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f Laboratoire Central de Surveillance de la Qualité de l’air, LCSQA, Verneuil-en-Halatte, F-60550, France
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H I G H L I G H T S

• We developed a new Cu emission inventory for Europe.
• We created European emission inventories for Fe and Mn.
• Abrasion sources dominate anthropogenic emissions for Cu and Fe.
• The Cu inventory is reliable.
• Strong negative biases appear for Fe and Mn inventories.

A B S T R A C T

Trace metal elements in atmospheric particulate matter (PM) have significant adverse health effects. However, emissions of some metals, such as copper (Cu), are not 
yet consistently reported to the EMEP program by European countries under the Convention on Long-range Transboundary Air Pollution (CLRTAP), as their reporting 
is only encouraged but not mandatory. Other unregulated metals such as iron (Fe) and manganese (Mn), are not considered at all. In this study, we improved the 
current European Cu inventory by correcting and adjusting existing data and completing the inventory through gap-filling. In addition, we developed the first 
European anthropogenic inventories for Fe and Mn, considering key anthropogenic sources such as brake wear, road abrasion, engine lubricant combustion, fuel 
combustion, waste incineration and rail wear. These emissions were geographically distributed based on the spatialization of PM10 emissions proposed in the 
reference inventories. For Cu, our new inventory shows that the heterogeneity of emissions between different countries is greatly reduced; for Fe and Mn, the in
ventory confirms the importance of abrasion processes in the rail and road traffic sectors, as well as that of combustion processes. To evaluate the emission inventory, 
the Fe/Cu and Mn/Cu ratios in the emissions were directly compared to ambient measurements. The results indicate an underestimation of Fe and Mn emissions 
compared to Cu, potentially due to the omission of certain emission sources, such as industrial activities or resuspension by traffic, or to contributions from natural 
sources such as desert mineral dust. We also compared our inventory with existing national and global inventories. This comparison suggests an underestimation of 
emissions from industrial activities in our inventory but also a potential misrepresentation of road traffic (or railway) sources in other inventories. Further work, 
including simulations using a chemistry and transport model, and comparison with extended concentration data, is needed to better assess and improve the accuracy 
of these inventories.

** Corresponding author
E-mail address: gilles.foret@lisa.ipsl.fr (G. Foret). 

Contents lists available at ScienceDirect

Atmospheric Environment

journal homepage: www.elsevier.com/locate/atmosenv

https://doi.org/10.1016/j.atmosenv.2025.121582
Received 4 April 2025; Received in revised form 19 September 2025; Accepted 29 September 2025  

Atmospheric Environment 363 (2025) 121582 

Available online 2 October 2025 
1352-2310/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:gilles.foret@lisa.ipsl.fr
www.sciencedirect.com/science/journal/13522310
https://www.elsevier.com/locate/atmosenv
https://doi.org/10.1016/j.atmosenv.2025.121582
https://doi.org/10.1016/j.atmosenv.2025.121582
http://creativecommons.org/licenses/by/4.0/


1. Introduction

Ambient air pollution has a proven impact on human health, 
resulting in adverse health effects and increased mortality (Lelieveld 
et al., 2015; Shiraiwa et al., 2017; West et al., 2016). The excess mor
tality caused by PM2.5 (particles having an aerodynamic diameter less 
than 2.5 μm) pollution in the EU Member States was estimated to be 253, 
000 premature deaths in 2021, including 20,100 in France (European 
Environment Agency, 2023). Among air pollutants, PM comprises a 
wide range of different compounds, emitted into the atmosphere by 
various anthropogenic activities and natural sources, and formed by a 
variety of physicochemical processes. It is the major contributor to the 
mortality of air pollutants in Europe, ahead of NO2 and O3 (European 
Environment Agency, 2023).

The World Health Organization (WHO) has established specific 
guidelines values that are commonly defined in terms of PM10 (particles 
having an aerodynamic diameter less than 10 μm) or PM2.5 mass con
centrations. This implicitly assumes that all particles of the same mass 
are equally toxic. However, numerous studies show that the toxicity of 
PM varies significantly according to its chemical composition and 
therefore with emission sources and physicochemical transformations 
(Fussell et al., 2022; Gerlofs-Nijland et al., 2019; Park et al., 2018; 
Weichenthal et al., 2021). In particular, the metal content in PM, 
including Cu, Fe and Mn, has been shown to be associated with adverse 
health effects such as cardiovascular and respiratory diseases (Chen 
et al., 2022; Maciejczyk et al., 2021; Vithanage et al., 2022). The review 
of Gonet and Maher (2019) shows that Fe-bearing nanoparticles, are 
linked with health problems and neurodegenerative diseases.

To improve the assessment of this toxicity, many studies focus on the 
oxidative potential (OP) of aerosols, an indicator that aims to mimic one 
of the main biological processes associated with air pollution exposure. 
It assesses their ability to oxidize other molecules when dissolved in lung 
epithelial fluid, generating reactive oxygen species (ROS), namely 
radical species such as OH., and O2

− ., and their precursors, such as H2O2. 
There are different methods to measure OP, each with different sensi
tivities to the different molecules present in aerosols (Gao et al., 2020). 
Some studies show a correlation between transition metals, notably Cu, 
Fe and Mn, and specific assays for OP measurement (Gao et al., 2020; 
Shahpoury et al., 2021; Shiraiwa et al., 2017). These transition metals 
are known to catalyze redox reactions promoting ROS generation 
(Deguillaume et al., 2005; See et al., 2007). A lung chemistry model 
developed in a series of papers strongly links the presence of Fe, Cu and 
Mn in lung fluid to the generation of oxidizing species that can induce 
inflammation (Fang et al., 2019; Lakey et al., 2016; Lelieveld et al., 
2021; Wei et al., 2022).

According to observations at urban sites (Fang et al., 2017), Cu, Fe 
and Mn are mainly present in the coarse PM mode (diameter from 2.5 to 
10 μm). For these three metals, some atmospheric emission sources are 
already well identified. Vehicle brake abrasion is a significant source of 
Cu, accounting for about 50 % of Cu emissions in Europe (Gietl et al., 
2010; Grigoratos and Martini, 2015; Hulskotte et al., 2007); Fe and Mn 
are also significantly emitted to the atmosphere by vehicle-related 
abrasion processes (Birmili et al., 2006; Gonet and Maher, 2019). 
These three metals are therefore strongly associated with road transport 
(Charron et al., 2019). Combustion of fuels and biomass is also a source 
of Fe in the atmosphere, often considered in global inventories (Wang 
et al., 2015). Fe can also be emitted through road surface wear emis
sions, as well as railway abrasion emissions (Gonet and Maher, 2019). 
According to Karagulian et al. (2015), the industrial sector remains a 
significant source of PM10 in Europe, particularly in Western Europe, 
with a contribution estimated to 22 % on a yearly basis for a period 
between 1990 and 2014. It should be noted that in this later study, the 
industrial sector includes emissions from industrial processes, industrial 
combustion, and energy production. For France, Citepa (2025) indicates 
also that 17 % or 22 % of PM10 emissions could be attributed to in
dustrial activities (processes and combustion) and construction for year 

2010 and 2023. Several studies have shown that, for PM10, Fe, Mn and, 
to a lesser extent, Cu can represent a significant fraction of the PM from 
this sector (Alleman et al., 2010). Based on a PMF analysis in France, 
Weber et al. (2000) also demonstrate that industrial sources can be 
significant emitters of these metals, particularly Mn and Fe, but with 
very high variability, likely due to different emission processes, and 
generally for localised areas, as only a few sites include this industrial 
factor.

In addition to these anthropogenic sources, these metals, notably Fe 
and to some extent Mn and to a lesser extent Cu, are co-emitted with dust 
in arid areas, with a mass ratio in dust of 10–310 ppm for Cu, 310–910 
ppm for Mn and 20,000 to 52,000 ppm for Fe (Calzolai et al., 2015; 
Moreno et al., 2006). These three metals are also present in urban road 
dust and can be resuspended by traffic (Amato et al., 2016; Casotti 
Rienda and Alves, 2021).

Spatialized inventories for these three metals have been developed 
for the USA (Reff et al., 2009), East Asia (Kajino et al., 2020), and 
worldwide (Ito and Miyakawa, 2023; Wang et al., 2015). However, at 
the European level, there are no spatialized inventories for the ensemble 
of these metals. Currently, the available information such as total 
emissions by European country remains limited to Cu. This is probably 
due to the fact that, unlike mercury (Hg), lead (Pb), cadmium (Cd), 
arsenic (As) and nickel (Ni), these three metals are not regulated by the 
European legislation on ambient air, leading to a limited interest in the 
development of such inventories by Member States, despite their 
possible large impact on human health.

The aim of this study is to develop an anthropogenic emission in
ventory of these three metals at the European scale, focusing specifically 
on the PM10 fraction of aerosols. This inventory will provide an estimate 
of the metal fluxes associated with anthropogenic sources. Natural 
sources (desert mineral dust, volcanic eruptions, forest fires, vegetation, 
etc.) are not explicitly represented, as they are generally considered by 
parameterizations or dedicated modules in chemistry-transport models 
(CTM). The same applies to resuspension by traffic. This work is a first 
step towards the simulation of these metals in CTM, which should make 
it possible to better assess the relative impact of various emission 
sources, with a metric such as OP that includes toxicity. Ultimately, this 
will contribute to the development of tools to support policy decisions 
on emission control strategies.

2. Methodology

2.1. General strategy

In Europe, the EMEP’s Centre on Emission Inventories and Pro
jections (CEIP) program aims to compile emission data inventories 
reported by European countries, and to develop and share spatialized 
emission datasets for modeling purposes. Each Member State must 
report its own total emissions each year, and its spatialized emissions 
every four years, for several pollutants and each activity sector. EMEP 
then uses an internal method described in an annual report (htt 
ps://www.ceip.at/ceip-reports), using data from the Copernicus Atmo
spheric Modelling System (CAMS), the Emission Database for Global 
Atmospheric Research (EDGAR) or from other databases, to correct 
some discrepancies between the reported data, to fill in missing infor
mation and to spatialize emissions for missing years. Many documents 
providing technical guidance for emissions reporting are published and 
updated annually by EMEP, whether for spatialization or for assessing 
emissions in specific sectors. All the reports are publicly available on the 
CEIP website (www.ceip.at). The reported pollutants include those 
regulated by the Directive (EU) 2024/2881 of the European Parliament, 
such as particulate matter (PM2.5 and PM10) or specific metals (As, Cd, 
Ni, Pn), as well as other non-regulated pollutants, such as Cu. However, 
to our knowledge, no Fe or Mn inventories have been reported to the 
CEIP, and no gridded annual or even national-scale emissions are 
available. An exception is the Mn emissions data for the United Kingdom 
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in the National Atmospheric Emissions Inventory (NAEI, Goddard et al., 
2019).

In this study, we build an inventory for Fe and Mn, using Cu as a 
reference inventory. Fe and Mn emissions are then derived from Cu 
emissions, using the information available in the literature on Fe/Cu and 
Mn/Cu ratios for the different emission sources. The fact that some ac
tivity sectors do not have co-emissions between these different metals is 
a limitation of our approach, but this probably concerns second-order 
sources. It should be noted that we could also have used ratios be
tween Fe, Mn and PM10 instead of Cu to estimate emissions by activity 
sectors. This is probably an interesting approach to test in the future. In 
addition, special attention was also paid to the Cu emissions already 
reported, in order to evaluate the techniques used to estimate them and 
to proceed to some harmonization between estimates for different 
countries.

The nomenclature used by EMEP for emission inventories is the 
GNFR one (Gridded Nomenclature For Reporting), which defines 
seventeen macro-sectors. Each sector is then subdivided into a larger 
number of NFR (Nomenclature For Reporting) sectors. However, some 
NFR sectors are already aggregates of several emissions, the nature of 
which may be different: for example, the NFR 1A3c represents railway 
emissions, which are actually the sum of abrasion from brakes, wheels, 
rails, catenary, as well as combustion of fuel for traction. Thus, some 
NFRs have here been divided into several categories, to which we refer 
as sub-NFRs. Some examples of the nesting of GNFR, NFR and sub-NFR 
used in this work are presented in Table 1. The different GNFR sectors 
and their descriptions are shown in Table S1.

With the available data, the inventories for European countries 
indicated in Table S2 can be built from 1990 to 2017 (2017 being the last 
year with information on UK mileage). However, the emission factors 
used in this work are the most recent possible, which may lead to in
consistencies for the oldest years of the inventory. Addressing these 
inconsistencies is beyond the scope of this work. To simplify the pre
sentation of the results, we have shown those for the year 2013, since 
this is the year for which we could collect the most atmospheric mea
surements for Cu, Fe and Mn, which will be later used for comparison 
with the emission estimates.

2.2. Spatialization

Although there are no gridded Cu data on the EMEP website, many 
other pollutants are spatialized according to GNFR sectors. In addition, 
Fang et al. (2017) and Harrison et al. (2021) have shown that in urban 
environments where vehicle wear emissions dominate, Cu, Fe and Mn 
are mainly found in the PM2.5-10 (particles 2.5–10 μm in diameter) 
fraction of the aerosol. This does not rule out that these metals may also 
be present in PM2.5, particularly when combustion-related emissions are 
significant. In this work, the EMEP spatial distribution of PM10 emissions 
was used to spatially distribute Cu emissions over Europe in order to 
avoid inconsistencies between PM10 and PM2.5, the difference of which 
in some cases give negative values. This is due to reporting errors in the 

data submitted to EMEP. Thus, for each GNFR sector and for each 
country, we calculated an emission ratio R which is the ratio of Cu and 
PM10 emissions (Equation (1)). These ratios were then applied to the 
spatialized PM10 data to obtain a spatialized Cu inventory, according to 
equation (2). The same methodology was used for Fe and Mn emissions. 

R(Cu,GNFR,country) =
Cu (GNFR,country)

PM10(GNFR,country)
(6) 

Equation (1): Cu/PM10 emission ratio for spatialization of Cu 
emissions 

Cu(GNFR,country,x,y) =R(Cu,GNFR,country) × PM10(GNFR,country,x,y) (7) 

Equation (2): Calculation of spatialized Cu emissions from PM10 
emission reports and spatialized PM10 data.

2.3. Evaluation by measurements

To assess the accuracy of the inventories produced, we first collected 
several datasets of Cu, Fe and Mn measurements from two open data
bases: UK-AIR (uk-air.defra.gov.uk) and EBAS (ebas.nilu.no). Other data 
were also gathered from the IDAEA (Instituto de Diagnóstico Ambiental 
y Estudios del Agua), the CARA program (detailed in Favez et al., 2021), 
and the air quality monitoring network of the Atmo Auverg
ne-Rhône-Alpes (www.atmo-auvergnerhonealpes.fr). In the end, our 
database contains 48 stations with a total of 2824 Cu measurements, 
2360 Fe measurements and 2822 Mn measurements for the year 2013. 
From the 48 sites, 25 of are classified as "rural background", 17 as "urban 
background" and 6 as "urban traffic" depending mainly on population 
density (rural, urban) and the distance to the emission sources (back
ground vs. traffic). The frequency of measurements varies, some being 
daily, others weekly or monthly. All these metals are measured in the 
PM10 fraction of the aerosol. Station locations are shown in Fig. 1.

In the absence of direct measurements of emission rates, we used Fe/ 
Cu and Mn/Cu concentration ratios, by type of station to first assess the 
relevance of the inventories. We assumed that metals within PM10 are 
usually quite stable once emitted, compared to organic matter at least. It 
should be noted, however, that these comparisons must be made with 
caution, as the effects of source mixing can complicate the analysis of 
results for measurements made far from sources. Thus, the ratios present 
in background environments can be different from the ratios present 
near emission sources. This is the case, for example, for the road traffic 
source, as shown later in the study. This comparison of measurements 
and emission ratios can guide the analysis of Fe and Mn inventories, to 
indicate whether the mass of Fe and Mn in the inventory seems correct in 
relation to the mass of Cu. This also assumes that the Cu inventory is 
fairly reliable at least compared to Fe and Mn inventories; an assumption 
supported by the fact that a Cu inventory already exists and that precise 
information is available for the various sectors of activity for France and 
even Germany. It should be noted that the spatial distribution of the 
stations is unbalanced, with many in the UK, which may be a source of 
bias in our results.

3. Cu inventory

3.1. Existing emission inventories

The Cu emission inventory, available via EMEP/CEIP, consists of 
annual reports from all EMEP Member States and other partner coun
tries, listed in Table S2. Emissions by country and by sector for 2013, 
expressed in GNFR format, are presented in Fig. 2 (a) for a set of 10 
European countries (emissions from other European Community coun
tries are shown in Fig. S3).

For each country represented in Fig. 2 (a), the main source of Cu is 
the GNFR sector F_RoadTransport (48 %–95 % of total Cu emissions), 
representing road transport emissions from exhaust gases, fuel 

Table 1 
List of some used GNFR, NFR and sub-NFR link.

GNFR NFR Sub-NFR

E_Solvent 2G Engine lubricant
Unspecified sub-NFRs

Other NFRs -
F_RoadTransport 1A3bvi Brake abrasion

Tyre abrasion
Other NFRs –

I_Offroad 1A3c Brake abrasion
Catenaries abrasion
Rail and wheel abrasion
Unspecified sub-NFRs

Other NFRs -
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evaporation, brake wear, tyres and road surfaces; most of the Cu emitted 
from these sources comes from brake/tyre wear (56 %–99.9 % of sector 
F_RoadTransport), represented in sector 1A3bvi of the NFR, for each 
country.

These inventories show some differences between countries. France 
and Germany have 21 % and 16 %, respectively, of their Cu emissions 
coming from the I_Offroad sector, which itself comes mainly from 1A3c 
NFR (99.7 % and 99.4 %, respectively, of I Offroad), which represents 

emissions from the railways. However, other countries have negligible 
emissions from the same I_Offroad sector (between 5.5 % and 0.03 % of 
total emissions). Another example is the E_Solvents sector, which is very 
important for the UK, France and Germany (respectively 45 %, 22 % and 
9.5 % of total Cu emissions), whereas it is negligible for Denmark, Spain 
or Italy (less than 5 % of total emissions). All the E_Solvents emissions 
come from NFR 2G, representing the "use of other solvents", and more 
specifically the non-energy combustion of lubricants in a four-stroke 

Fig. 1. Positions of the 48 measurement stations of the database for Cu, Fe and Mn concentrations. Colors indicate the typology of the stations. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. (a) Cu emission (Mg) and (b) PM10 emission (Gg) for the year 2013, from EMEP.
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engine. All these qualitative differences most likely do not reflect real 
differences in emissions, but rather disparities in accounting methods.

If we look at the PM10 emissions for the same year in Fig. 2 (b) and for 
the same countries, we see that the sources are much more similar be
tween the different countries than they are for Cu. There is no dominant 
source in one country that is absent in another, although the relative 
abundance of the different sources varies between countries, both in 
absolute and relative terms. We mainly attribute this to the fact that Cu 
emissions are not uniformly reported (and therefore estimated) by 
countries as is the case for regulated pollutants such as PM10, PM2.5 or 
NOx emissions, for which reporting protocols are harmonized.

In France, Citepa produces an inventory of Cu emissions, available at 
www.citepa.org. The CEE-NU, Ominea and Secten reports present the 
main sources of Cu emissions in France (Citepa, 2024a, 2024b; 2024c). 
The main source is brake abrasion in the road traffic transport (130 Mg 
yr− 1, 47 % of total emissions). Brake pads linings can contain high 
amounts of Cu (Hulskotte et al., 2007), because of its heat absorption 
and transmission properties. The non-energy combustion of lubricants in 
four-stroke engines is also a major source (61 Mg yr− 1, 22 % of total 
emissions). These lubricants contain heavy metals and can also capture 
wear particles from different parts of the engine, which then end up in 
the exhaust emissions inventory (Coufalík et al., 2019). Another major 
source is the wear on train catenary wires, which are made of Cu and 
emit friction-related particles (59 Mg yr− 1, 21 % of total emissions). 
There are other minor sources, such as the combustion of oil, coal or 
biomass, with a total of 28 Mg yr− 1 (10 % of total emissions).

3.2. Development of a new EU Cu inventory

Large differences in emissions between countries often reflect 
missing sources and gaps in inventories. This can have a significant 
impact on modelled concentrations. In our study, we assume that these 
anthropogenic emissions exhibit limited variations between countries 
with similar socio-economic characteristics and technological levels. 
This assumption is supported by the PM10 inventories, which show a 
rather homogeneous sectoral distribution between the different coun
tries (Fig. 2 (b)). Therefore, the choice is made to harmonize these Cu 
inventories, or to extrapolate them from existing inventories when input 
data are lacking. For the major emission sources, we evaluated the 
calculation methods used by activity sector in the main emitting coun
tries where data was available. We then applied adjustments to obtain 
more harmonized emissions and consistency between countries.

The most detailed Cu emission inventory available to us was that of 
France, and it already considers the most important sources of Cu: brake 
wear, catenaries wear, combustion in general and engine lubricant 
combustion in particular, while other countries miss some of them. We 
therefore used French emissions as a reference in order to harmonize 
emissions in other countries. These processes concern brake wear 
emissions for Germany and the UK, lubricants emissions from the UK, 
emissions from combustion and abrasion in the road transport sector for 
Italy, and the creation of emissions for countries that did not report any 
of these sources, such as Austria or Switzerland. We have also added two 
missing sources for French emissions: open green waste fires and railway 
wheels, rails and brake abrasion.

It should be noted that the aim of this work is to provide a first es
timate of Cu emissions on a European scale, and thus to identify the main 
weaknesses of the inventory and to correct them using simple methods. 
At this stage, the aim is not to develop harmonized systematic methods 
such as those developed by EMEP. Emphasis was therefore given on the 
countries and sources with the highest emissions, without being 
completely exhaustive.

3.2.1. Homogenization of the Cu inventory

3.2.1.1. German braking emission factors (NFR 1A3bvi). The Cu 

inventory provided by EMEP (Fig. 2 (a)) shows a significant discrepancy 
in road transport emissions between France and Germany with a ratio 
between those two countries close to 3 (130 Mg for France, 373 Mg for 
Germany), stemming from a difference in NFR 1A3bvi (tyre and brake 
abrasion). However, the mileage data for France and Germany show 
only a slight difference: for the year 2013, according to the data avail
able on the EMEP website (www.ceip.at/webdab-emission-dat 
abase/officially-reported-activity-data, last consulted in June 2024), 
they correspond to 5.58 × 1011 veh.km for France and 7.32 × 1011 veh. 
km for Germany, a difference of about 30 %. We investigated the reasons 
for this difference in emissions.

The methods used to calculate emissions, as well as the emission 
factors (EFs) applied, can be found on the website of the Umweltbund
samt (UBA) German Informative Inventory Report (iir.umweltbun 
desamt.de, last accessed: June 2023). The EFs used for French emis
sions are available in Citepa, 2025) Ominea database (https://www.cite 
pa.org/donnees-air-climat/methodologie-de-linventaire-ominea/, last 
consulted: March 2025). The emission factors (EF) for France are pre
sented in Table 2 (a) and those for Germany in Table 2 (b). Table 2 (b)
shows that the German emission factors do not vary by road type, 
whereas we would expect variations associated with the frequency of 
vehicle braking, which changes depending on the road type. For 
example, the EF is expected to be higher for urban roads, where there is 
frequent braking over short distances, than for highways, where there is 
little braking over long distances (see Fig. 3 in the EMEP report, 2024).

The EFs applied for all type of roads in the German inventory are 
close to those for cities in France, which are the highest. This explains 
why Cu emissions from road abrasion are higher in Germany than in 
France. We therefore created corrected emission factors for roads and 
highways in Germany, using the French road/city and highway/city 
ratios for each vehicle type. The distance data by vehicle type and road 
provided by the UBA were then used to calculate the new Cu emissions 
for this sector in Germany. The calculation is detailed in Equation (3), 
where EF stands for emission factor. The results of the emission factors 
are presented in Table 2 (c). Their application leads to a reduction of Cu 
emissions from road traffic in Germany from 373 to 183 Mg for the year 

Table 2 
Cu emission factor (μg km− 1) for brake and tyre abrasion in the road sector, for 
(a) France (from Citepa Ominea database), for (b) Germany (from the UBA), for 
(c) Germany with our correction, and for (d) UK with our calculation.

Cu emission factor, μg km-1 (a) 
French

(b) 
German

(c) 
German, 
new

(d) UK, 
new

Passenger cars Motorway 45.5 385 45.4 45.4
Rural 
driving

146 385 146 146

Urban 
driving

386 385 385 385

Light-duty 
vehicles

Motorway 66.1 601 68.5 67.3
Rural 
driving

204 601 211 208

Urban 
driving

580 601 601 590

Buses and 
coaches

Motorway 560 1680 556 558
Rural 
driving

876 1680 870 873

Urban 
driving

1690 1680 1680 1680

Heavy-duty 
vehicles

Motorway 539 1680 556 547
Rural 
driving

1020 1680 1051 1040

Urban 
driving

1630 1680 1680 1650

Mopeds & 
motorcycles

Motorway 22.3 190 22.3 22.3
Rural 
driving

115 190 115 115

Urban 
driving

190 190 190 190
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2013. 
[

new EF(DE,road) = old EF(DE) ×
EF(FR,road)

EF(FR,urban)

]

(vehicle,road)

Equation (3): Calculation of new Cu emission factors (EF) from braking 
for Germany; the calculation is made for the two other types of road: 
motorway, and rural driving, and for every type of vehicle.

3.2.1.2. UK braking emissions (NFR 1A3bvi). There are also large dif
ferences between UK and French road transport emissions, with a ratio 
of 2, also due to a difference in NFR 1A3bvi. However, according to the 
data available on the EMEP website, there is only a small difference of 
10 % in road traffic between France and the UK (5.58 × 1011 veh.km for 
France and 5.09 × 1011 veh.km for the UK). This suggests that, as for 
Germany, this difference is not related to a difference in traffic intensity, 
but rather due to a difference in calculation methods.

For the UK, we only have access to total mileage data, without 
detailed information on road typology and vehicle type. To refine our 
estimates, we therefore averaged French and German emission factors 
by road type and vehicle type. The total mileage data for the UK were 
then allocated to different vehicle and road types based on the average 
proportions observed in France and Germany, to calculate particulate 
emissions from road abrasion for the UK. The results are presented in 
Table 2(d). This modification lowers the mass of Cu emitted from 279 
Mg to 124 Mg for the year 2013.

3.2.1.3. Italy road transport emission (GNFR F_RoadTransport). There is 
also a marked difference between Italian and French road transport Cu 
emissions, with a ratio of 3. It is very unlikely that Italy has 3 times 
higher road transport emissions than France. Unlike the case for Ger
many and the UK (see section 2.1.2.2), mileage data for Italy are not 
available on the EMEP website. Therefore, we calculated an average Cu/ 
PM10 emission ratio for the road sector, by averaging this ratio for 
France, Germany and the UK, at the GNFR level. This averaged ratio is 
then multiplied by the amount of PM10 emitted in Italy (Equation (4)). 
This step reduces the Italian Cu emissions from road transport in 2013 
from 401 Mg yr− 1 to 182 Mg yr− 1. 

Cu(Road,IT) =PM10(IT) ×
1
3

×

(
Cu(Road,DE)

PM10(Road,DE)
+

Cu(Road,FR)

PM10(Road,FR)
+

Cu(Road,GB)

PM10(Road,GB)

)

(3)

Equation (4): Calculation of new Cu emissions from road transport in 
Italy; Road stand for the GNFR F_RoadTransport emissions.

3.2.1.4. UK engine lubricant combustion emission (NFR 2G). We also 
observe very different Cu emission levels for the NFR 2G sector (other 
solvent uses; for Cu, it consists only of the non-energy combustion of 
lubricants in 4-stroke engines) between Germany, France and the United 
Kingdom (9.5 %, 22 % and 45 % of total emissions respectively). These 
differences with the UK seem difficult to explain as the vehicle fleets are 
probably similar. We therefore decided to harmonize UK emissions with 
those of France and Germany. To do this, we calculated the mean ratio 
2G/1A3bvi (brake and tyre wear) of Cu emissions for France and Ger
many. We apply this to the UK sector 1A3bvi. The new NFR 2G emission 
value for the UK is 86 % lower than the initial emissions for 2013, from 
261 Mg to 36 Mg. 

2G(UK) =1A3bvi(UK) ×0.5 ×

(
2G(FR)

1A3bvi(FR)
+

2G(DE)

1A3bvi(DE)

)

(4) 

Equation (5): Calculation of new Cu emissions from the 2G sector in 
the United Kingdom.

3.2.1.5. Missing Cu emission for some countries. Some countries, such as 

Switzerland and Austria, do not report Cu emissions. This results in large 
geographical areas without Cu emissions. We therefore interpolate these 
emissions using information from neighboring countries, as described 
below: A Cu/PM10 ratio is first calculated for all neighboring countries 
of each "zero emission" country and for each GNFR sector. This ratio is 
then averaged and applied to the PM10 emissions of the targeted coun
try. We used a ratio based on neighboring countries rather than a single 
average ratio calculated for the whole of Europe to try to better account 
for potential technological, socio-economic or geographical disparities 
between European countries. This calculation is described in equation 
(6), where Neighbors is the number of neighbors of the country under 
consideration. Then, in the same way as in the general procedure (sec
tion 2.2), these estimated national totals are distributed to the inventory 
grid cells proportionally to the EMEP GNF PM10 emissions. 

Cu(Country,GNFR) =

(
∑

Neighbors

Cu (Neighbor,GNFR)

PM10 (Neighbor,GNFR)

)

×
1

NNeighbors

× PM10(Country,GNFR) (5) 

Equation 6: Calculation of Cu emissions for countries with no re
ported emissions.

3.2.2. New sources for French emissions

3.2.2.1. Open green waste fires in France (NFR 5C2). Among the sectors 
not assessed in the French emissions is that of "open fires of green waste". 
The EMEP 5C2 guide provides a Cu emission factor for this type of waste 
combustion (Table 3, EMEP, 2023). We combined the activity data 
available for France with this emission factor to obtain an estimate of 
emissions from open fires of green waste. The references used to esti
mate this source are available in Table 4. The new estimate is 0.19 Mg 
for the year 2013, which represents 0.07 % of the total emissions.

3.2.2.2. Abrasion of railway wheels, rails and brakes in France (NFR 
1A3c). Citepa database does not provide an estimate of Cu emissions for 
wheel, rail and brake abrasion related to rail transport. However, Bur
khardt et al. (2008) provide a speciation of the amount of abraded 
material related to the rail sector including Cu, Fe and Mn. This speci
ation is then used with the PM10 emissions for the same sectors to 
calculate the Cu, Fe and Mn emissions associated with this sector. The 
different references and emission ratios used to estimate this source are 
available in Table 4. This rises the 1A3c emission from 59.0 Mg to 61.5 
Mg for the year 2013.

4. Fe and Mn inventories

4.1. Description of the method

There are no European inventories of anthropogenic emissions of Fe 
or Mn. Although some emission factors for Fe or Mn are available in the 
literature for specific sources (Skeaff and Dubreuil, 1997), they do not 
cover all sources that are relevant for these metals, such as road traffic 

Table 3 
Description of the NFRs in the waste sector concerned by metals.

Waste NFR list Description

5C1a Municipal waste incineration
5C1bi Industrial waste incineration
5C1bii Hazardous waste incineration
5C1biii Clinical waste incineration
5C1biv Sewage sludge incineration
5C1bv Cremation
5C1bvi Other waste incineration
5C2 Open burning of waste
5E Other waste
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and combustion (Birmili et al., 2006; Charron et al., 2019; Wang et al., 
2015). These sources are often also important contributors to Cu emis
sions. Thus, for the selected sectors, we attempted to establish Fe/Cu and 
Mn/Cu ratios using available information (scientific literature or EMEP 
guidance). These factors were then applied to Cu emissions for France, 
considering the most precise level possible (NFR sector, or sub-NFR as 

Table 4 
List of ratios between metals and emission factors for the construction of the 
French metal inventory; for the SPECIEUROPE database, ID refer to the identi
fication code of the different sources.

Category NFR Metal ratio 
with 
Cu

Unit Reference

Road abrasion 
(brake)

1A3bvi Fe 4.1 Fe/Cu, g 
g− 1

EMEP Guidebook 
1A3bvi 1A3bvii: 
Road transport 
abrasion, 
Tables 3–12

Mn 4.8 
10− 2

Mn/Cu, 
g g− 1

Road abrasion 
(tyre)

Fe 9.8 Fe/Cu, g 
g− 1

Mn 0.29 Mn/Cu, 
g g− 1

Road abrasion 
(road)

1A3bvii Fe 28.5 Fe/ 
PM10, 
mg g− 1

Jandacka et al. 
(2021), Table 2

Mn 1.3 Mn/ 
PM10, 
mg g− 1

Engine 
lubricant

2G Fe 5.8 Fe/Cu, g 
g− 1

Coufalík et al., 
2019, Table 2: 
Urania 5W, used & 
Castrol SLX 5W-40, 
used (mean)

Mn 0.21 Mn/Cu, 
g g− 1

Oil 
combustion 
(road)

Several 
NFR

Fe 15 Fe/Cu, g 
g− 1

SPECIEUROPE 
Database, ID 9, 10, 
11, 86, 87, 88, 89, 
140, 141, 214, 216, 
217, 218 (mean)

Mn 0.58 Mn/Cu, 
g g− 1

Oil 
combustion 
(marine)

Fe 72 Fe/Cu, g 
g− 1

SPECIEUROPE 
Database, ID 205, 
206, 207, 208, 209, 
210, 211, 212, 213 
(mean)

Mn 0 Mn/Cu, 
g g− 1

Oil 
combustion 
(heating)

Fe 32 Fe/Cu, g 
g− 1

SPECIEUROPE 
Database, ID 14, 35, 
85, 124, 125, 153, 
221, 266, 271 
(mean)

Mn 1.9 Mn/Cu, 
g g− 1

Coal 
combustion

Fe 303 Fe/Cu, g 
g− 1

SPECIEUROPE 
Database, ID 25, 27, 
28, 31, 32, 33, 34, 
36, 69, 70, 81, 96, 
97, 122, 123, 128, 
129, 136, 137, 166, 
279 (mean)

Mn 5.7 Mn/Cu, 
g g− 1

Biomass 
combustion 
(agricultural 
waste)

Fe 8.5 Fe/Cu, g 
g− 1

SPECIEUROPE 
Database, ID 23, 
224 (mean)Mn 1.6 Mn/Cu, 

g g− 1

Biomass 
combustion 
(wood)

Fe 13.5 Fe/Cu, g 
g− 1

SPECIEUROPE 
Database, ID 5, 6, 7, 
8, 19, 20, 21, 22, 
26, 67, 68, 118, 
119, 184, 187, 188, 
189, 190, 191, 225, 
226, 248, 249, 250, 
251 (mean)

Mn 3.1 Mn/Cu, 
g g− 1

Municipal 
waste 
incineration

5C1a Fe 18 Fe/Cu, g 
g− 1

Abanades et al. 
(2002), Table 1 fly 
ash
Argyropoulos et al. 
(2012), Table 2
wasteburn
Bernasconi et al. 
(2022), Table S3
Bogush et al. 
(2015), table 2A & 
2B, A3 A8 A10 1 2 4 
5 9
Bogush et al. 
(2019), Table 2, 
APCR, XRF, TAD & 
AR

Table 4 (continued )

Category NFR Metal ratio 
with 
Cu 

Unit Reference

Chang et al., 2009, 
Table 3
Cocis et al., 2012, 
Table 3, all samples
Raclavská et al., 
2017, Table 3, FA1, 
FA2 & FA3
Weber et al. (2000), 
Table 3, waste I & 
waste II
Zhou et al. (2015), 
Table 1 (mean)

Mn 1.7 Mn/Cu, 
g g− 1

Internal Citepa data 
– accessible on 
request

Hazardous 
waste 
incineration

5C1bii Mn 2.1 Mn/Cu, 
g g− 1

Internal Citepa data 
– accessible on 
request

Clinical waste 
incineration

5C1biii Fe 1.2 Fe/Cu, g 
g− 1

EPA AP42 2.3: 
Medical Waste 
Incineration, 
Tables 2.3–6 & 
2.3–7

Mn 4.5 
10− 2

Mn/Cu, 
g g− 1

Sewage sludge 
incineration

5C1biv Fe 14 Fe/Cu, g 
g− 1

EPA AP42 2.2: 
Sewage Sludge 
Incineration, 
Tables 2.2–5

Mn 0.23 Mn/Cu, 
g g− 1

Open burning 
of waste

5C2 Cu 0.2 Cu/ 
Burned 
waste, g 
Mg− 1

EMEP Guidebook 
5C2: Open burning 
of waste, Tables 3–1

Fe 44 Fe/Cu, g 
g− 1

Turn et al. (1997), 
Table 6

Mn 13 Mn/Cu, 
g g− 1

Vehicle 
burning

5E Mn 0.16 Mn/Cu, 
g g− 1

ADEME report: 
improvement of 
knowledge of 
atmospheric 
emissions linked to 
vehicle burning, 
contribution of this 
source to the 
national emissions 
inventory, Table 3

Building 
burning

Fe 20 Fe/Cu, g 
g− 1

EPA AP42 1.6: 
Wood Waste 
Combustion, table 7

Train brake 
abrasion

1A3c Cu 4.3 
10− 3

Cu/ 
PM10, g 
g− 1

Burkhardt et al. 
(2008), Table 1

Fe 0.88 Fe/ 
PM10, g 
g− 1

Mn 5.2 
10− 3

Mn/ 
PM10, g 
g− 1

Train wheel 
and rail 
abrasion

Cu 6.7 
10− 4

Cu/ 
PM10, g 
g− 1

Fe 0.97 Fe/ 
PM10, g 
g− 1

Mn 10− 2 Mn/ 
PM10, g 
g− 1
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defined previously). These sectors were then summed up at the GNFR 
level. The sectors concerned are brake, tyres and roads abrasion, com
bustion of engine lubricants, fuel combustion and waste incineration. 
We also considered the abrasion of railway wheels, rails and brakes. All 
the different references used for the construction of the different sources 
of this inventory, including the emission ratios, are listed in Table 4. The 
next step is to calculate Fe and Mn emissions for other European coun
tries, by applying the same Fe/Cu and Mn/Cu ratios derived for France 
at the GNFR level, to the Cu emissions for other European countries, still 
at the GNFR level.

This approach still has some limitations. Some sources, which may be 
locally important for Fe or Mn, do not emit (or very little) Cu. It should 
also be noted that for the industrial sector, we only considered emissions 
from combustion, and not emissions from processes (such as electric arc 
furnaces for steelmaking (Sylvestre et al., 2017) or cement production 
(Glojek et al., 2024)), which may have a local impact on metal con
centrations in ambient air. As mentioned in the introduction, PM10 
emissions, and more specifically Fe and Mn emissions, can represent a 
significant fraction of total emissions (Alleman et al., 2010; Karagulian 
et al., 2015). In our case, only the fraction related to processes is not 
taken into account for Fe and Mn. Given the diversity of these processes, 
the approach of using ratios relative to Cu emissions in the same sector 
may not be appropriate. On the other hand, we have considered here 
that this source, particularly in Western Europe, remains rather local, as 
Weber et al. (2000) suggest for France.

However, this work provides a first estimate of the fluxes of 
anthropogenic emissions of these metals at the European scale. Impli
cations of our hypothesis and limitations of our method will be 
considered in hereafter results’ discussions.

4.1.1. Sector-wise description of the procedure

4.1.1.1. On-road abrasion. Measurement campaigns carried out in en
vironments heavily influenced by traffic generally show high concen
trations of Fe and Mn (Charron et al., 2019; Miazgowicz et al., 2020). 
Non-exhaust emissions consist of three main sources: brake, tyre wear 
and road abrasion. Brake and tyre wear are the two sub-NFRs that make 
up the 1A3bvi NFR sector, while road abrasion is represented in the 
1A3bvii NFR sector. The EMEP guideline "1A3bvi&vii road tyre and 
brake wear" (EMEP, 2024), available on the European Environment 
Agency website (www.eea.europa.eu/publications/emep-eea-guide 
book-2023) provides an elemental composition for brake and tyre 
wear particles, with the proportions of Cu, Fe and Mn. These values were 
used to calculate the Fe and Mn emissions from Cu. For France, it rep
resents 533 Mg for Fe and 6.28 Mg for Mn for the year 2013.

No information on road abrasion was found in this guideline. Jan
dacka et al. (2021) provided a series of analyses of the elemental 
composition of several road types, including the amounts of Cu, Fe and 
Mn. The mean of these values was used to calculate Fe and Mn emissions 
for road abrasion. For France, it represents 142 Mg for Fe and 6.62 Mn 
for the year 2013.

It should be noted that other sources have different Fe/Cu and Mn/ 
Cu ratio for these sources. For example (Hulskotte et al., 2014), calcu
lated emissions factors for brake emissions, with a Fe/Cu ratio of 20 
(instead of 4.1 for the EMEP guidebook), and a Mn/Cu ratio of 1.4 10− 1 

(instead of 4.8 10− 2). Using these ratios would increase the amounts of 
Fe to 2600 Mg and Mn to 18.3 Mg. However, in the remainder of this 
work, we will use the EMEP guidebook ratios.

4.1.1.2. Engine lubricants. In 4-stroke engines, crankcase lubricant may 
enter the combustion chamber during engine operation. This lubricant is 
not intended to be burned during its initial use, unlike the lubricant in 2- 
stroke engines, which will necessarily be burned and is therefore part of 

the fuel introduced into the vehicle. Inside an engine, friction between 
parts can produce metal particles. These can then be captured by the 
engine lubricant, and enter the combustion chamber where they are 
burned and end up in the exhaust. This emission source is at the sub-NFR 
level, and is included in the 2G NFR sector.

The metal concentration of some of these lubricants was assessed by 
Coufalík et al. (2019) with concentration values for Cu, Fe and Mn. The 
average of the ratios of these concentrations (e.g. Fe/Cu and Mn/Cu) 
was used with the Cu emissions from this source to calculate Fe and Mn 
emissions. For France, this corresponds to 356 Mg for Fe and 12.6 Mn for 
the year 2013.

4.1.1.3. Combustions. To assess the relative amounts of Fe and Mn - 
compared to that of Cu – emitted by combustion processes, we used the 
SPECIEUROPE database developed by Pernigotti et al. (2016). This 
database contains source profiles for more than 287 sources from many 
works, including combustion sources. The origins of the profiles we used 
are diverse, but most come from measurements in the atmosphere. For 
the latter, measurements were carried out with different strategies, such 
as near-source measurements or source apportionment studies. For each 
profile, detailed information is available on the SPECIEUROPE website.

Combustion processes, which may all emit metals, are numerous and 
many sectors of the NFR nomenclature are combustion sources. For coal 
combustion, 21 different profiles are available. The Fe/Cu and Mn/Cu 
ratios for these profiles were calculated, averaged and used to calculate 
the Fe and Mn emissions from this source using the Cu emissions from 
coal combustion. For oil combustion, the different profiles were divided 
into three classes: road fuels with 13 profiles, marine fuels with 8 pro
files and other combustion fuel oils (for heating or electricity produc
tion) with 9 profiles. This allowed the construction of three different 
average Fe/Cu and Mn/Cu ratios combined with the corresponding Cu 
emissions from which the Fe and Mn emissions were derived. For 
biomass combustion, the profiles were divided into two classes: wood 
with 25 profiles and agricultural waste with 2 profiles. The two average 
Fe/Cu and Mn/Cu ratios were used as before to estimate the Fe and Mn 
emissions. For France, the emissions from combustion represents 670 
Mg for Fe and 37.4 Mg for Mn for the year 2013.

4.1.1.4. Waste incineration. Emissions from waste incineration are 
classified into 9 NFRs, as reported in Table 3. For sectors 5C1a and 
5C1bii, corresponding to municipal waste and hazardous waste, we used 
internal Citepa data for Mn, and data from a literature review for Fe 
(Abanades et al., 2002; Argyropoulos et al., 2012; Bernasconi et al., 
2022; Bogush et al., 2015, 2019; Chang et al., 2009; Nicula et al., 2012; 
Raclavská et al., 2017; Weber et al., 2000; Zhou et al., 2015). EPA AP42 
data (available at www.epa.gov/air-emissions-factors-and-quantifica 
tion/ap-42-compilation-air-emissions-factors-stationary-sources) were 
used for sectors 5C1biii, 5C1biv and part of sector 5E, corresponding to 
medical waste, sewage sludge and building fires, to obtain Cu, Fe and 
Mn ratios. For the part of sector 5E corresponding to car fires, an ADEME 
report (ADEME, 2013) was used for Mn, and no data were found for Fe. 
Finally, for sector 5C2, corresponding to open vegetable waste fires, a 
report was used from the work of (Turn et al., 1997). For France, it 
represents 15.6 Mg for Fe and 3.01 Mg for Mn for the year 2013.

4.1.1.5. Railways. The various NFRs related to the railway sector 
include combustion sources in locomotives, as well as abrasion on 
wheels, rails, brakes and catenaries. Since combustion has already been 
discussed in section 2.2.2.3, brakes, wheels and rails, and catenaries are 
the three NFR sub-sources considered here, and are included in the NFR 
1A3c sector.

In their work, Burkhardt et al. (2008) provide the metal composition 
of wheels, rails, and brakes for the Swiss railway infrastructure. These 
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Fig. 3. Metal emissions (Mg) for the year 2013, from (a) our new Cu inventory with the modifications developed in this article in the upper half, and from (b) our Fe 
inventory and (c) our Mn inventory, calculated with the method developed in this work.
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specifications were used directly with PM10 emissions for these sectors 
to estimate Fe and Mn emissions. For France, this represents 1842 Mg for 
Fe and 18.6 Mg for Mn for the year 2013.

5. Results and discussion

5.1. Modification of the EMEP Cu inventory

The results of the new Cu emission inventory are shown in Fig. 3 (a)
for 10 European countries, while emissions for other countries are pre
sented in the supplementary material. Compared to the original EMEP 
emissions inventory shown in Fig. 2 (a), the heterogeneity of emissions 
between individual countries has been greatly reduced. Differences in 
total emissions between countries are smaller, and emissions have been 
created for countries that did not previously report emissions. The ratio 
between the lowest and highest emitting countries is now 23, compared 
to 69 previously; the ratio between German and French emissions is 1.3, 
compared to 2 previously, which is closer to the population ratio be
tween the two countries, which was 1.27 in 2013.

In addition, the relative shares of each sub-sector in the country total 
are also more homogeneous between the main emitting countries. For 
example, the combustion of engine lubricants in the UK now accounts 
for 19 % of the country’s emissions (compared to 45 % previously), 
which is comparable to France (22 %) and Germany (15 %).

As far as French emissions are concerned, the addition of open fires 
of green waste and abrasion of brakes, wheels and rails in the rail sector 
did not significantly increase total emissions (0.7 %.), which rose from 
275 to 277 Mg year− 1.

However, there are still unexplained differences between certain 
countries. While catenary abrasion is a major source of Cu emissions for 
France and Germany, accounting for 21 % and 16 % of total emissions 
respectively, few other countries, even those with fully electrified rail 
networks, provide estimates of these emissions. Similarly, the source 
corresponding to the non-energy combustion of engine lubricants, pre
sent in the solvent sector, is not assessed for most countries. To improve 
the Cu emissions inventory, it would be necessary to systematically 
collect data and harmonize estimation methods, sector by sector and 
country by country, in order to standardize them.

5.2. Main sources contributing to Cu, Fe and Mn emissions

5.2.1. French emissions
Details of Cu, Fe and Mn emissions for France, by NFR category, are 

given in Table 5. For Fe and Mn, the road abrasion sector (the sum of 
abrasion from brakes, tyres and the road surface itself) is a major source 
of emissions: 47 % for Cu, 23 % of the total for Fe and 18 % for Mn. As 
with Cu, tyre abrasion is negligible. On the other hand, unlike Cu, a 
significant proportion of Fe and Mn comes from road surface abrasion: 1 

% of total abrasion for Cu, versus 35 % for Fe and 61 % for Mn. A large 
part of Fe and Mn emissions from brake abrasion. Non-energetic com
bustion of engine lubricants is also a major source of emissions for these 
metals, respectively 10 % for Fe and 14 % for Mn, but less than 22 % for 
Cu.

Combustion is the main emission sector for Mn (42 % of the total), an 
important sector for Fe (19 %) and makes only 6 % for Cu. We can take a 
closer look at the breakdown by type of combustion: Mn is very largely 
emitted by biomass (80 %), to a lesser extent by coal combustion (15 %), 
while oil accounts for a small share (5.1 %). Fe is more evenly distrib
uted among the various sources: coal leads the way (45 %), followed by 
oil (36 %) and then biomass (19 %); finally, Cu is particularly emitted by 
biomass combustion (61 % of total combustion) and by oil (33 %), and 
little by coal (6 %). Our estimates show a predominance of the railway 
sector for Fe emissions, with 53 % of total Fe emissions. It is also an 
important sector for Cu and Mn, with 22 % and 21 % respectively. For 
Mn, waste incineration accounts for a small share of total emissions, 
within 3 %. This sector is almost negligible for Cu and Fe, with less than 
1 % for each of these two metals.

5.2.2. European emissions
Fe and Mn emission inventories for 10 European countries and for 

the year 2013 are presented in Fig. 3 (b) and (c) (see supplementary 
material for other countries). For most countries, the two main sources 
of anthropogenic Fe are the road transport sector and the public elec
tricity and heat production sector. For Mn, the majority of anthropo
genic emissions are due to the road sector, as well as industrial and non- 
industrial combustion, with different distributions between countries. 
As already found for Cu, there are large disparities between countries. 
This is partly explained by the poor representation of Cu emissions 
related to railway abrasion and the combustion of engine lubricants, 
which can be also important sources for Fe and Mn. As these sources are 
represented in only a limited number of countries, we did not system
atically extrapolate values for countries where they are missing. This 
remains a weakness of the inventory that should be addressed in the 
future. In the emissions shown in Fig. 3, Poland is a special case. These 
differences can be explained by higher PM10 emissions (Fig. 2) linked to 
the public and domestic energy production sectors and industry. As a 
result, higher Cu emissions associated with these sectors of activity are 
reported (Fig. 3). Table 4 shows that the Fe/Cu and Mn/Cu ratios can be 
significant for wood and coal combustion, which results in Fe and Mn 
emissions being particularly significant for Poland (Fig. 3). These data 
will need to be confirmed by observations.

5.3. Spatialized emissions

Fig. 4(a), (b), and (c) represent the spatialized annual anthropogenic 
emissions of Cu, Fe, and Mn, respectively, while Fig. 4(d) shows the 
spatialized annual emissions of PM10. The native EMEP resolution of 
0.1◦ × 0.1◦ has been used. For Cu, very significant emissions are 
observed in urban centers and along motorways. The most important 
hotspots are the Benelux, the North Rhine Valley, the Po Valley and 
England. The regions of Paris, Madrid and Berlin are also significant 
emitters. This is consistent with the fact that Cu is mainly emitted by 
road traffic via the abrasion process. Strong Cu emissions also appear 
over southern Poland. In France, urban emissions are about 3 kg km− 2 

yr− 1. Fe and especially Mn emissions have a spatial distribution partly 
similar to that of Cu due to the fact that traffic sources (roads and trains) 
account for a significant fraction of these emissions. However, there are 
differences, especially for Mn, with spatially more diffuse emissions and 
less marked gradients between rural areas and urban and road areas. 
This is mainly due to the importance of the biomass combustion sector 
which also affects urban areas. For Mn, we also observe high emissions 
in Poland. In France, these metals can reach emission levels in urban 
areas of the order of 20 kg km− 2 year− 1 for Fe, and of the order of 0.5 kg 
km− 2 year− 1 for Mn. The spatial gradients are overall, with the 

Table 5 
French Cu, Fe and Mn inventory, 2013 for various emission sectors.

Category NFR Cu (Mg 
yr− 1)

Fe (Mg 
yr− 1)

Mn (Mg 
yr− 1)

On-Road abrasion 
(brake)

1A3bvi 129 531 6

On-Road abrasion 
(tyre)

1A3bvi 0.2 2 0.1

On-Road abrasion 
(road)

1A3bvii 2 286 10

Engine lubricant 2G 61 356.3 13
Biomass 

combustion
Several NFR 9.5 129 30

Coal combustion Several NFR 1 300.5 6
Oil combustion Several NFR 5 240 2
Waste 5C1(a, bi, bii, biii, biv, 

bv, bvi), 5C2, 5E
1 16 3

Railways 1A3c 61.5 1842 19
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exception of Mn, more pronounced for these metals than for PM10 
emissions which have more diversified sources. We also note that some 
countries, notably Albania and Belarus, have significantly lower emis
sions than their neighbors, most likely due to unreported emissions for 
Cu.

5.4. Comparison with measurements and other emission inventories

5.4.1. Use of Fe/Cu and Mn/Cu ratios from measurements
The Fe/Cu and Mn/Cu ratios were calculated from our emission in

ventories and in situ concentration measurements (described in section 
2.3). Although the nature of the quantities compared is different, in the 
absence of direct flux measurements, these comparisons provide infor
mation to estimate the quality of our inventories, particularly for envi
ronments close to emission sources such as traffic and urban areas. The 
Fe/Cu and Mn/Cu ratios for total emissions and for road emissions are 
shown in Fig. 5, as well as the box plots of these ratios calculated from 
observations. Only data for France and the United Kingdom are shown, 
as these are the two countries for which the most data are available; the 
results for the other countries are presented in the supplementary ma
terial. For Fe, a significant difference is observed between the emission 
and the observation ratios. In France, the Fe/Cu ratio for total emissions 
is 12, while the median of the observations varies between 24 and 38.5, 
for urban and rural stations respectively, an underestimation by a factor 
of 2–3. For emissions related to road traffic only, the emission ratio is 5.5 
and the median of the ratios of traffic stations is 21.5, an underestima
tion by a factor of 4. For the United Kingdom, the underestimation of 
emission ratios is even higher, by a factor of 4–5 for total emissions and 5 
for road emissions.

For France, the Mn/Cu ratio for total emissions is 0.3, while the 
median of the field observations varies between 0.5 and 1.5 for urban 
and rural stations, an underestimation by a factor of 1.5–5. For traffic- 
related emissions, the ratio is 0.15, while for traffic monitoring sta
tions, the median measured ratio is 0.3, an underestimation of a factor of 
2. For the United Kingdom, these underestimations of emission ratios are 
quite similar to those for France, with a factor of 3–3.5 for total emis
sions, and 2 for road emissions.

Assuming that Cu emissions are well estimated for both France and 
the UK, this means that there is a significant underestimation of Fe and 
Mn emissions. This "lack" of emissions may come either from sources not 
accounted for in our inventory or from a poor estimation of the intensity 
of sources already included.

For Fe, the difference in higher ratios for transport indicates that part 
of the emissions deficit may come from traffic. This could be associated 
with a poor estimation of emissions linked to combustion or abrasion, 
but it is particularly important to consider the fact that the resuspension 
of road dust is not directly represented in the inventories. This process is 
generally represented dynamically in chemical transport models. For 
Mn, this difference seems to be higher in rural areas and may therefore 
be associated with an emission deficit in rural areas, for example 
biomass burning, but also to other sources transferred by air mass 
transport. However, it is clear that the interpretation of the results for 
remote areas strongly influenced by transport of air masses, such as rural 
environments, is more complex due to the greater mixing of air masses 
of different origins.

The differences with the observations, can certainly be partly 
explained by the lack of mineral dust sources in the inventory (for both 
natural and anthropogenic origins), including the resuspension of 

Fig. 4. Spatialized metal emissions for the year 2013, from (a) Cu, (b) Fe, (c) Mn, from this work, and (d) PM10 from EMEP.
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particles on road in urban environments. In the case of desert aerosols, 
Saharan dust episodes are frequent over Europe, and these particles 
contain Fe and Mn oxides, with an Fe/Cu ratio of 169 to 2,9, and a Mn/ 
Cu ratio of 3–77 (Calzolai et al., 2015; Moreno et al., 2006). Pey et al. 
(2013) showed that over the period 2001–2011, African dust outbreaks 
in the European part of the Mediterranean basin happen between 17 % 
and 37 % of the annual days, depending on the sites, and that African 
dust is the largest source of PM10 in these regions. As for resuspension, in 
some contexts, an urban aerosol can be composed of up to 60 % resus
pended particles (Casotti Rienda and Alves, 2021). These resuspended 
dusts are composed of road abrasion and brake abrasion particles, which 
are important sources of metals (Amato et al., 2009, 2016), suggesting 
that resuspension can significantly increase ambient metal concentra
tions. It should be recalled that these two processes are generally not 
included in inventories estimating anthropogenic emissions. However, 
they can be accounted for in chemistry-transport models through the use 
of dedicated parameterizations as a function of specific dynamic vari
ables, such as humidity and wind.

5.4.2. Comparison with other inventories
To assess the quality of our emissions inventory, we compare it to the 

two main previous ones in this section. First, the National Atmospheric 

Emissions Inventory (NAEI) details Mn emissions data for the United 
Kingdom on the UK-AIR website (naei.beis.gov.uk/data/data-selector, 
last accessed: June 2023), in NFR format. We have aggregated this in
ventory in GNFR format and compared it to the one from this work for 
the year 2013, in Fig. 6. Both inventories have a similar total amount of 
Mn emitted: 59 Mg for the NAEI inventory, 56 for this work. The main 
differences between the two inventories concern: emissions related to 
road transport (E_Solvents & F_RoadTransport) which are significant in 
our inventory (23 %) and negligible for the NAEI (1 %); emissions 
related to waste combustion (J_Waste) which are significant in our in
ventory (25 %) and negligible for the NAEI (0.1 %); industrial emissions 
(B_Industry), which are predominant in the NAEI (79 %), and almost 6 
times lower in our inventory (14 %). It can be mentioned that the in
ventory produced in this work uses transport sources that have been 
updated more recently; moreover, the sources related to industrial 
processes are not taken into account in our inventory. These methodo
logical differences partly explain the variability in sector-wise 
contributions.

Secondly, Ito and Miyakawa (2023) developed a global inventory for 
Cu, Fe and Mn in PM, subsequently named IM2023. This inventory 
consists of an anthropogenic component, a lithogenic component 
(mineral dust), and a pyrogenic component (open combustion of 

Fig. 5. Boxplot of (a) Fe/Cu and (b) Mn/Cu for France, and of (c) Fe/Cu and (d) Mn/Cu for UK, for (from left to right) total emissions for each country, emissions 
from to the road sector (made of the E_Solvents and F_RoadTransport GNFR sectors), observations from rural background stations (2 stations and 164 points for 
France, 12 stations and 477 points for UK), observations from urban background stations (4 stations and 328 points for France, 12 stations and 221 points for UK), 
observations from traffic station (1 station and 69 points for France, 5 stations and 110 points for UK); the upper whisker extends from the hinge to the largest value 
no further than 1.5 * inter-quartile range (IQR) from the hinge; the lower whisker extends from the hinge to the smallest value at most 1.5 * IQR of the hinge.
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biomass). Since our inventory covers only anthropogenic emissions, we 
consider only the anthropogenic component of IM2023 for comparisons. 
The comparison of this inventory with the one developed in this work is 
shown on Fig. 7. As the particle sizes of the 2 inventories are not exactly 
the same, we compared our emissions in the PM10 fraction with the PM1 
and TSP (Total Suspended Particles) fractions of IM2023. The Cu ratios 
between the IM2023 inventory and ours for different countries range 
from 0.2 to 1.4 for PM1 and from 0.9 to 6.7 for TSP. For Fe, these ratios 
range from 0.2 to 1.1 for PM1 and from 0.9 to 5.1 for TSP. For Mn, these 
ratios range from 0.2 to 2.7 for PM1 and from 1.0 to 16.0 for TSP. There 
are differences between these two inventories, which vary by country, 
but the values are of the same order of magnitude. For 21 out of 30 of the 
countries and emissions emission value shown in Fig. 7, the emissions 
from this work are between the values for PM1 and TSP of the IM2023 
inventory: 6 times for Cu, 8 times for Fe and 7 times for Mn. It is difficult 
to determine a variation in these differences between the different 
metals.

As the country projection introduces errors (due to grid cells 
covering several countries), we also projected our emissions from the 
EMEP 0.1◦ × 0.1◦ grid onto the 2◦ × 2.5◦ grid of the IM2023 inventory 
(Fig. 8) for comparison (for the PM5 fraction). Generally, both in
ventories show common emission hotspots in Western Europe (the 
Netherlands and northwestern Germany), and Central Europe (southern 
Poland), and also Eastern Europe (southeastern Ukraine, Moscow re
gion), but higher values are observed in the IM2023 inventory for these 
hotspots. There are also additional hotspots in Eastern Europe. For Cu, 
IM2023 emissions are somewhat higher than ours in most of Europe, 
notably at common hotspots displaying higher intensities for IM2023. 
For Fe, the hotspots are also much more pronounced for the IM2023 
inventory than for ours, but the background levels are rather similar 

match. Mn emissions from IM2023 are much higher than ours over most 
of Central Europe, and the hotspots are also more pronounced.

The results of these comparisons suggest that some of the initial as
sumptions can be questioned, especially the fact that industrial emis
sions associated with some processes are not considered. Since Cu 
emissions from the industrial sector are very low in the EMEP inventory 
for most countries (Fig. 2 and Fig. S5), and information on industrial 
processes is more limited, we have considered only the Fe/Cu and Mn/ 
Cu ratios due to combustion in this sector, and have not taken into ac
count metal emissions from specific industrial processes especially 
metallurgic processes that could exhibit very important values of these 
ratios (Alleman et al., 2010; Mbengue et al., 2017). However, in the 
NAEI inventory, the industrial source is important in England, and 
measurements in industrial environments in France and more generally 
in Europe confirm this (Liu et al., 2024). Part of the difference between 
observations and emissions could be explained by the absence of these 
emissions, at least in some regions where they would be significant. The 
comparison with the IM2023 inventory shows that our inventory for Fe 
is comparable for most countries, while our estimate for Mn is lower. 
However, it can be assumed that our inventory takes much better ac
count of emissions from the road sector, which may explain the presence 
of Mn in urban and traffic stations. Finally, it is striking that all these 
inventories provide final annual total emissions of the same order of 
magnitude, although attributed to different sources. Since the emission 
ratios between other metals and Cu are lower than those obtained from 
observations, this calls for deeper investigations, including on-site 
measurements and emission factors, on the diversity of sources of 
these metals.

6. Conclusion

In this work, we have built a spatialized European inventory of Cu, Fe 
and Mn emissions for year 2013, considering their main sources, road 
abrasion, combustion of engine lubricants, abrasion of railway tracks. As 
Cu reporting is suggested but not mandatory in EMEP reporting guide
lines, and Fe and Mn are not mentioned, we had to work with incomplete 
and unharmonized inventories for Cu and without any for Fe and Mn. In 
particular, we have corrected and completed the existing Cu inventories. 
In addition, we have established one of the first European inventories of 
Fe and Mn from the Cu inventory and a meticulous work of collecting the 
emission ratios by sectors of activity of Fe and Mn compared to Cu. 
These inventories of total annual anthropogenic emissions, obtained at 
the country level, were then spatialized based on the distribution of 
EMEP PM10.

For Cu, emissions are mainly due to road brake wear, non-energy 
combustion of engine oils and rail transport (when data are available). 
For Fe particulate emissions, the dominant anthropogenic sources are 
abrasion in the railway sector, combustion for energy production and 
road transport with a significant share related to abrasion. For Mn, the 
main sources are biomass combustion and roads and rail abrasion. These 
new emission inventories for Fe and Mn still show inhomogeneities 
between countries that are not realistic and are partly related to dif
ferences already present in the PM10 and Cu inventories. Some missing 
information prevents estimation of emissions for all sources, particularly 
for rail transport, which appears to be a key source and requires dedi
cated analysis.

To estimate the strengths and weaknesses of our inventories we also 
compared them with existing inventories. In the case of Mn, the com
parison of our inventory with the one developed in the United Kingdom 
shows a good agreement of total emissions (±20 %), but with significant 
differences between sectors of activity, particularly linked to the share of 
industrial processes in emissions. In the case of global inventories, the 
inventory developed in this work is more complete and explicitly in
tegrates the roads and rail abrasion, but once again the question of 
emissions linked to industrial processes may arise. This is clearly an 
issue that needs to be addressed in the future. We also used in situ 

Fig. 6. Comparison of Mn emissions of the NAEI inventory (left column) and 
this work (right column), given in GNFR nomenclature, for the year 2013 in UK.
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Fig. 7. Comparison of (a) Cu, (b) Fe and (c) Mn emissions from this work (right column) with the IM2023 inventory (left column: light blue for PM20, dark blue for 
PM5), for the year 2013, for 10 European countries. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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observations of concentrations for these 3 metals to assess our inventory. 
For this, we used the observed Fe/Cu and Mn/Cu ratios and compared 
them to those in our inventory. These ratios are lower for calculated 
emissions than for actual measurements, suggesting a significant un
derestimation of Fe and Mn emissions in our inventory. This can be 
explained firstly by the potential impact of sources not generally inte
grated in inventories such as mineral dust emitted by wind erosion or the 
resuspension of particles by traffic. This could also result from inac
curacies in existing European Cu inventories, such as the lack of railways 

emissions in most countries, or from the reference data used to calculate 
the ratios applied in the Fe and Mn inventory. To go further in this di
rection, it will be necessary to use a transport chemistry model to 
compare simulated and observed concentrations. This could allow for 
sensitivity tests on emissions and help assess the importance of dynamic 
processes.

Finally, although many hypotheses remain to be tested, we have built 
a new European Cu inventory that is more reliable than the existing one, 
and we have established the very first European inventories of 

Fig. 8. Comparison of (a) Cu, (b) Fe and (c) Mn emissions from our inventory, plotted on a 2◦ × 2.5◦ grid, with the (d) Cu, (e) Fe and (f) Mn emissions from the 
IM2023 inventory over Europe, for the year 2013. (a) and (d) share the same scale, as do (b) and (e), and (c) and (f).
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anthropogenic emissions of Fe and Mn to date. These inventories can 
already be used to estimate the main European emission sources for Cu, 
Fe and Mn, and can also be used by chemical transport models. They 
could therefore lead to future works regarding these metals, and help to 
estimate the health impact of different source of particles based on their 
respective chemical composition.
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