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Reducing biomass burning is key 
to decrease PM2.5 exposure 
in European cities
Stefano Zauli‑Sajani 1*, Philippe Thunis 1, Enrico Pisoni 1, Bertrand Bessagnet 1, 
Fabio Monforti‑Ferrario 1, Alexander De Meij 2, Ferenc Pekar 1 & Elisabetta Vignati 1

Throughout the world, ambient fine particulate matter (PM2.5) is the environmental factor that poses 
the greatest risk to health and most European citizens continue to be exposed to PM2.5 levels well 
above World Health Organization guidelines. Here we present a comprehensive PM2.5 modelling-
based source allocation assessment in 708 urban areas in Europe. The results show that urban cores, 
together with their commuting zones, contribute an average of 22% to urban PM2.5 concentrations 
levels. The residential sector is the highest source sector in 56% of cities. Its average contribution to 
PM2.5 formation is 27%, with a cluster of cities in Northern Italy and Eastern Europe contributing to 
more than 50%. Industry, agriculture and road transport show average contributions of 18%, 17% and 
14%, respectively. Most emissions from residential sectors are anthropogenic primary PM2.5 which 
includes a condensable fraction. Furthermore, anthropogenic primary PM2.5 represents the precursor 
with the highest contribution in most cities (72%), contributing an average of 35% to urban PM2.5 
levels. Emissions of anthropogenic primary PM2.5 by the residential sector are almost entirely (with 
exceptions of few countries) due to biomass burning. These results suggest that the residential sector 
should be a key target of any policy to improve air quality and that climate policies promoting biomass 
as a climate-neutral fuel could have a detrimental effect on air quality. A more integrated approach to 
climate and air quality policy design is desirable.
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Exposure to air pollutants has been proven to have a range of detrimental health effects, including premature 
mortality from cardiovascular and respiratory disease and cancer1. Strong evidence of the health effects has been 
provided in particular for fine particulate matter (PM2.5) which has been indicated as the largest environmental 
risk for human health2.

In Europe, the application of air quality policies, together with technological development, has led to sub-
stantial improvements in recent decades. However, in large European areas, the PM2.5 level remains well above 
the World Health Organization (WHO) guideline value3 and frequently exceeds the current EU limit4. In 2022, 
the European Environment Agency estimated that 96% of the urban population of the European Union (EU) is 
exposed to concentrations of PM2.5 above the WHO guideline of 5 µg/m35 and that exposure to fine particulate 
matter accounts for approximately 238.000 premature deaths in the EU-27 each year.

The wide range of human activities that contribute, directly or indirectly, to PM2.5 formation and the com-
plexity of the physical and chemical processes involved in its transformation6,7 make particularly challenging 
to design mitigation strategies and air quality plans. Chemistry transport models (CTM) can be very useful for 
this purpose, as they can simulate the complex interactions that occur between gases, as well as liquid and solid 
particles, and help identify the role of the different sources. Unfortunately, these models require not only a high 
level of professional competence but also intensive computational resources. To overcome these limitations, and 
to help local authorities to develop tailored air quality plans based on scientific data, the Joint Research Centre 
of the European Commission developed the Screening for High Emission Reduction Potential for Air Quality 
tool (Sherpa). This tool mimics a CTM with much shorter computation time, and produces results of similar 
accuracy when air pollutant concentrations are considered over long time periods (seasonal or annual averages)8. 
More details of the Sherpa tool are given in Section “Methods”.
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In a previous work9, Sherpa was used to assess the sources of urban PM2.5 in terms of different spatial scales, 
emission sectors and precursors in 150 major EU cities.

This study represents an evolution of the previous studies in various respects. In particular, key novelty aspects 
of this paper (in comparison to previous papers, and to the scientific literature) lie in the following aspects: (a) the 
number of cities analyzed in a harmonized way has increased to more than 700; (b) the model spatial resolution 
is at 6 km, that is already quite high for a Europe-wide study; (c) the period covered by the input data is 2019, 
that is to say the most recent (pre-pandemic) available year. Finally, (d) for the first time the analysis includes the 
emission from condensables in primary PM emissions (important to describe residential sector emissions), and 
an improved differential treatment of high-level and surface emissions (to increase the accuracy of the results).

The focus in this work is on the residential sector and, in particular, biomass burning. The relevance of the 
contribution from the residential sector has been documented by a number of studies10,11, and in recent years 
residential emissions have gained further attention because they can be considered from multiple perspectives, 
including indoor and outdoor air quality, energy production, climate policies. This may require trade-offs because 
actions that are beneficial in one respect may have harmful effects in other areas. Particularly interesting is the 
theme of biomass burning which has been suggested as a climate-friendly solution for domestic heating but 
which can worsen air quality and human health12.

Results
Spatial source allocation
Understanding the origin of urban pollution is key to shaping air quality plans and define effective air pollution 
mitigation actions. This topic (here called spatial source allocation) is analyzed in terms of three spatial aggrega-
tions of administrative entities: city core, Functional Urban Areas (FUA, city core together with its commuting 
zone—see Section “Methods”) and country. A total of 708 urban areas in the EU-27, Norway, Switzerland and 
the United Kingdom were included in the analysis, together accounting for 64% of the total population of the 
study area.

Cities’ contribution to annual urban PM2.5 concentrations ranges from 1 to 62% with a mean value of 13%, but 
25% of cities contribute more than 17%, and 10% contribute more than 28% (Fig. 1). Including commuting zones 
in the assessment of the cities’ contributions (i.e. considering FUAs) substantially increases the contributions 
of urban areas. The mean contribution from FUAs is 22% with the highest values found in Oslo (75%), Warsaw 
(72%), Lisbon (68%), Paris (65%), Madrid (63%) and the Ruhr area (62%). Overall, 25% of FUAs account for 
more than 30% to PM2.5 and 10% of FUAs account for more than 42%.

The population of cities and FUAs is an important predictor of their contribution to urban PM2.5 concen-
tration. Figure 7 (supplementary material) shows the relationship between city and FUA population and their 
contribution to PM2.5.

On average (over all 708 cities), the share of local PM2.5 that is attributable to emissions from the entire 
country is around 58%. In a quarter of the cities, the country accounts for at least 75% of local PM2.5, while in 
10% of cities the country contribution is higher than 80%.

Spatial sources of PM2.5 other than the city, FUA and country include transboundary and natural transport, 
international shipping and other sources outside the modelling domain. Transboundary contributions are gener-
ally low except in the case of some cities close to the countries’ boundaries and/or in countries with a small area. 
Examples of cities heavily affected by transboundary contributions are Maastricht in the Netherlands (75%), 
Lugano in Switzerland (74%) and Luxembourg City in Luxembourg (68%).

Figure 1.   Contribution of emissions from city, FUA and country to PM2.5 concentrations. Cumulative 
frequency distribution showing the percentage of cities/FUAs/countries (respectively in Figure in red, blue 
and green) contributing more than a given percentage to the PM2.5 urban concentration. The contributions 
corresponding 100%, 75%, 50%, 25%, 10%, and 0% (i.e. maximum contribution among cities/greater cities and 
countries) are highlighted.
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The primary role of the emissions from the residential sector
In this section we analyse the contribution to urban background PM2.5 concentration of several aggregations of 
anthropogenic and natural sources. In particular, we distinguish and quantify the contributions from the fol-
lowing macro-sectors: residential, transport, agriculture, industry, all other anthropogenic sectors (from now 
on “other”), natural and external (i.e. all emissions from outside the model domain).

Figure 2 provides an overview of the contribution of the different emission sectors. Sectoral contributions 
are the overall contribution of emissions from each sector, regardless of their spatial origin.

The residential sector is the largest contributor, accounting for, on average, 27% of local PM2.5 and is the 
highest source sector in 56% of the cities. The highest contribution from the residential sector can be observed 
in Poland, Romania, Northern Italy, Croatia, and the Baltic countries.

The average contribution from road transport is 14%. The contribution of this sector is highest on the north-
ern side of the Alps and in some of the largest EU urban areas, such as Madrid (24%), London (23%) and Paris 

Figure 2.   Contribution of the individual emission sectors to local PM2.5 concentrations. Each dot represents an 
urban area considered in this study.
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(22%). Note that only urban background concentrations are considered in this study, and concentrations and 
city contributions at high-traffic sites are likely to be proportionally higher.

The average contribution from agriculture is 17%. The largest contribution from this sector is observed in 
Germany, where in many cities the agriculture contribution is above 25%. High agriculture contributions are also 
found in other central and eastern European cities as well as in the United Kingdom. It is notable that, although 
emissions from agricultural sources are mainly concentrated in rural areas, secondary inorganic pollution associ-
ated with medium- and long-range transport means that this contribution is also very significant in urban areas.

The average contribution of industry in the selected urban areas is 18%. The largest contributions (> 30%) 
are found in Bulgaria, Germany, Netherlands, and Romania. High concentrations can also be observed in some 
isolated areas in Cyprus, Italy and Spain.

The contribution of natural sources is on average only 8% but is extremely high (> 40%) in some cities located 
at the southernmost latitudes. However, some northern European cities in France, Ireland and Norway, also show 
significant natural contribution (> 20%).

As expected, emissions from shipping have a large impact only in coastal cities. The largest contributions 
from shipping are found in Mediterranean cities located close to the east–west international shipping route, 
especially (> 30%) in cities near the Strait of Gibraltar. The contribution of emissions from outside the model-
ling domain is generally very low but reaches high values (more than 25%) in some southernmost cities as well 
as in some northern cities.

In order to identify spatial similarities among the selected cities with regards to the role of the different 
emission sectors, we carried out a k-means cluster analysis13. To find the optimal number of clusters, we chose 
to use the graphical ’elbow method’. The elbow graph shows the within-cluster sum-of-square values (on the 
y-axis) corresponding to different values of K (on the x-axis). The optimal K value is the point at which the graph 
forms an elbow (best option = three clusters). Figure 3 shows the well-defined spatial patterns resulting from the 
application of cluster analysis. One cluster (cluster 1—red dots) comprises cities where the principal source of 
emissions is the residential sector. This group includes many cities in Scandinavia, the Baltic countries, eastern 
Europe and central and northern Italy. A second cluster (cluster 2—yellow dots) comprises cities characterized 
by similar contributions from the main anthropogenic sources (i.e. transport, industry, agriculture and resi-
dential sectors). Cities in the cluster are mainly located in central Europe and the United Kingdom. The third 
cluster (cluster 3—green dots) is made up of cities where the biggest contributors are the shipping sector and 
the external and natural sources.

Anthropogenic primary PM2.5 versus gaseous precursors
In this section we report the results of our analysis of the role of different precursors in determining PM2.5 
concentrations in the selected cities. Figure 4 provides an overview across the study area of the contributions to 
PM2.5 accounted for by primary anthropogenic emissions of PM2.5 (anthro-PPM2.5), NOx, NH3, and SOx. In 72% 
of the 708 urban areas studied, the precursor that makes the greatest contribution to PM2.5 is anthro-PPM2.5, 
with the average contribution being 35%. The contribution of anthro-PPM2.5 is especially important in eastern 
European countries, the Scandinavian and Baltic countries, northern Italy and Portugal. Examples of cities where 
the contribution of anthro-PPM2.5 is particularly high are Lisbon in Portugal (71%), Oslo in Norway (71%), 
Warsaw in Poland (66%), and Turin in Italy (63%).

The average contribution of NOx is 17%. The highest values are found in Belgium, Denmark, Northern Ger-
many, the Netherlands and Switzerland. The average contribution of NH3 is 17%. The highest values are found 
in Belgium, Denmark, Germany, the Netherlands and the United Kingdom. The average contribution of SOx is 
15%. The contribution of SOx is highest (> 25%) in cities characterised by the presence of important industrial 
plants, such as in the Ruhr area of Germany (38%), and in Ravenna and Taranto in Italy (both 27%), and in areas 
affected by shipping emissions.

Figure 5 provides an overview of the main precursors and sectors accounting for PM2.5 in each city while 
Fig. 8 (supplementary material) highlights the strict link between the residential sector contribution and anthro-
PPM2.5 emissions.

We carried out a further cluster analysis, this time focusing on the contribution of each precursor to PM2.5. 
Figure 9 (supplementary material) shows that the spatial patterns of emissions sectors and precursors identified 
by the cluster analyses are remarkably similar. The cluster of cities where the primary contributor is the residential 
sector (cluster 1 in Fig. 3) is spatially similar to the cluster of cities characterized by the fact that anthro-PPM2.5 
is the dominant contributor (cluster 1 in Fig. 9, supplementary material). Analogously, the cluster associated 
with comparable contributions to PM2.5 formation from transport, industry, agriculture and residential sectors 
(cluster 2 in Fig. 3) appears spatially similar to the pollutant cluster showing equal contributions from NOx, 
NH3 and anthro-PPM2.5 (cluster 2 in Fig. 9, supplementary material). Finally, the cluster associated with the 
highest contribution to PM2.5 formation from the shipping sector and natural and external sources (cluster 3 in 
Fig. 3) shows spatial similarities with the anthro-PPM2.5-SOx pollutant cluster (cluster 3 in Fig. 9, supplementary 
material). This shows the consistency in the presented results and provides useful information in designing 
mitigation strategies.

Discussion
This study examines the contributions to PM2.5 provided by different spatial scales, emissions sectors and precur-
sors, and considers two main focuses.

The first focus is on urban areas, where most of EU population (more than 70%) live14 and where most 
exposure to air pollutants takes place. The study includes all European (EU-27 plus Norway, Switzerland and the 
United Kingdom) urban areas with more than 50.000 inhabitants and considers urban areas in two different ways: 
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core cities and FUAs. The core city is the part of a city characterized by the highest population density. The FUA 
is an extension of the core city, and is a concept developed by the Organisation for Economic Co-operation and 
Development (OECD) and the EU to characterize urban areas in economic and social terms, and also considers 
a city’s commuting zone. We suggest that air quality plans are more effective if designed at the FUA spatial scale, 
as an urban area’s contribution to city PM2.5 is almost doubled when the commuting zone is taken into account. 
The emission inventory used in this study is a substantial improvement on previous inventories, enabling us to 
understand the peculiarities of city cores and commuting zones15. It is important to note that the contribution 
from people residing in the commuting zone is especially relevant for the residential sector. Figure 10 (supple-
mentary material) shows that per capita emissions are much higher in the commuting zone than in city core. 
Figures 10 and 11 (supplementary material) show that the total and per capita contributions of anthro-PPM2.5 
emissions from the residential sector are much greater in commuting zones than in cities. Our findings thus 
show the importance of collaboration between nearby local administrations belonging to the same FUA (with 
the aim of improving air quality). Our results also suggest that promoting synergies between cities at the wider 
spatial scale could be beneficial, as we identified clear spatial clusters covering supranational areas in terms of 
emission patterns, the contributions of different precursors and mitigation priorities. These clusters could be 

Figure 3.   Clusters of cities by emission sectors. Map of cities clustered on the basis of percentage contributions 
to PM2.5 concentrations by sector (upper panel) and diagrams of the weight factors associated with each cluster 
(lower panels).
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considered to define geographical areas where cooperation between local authorities would be beneficial, enabling 
the creation of harmonised air quality policies targeting common PM2.5 emission sources and chemical regimes.

The second main focus of the study is the role of residential sector. We show that the residential sector is the 
main single contributor to PM2.5 concentrations in 56% of the cities studied. Anthro-PPM2.5 accounts for about 
85% of the residential sector’s contribution, with NOx and SOx responsible for the remaining 15%. While the 
contribution of the residential sector to PM2.5 has been highlighted by several studies16, our results suggest that 
the contribution of this sector could be even greater than previously reported. In our opinion, there are three 
main reasons for our higher finding. First, most studies provide results averaged over large areas, including 
countryside, whereas our work assesses the contribution of different sources over smaller areas, comprising urban 
and suburban regions, where residential emissions are relatively higher. Second, in most studies, source sector 
analyses are based on models with considerably coarser spatial resolution than the model used in this work12,17,18. 
This is likely to affect the assessment of the source sector and may have the result of smoothing cities’ contribution 
to population exposure19. Third, in most studies the simulations are based on less recent data, where emissions 
patterns and assumptions were different11,17. Indeed, the higher contribution of the residential sector found in 
this study may be explained by the combined impact of the following three factors: (a) the decrease in SOx, NOx 
and, to a less extent, NH3 emissions observed in Europe in the last decade20; (b) the increase in the share of the 
emissions of primary PM2.5 accounted for by the residential sector with respect to total primary PM2.5 emissions20; 
and (c) the inclusion in recent emission inventories of the contribution of condensable gases to primary PM2.5 
emissions21. Figure 11 (supplementary material) provides city-specific estimates of PM2.5 contributions from the 
residential sector obtained by Sherpa when emissions due to condensable gases are included and not included.

Although the residential sector is the most important emissions sector, and anthro-PPM2.5 the most important 
precursor, the contribution from other emissions sectors and of secondary pollution should not be underesti-
mated. In fact, in most cities, the relative contribution of secondary PM2.5 is higher than that of primary PM2.5 
(Fig. 12, supplementary material). However, secondary pollution originates from a complex combination of 
emissions sectors and precursors (Figs. 13–15, supplementary material) with the possible activation of different 
chemical regimes also at relatively short distances22. This makes mitigation strategies to reduce secondary PM2.5 
particularly important, but tricky to design and implement7,23. In contrast, the impact of actions targeting the 
residential sector and anthro-PPM2.5 are easier to assess, given that emissions and concentration changes are 
linearly related.

Figure 4.   Contribution of the individual precursors to local PM2.5 concentrations. Each dot represents an urban 
area.
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Figure 5.   Main emission sector and precursor in each city. Sector are expressed by color, and precursor by 
shape, showing how they are contributing to PM2.5 concentrations in each city.

Figure 6.   Country-specific contribution of biomass burning and coal in total emissions of PM2.5 from the 
residential sector. Percentage of primary anthropogenic PM2.5 (anthro-PPM2.5) emissions from the residential 
sector due to biomass burning (a) and coal (b) in the study area is shown. EDGAR data 2018.
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In this study we do not consider the different type of fuels associated with the various emissions sectors. 
However, it is worth discussing which fuels are associated with anthro-PPM2.5 emissions from the residential 
sector. For this we rely on the Emission Database for Global Atmospheric Research (EDGAR)24,25. Figure 6 
provides some key data. Panel a shows that, in most European countries, anthro-PPM2.5 from the residential 
sector is almost entirely emitted by biomass burning activities, while coal combustion plays a major role only in 
Ireland, Poland and Slovakia (panel b). Although available data show an increasing use of biomass (and woody 
biomass in particular, widely used for domestic heating) in the EU in the past two decades (around 20% since 
2000)26, emission data20 for the same period show a slight decrease of anthro-PPM2.5 contributed by the resi-
dential sector. This emission trend can be largely attributed to improvements of the technologies used to burn 
biomass and to the progressive abandonment of the use of coal in the few European countries where it was used 
as a reference fuel for heating buildings. The changes in the fuel used for domestic heating observed in Europe 
can be attributed both to the desire to reduce costs and to policy recommendations. In fact, various policy and 
technical documents, including some issued by the EU, considered biomass to be a carbon neutral fuel. The 
transition from the use of fossil fuels to biomass for the production of energy and heat has been therefore widely 
supported at international level. In the EU, biomass heat increased by about 50% between 2005 and 2020 and 
nowadays biomass burning accounts for about 50% of all energy produced from renewable sources27. Interest-
ingly, there is still a lively debate in the scientific literature about the actual potential role of biomass burning in 
reducing greenhouse gas (GHG) emissions. While some studies report that significant reductions in emissions 
can be achieved in the short term28–30, others have found that, over a time scale of decades or centuries, biomass 
burning produces more GHG emissions than the burning of fossil fuels31–33. In addition, European Green Deal 
(https://​commi​ssion.​europa.​eu/​strat​egy-​and-​policy/​prior​ities-​2019-​2024/​europ​ean-​green-​deal_​en) and 2030 
Biodiversity Strategy (https://​envir​onment.​ec.​europa.​eu/​strat​egy/​biodi​versi​ty-​strat​egy-​2030_​en) warn that the 
use of biomass to produce energy and heat may have a significant negative impact on local biodiversity and 
ecosystems. Therefore, to maintain an appropriate balance, in the EU, the use of biomass to produce energy 
has to adhere to the strict sustainability criteria defined in the Renewable Energy Directive (http://​data.​europa.​
eu/​eli/​dir/​2023/​2413/​oj) and should privilege the re-use of biomass wastes and residues from both agriculture, 
forestry and industry sectors34.

Further concerns about intensive use of biomass burning come from the epidemiological and toxicological 
literature. The health risks associated with emissions of NOx, polycyclic aromatic hydrocarbons (in particular 
benzo(a)pyrene), volatile organic compounds and dioxins originating from biomass burning are well known 
and, while the potential of specific individual sources and chemical components of PM2.5 to cause adverse health 
outcomes is still unclear35, several studies have suggested that biomass burning may have a significant health 
impact17,36.

In conclusion, limiting emissions from residential sectors is key to the reduction of PM2.5 concentrations. 
Specific attention should be given to biomass burning, which is the dominant source of anthro-PPM2.5 emissions 
and is being increasingly adopted in Europe as a source of energy and heat. While the benefits of biomass burning 
in terms of greenhouse gas emissions are debatable, the significant negative impacts on air quality, health and 
biodiversity cannot be overlooked.

Methods
The Sherpa model
Sherpa8,37–40 belongs to the class of models known as integrated assessment models (IAM) which are tools used 
to simulate the potential changes in air pollutant concentration resulting from the application of measures to 
reduce emissions. The core of the Sherpa methodology relies on the definition of source-receptor relationships 
(SRR), that is, the relationships between changes in precursor emissions and pollutant concentrations. In other 
words, Sherpa is a simplified version of a CTM, based on algebric relationships linking PM2.5 concentration in 
each grid cell with gridded precursor emissions. The loss in accuracy resulting from the use of simplified SRRs 
rather than CTM simulations is minimal, whereas the gain in terms of the reduction in computing and human 
resources required to simulate the impact of emission scenarios results is substantial. This makes it possible to 
analyse a number of emission reduction scenarios in a very short period of time and makes IAMs an ideal tool 
to define air quality plans at the urban and regional levels.

Sherpa has been run with different CTMs8 but in recent years the JRC has used the model developed in the 
framework of the European monitoring and evaluation programme (EMEP) for Transboundary Long-Range 
Transported Air Pollutants as its default model. This CTM is also used as basis of the online Sherpa Cloud model 
(see Data availability section), which uses the same sample of cities as considered in the present paper. The 
EMEP model has been developed by the Meteorological Sythesizing Centre-West (MSC-W) in Oslo. The model 
is regularly updated and validated against observations41.

Sherpa relies on two main assumptions. The first is linearity between emissions and concentration changes, 
considering yearly averages. The second is that emissions and concentrations are spatially related by a ’bell-shape’ 
function. The two parameters that define the bell shape function are specific for each cell and precursor and 
are calculated on the basis of full CTM simulations (performed with 50% emission reductions over the whole 
model domain for each precursor). These two assumptions have been extensively tested by comparing Sherpa 
and the full CTM in various cities, regions and countries. The results of the validation process showed a good 
agreement between Sherpa and the CTM results for long term (i.e. yearly) PM2.5 averages as used in this work42.

The configuration of Sherpa used in this study is based on the EMEP v4.45 CTM41. The EMEP model domain 
covers the whole of Europe at 0.1° × 0.05° longitude-latitude spatial resolution (approximately 6 km in both 
latitude and longitude directions at middle latitudes).

https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
https://environment.ec.europa.eu/strategy/biodiversity-strategy-2030_en
http://data.europa.eu/eli/dir/2023/2413/oj
http://data.europa.eu/eli/dir/2023/2413/oj
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Both Sherpa and the underlying EMEP model need emissions inventory data as input. In this study emissions 
by pollutant and sector are based on the Copernicus Atmospheric Monitoring Service (CAMS) v6.1 emission 
inventory from 2019. It is worth noting that a high-quality emissions inventory of good quality is key to obtaining 
good performance in CTM simulations and reliable SRRs. Unfortunately, uncertainties in emission inventories 
are still significant, in particular at the urban scale43. An analysis of the impact of the use of different inventories 
can be found elsewhere44.

It is important to point out that the CAMS emission inventory has recently been updated. The most impor-
tant change is the inclusion of condensable gases in the estimates of PM2.5 emissions. Figure 11 (supplementary 
material) shows, for city cores and commuting zones, the change in the distribution density of residential sector 
emissions calculated using the CAMS inventory employed in this study (which includes condensable gases) and 
that obtained using the same CAMS inventory but without condensable gases. Emissions are markedly higher 
when condensable gases are included, reaching a 100% increase in some cities.

The current Sherpa version includes also an improved treatment of high-level and surface emissions by defin-
ing specific SRRs for the two types of sources. Two different SRRs are therefore provided as input to Sherpa, to 
account for the vertical split of the emissions.

The focus of this study is on urban areas and, therefore, the spatial resolution of the modelling tools is a key 
parameter. In this study the spatial resolution of both Sherpa and the underlying CTM is 0.1° × 0.05° (approxi-
mately 6 km). This spatial resolution represents a significant improvement compared to previous Sherpa versions 
and has been shown to be appropriate to capture urban background concentrations45. A comparison of the results 
obtained using Sherpa at two different spatial resolution (0.1° vs 0.05°) shows that the PM2.5 contributions of 
cities and the residential sector are slightly higher at fine-resolution runs46. This result suggests that the finer the 
spatial resolution, the better the capacity of the model to capture the actual characteristics of air pollution at the 
urban scale. However, it is likely that the findings of the Sherpa simulations in the smallest cities included in this 
study may be more subject to uncertainty, because these cities cover only a few grid cells.

Meteorological input data from the integrated forecasting system of the European Medium Range Weather 
Forecasts (ECMWF) date to 2015. Meteorological files are retrieved at 0.1° × 0.1° spatial resolution and down-
scaled to 0.1° × 0.05°. The same meteorological data are used for Sherpa and EMEP simulations. We chose 2015 
has the reference year for consistency with previous Sherpa applications.

Spatial-sector-pollutant source allocations are calculated for the grid cell within each city that shows the 
highest PM2.5 concentration. This choice is in line with EU Directive 2008/50/EC, which states that air quality 
plans must be developed wherever exceedances are identified within an air quality zone.

Cities and functional urban areas
Cities and FUAs were defined in accordance with the definition provided by the OECD47,48. Cities are local 
administrative units (or aggregates of contiguous local administrative units) with a population of 50,000 or more 
and a population density of more than 1500 inhabitants/km2. FUAs consist of the core city plus its commuting 
zone, that is, surrounding local administrative units where at least 15% of residents work in the city core. The 
total population of cities and FUAs included in the study accounts for, respectively, about 40% and 64% of total 
population of the study area. Core and FUA boundaries are regularly updated and made available in the frame-
work of the ’Urban audit’ project jointly promoted by the EU Commission and OECD49.

Data availability
The source allocation data for the 708 cities produced by the European Commission (EC-JRC) can be accessed 
at: https://​data.​jrc.​ec.​europa.​eu/​datas​et/​ac97b​944-​2635-​4122-​8c05-​4f0d0​cdc86​44. Data can also be accessed and 
visualized via the Sherpa-Cloud web application available at this link: https://​jeodpp.​jrc.​ec.​europa.​eu/​eu/​dashb​
oard/​voila/​render/​SHERPA/​Sherpa.​ipynb. The access to the application requires a EUlogin account, the European 
Commission’s user authentication service (https://​wikis.​ec.​europa.​eu/​displ​ay/​NAITD​OC/​EU+​Login+-+​Europ​
ean+​Commi​ssion+​Authe​ntica​tion+​Servi​ce).

Code availability
Codes for calculation and data processing are written in R and are available from the correspond- ing author 
upon request. The Python code to run the Sherpa model is freely available at GitHub: https://​github.​com/​enric​
opiso​ni/​SHERPA-​simul​ation.

Received: 22 February 2024; Accepted: 29 April 2024

References
	 1.	 Pope, C. A. & Dockery, D. W. Health effects of fine particulate air pollution: Lines that connect. J. Air Waste Manag. Assoc. 56(6), 

709–742 (2006).
	 2.	 Murray, C. et al. Gbd 2019 risk factors collaborators: Global burden of 87 risk factors in 204 countries and territories, 1990–2019: 

A systematic analysis for the global burden of disease study 2019. Lancet 396(10258), 1223–1249 (2020).
	 3.	 WHO. WHO Global Air Quality Guidelines: Particulate Matter (PM2.5 and PM10), Ozone, Nitrogen Dioxide, Sulfur Dioxide and 

Carbon Monoxide (World Health Organization, 2021).
	 4.	 UNION, P. et al. Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008 on Ambient Air Quality and 

Cleaner Air for Europe (Official Journal of the European Union, 2008).
	 5.	 EEA. Europe’s Air Quality Status 2022 (2022).
	 6.	 Fuzzi, S. et al. Particulate matter, air quality and climate: lessons learned and future needs. Atmos. Chem. Phys. 15(14), 8217–8299 

(2015).

https://data.jrc.ec.europa.eu/dataset/ac97b944-2635-4122-8c05-4f0d0cdc8644
https://jeodpp.jrc.ec.europa.eu/eu/dashboard/voila/render/SHERPA/Sherpa.ipynb
https://jeodpp.jrc.ec.europa.eu/eu/dashboard/voila/render/SHERPA/Sherpa.ipynb
https://wikis.ec.europa.eu/display/NAITDOC/EU+Login+-+European+Commission+Authentication+Service
https://wikis.ec.europa.eu/display/NAITDOC/EU+Login+-+European+Commission+Authentication+Service
https://github.com/enricopisoni/SHERPA-simulation
https://github.com/enricopisoni/SHERPA-simulation


10

Vol:.(1234567890)

Scientific Reports |        (2024) 14:10210  | https://doi.org/10.1038/s41598-024-60946-2

www.nature.com/scientificreports/

	 7.	 Clappier, A., Thunis, P., Beekmann, M., Putaud, J. & de Meij, A. Impact of SOx, NOx and NH3 emission reductions on PM2.5 con-
centrations across Europe: Hints for future measure development. Environ. Int. 156, 106699 (2021).

	 8.	 Thunis, P., Degraeuwe, B., Pisoni, E., Ferrari, F. & Clappier, A. On the design and assessment of regional air quality plans: The 
Sherpa approach. J. Environ. Manag. 183, 952–958 (2016).

	 9.	 Thunis, P. et al. PM2.5 source allocation in European cities: A sherpa modelling study. Atmos. Environ. 187, 93–106 (2018).
	10.	 Juda Rezler, K., Reizer, M., Maciejewska, K., B-laszczak, B. & Klejnowski, K. Characterization of atmospheric PM2.5 sources at a 

central European urban background site. Sci. Total Environ. 713, 136729 (2020).
	11.	 Karamchandani, P., Long, Y., Pirovano, G., Balzarini, A. & Yarwood, G. Source-sector contributions to European ozone and fine 

PM in 2010 using aqmeii modeling data. Atmos. Chem. Phys. 17(9), 5643–5664 (2017).
	12.	 McDuffie, E. E. et al. Source sector and fuel contributions to ambient PM2.5 and attributable mortality across multiple spatial scales. 

Nat. Commun. 12(1), 3594 (2021).
	13.	 MacQueen, J. et al. Some methods for classification and analysis of multivariate observations. In Proceedings of the Fist Berkeley 

Symposium on Mathematical Statistics and Probability, Vol. 1 281–297. Oakland, CA, USA (1967).
	14.	 Eurostat. Statistics on Cities, Towns and Suburbs. Edition Eurostat Statistical Book (2016).
	15.	 Kuenen, J. et al. CAMS-REG-v4: A state-of-the-art high-resolution European emission inventory for air quality modelling. Earth 

Syst. Sci. Data Discuss. 2021, 1–37 (2021).
	16.	 Li, X. et al. Contributions of residential coal combustion to the air quality in Beijing–Tianjin–Hebei (bth), China: a case study. 

Atmos. Chem. Phys. 18(14), 10675–10691. https://​doi.​org/​10.​5194/​acp-​18-​10675-​2018 (2018).
	17.	 Daellenbach, K. R. et al. Sources of particulate-matter air pollution and its oxidative potential in Europe. Nature 587(7834), 414–419 

(2020).
	18.	 Butt, E. et al. The impact of residential combustion emissions on atmospheric aerosol, human health, and climate. Atmos. Chem. 

Phys. 16(2), 873–905 (2016).
	19.	 Thunis, P. et al. Why is the city’s responsibility for its air pollution often underestimated? A focus on PM2.5. Atmos. Chem. Phys. 

21(24), 18195–18212 (2021).
	20.	 EEA. European Union Emission Inventory Report 1990–2021. EEA report 04/2023, Other, EEA, Copenhagen, Denmark (Apr. 2023).
	21.	 van der Gon, H. D., Gauss, M. & Granier, C. Documentation of CAMS Emission Inventory Products. Tech. rep., Copernicus Atmos-

phere Monitoring Service (Jun. 2023).
	22.	 Thunis, P. et al. Non-linear response of PM2.5 to changes in NOx and NH3 emissions in the Po basin (Italy): Consequences for air 

quality plans. Atmos. Chem. Phys. 21(12), 9309–9327 (2021).
	23.	 Liu, Z. et al. Optimal reactive nitrogen control pathways identified for cost-effective PM2.5 mitigation in Europe. Nat. Commun. 

14(1), 4246 (2023).
	24.	 Crippa, M. et al. Insights on the spatial distribution of global, national and sub-national GHG emissions in edgarv8. 0. Earth Syst. 

Sci. Data Discuss. 2023, 1–28 (2023).
	25.	 Crippa, M. et al. Gridded emissions of air pollutants for the period 1970–2012 within EDGAR v4. 3.2. Earth Syst. Sci. Data 10(4), 

1987–2013 (2018).
	26.	 EC. The use of Woody Biomass for Energy Production in the EU. Tech. rep., European Commission (2021).
	27.	 Motola, V., Scarlat, N., Hurtig, O., Buffi, M., Georgakaki, A., Letout, S., Mountraki, A., Joanny, O. G. et al. Clean Energy Technology 

Observatory: Bioenergy in the European Union–2022 Status Report on Technology Development, Trends, Value Chains and Markets 
(2022).

	28.	 Dwivedi, P., Khanna, M., Bailis, R. & Ghilardi, A. Potential greenhouse gas benefits of transatlantic wood pellet trade. Environ. 
Res. Lett. 9(2), 024007 (2014).

	29.	 Wang, W., Dwivedi, P., Abt, R. & Khanna, M. Carbon savings with transatlantic trade in pellets: Accounting for market-driven 
effects. Environ. Res. Lett. 10(11), 114019 (2015).

	30.	 Cowie, A. L. et al. Applying a science-based systems perspective to dispel misconceptions about climate effects of forest bioenergy. 
GCB Bioenergy 13(8), 1210–1231 (2021).

	31.	 Agostini, A., Giuntoli, J., Boulamanti, A., et al. Carbon Accounting of Forest Bioenergy: Conclusions and Recommendations from a 
Critical Literature Review (2014).

	32.	 Moomaw, W. R., Law, B. E. & Goetz, S. J. Focus on the role of forests and soils in meeting climate change mitigation goals: sum-
mary. Environ. Res. Lett. 15(4), 045009 (2020).

	33.	 Booth, M. S. Not carbon neutral: Assessing the net emissions impact of residues burned for bioenergy. Environ. Res. Lett. 13(3), 
035001 (2018).

	34.	 EC. Stepping up Europe’s 2030 climate ambition. Investing in a Climate-Neutral Future for the Benefit of Our People. Tech. rep., 
European Commission (2020).

	35.	 WHO. Review of Evidence on Health Aspects of Air Pollution: Revihaap Project: Technical Report. Tech. rep., World Health Organi-
zation. Regional Office for Europe (2021).

	36.	 Vörösmarty, M. et al. Oxidative potential in rural, suburban and city centre atmospheric environments in central Europe. Atmos. 
Chem. Phys. 23(22), 14255–14269 (2023).

	37.	 Clappier, A., Pisoni, E. & Thunis, P. A new approach to design source–receptor relationships for air quality modelling. Environ. 
Model. Softw. 74, 66–74. https://​doi.​org/​10.​1016/j.​envso​ft.​2015.​09.​007 (2015).

	38.	 Pisoni, E., Clappier, A., Degraeuwe, B. & Thunis, P. Adding spatial flexibility to source-receptor relationships for air quality mod-
eling. Environ. Model. Softw. 90, 68–77. https://​doi.​org/​10.​1016/j.​envso​ft.​2017.​01.​001 (2017).

	39.	 Pisoni, E. et al. Application of uncertainty and sensitivity analysis to the air quality Sherpa modelling tool. Atmos. Environ. 183, 
84–93. https://​doi.​org/​10.​1016/j.​atmos​env.​2018.​04.​006 (2018).

	40.	 Bessagnet, B., Pisoni, E., Thunis, P. & Mascherpa, A. Design and implementation of a new module to evaluate the cost of air pol-
lutant abatement measures. J. Environ. Manag. 317, 115486. https://​doi.​org/​10.​1016/j.​jenvm​an.​2022.​115486 (2022).

	41.	 Simpson, D. et al. The EMEP MSC-W chemical transport model—technical description. Atmos. Chem. Phys. 12(16), 7825–7865. 
https://​doi.​org/​10.​5194/​acp-​12-​7825-​2012 (2012).

	42.	 Pisoni, E., Thunis, P. & Clappier, A. Application of the Sherpa source-receptor relationships, based on the EMEP MSC-W model, 
for the assessment of air quality policy scenarios. Atmos. Environ. X 4, 100047. https://​doi.​org/​10.​1016/j.​aeaoa.​2019.​100047 (2019).

	43.	 Trombetti, M. et al. Spatial inter-comparison of top-down emission inventories in european urban areas. Atmos. Environ. 173, 
142–156 (2018).

	44.	 Thunis, P. et al. Sensitivity of air quality modelling to different emission inventories: A case study over Europe. Atmos. Environ. X 
10, 100111 (2021).

	45.	 Schaap, M. et al. Performance of european chemistry transport models as function of horizontal resolution. Atmos. Environ. 112, 
90–105 (2015).

	46.	 Khomenko, S. et al. Spatial and sector-specific contributions of emissions to ambient air pollution and mortality in european cities: 
A health impact assessment. Lancet Public Health 8(7), e546–e558 (2023).

	47.	 OECD. Redefining Urban: A New Way to Measure Metropolitan Areas. Organisation for Economic Cooperation and Development 
(OECD) (2012).

	48.	 Dijkstra, L., Poelman, H. & Veneri, P. The EU-OECD Definition of a Functional Urban Area (2019).
	49.	 EC. Urban audit. Methodological Handbook (2004).

https://doi.org/10.5194/acp-18-10675-2018
https://doi.org/10.1016/j.envsoft.2015.09.007
https://doi.org/10.1016/j.envsoft.2017.01.001
https://doi.org/10.1016/j.atmosenv.2018.04.006
https://doi.org/10.1016/j.jenvman.2022.115486
https://doi.org/10.5194/acp-12-7825-2012
https://doi.org/10.1016/j.aeaoa.2019.100047


11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:10210  | https://doi.org/10.1038/s41598-024-60946-2

www.nature.com/scientificreports/

Acknowledgements
We acknowledge both the EMEP and CAMS community that provide the open source EMEP air quality model, 
and the CAMS-REG-AP emission inventory.

Author contributions
E.P., P.T. and S.Z.-S. conceptualised the study. E.P., P.T., and B.B. developed the Sherpa model. A.d.M. performed 
EMEP simulations and E.P. derived the Source Receptor Relationships used in Sherpa. S.Z.-S. did the data analy-
sis. S.Z.-S., E.P., P.T. contributed to data interpretation. S.Z.-S., E.P., P.T. accessed and verified the data. S.Z.-S., 
E.P. and P.T. wrote the manuscript. All authors reviewed the manuscript and provided feedback on the study 
design, data analysis, and interpretation of results. All authors had full access to all the data in the study and had 
final responsibility for the decision to submit for publication.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​60946-2.

Correspondence and requests for materials should be addressed to S.Z.-S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-60946-2
https://doi.org/10.1038/s41598-024-60946-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Reducing biomass burning is key to decrease PM2.5 exposure in European cities
	Results
	Spatial source allocation
	The primary role of the emissions from the residential sector
	Anthropogenic primary PM2.5 versus gaseous precursors

	Discussion
	Methods
	The Sherpa model
	Cities and functional urban areas

	References
	Acknowledgements


