx emissions in eastern Europe do not fol-
low the trend of the other EU regions is that the growth of
road transport activity is larger than the emission reduction
per vehicle.

3.1.1 Shipping

Shipping emissions include shipping both at sea and on
rivers. For the main air pollutants, the contribution of inland
shipping at the European scale is limited, typically 3 %–4 %
for PM and NOx and < 0.5 % for SO2. Nevertheless, in ma-

jor rivers and near large harbours, inland shipping emissions
may be important for local air quality. As an example of the
output from the STEAM model, Fig. 6 shows the distribu-
tion of shipping emissions in the North Sea and Benelux.
This illustrates major shipping routes at sea, and high emis-
sions in and close to the major ports (Rotterdam, Amster-
dam, Antwerp). Further transport along the main rivers is
shown on the inland shipping map (centre), which shows
higher emissions along the inland waterways in the Nether-
lands, Belgium and Germany.

As explained in Sect. 2.4, gridded emissions from the
STEAM model were only available for 2014 onwards. For
earlier years, scaling factors were developed for the ship-
ping emissions to estimate emissions in the year 2000–2013
by sea, taking into account environmental control measures
such as the Sulfur Emission Control Areas (SECAs). This is
illustrated in Fig. 7, where implementation of SECAs on the
North Sea in 2007 and consecutive sulfur reductions in 2010
and 2015 are clearly visible in the trend of SO2 emissions.

3.2 Comparison to other inventories

3.2.1 Comparison to earlier versions

CAMS-REG-v4.2 does not only add new years to the inven-
tory compared to earlier CAMS-REG versions, it also pro-
vides updated emissions for the entire time series back to
2000. To illustrate the difference with earlier versions, Ta-
ble 3 shows the relative change between total emissions for
the sum of all EU+ countries for the same year with the two
most widely used predecessors. TNO_MACC-III is an exten-
sion of the TNO_MACC-II database (Kuenen et al., 2014),
covering the years 2000–2011. CAMS-REG-v2 is an ear-
lier version of the current CAMS-REG-v4 dataset, covering
the years 2000–2015. Differences between the same years in
the different inventories are partly related to methodological
changes in the CAMS-REG inventory, but most can be ex-
plained by recalculations of officially reported emissions of
air pollutants by each country. For TNO_MACC-III, emis-
sion data from reporting year 2013 are used as the basis; for
CAMS-REG-v2 this concerns emission data as reported in
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Figure 3. Emission change between 2000 and 2017 per pollutant and per country group.

2017, while CAMS-REG-v4.2 builds on emission data as
reported in 2019. Table 3 shows that PM and NH3 emis-
sions are typically higher in CAMS-REG-v4.2 compared to
TNO_MACC-III, while NOx , SO2 and CO emissions are
typically lower.

One of the significant changes between this dataset and
its predecessors is the approach to AWB as discussed in
Sect. 2.5. Table 3 shows that CAMS-REG-v4.2 for incom-
plete combustion-related species like CO and PM2.5 is 6 %
lower that its immediate predecessor CAMS-REG-v2.2.1.
While this is the net sum of various sources being adjusted
downward and upward, an important contribution comes
from the revised AWB estimate based on earth observation
data. Over the entire European domain AWB now contributes
3.1 % and 3.3 % to total CO and PM2.5 emission, respec-
tively. This used to be 8.2 % and 11.2 %, respectively, in
CAMS-REG-v2.2.1.

Figure 8 shows the trends in emissions for the EU+
countries from the most widely used earlier versions:
TNO_MACC-III and CAMS-REG-v2. It illustrates that the
difference is not static in time and may change from year to
year. Most of the differences can be explained by changes
in reporting, which are in turn related to improved under-
standing of emissions and improved guidance for emission
estimation.

Figure 10 shows a country-specific comparison for
PM2.5 emissions from GNFR C (small combustion) in
TNO_MACC-III, CAMS-REG-v2 and CAMS-REG-v4 for
the EU+ countries where reported data are used as the ba-
sis, which implies that these are representative of reporting
of PM2.5 emissions from this source category in different re-
porting years (2013, 2017 and 2019, respectively). The figure
shows significant changes for some countries (e.g. EST, LTU,
GBR, ESP, ITA, ROU) but only very small changes for others

(e.g. DNK, NOR, DEU, FRA, SVK). These differences are
significant and related to the inclusion of condensables in the
emission inventories (which is further discussed in Sect. 4).

3.2.2 Comparison to EDGAR

EDGAR (Emissions Database for Global Atmospheric Re-
search) (Crippa et al., 2018, 2020) is a widely used global
emission inventory which uses a bottom-up approach for all
sectors based on activity data (energy statistics, industrial
production, etc.) combined with emission factors, developed
independently from the national inventories from individ-
ual countries. Table 4 shows a comparison between the re-
sults from this inventory and EDGAR v5.0 (Crippa et al.,
2020) for the year 2015. The comparison is made separately
for the EU+ countries (where CAMS-REG is largely based
on reported data from the countries) and non-EU countries
(where CAMS-REG is largely based on the GAINS emis-
sions). The Russian Federation is excluded from this analysis
since EDGAR covers the entire country, while CAMS-REG
only includes the European part of Russia.

Total emissions from EDGAR and CAMS-REG at the Eu-
ropean scale differ considerably between pollutants, as il-
lustrated in Table 4, especially for non-EU countries. How-
ever, also for the EU+ countries significant differences are
seen for CH4, NH3, NMVOCs and SO2 in particular. In
most cases EDGAR emissions are higher, except for PM in
non-EU countries, where CAMS-REG-v4.2 provides higher
emissions.

Figure 10 shows the difference between CAMS-REG-v4
and EDGAR-v5.0 on a GNFR sector level for NOx and
NMVOCs. To make this comparison, EDGAR emissions
(which use the IPCC classification) were converted to GNFR
sector classification. The match is not always perfect, which
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Figure 4. Spatially distributed emissions of NMVOCs (a) and NOx (b) for 2017. In both cases the total for all sectors is shown.

is illustrated by the figure for NMVOCs, where the EDGAR-
v5.0 emissions for GNFR category B (industry) also include
emissions from solvents (GNFR E), which explains the large
discrepancy there. Also emissions from GNFR I (off-road)
are partly included in other sectors, in particular in GNFR C.
Key differences are seen for GNFR D (fugitives) and GNFR
J (waste), where EDGAR includes significantly higher emis-
sions, but also for agriculture livestock (GNFR K) there is

a discrepancy since NMVOC emissions from this source are
not included in CAMS-REG (see Sect. 2.2.4).

For NOx , the comparison shows a large difference for
shipping (GNFR G), where EDGAR emissions are signifi-
cantly higher. This may be related to the allocation of ship-
ping emissions between countries and sea regions as this
comparison excludes international shipping. On the other
hand, EDGAR emissions are significantly lower for GNFR
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Figure 5. Difference between emissions in 2017 and 2000 for PM2.5 from small combustion (a) and NOx from road transport and diesel
exhaust (b). Figures exclude international shipping.

Figure 6. Example emission distribution of CO2 for sea shipping (left), inland shipping (middle) and sum of both (right) for a specific region
covering parts of the North Sea and Baltic Sea as well as inland waterways (example for 2016, at a high resolution of 1/60◦× 1/120◦).
Figures created using Google Maps.

I (off-road and other transportation), which is partly related
to the sector allocation issue. Another difference is seen in
GNFR L (other agriculture), which could be related to the
inclusion of soil NOx in EDGAR, which is not included in
CAMS-REG-v4 (see Sect. 2.2.4).

Figure 11 shows the emission trends between 2000 and
2015 in both CAMS-REG-v4.2 and EDGAR-v5.0 for five
selected pollutants. It is shown that generally the trends
are comparable in both datasets, but the downward trend in
CAMS-REG is stronger for each of these pollutants com-
pared to EDGAR. This difference in trend is most notable
for NMVOCs, SO2 and PM.

For a comparison of previous versions of the CAMS-REG
and TNO-MACC data to the inventories made by the US-
EPA we refer to Pouliot et al. (2015).

4 Discussion

The inventory described in this paper is an updated and im-
proved inventory of the earlier-described TNO_MACC in-
ventories (Kuenen et al., 2014). Compared to this older in-
ventory, the main changes are the further increased resolution
(0.05◦× 0.1◦, previously 0.125◦× 0.0625◦) and the sectoral
classification from SNAP to GNFR. The main reason for do-
ing so was to allow easier (inter)comparison with national
gridded data reported to the EMEP and international datasets
like EDGAR, both at 0.1◦× 0.1◦. The GNFR sectoral classi-
fication is used for official inventory reporting, and harmon-
isation is beneficial for comparison and data exchange. At
the same time, the inventory has been fully updated, espe-
cially with regard to the spatial distribution. This improves
the representation of emissions, especially when looking at
larger timescales. The representation of point sources is sig-
nificantly improved by incorporation of the E-PRTR (and
associated datasets), which provides a robust representation
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Figure 7. Emissions of NOx and SO2 for the North Sea (NOS) including the English Channel (ENC) over 2000–2017.

Table 3. Relative change between CAMS-REG-v4.2 and its predecessors (TNO_MACC-III and CAMS-REG-v2.2.1) for each pollutant for
selected years for the EU+ as a whole.

Difference against TNO_MACC-III Difference against CAMS-REG-v2.2.1

2000 2005 2011 2005 2010 2015

CH4 6 % 6 % 2 % −1 % −1 % 0 %
CO −5 % −2 % −9 % 1 % −3 % −6 %
NH3 9 % 9 % 6 % 0 % −1 % −2 %
NMVOCs −2 % −1 % −5 % 2 % 1 % −1 %
NOx −4 % −4 % −7 % 0 % 0 % 0 %
PM10 7 % 14 % 12 % 2 % 1 % −1 %
PM2.5 2 % 6 % 7 % −3 % −4 % −6 %
SO2 −5 % −6 % −14 % 1 % −4 % 1 %

of point source emissions over time, taking into account
changes such as opening or closure of specific facilities as
this may have a significant impact on emissions in specific
areas. For the distributing of area sources, a new population
map was introduced which better represents the actual pop-
ulation density over Europe. By using this population map
for 3 different years (2005, 2010, 2015) the changes in the
population distribution over time can also be represented in
the emission distribution since urbanisation plays an impor-
tant role in some countries over the almost 20-year period.
Still, however, the use of population density for distributing
emissions is a simplification, which may be especially rele-
vant for the residential sector as different countries and ur-
ban areas may have cultural differences with regard to heat-
ing practices as well as different regulations in this respect.
Also the use of traffic intensity derived from a combination
of Open Street Map and Open Transport Map as a proxy for
road transport is a simplification since this does not take into
account the dependency of emissions on many other param-

eters including vehicle speed, traffic flow and traffic jams.
However, since the goal of this inventory is to support air
quality assessments at the European scale, the approach is
considered fit for purpose. This means however that when
zooming in, e.g. by looking at individual cities or urban ar-
eas, the limitations of this inventory should be kept in mind.

The CAMS-REG-v4.2 emission inventory was con-
structed by combining different available datasets, similar to
its previous versions. Wherever possible the choice of which
dataset to use and in which situation is based on objective
criteria, for instance the use of reported emission data for
EU+ countries but not using reported data for other coun-
tries. This assessment is based largely on the experience of
working with these datasets in earlier years, where for the
non-EU+ countries the country-reported data were not con-
sidered to be fit for purpose (Denier Van Der Gon et al.,
2010; Kuenen et al., 2014). It was also found that even for
the countries where reported emissions are expected to be
good quality, errors and inconsistencies may exist. Key ex-
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Figure 8. Comparison between CAMS-REG-v4.2 and its predecessors (TNO_MACC-III and CAMS-REG-v2.2.1) for EU+ as a whole for
PM10 (a) and NH3 (b).

Figure 9. PM2.5 emissions from small combustion (GNFR C) in TNO_MACC-III, CAMS-REG-v2 and CAMS-REG-v4 for the year 2010
and EU+ countries.

amples include NMVOCs from agricultural husbandry and
NOx from all agriculture, which were both excluded for the
latter also to avoid double-counting since there are air qual-
ity models that calculate NOx from agricultural soils them-
selves. A thorough assessment of the reported data for each
EU+ country was performed. Since mistakes or inconsisten-
cies in country reporting of emissions may concern various
aspects (e.g. missing years, missing sectors, unrealistic distri-
bution of emissions over sectors, etc.), it is difficult to apply
a set of fixed rules to filter out errors as these may miss spe-
cific errors as well as trigger false positives. For some further
examples on inconsistency in reporting we refer to Kuenen et
al. (2014). This makes the use of expert judgement to make
choices on what (not) to use a necessity.

The combination of different datasets and frequent use of
expert judgement make the assessment of uncertainties more
difficult. In the national emission inventories provided by in-

dividual countries, uncertainty assessment is one of the ele-
ments to be taken into consideration. The main goal of as-
sessing uncertainties in national emission inventories is to
help prioritise inventory improvements at the national level
by improving first those sectors with relatively high uncer-
tainty, thus efficiently reducing the uncertainty in the inven-
tory as a whole. The EMEP/EEA Guidebook also includes
a description of the methodology to be followed for such
an uncertainty assessment (EEA, 2019a), which also pro-
vides uncertainty ranges for activity data and emission fac-
tors depending on the source of the data. The EMEP/EEA
Guidebook also provides default activity ranges based on
the assumption that all sources are calculated using activity
data and emission factors. Direct measurements of emissions
in individual large installations would reduce uncertainty;
therefore these values could be seen as an upper limit. Ta-
ble 5 provides these default ranges. It should be noted that
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Table 4. Comparison between total annual emissions for 2015 from CAMS-REG-v4.2 and EDGAR-v5.0 for EU+ countries (left) and
non-EU countries (right), excluding the Russian Federation (emissions in kilotonnes).

EU+ countries Non-EU countries

CAMS-REG-v4.2 EDGAR v5.0 Difference CAMS-REG-v4.2 EDGAR v5.0 Difference

CH4 18 763 25 495 36 % 5967 9976 67 %
CO 20 250 22 025 9 % 7493 8494 13 %
NH3 4016 5717 42 % 892 1798 102 %
NMVOCs 6188 8372 35 % 1450 2668 84 %
NOx 7218 7676 6 % 1822 2365 30 %
PM10 2056 2158 5 % 1332 957 −28 %
PM2.5 1318 1375 4 % 934 642 −31 %
SO2 2792 4649 66 % 3311 3789 14 %

Figure 10. Comparison between CAMS-REG-v4.2 and EDGAR-v5.0 for NOx and NMVOCs for the year 2015 for EU+ countries (see
Table 5 for GNFR sector explanations).

these do not take into account the uncertainty in spatial dis-
tribution of emissions.

However, despite requirements to do so, not all countries
perform such an uncertainty assessment, which is also con-
cluded in a recent report (Schindlbacher et al., 2021). The un-
certainty values reported by different countries are shown in
Fig. 12. This illustrates a wide range of reported uncertainties
in total emissions, ranging between < 10 % and > 50 % for
NOx and between 5 % and nearly 40 % for SO2. The coun-
tries not shown here did not report quantitative information
on uncertainties.

The uncertainties shown in Fig. 12 are generally lower
than those reported in Table 5 since the emission invento-
ries for these countries are well established, in many cases
using directly measured emission data for important sources,
which reduces the overall uncertainty. A large variation is
shown between uncertainties for different countries, even for
the same pollutant. This relates to the methodology and level
of detail in which these uncertainty assessments are done and
reported on differ per country. Also, the estimation of un-
certainties for individual parameters such as activity data or
emission factors often requires a significant amount of ex-

pert judgement in the absence of real data on uncertainties.
Since countries perform these uncertainty assessments indi-
vidually, resulting overall uncertainty estimates differ signif-
icantly per country, and applying the available uncertainty
estimates directly to a European-scale inventory will intro-
duce inconsistencies in these uncertainties between coun-
tries. This poses significant shortcomings in the direct uptake
of uncertainty data from country emission inventories in the
European-wide uncertainty assessment.

An alternative to using country data on uncertainties
would be to perform a complete uncertainty assessment. This
requires uncertainties to be estimated for all parameters in-
volved in the emission estimation, including activity data,
emission factors and something that accounts for the uncer-
tainty in spatial distribution. A first attempt to quantify un-
certainties in emissions in such a way was recently made
by Super et al. (2020) for CO2 and CO. Whereas the an-
nual country-level CO2 emissions have a relatively low un-
certainty, for CO the emission factors had the largest contri-
bution to the uncertainties. Also the uncertainty in the spatial
proxies was assessed, showing a significant contribution to
the uncertainty in the gridded inventory, especially at higher
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Figure 11. Trends in CAMS-REG-v4.2 (solid lines) and EDGAR-v5.0 (dashed lines) for five key pollutants between 2000–2015 (Russian
Federation is excluded from the comparison).

Table 5. GNFR categories and their estimated uncertainty based on the default approach to emission inventories using activity data and
emission factors and the typical source of the data. Adapted from EEA (2019a).

SO2 NOx NMVOCs CO NH3 PM

A: power plants 10 %–30 % 20 %–60 % 50 %–200 % 20 %–60 % Order of magnitude 50 %–200 %
B: industrial sources 10 %–60 % 20 %–200 % 20 %–200 % 20 %–200 % Order of magnitude 50 %–200 %
C: other stationary combustion 10 %–30 % 50 %–200 % 50 %–200 % 50 %–200 % Order of magnitude 100 %–300 %
D: fugitives 50 %–200 % 50 %–200 % 50 %–200 % 50 %–200 % 100 %–300 %
E: solvents 20 %–60 %
F: road transport 10 %–30 % 50 %–200 % 50 %–200 % 50 %–200 % Order of magnitude 50 %–200 %
G: shipping; H: aviation; I: off-road 20 %–60 % 100 %–300 % 100 %–300 % 100 %–300 % Order of magnitude 100 %–300 %
J: waste 20 %–60 % 20 %–60 % 20 %–60 % 50 %–200 % Order of magnitude 50 %–200 %
K: agriculture livestock; L: other agriculture 100 %–300 % 100 %–300 % 100 %–300 % 100 %–300 % Order of magnitude

resolution. Another example of estimating uncertainties for
greenhouse gases at the global scale was made recently for
the EDGAR inventory (Solazzo et al., 2021), but this study
did not consider the uncertainty in the spatial distribution
component. Given the variety of datasets used in CAMS-
REG, the focus on air pollutants which have more uncertain
EFs compared to greenhouse gases and the almost 20-year
time span, more work is needed to independently estimate
emission inventory uncertainties, including spatial error cor-
relations. This could be considered a future priority to de-
velop.

Given the difficulty in deriving direct uncertainties in the
emissions at the grid level, comparisons to other indepen-
dent emission datasets are a useful way to identify key differ-
ences and apparent uncertainties. In this paper it is shown that
EDGAR-v5.0 emissions differ significantly from CAMS-
REG emissions, especially for non-EU countries (Table 4).
Such differences could be regarded as indicative of the un-
certainties associated with present-day anthropogenic emis-
sions, but this is a topic that deserves more attention and ef-
fort in the future, as mentioned earlier.

Also a comparison to satellite-based emission estimates
can be helpful. In recent years many studies have attempted

to estimate anthropogenic emissions or verify emissions in-
ventories based on a combination of satellite data interpreta-
tion and an (inverse) modelling approach (e.g. Dammers et
al., 2019; Goldberg et al., 2019; Lorente et al., 2019; Szy-
mankiewicz et al., 2021). Most satellite studies focus on ap-
plications outside Europe given the limited availability of
emission inventories in these regions, and the focus is mostly
on those pollutants where satellite retrieval products are rela-
tively well established and where clear gradients in the emis-
sions are expected from point sources (e.g. NOx , SO2). There
are clear advantages when using space-based information,
which mainly lie in the consistency (no methodological dif-
ferences between countries or regions) and the high spatial
and temporal resolution compared to the annual emission
inventories. However, the satellite-based assessment has its
own uncertainties because of the data interpretation and mod-
elling involved. Also, the satellite only sees the total for a
pollutant (no sector breakdown of emissions).

For the comparison to the earlier versions of this dataset
it is found that most of the differences in the emission es-
timates can be traced back to differences in national emis-
sion reporting. European countries are obliged to report their
emissions in the national inventories for each year in the time
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Figure 12. Uncertainties in total emissions of NOx and SO2 as reported in the Informative Inventory Reports submitted by the countries in
2020 (data taken from Schindlbacher et al., 2021).

series annually (back to 1990), and at the same time every
year improvements and updates are made to the inventories,
incorporating new information on activity data or emissions
factors. This means that every year the entire time series is
revised, which may incur significant changes to the overall
emissions in each country. Since each country has its own in-
ventory team with its own challenges and data sources, such
revisions do not always go in the same direction.

One example of large changes to earlier-reported emis-
sions over time can be found in the PM emissions from
small residential combustion. The main reason for adjust-
ments over time is the increasing insight and awareness of
the role that condensable, mostly organic compounds play
in total PM emission from this source sector. These com-
pounds are emitted in the gaseous phase, but immediately
after leaving the stack or chimney they may condense to
form particles. Depending on the measurement device used,
these particles may or may not be captured in the PM emis-
sion measurement (Denier van der Gon et al., 2015). In the
EMEP/EEA Guidebook (EEA, 2019a), the reference docu-
ment for compiling air pollutant inventories in Europe, con-
densables were consistently introduced for small combustion
of biomass as part of the 2016 update, which gradually en-
couraged more and more countries to report on this basis.
The main motivation for doing so is the better understand-
ing of ambient PM as supported by better prediction skills
of air quality models and better agreement with observa-
tions (Bergström et al., 2012; Simpson et al., 2020). Figure 9
shows PM2.5 emissions reported in this inventory and two of
its predecessors, where the emission data were based on re-
ported data as reported in 2013, 2017 and 2019, respectively.
The differences between the datasets are representative of
the differences in reporting from the inventories, which in
turn are to a large extent related to the inclusion (or not) of

condensables. Amongst others, it can be observed that be-
tween 2013 and 2017 the reported emissions in, for example,
Belgium, the United Kingdom, Spain, Italy and Romania in-
creased significantly, which was confirmed to be caused by
the inclusion of condensables in these cases.

Given that the CAMS-REG inventories are derived to sup-
port air quality assessment at the European scale, not all the
details for specific national circumstances may be included.
While specific national circumstances are incorporated as
far as sector totals are concerned (through the direct use of
country-reported data for EU+ countries), the spatial distri-
bution methodology is uniform over Europe, whereas indi-
vidual countries may use detailed distribution proxies spe-
cific to their country. This means that when zooming in, dif-
ferences with these national distributions and also with local
bottom-up estimates of emissions are typically found. These
are to a large extent related to the spatial distribution compo-
nent (Trombetti et al., 2018).

Due to the consistency in which country-reported data are
being processed the CAMS-REG datasets can also be used to
investigate trends and derive information on specific sources.
An example is the analysis presented by (Denier van der Gon
et al., 2018) on the increasing importance of non-exhaust PM
emissions from road transport. This is a separate source cat-
egory in CAMS-REG-v4.2 (GNFR sector F4). Stringent EU
policies over time succeeded in reducing the road transport
exhaust PM emissions, and by now “non-exhaust” emissions
from brake wear, tyre wear and road abrasion have started
to dominate the PM10 emission from road transport. As the
share of coarse PM is relatively high in wear emission, the
PM2.5 emission from road transport may still be dominated
by exhaust emissions. An important aspect of having a sepa-
rate category in the emission data for wear emissions is that
different chemical composition profiles can be applied, for
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instance to estimate various heavy metal emissions from non-
exhaust road transport emissions (Denier van der Gon et al.,
2018).

The CAMS-REG inventory is widely used in modelling
activities worldwide. Because of its consistent approach and
longer time series it is especially useful to support large inter-
comparison activities between models such as the Air Qual-
ity Modelling International Initiative (AQMEII) (Im et al.,
2015). Another example where CAMS-REG is used is the
HTAP (Hemispheric Transport of Air Pollution) inventory
(Janssens-Maenhout et al., 2015). Here, a global emission in-
ventory (EDGAR) was updated by nesting specific regional
inventories in specific regions of the world (e.g. CAMS-
REG) to improve our understanding of hemispheric trans-
port of air pollution. Finally, with the increasing resolution
of emission inventories to support modelling exercises at the
local to regional scale, the temporal distribution of emissions
within the year becomes increasingly important. A specific
set of temporal profiles was derived specifically to be applied
with the CAMS emission inventories including CAMS-REG.
These profiles take into account more detailed temporal vari-
ations compared to the default temporal profiles provided
along with this dataset, such as the variation in emissions
with meteorology (e.g. temperature dependency of residen-
tial heating) (Guevara et al., 2021).

5 Data availability

Gridded emission maps with all pollutants are available
for each year. The files are provided as NetCDF (Network
Common Data Format) files at a resolution of 0.05◦× 0.1◦

(latitude–longitude) for the European domain (30–72◦ N,
30◦W–60◦ E), accessible via https://doi.org/10.24380/0vzb-
a387 (Kuenen et al., 2021). The emission data in the grids
represent annual data per grid cell. Access is provided
through the Emissions of atmospheric Compounds of An-
cillary Data (ECCAD) system, which will be complemented
with access through the ECMWF Atmosphere Data Store
(ADS) as soon as this is technically feasible. Since the EC-
CAD system requires a registration and login, for the pur-
pose of the review process of this paper a sample of the
emission files has been made available for download directly.
This sample includes data for the year 2017 and is available
through https://eccad.aeris-data.fr/essd-surf-emis-cams-reg/
(last access: 17 August 2021).

6 Conclusions and outlook

The current CAMS-REG-v4.2 emission inventory is devel-
oped in support of air quality modelling activities at the Eu-
ropean scale. It incorporates official national emission esti-
mates from countries to the extent possible to facilitate the
use of this inventory for policy applications and uses a uni-
form spatial distribution methodology across Europe to en-

sure a comparable and consistent emission grid across Eu-
rope. CAMS-REG-v4.2 is the latest version of a series of
emission inventories that were developed in support of mod-
elling. Since in addition to the gridded emissions, speciation
profiles for PM and NMVOCs as well as default informa-
tion on temporal and height distribution are provided along
with the dataset, it provides an excellent starting point for air
quality modelling at the European scale. On the other hand,
the use of country-reported data also implies that for some
sectors there are limitations when the consistency in report-
ing is limited. Examples include PM emissions from resi-
dential combustion but also agricultural NMVOC emissions
(which are currently excluded from the CAMS-REG inven-
tory). These specific sources should be looked at in the future
to work towards a consistent representation of these sources
in the CAMS-REG inventory. Also non-reported sources
such as PM from resuspension could be considered. In ad-
dition to that, developing uncertainties for the emissions in
this dataset is a difficult task given the combination of dif-
ferent data sources and the limited availability of uncertainty
estimates for these datasets. However, it will be important
for the years to come to assess the uncertainties in modelled
concentrations and also to compare emission estimates from
inventories to those derived from observations.
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