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Fine particulate matter (PM2.5) is a major contributor to air pollution-related mortality in Europe. 
The European Zero Pollution Action Plan (ZPAP) aims to reduce PM2.5-attributable deaths by 55% 
by 2030 relative to 2005, while the EU Directive 2024/2881 states the new Ambient Air Quality 
targets. The open questions are: (1) has the ZPAP and the EU Directive 2024/2881 target for PM2.5 
already been reached? If not, (2) will the current policy allow the ZPAP and EU 2024/2881 target for 
PM2.5 to be met in 2030, or (3) is an additional policy needed? This work proposes a methodology 
to estimate the attributable deaths caused by PM2.5 exposure in 2005, 2019 (question 1), and 2030 
projection, considering the current legislation (CLE2030, question 2) and a policy (OPT2030, question 
3), solution of a multi-objective problem that minimizes PM2.5 concentration and measure costs. The 
methodology was tested on the Po Valley in Northern Italy, one of the most polluted areas in Europe. 
Results show that premature deaths decreased by 36% on average from 2005 to 2019. By 2030, 
under current legislation (CLE2030), 18 of the 29 major cities are projected to meet the ZPAP target, 
while only 2 are expected to comply with the PM2.5 target of the Directive (EU) 2024/2881. With the 
implementation of additional measures (OPT2030), the number of cities meeting the ZPAP target rises 
to 26, and 13 are projected to achieve the PM2.5 limit recommended by the Directive (EU) 2024/2881.

Global air pollution exposure is predicted to cause 8.9 million deaths annually, accounting for 7.6% of total 
yearly mortality1,2. The relationship between air pollution and various health outcomes has been extensively 
studied, showing an increased risk of strokes, heart attacks, lung cancer, and chronic obstructive pulmonary 
disease3–6. Despite the improvement of air quality in Europe over the last 20 years, the European Environment 
Agency (EEA)7 calculated that in 2023 more than 253,000 premature deaths were caused by fine particulate 
matter (PM2.5), 52,000 by Nitrogen Dioxide (NO2), and 22,000 by ozone (O3) exposure8.

In response to the significant health burden caused by air pollution, the European Green Deal introduced a 
specific target in the Zero Pollution Action Plan (ZPAP) adopted by the European Commission in May 2021, 
which aimed to reduce air pollution-related premature deaths (in particular to PM2.5) by at least 55% by 2030 
compared to 2005 levels8.

This health target complements the European Ambient Air Quality Directives, currently defined by Directive 
EU 2008/50/EC9 (2008 AAQD), which sets the maximum annual limit value of PM2.5 concentration at 25 µg/
m3. This limit is scheduled to be reduced to 10 µg/m3 by 2030 under Directive (EU) 2024/28810 (2024 AAQD). 
It is important to underline that these regulatory thresholds do not correspond to zero health risk; according to 
WHO, the concentration level below which no adverse health effects have been observed is estimated equal to 
5 µg/m3 for long-term PM2.5 exposure11.

Among European regions, the Po Valley is known for its challenges in reaching air quality standards despite 
emission reduction efforts12–15. In 2015, a European study on the health impact of PM2.5 identified cities in the 
Po Valley as having the highest mortality burden from PM2.5 exposure in Europe16. The persistently high levels 
of PM2.5 can largely be attributed to emissions from the transport, domestic heating, industrial, and agricultural 
sectors17–19  worsened by the Po Valley’s specific geographical and atmospheric conditions. The basin-like 
topography bounded by the Alps and the Apennines, the stagnant air masses, and thermal inversions trap 
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pollutants in the lower atmosphere, leading to persistent poor air quality20,21. Especially, secondary components 
play a crucial role in determining PM2.5 concentrations in the area. Agricultural and livestock activities are 
significant contributors to ammonia (NH3) emissions (about 96%), which combine with gaseous precursors 
like SO2 (Sulphur dioxide) and NOx (nitrogen oxides) to form ammonium sulfate ((NH4)2SO4) and ammonium 
nitrate (NH4NO3)22,23 the main components of secondary PM2.5 in the area.

In this study, a methodology was formalized and applied to analyzes both the feasibility of achieving the 
PM2.5 2024 AAQD and ZPAP targets.

The methodology employed a modeling approach to assess the long-term health impacts associated with 
PM2.5 exposure from 2005 to 2030, specifically focusing on premature deaths among adult residents aged ≥ 30 
years in 29 urban areas within the Po Valley region, implementing the WHO-recommended dose-response 
function.

For the years 2005 and 2019, city-level PM2.5 concentrations were obtained from EEA datasets, which 
combine monitoring data with atmospheric modeling24.

The year 2030 was assessed using projected emissions to estimate concentrations, exposure levels, and 
associated health impact under two scenarios: the Current Legislation scenario (CLE2030) and an Optimized 
Policy scenario (OPT2030). The CLE2030 scenario reflects the policies currently planned by the Italian energy 
and climate plan (PNIEC, 2019)25 with a methodology similar to other studies that examined air quality and 
health benefits of emission reductions in 2030 projections using the National Emission Ceiling Directive (NECD, 
2016)26 or considering the National Energy Strategy (NES, 2012)27 or with optimized polices for European 
cities28. The OPT2030 scenario evaluates the application of an optimal air quality strategy, developed by solving 
a multi-objective optimization problem that minimizes both PM2.5 concentrations and policy implementation 
costs.

Projections to 2030 were generated using the Multi-objective Air Quality (MAQ) model29  a bottom-up 
Integrated Assessment Model designed to support policymakers in assessing air quality plans.

Uncertainty in PM2.5 concentrations and health impacts were evaluated with a Monte Carlo analysis, 
accounting for uncertainties of the dose-response function and the model PM2.5 concentration projection.

Results indicate that, between 2005 and 2019, PM2.5-related premature deaths decreased by an average of 
36%. Under the CLE2030 scenario, 18 of the 29 cities are projected to meet the ZPAP target, while only 2 are 
expected to comply with PM2.5 target of the Directive (EU) 2024/2881. With the implementation of additional 
measures (OPT2030), the number of cities meeting the ZPAP target rises to 26, and 13 are projected to achieve 
the PM2.5 limit recommended by the Directive (EU) 2024/2881.

Results
This section presents the main results of the study, organized into four parts. First, we analyzed EEA historical air 
quality data, focusing on PM2.5 concentrations in 29 cities for the years 2005 (EEA2005) and 2019 (EEA2019), 
in order to evaluate the progress achieved over time. Subsequently, future air quality projections for the year 
2030 are introduced, based on current legislation (CLE2030) and an optimized policy scenario (OPT2030), 
developed through the MAQ model. The Health Impact Assessment (HIA) was conducted for all considered 
scenarios and years, quantifying the benefits of reduced PM2.5 exposure in the context of the ZPAP. Finally, the 
fourth part details the features in terms of emissions, measures, and costs of the optimal policy.

Exposure assessment in 2005 and 2019
PM2.5 concentrations for the ZPAP reference year 2005 and the current scenario (2019) were obtained from 
the European Topic Centre on Air Pollution, Transport, Noise, and Industrial Pollution (ETC/ATNI) dataset of 
EEA24. The datasets include the yearly average PM2.5 data computed over the administrative area for 29 cities of 
the domain, as reported in Table 1.

The selection of these 29 cities was based on the availability of PM2.5 concentration data for 2005; for that 
year, there was a restricted monitoring coverage caused by the poor distribution of measurement stations. As a 
result, only cities with sufficient and reliable data for both years were included in the analysis.

In 2005, 19 of the 29 selected cities exceeded the 25 µg/m3 target set by 2008 AAQD, with concentrations 
ranging from 19.9 µg/m3 to 34.8 µg/m3 and a median value of 27.4 µg/m3. By 2019, all cities had successfully 
complied with the 2008 AAQD target, showing marked decreases in PM2.5 concentrations, with a median value 
of 18.2 µg/m3, due to EU policy interventions and local mitigation efforts. However, all cities exceeded the new 
target of 10 µg/m3 at 2030 established by 2024 AAQD, which is still twice the WHO guideline value of 5 µg/m3.

Assessment of the 2024 AAQD PM2.5 target
Emission-concentration-exposure projections for the year 2030 were estimated using the MAQ model29.

The CLE2030 projection corresponds to the scenario where only prevented actions are applied. It is obtained 
as a projection processing GAINS 203030 estimations, based on “EU Outlook 2017” and the Italian energy 
and climate plan (PNIEC)25. The GAINS 2030 scenario considers existing air quality directives and policies. 
The PNIEC plan outlines the reduction in fuel consumption by 2030, focusing on the primary energy sectors: 
electricity generation, household heating, industrial combustion, and transportation (details on the energy plan 
are available in the supplementary material, section S5).

The GAINS 2030 scenario is therefore used as baseline and adjusted in specific energy sectors where the 
PNIEC set more ambitious targets.

To assess how the regional air quality could further progress, a multi-objective optimization problem was 
solved starting from the CLE2030 scenario.

The solutions of the multi-objective problem constitute the Pareto front (see supplementary material section 
S7). The optimal solution near the maximum curvature is selected as the OPT2030 scenario, incorporating 
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additional air quality measures beyond those recommended by 2030 (see “Future projections” sections in the 
Methodology).

The model’s output is the yearly average concentration per cell with a resolution of 6 × 6 km2 these values 
were then aggregated by municipality to compare the outputs with the previous data (domain concentrations 
are reported in the supplementary, section S8). The last two columns of Table 1 display the yearly average PM2.5 
concentrations over the administrative domain of the selected cities for CLE2030 and OPT2030 scenarios, 
including confidence intervals that account for model uncertainty.

In the CLE2030 scenario, annual PM2.5 concentrations range from 9.9 µg/m³ to 16.5 µg/m³, with an average 
reduction of approximately 53% compared to 2005. The relative reductions vary across cities, with the most 
pronounced decrease observed in Bergamo (77%) and the lowest in Rimini (24%). All the cities reach the target 
set by 2008 AAQD, while, considering the model uncertainty, a total of 27 (CI 26–29) cities will not reach the 
2024 AAQD target.

Under the OPT2030 scenario, further reductions in PM2.5 concentrations are achieved across all cities. 
The additional mitigation efforts resulted in an average reduction of 59% compared to 2005 levels. With 
supplementary emission reduction measures, the number of cities over 10 µg/m3 (2024 AAQD) will decrease to 
22 (CI 16–27).

ZPAP target assesment
The results in terms of attributable deaths for all the scenarios analyzed are reported in Table 2. The HIA indicates 
that all cities exhibited high levels of mortality for PM2.5 exposure in 2005 (16% of total natural deaths). By 2019, 
substantial reductions in attributable deaths (AD) were observed across all cities, with a total mean reduction of 
36%. However, no city achieved the ZPAP target. The CLE2030 scenario results in 57% reductions in premature 
deaths for the whole area compared to 2005. 18 cities (CI 16–21) are expected to meet the ZPAP target. However, 
three cities do not reach 40% (Venice, Ravenna, and Rimini), indicating the need for additional interventions. 
Under the OPT2030, 26 cities (CI 22–27) achieve the ZPAP target, with a total average reduction of 71% relative 

City Population 2019 EEA 2005 EEA 2019 CLE2030 OPT2030

Alessandria 93,191 27.4 17.6 15.6 (14.7–16.5) 13.3 (12.3–14.2)

Asti 75,591 28.1 17.8 15.3 (14.3–16.2) 13.0 (12.1–13.9)

Bergamo 120.569 32.7 18.6 11.5 (10.5–12.5) 9.3 (8.3–10.3)

Bologna 393,248 23.0 15.3 11.8 (11.0-12.5) 10.3 (9.5–11.1)

Brescia 196,134 33.4 22.9 13.0 (12.0–14.0) 10.7 (9.7–11.7)

Busto Arsizio 83,549 31.2 18.1 12.6 (11.6–13.6) 11.0 (10.0–12.0)

Como 85,979 26.6 14.5 10.8 (9.8–11.8) 9.0 (8.0–10.0)

Cremona 72,274 31.1 22.6 14.7 (13.7–15.7) 11.6 (10.6–12.6)

Ferrara 132,931 24.7 18.0 12.7 (11.9–13.4) 11.3 (10.5–12.1)

Forlì 118,360 20.7 14.9 11.8 (11.0-12.6) 10.9 (10.1–11.7)

Gallarate 54,015 29.1 17.2 12.3 (11.3–13.3) 10.8 (9.8–11.8)

Lecco 48,265 28.4 13.9 9.1 (8.1–10.1) 7.8 (6.8–8.8)

Milan 1,395,980 34.8 19.0 16.5 (15.5–17.5) 14.3 (13.3–15.3)

Modena 189,016 24.6 18.2 12.4 (11.6–13.2) 10.6 (9.8–11.4)

Novara 103,278 29.0 18.3 14.9 (13.9–15.8) 12.0 (11.1–13.0)

Padua 209,995 31.7 21.8 14.2 (13.3–15.1) 12.1 (11.2–13.0)

Parma 198,606 24.8 17.6 10.9 (10.1–11.7) 9.3 (8.5–10.1)

Pavia 71,943 27.7 19.1 15.0 (14.0–16.0) 13.0 (12.0–14.0)

Piacenza 103,904 27.2 18.9 11.7 (10.9–12.5) 10.1 (9.3–10.9)

Ravenna 158,923 21.1 17.2 13.3 (12.5–14.1) 12.2 (11.5–13.0)

Reggio nell’Emilia 170,887 23.1 17.9 12.6 (11.8–13.4) 10.9 (10.1–11.6)

Rimini 148,981 19.9 14.8 13.3 (12.5–14.1) 12.3 (11.6–13.1)

Sassuolo 40,373 21.9 16.0 9.9 (9.1–10.7) 8.9 (8.1–9.7)

Turin 860,793 31.5 19.8 15.5 (14.6–16.4) 13.9 (13.0–14.8)

Treviso 85,236 29.3 21.4 15.3 (14.3–16.3) 13.4 (12.4–14.4)

Varese 80,876 26.5 14.9 11.3 (10.3–12.3) 9.4 (8.4–10.4)

Venezia 259,961 23.5 17.0 16.3 (15.3–17.1) 14.0 (13.1–14.9)

Verona 258,584 31.4 21.0 11.2 (10.3–12) 9.8 (8.9–10.7)

Vicenza 109,837 32.0 24.3 13.5 (12.6–14.4) 11.62 (10.7–12.6)

Table 1.  Population in 2019 and historical annual mean PM2.5 concentrations (µg/m3) across 29 
municipalities in the Po Valley taken from EEA for 2005 and 2019 and PM2.5 projection to 2030 in CLE2030 
and OPT2030 scenarios, with relative confidence intervals. Bold indicates cities that meet the 2024 AAQD 
target. 
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to 2005. Despite these improvements, Venice, Ravenna, and Rimini still fail to meet the target. In this scenario, 
7071 estimated premature deaths (CI 6286–7697) could be yearly prevented across the considered cities, 
corresponding to 11% of the total natural deaths.

These improvement on residents’ health is associated with a progressive reduction in public health costs, 
from 33.3 B€ in 2005 to 14.5 B€ in CLE2030 and 9.7 B€ in OPT2030. These costs refer to the population of the 29 
cities included in the study and therefore represent a conservative estimate of the total potential benefits across 
the Po Valley domain.

2030 optimal policy features
The optimal policy scenario corresponds to a budget amount of 300 M€ per year over CLE2030, equivalent 
to 17% increase of the CLE2030 budget. The optimal solution corresponds to a budget allocated mostly to the 
residential combustion (Corinair macrosector 2, MS2) (~ 200 M€ per year), followed by agriculture (Corinair 
macrosector 10, MS10, ~ 53 M€ per year). The remaining budget is split between the energy production (Corinair 
macrosector 1, MS1) and the transport (Corinair macrosector 7 and 8, MS7-MS8).

As it is represented in Fig.  1, domestic heating, particularly the use of stoves and fireplaces, is the main 
source of Primary PM (PPM) emissions in CLE2030 and also contributes significantly to NOx emissions (16%), 
mainly produced by natural gas combustion. Agriculture accounts for 98% of ammonia emissions and 36% of 
VOC emissions. The transport sector is the primary contributor to NOx emissions (40%), followed by industrial 
combustion. VOCs are emitted from the solvent and paint use sector (39%), followed by agriculture, and the 
production process (8%).

CITY AD 2005 AD 2019 AD CLE2030 AD OPT2030
AD 2019 vs. 
AD 2005

AD CLE2030 
vs. AD 2005

AD 
OPT2030 
vs. AD 
2005

Alessandria 157 (132–183) 108 (89–127) 91 (70–114) 64 (46–84) 32% 42% 60%

Asti 143 (119–168) 88 (103 − 72) 72 (55–90) 45 (31–60) 38% 50% 69%

Bergamo 221 (183–256) 135 (111–158) 67 (44–90) 36 (15–56) 39% 70% 84%

Bologna 596 (494–697) 340 (269–396) 226 (165–291) 142 (87–201) 43% 62% 76%

Brescia 334 (280–391) 260 (216–303) 121 (88–159) 72 (41–105) 22% 64% 78%

Busto Arsizio 129 (109–151) 86 (72–101) 51 (36–68) 35 (21–51) 33% 61% 73%

Como 128 (105–149) 70 (57–83) 44 (2 8–62) 22 (7–38) 45% 66% 83%

Cremona 143 (120–167) 103 (103–121) 59 (44–75) 32 (19–46) 28% 59% 78%

Ferrara 245 (200–288) 164 (133–191) 99 (73–126) 70 (74–95) 33% 60% 71%

Forlì 133 (111–156) 99 (81–117) 69 (49–90) 53 (36–73) 25% 48% 60%

Gallarate 73 (61–87) 48 (39–56) 29 (21–39) 20 (12–29) 34% 60% 73%

Lecco 79 (65–93) 37 (30–44) 17 (9–26) 9 (1–17) 53% 78% 89%

Milan 2,685 (2209–3117) 1,367 (1123–1610) 1,134 (873-1,418) 742 (523–975) 49% 58% 72%

Modena 252 (210–293) 186 (153–216) 107 (79–136) 68 (44–95) 26% 58% 73%

Novara 168 (137–197) 108 (88–127) 81 (62–102) 51 (35–69) 36% 52% 70%

Padua 405 (337–473) 299 (249–349) 169 (128–215) 102 (67–141) 26% 58% 75%

Parma 253 (208–299) 180 (147–213) 87 (61–115) 50 (27–76) 29% 66% 80%

Pavia 132 (109–154) 94 (78–110) 67 (51–86) 43 (28–58) 29% 49% 68%

Piacenza 173 (141–203) 118 (99–138) 59 (43–76) 35 (21–52) 32% 66% 80%

Ravenna 167 (139–195) 167 (136–196) 115 (87–145) 99 (72–129) 0% 31% 41%

Reggio nell’Emilia 186 (153–216) 147 (122–173) 88 (65–114) 62 (42–83) 21% 53% 67%

Rimini 128 (103–149) 131 (109–155) 112 (84–141) 99 (73–127) −3% 12% 22%

Sassuolo 43 (36–51) 31 (26–37) 14 (10–19) 9 (5–14) 28% 67% 78%

Turin 1,661 (1373–1929) 1,069 (889–1252) 772 (594–959) 544 (388–711) 36% 54% 67%

Treviso 148 (122–175) 118 (97–140) 76 (58–95) 52 (37–69) 20% 49% 65%

Varese 132 (107–156) 68 (55–80) 44 (30–60) 25 (12–40) 49% 67% 81%

Venice 407 (334–476) 282 (233–330) 265 (205–328) 188 (137–245) 31% 35% 54%

Verona 437 (364–509) 314 (267–371) 126 (88–169) 74 (36–112) 28% 71% 83%

Vicenza 192 (161–224) 152 (124–179) 70 (50–90) 39 (24–56) 21% 64% 80%

Total (29 cities) 9,953 (8221–11602) 6,371 (5238–7476) 4,329 (3,250-5,496) 2,882 (1,935–3905) 36% 57% 71%

Table 2.  Absolute number of attributable deaths due to PM2.5 exposure across 29 municipalities in the Po 
Valley for 2005, 2019 (based on EEA data), and projections for 2030 under the baseline scenario (CLE2030) 
and enhanced air quality scenario (OPT2030). The last three columns represent the percentage reduction in 
2019, CLE2030, and OPT2030 compared to 2005, according to the zero pollution. Bold indicates cities that 
meet the ZPAP target. 
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The implementation of the optimal set of measures (OPT2030) allows the reduction of NOx emissions by 
40%, primary PM2.5 by 39%, ammonia by 28%, and VOC by 12%, as represented in the right part of Fig. 1. 
Additionally, energy policies lead to co-benefits in CO2 emissions, reduced by 17%.

A selection of key policies identified by the optimization problem in OPT2030 is reported in Table 3, where 
energy measures are represented in orange, while end-of-pipe technologies are in blue, while fuel-switch measures 
are not selected as efficient measures. Residential combustion (MS2) receives the largest budget allocation, 
primarily focusing on new performance certifications for wood stoves (25.3% application, 137.3 M€/year) and 
new fireplaces (98.3% diffusion, 26.4 M€/year), reducing Primary PM and VOC emissions. In agriculture, key 
measures involve ammonia emission reductions via covered storage and low ammonia application for liquid 
manure management (95% implementation for dairy and 80% for other cattle, ~ 31.3 M€/year total). Additional 
interventions target transport emissions, such as urban goods delivery optimization (61.6%, 1.8 M€/year) and 
higher efficiency on off-road agricultural vehicles (84.5%, 1.4 M€/year), resulting in NOx reductions. NH3 and 
NOx emission reductions limit the secondary PM production and accumulation.

MS Sector Activity Measure Application [%] Cost [M€]
EMI Red 
[kt/year]

2 Fireplaces Fuelwood New performance certification for stoves 25.3 137.3
VOC:2.02
PPM2.5: 4.45
CO2:70.40

2 Fireplaces Fuelwood Thermostatic valves 6.9 4.9
VOC: 0.60
PPM2.5: 1.01
CO2: 20.67

7 Light duty vehicles Urban Diesel Optimization of urban goods delivery 61.6 1.8 NOx: 5.00
CO2:1779.08

8 Agriculture Diesel Higher efficiency of off-road vehicles 84.5 1.4 NOx: 0.19
CO2: 466.88

7 Buses Urban Diesel Substitution of buses with electric vehicles 10 1.4 NOx: 0.14
CO2: 70.86

2 Residential-commercial Natural gas Combustion modification on gas use in 
commercial and residential sectors 30 29.7 NOX: 2.10

2 Fireplaces Fuelwood New fireplace 98.3 26.4 VOC: 0.80
PPM2.5: 1.01

10 Dairy cattle Dairy cows - liquid 
systems

Combination of Covered Storage & Low 
Ammonia Application 95 16.1 NH3: 9.93

10 Other cattle Other cattle - liquid 
systems

Combination of Covered Storage & Low 
Ammonia Application 80 15.2 NH3: 12.58

1 Power & district heat plants –
new (excl. coal)

Other biomass and 
waste fuels

Selective catalytic reduction on new hard coal 
power plants 50 10.2 NOx: 2.08

10 Dairy cattle Dairy cows - solid 
systems Low ammonia application; high efficiency 60 5.5 NH3: 5.06

7 Light duty vehicles Extraurban Diesel EURO 6 30.8 5.4 NOx: 2.39
PM2.5: 0.41

Table 3.  Main measures applied to scenario OPT2030: energy (bold) and End-of-Pipe .

 

Fig. 1.  Total emissions per Corinair macrosector and precursor in the CLE2030 scenario (left) and percentage 
emission reduction between the OPT2030 and CLE2030 scenarios (right).
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Discussion
The research assessed and estimated the PM2.5 concentrations and the premature deaths attributable to chronic 
exposure to this pollutant for the years 2005, 2019, and projections for 2030. The research followed a two-
step approach: (i) an analysis of historical air quality data, sourced from the EEA; and (ii) the generation of 
2030 projections using an integrated modeling framework considering both current legislation at 2030 and 
an optimal air quality policies scenario. The latter represents the application of an efficient set of emission 
reduction measures defined by solving a multi-objective optimization problem. The analysis was performed 
using a regional-scale Integrated Assessment Model (IAM), capable of capturing the non-linear relationships 
between emission sources and pollutant concentrations and considering at the same time energy and end-of-
pipe measures in the decision problem.

A Health Impact Assessment was embedded within this framework using a Monte Carlo method to account 
for uncertainties in exposure-response functions (RR) and air quality modeling (considering the standard 
deviation of Source-Receptor Model, enhancing confidence in estimation of premature deaths.

The historical analysis revealed reduced PM2.5 levels in urban areas of the Po Valley region from 2005 
resulting from European and national air quality regulations. Nonetheless, none of the cities comply with the 
PM2.5 EU 2024/2881 target of 10 µg/m³.

Projections for 2030, based on current and planned emission reduction scenarios, suggested that further 
significant reductions in PM2.5 levels are possible. However, only 2 of the 29 cities are expected to meet the 2024 
AAQD standards, an outcome consistent with findings from other studies27. The OPT2030 scenario showed 
an improved outcome: approximately 25% of the cities meet the 2024 AAQD standard, though none reach the 
WHO guideline value.

The HIA indicates a 36% reduction in premature deaths from 2005 to 2019, and none of the cities met the 
ZPAP target. Following the current legislation on air quality could prevent thousands of premature deaths by 
2030, an average reduction of 57% across the 29 cities compared to 2005. However, the reductions are not-
uniformly distributed in the domain, ranging from 12 to 78%, with 10 cities still failing the reaching of ZPAP 
target. Implementing optimized, targeted air quality strategies enables additional seven cities to meet the 
ZPAP target, leaving only three cities still noncompliant. These outliers likely require supplementary city-level 
interventions beyond the regional measures.

The modeling assessment reveals that the ZPAP PM2.5 target is more achievable than compliance with the 
2024 AAQD PM2.5 target, representing a policy-relevant benchmark in highly polluted regions, as the Po Valley, 
where achieving strict concentration thresholds may be infeasible in the medium term. Adopting the ZPAP 
target as an intermediate step may thus help guide effective and regionally tailored air quality planning while still 
ensuring significant public health benefits.

The optimal regional strategy, derived from the multi-objective optimization framework, considers the 
emission reduction measures for the key precursor sources. A substantial portion of the mitigation budget was 
directed toward the residential combustion sector, which remains a major source of PPM2.5 emissions in the 
Po Valley. Specifically, the strategy emphasizes the replacement or certification of inefficient wood-burning 
appliances, such as stoves and fireplaces, which are widely used for domestic heating, particularly in rural 
and peri-urban areas. The implementation of stringent performance standards and the promotion of cleaner 
technologies in this sector are critical to achieving relevant reductions in PM2.5 concentrations.

In addition, the optimal strategy incorporates comprehensive measures in the agricultural sector, with a 
particular focus on reducing ammonia emissions, key precursors in the formation of secondary particulate 
matter. The model identifies improved manure management, recommending a combination of covered storage 
systems and low-emission application techniques for liquid manure, especially in dairy and cattle farming.

The transport sector also features in the optimized policy selection. Measures in this sector primarily aim to 
enhance the efficiency of urban logistics and reduce emissions from off-road vehicles used in agriculture and 
construction. The optimization identifies the reorganization of urban goods delivery systems, upgrades to off-
road diesel vehicles, and uses of electric buses to lower NOₓ emissions.

The current study using a comprehensive assessment framework underscores the necessity of expediting the 
development of environmental public health policies aimed at achieving the ZPAP. Overall, the optimal policy 
reflects the need for integrated, cross-sectoral approaches to air quality improvement.

Strength and limitations
A strength of this research is the use of the MAQ Integrated Assessment Model, which captures non-linearities 
in pollutant concentrations and enables spatially refined projections. This model, enhanced by neural networks, 
allowed for better prediction accuracy across varying urban and rural landscapes. Additionally, the study’s HIA 
employed a robust Monte Carlo approach to address uncertainties in exposure and mortality risk estimates, 
enhancing confidence in the projections of premature mortality. This methodological approach integrated 
emissions reduction scenarios with health outcomes, offering a detailed evaluation of how enhanced pollution 
abatement strategies can align with stringent policy targets.

Comparing our findings with similar studies across Europe, we found that the estimated mortality reductions 
align closely with those estimated7,16,26,31,32. Yet, this study is unique in its application of scenario analysis and 
multi-objective decision problem to gauge the feasibility of Zero Pollution and 2024 AAQD PM 2.5 targets at a 
local level, a crucial approach given the persistent air quality challenges in the Po Valley due to topographical 
and meteorological factors.

However, certain limitations should be considered. This work assumed uniform exposure within each 
municipality, which might overlook localized differences in air quality that can influence individual health 
outcomes. The emission scenario used in this study is based on the EU Outlook 2017, which underpinned several 
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policy assessments at the European level, including the first Clean Air Outlooks and the National Emissions 
Ceiling Directive. However, more recent projections are available, such as those included in the Second Clean 
Air Outlook, reflecting updated legislation and national measures. While the use of an older scenario may not 
fully capture recent policy developments, it provides a consistent reference scenario that has been widely applied 
in previous integrated assessments.

Finally, at the national level, the model relies on the 2019 version of Italy’s National Energy and Climate 
Plan, which was the most recent plan available at the time the emission projections were developed. Although 
an updated version has been released in 2024, the differences in projected emissions relevant to local air quality 
appear to be moderate. The most significant differences were found in the energy production and residential 
heating sectors. These changes are estimated to affect total precursor emissions by approximately 1% for NOₓ and 
SO₂, resulting in only marginal variations in air pollution concentrations. Therefore, the use of the 2019 plan is 
not expected to substantially affect the estimated pollutant concentrations or related health impacts.

Future studies should focus on refining exposure models and exploring the impacts of updated policy plans 
on other pollutants and their public health outcomes.

Methods
The study was performed with a two-step analysis: the first part considers the progress already reached in air 
quality improvements from 2005 to the current situation, in this case, the reference year is 2019. The second 
step corresponds to the projection evaluation to 2030 and the identification of an optimal policy to define the 
OPT2030 scenario. Finally, to all the years and scenarios analyzed a Health Impact Assessment was carried out 
to estimate the number of attributable deaths and their reduction with respect the 2005.

Step 1: historical air pollution data and City selection
The Po Valley is a geographical area located in northern Italy, roughly between 40° and 50° N latitude and 5° and 
15° E longitude. The whole area is partitioned into four administrative regions: Piedmont, Lombardy, Emilia-
Romagna, and Veneto. Data on PM2.5 yearly concentrations for this area were retrieved from the European 
Environment Agency (EEA) datahub24 specifically those provided by the European Topic Centre on Air Pollution, 
Transport, Noise, and Industrial Pollution (ETC/ATNI) interpolated maps in the ETC/ATNI 2021/1 report33. 
The pollutant concentrations were computed through a methodology that combines air quality monitoring data, 
chemical and transport model outputs, and supplementary datasets, including land cover, meteorological, and 
satellite data. This approach allowed for spatially resolved estimates of annual pollutant concentrations across 
Europe, with a resolution of 1 × 1 km² for both urban and rural areas33.

Data were collected for the ZPAP reference year (2005) and the current scenario (2019). The diffusion of 
monitoring stations of PM2.5 concentration was limited in 2005, leading to restricted data availability for this 
reference year. Other databases, providing concentration data for some selected cities, are evaluated, such as 
those presented by Southerland et al.34 but these data differ widely from measurement data and therefore, are 
not used for this study.

For this study, a total of 29 cities (accounting for 25% of the total Po Valley population) were analyzed, 
following EEA PM2.5 concentration data availability for 2005. The cities are reported in Fig. 2.

Step 2: 2030 projections and optimal policies
The CLE2030 scenario serves as a reference for identifying additional optimal policies to develop an enhanced 
scenario, referred to as OPT2030, which incorporates further air quality measures beyond those planned for 
2030.

Accordingly, the decision problem was formulated to determine the set of policies that should be implemented 
to improve air quality within the domain.

The decision variables correspond to the degree of application on the overall domain of the emission reduction 
measures. Measures are diversified to each source activity and are mainly categorized in three groups :.

•	 the end-of-pipe measures, that reduce the emissions released without altering the energy consumption of the 
activities.

•	 the fuel switch measures, which consists of the shifting from a fuel to another with lower emissions or higher 
efficiency.

•	 the energy measures, that directly reduces the energy consumption of a source activity.

A policy is represented by the decision variable set π = (π x), where each component π x denotes the 
penetration rate of the emission reduction measure xϵX(Xdenotes the set of emission abatement measures). The 
measure application can improve the air quality over the domain, which is considered as the first performance 
index to be minimized, AQI (Air Quality Index). At the same time, it must be considered the costs required to 
implement these measures, TC (Total Costs). The objective function ( J (π x)) is therefore a two-dimensional 
vector, containing the two performance indexes:

	
J (π x) =

[
AQI (Ep (π x))

T C (π x)
]

� (1)

Where the AQI  is the yearly mean PM2.5 concentrations, computed as a function of the emission of each 
precursor p, where p = {NOx, V OC, NH3, P M2.5, SO2} . The precursor emissions Ep, are directly 
varied by the decision variables (π x). The total cost T C  of the policy is the sum of the measures implementation 
cost for each fuel-activity, knowing the unit costs of each measure.
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The optimal control policy π ∗
x is therefore the one that minimizes J (π x) :

	
π ∗

x = arg min
π x

J (π x) with x ∈ X, π x ∈ Π � (2)

where Π  denotes the feasible set of the decision variables π x considering technical and policy constraints (see 
supplementary material, section S6).

The problem does not have a singular solution that concurrently minimizes both objectives. An infinite set 
of Pareto optimal solutions P∗ is present in this problem, corresponding to the set of non-dominated solutions. 
Considering an objective function with q objectives:

Definition 1  Policy π  dominates policy π ′ , denoted by π ≺ π ′ , if: 
∀ i ∈ {1, . . . , q} , Ji (π ) ≤ Ji (π ′ ) ∧ ∃ j ∈ {1, . . . , q} such that Jj (π ) < Jj (π ′ ).

As the problem defined in Eq. (1) involves two objective functions, q = 2 is assumed.

Definition 2  A policy π  is non-dominated (or Pareto optimal) if no policy π ′  exists such that π ′ ≺ π .

The collection of non-dominated solutions constitutes a Pareto curve, illustrating the optimal AQI alongside its 
corresponding policy cost values. There are different approaches to solve multi-objective problems, where the 
aim is generally to reduce the problem to a single objective optimization. In this case the problem is solved with 
an E-constraint approach, where the total cost is fixed as a constraint, and the AQI is minimized. The Pareto 
frontier is obtained by varying the cost.

In this problem, the set of decision variables ( π ) corresponds to a total of 845 variables, combining 396 
measures applicable to 110 sectors over 44 emissive activities, that are constrained following the description in 
Turrini et al.29 and the Supplementary material (section S6) The problem is solved with an IAM model, described 
in the following section.

Fig. 2.  The Po Valley domain with the cities considered for this study. (Map generated using QGIS version 3.34 
https://www.qgis.org with base imagery from OpenStreetMap contributors, accessed via the QuickMapServices 
plugin ​h​t​t​p​s​:​​​/​​/​p​l​u​g​i​n​​s​.​q​g​i​​s​.​o​​​r​g​/​p​l​u​​g​i​​n​s​/​​q​u​​i​c​k​_​​​m​a​p​_​s​​e​r​v​i​c​e​s​/. The map was edited and annotated in QGIS).
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IAM model
The MAQ system29 is a tool to support policymakers in the definition and evaluation of air quality strategies 
considering the health exposure and impact, policy costs, and greenhouse gas emission reduction35,36. Efficient 
policies reduce precursor emissions, which are converted into pollutant concentrations via nonlinear Source-
Receptor Models (SRM). The tool can perform the analysis of scenarios, in which a predefined policy is applied 
a priori, or solve a multi-objective decision problem, where efficient policies are identified minimizing PM2.5 
concentration and cost.

The MAQ input provides estimations of the spatially distributed emissions of precursors across the designated 
domain (in this work the Po Valley), alongside a comprehensive database that encompasses anthropogenic 
activities and their corresponding abatement measures. The models perform different analysis that starts from a 
base-case scenario. The definition of the scenario requires input data about emissions, sources, and meteorology. 
In this case the base case 2019 scenario.

The emissions were obtained with a merge of different inputs: (i) the local INEMAR inventory of the year 
2017, developed by the Italian Regional Environment Agencies (ARPA) of the Po Valley as part of the LIFE 
PREPAIR project (INEMAR, https://www.lifeprepair.eu) and (ii) the national “EUoutlook2017” scenario 
projection to 2020, developed by IIASA with the Greenhouse Gas and Air Pollution Interactions and Synergies 
(GAINS) model37  which offers detail on emission factors, an extensive list of potential reduction measures 
for each activity, and their associated costs38. The emissions are linked to their relative concentrations with a 
SRM, trained with a set of scenarios obtained by a chemical and transport model. The model simulates different 
scenarios where the emissions are varied (individually to each precursor and combining different precursors), 
considering a defined meteorology, in this case, those of 2019. These steps are necessary to cover different 
possibilities of emission reduction variation, which could be processed with the MAQ model.

The emissions and PM2.5 concentration over the domain for the BC2019 scenario with its relative validations 
are available in supplementary material section S2.

Health impact assessment
HIA was performed to estimate the effect of PM2.5 exposure on natural-cause mortality for residents of each 
considered municipality in the years 2005, 2019, and 2030. The PM2.5 exposure-attributable deaths (AD) were 
estimated using an Exposure Response Function (ERF), from the latest European Topic Centre Human health 
and the environment report39  that quantifies the association between air pollution and mortality, following 
Eq. (1). 

	 AD = afP M2.5 · MR � (3)

Where MR represents the all-cause mortality rate of the population aged 30 years and over in each municipality, 
and afPM2.5 is the attributable fraction related to PM2.5 exposure, which is computed with Eq. (2).

	
afP M2.5 = 1 − 1

e
ln (RR) ∗( P M2.5−threshold

10 ) � (4)

The Relative Risk (RR) was taken from the WHO Guidelines40 for all-cause mortality as a measure of the increase 
in the risk of death for an increase of 10 µg/m3 in PM2.5 concentration, and it’s equal to 1.08 (1.06–1.09). The 
concentration considered is the yearly average value in the municipality domain, and the cut-off was set to 5 µg/
m3, below which there is no increased health risk according to WHO40. If the concentration was lower than this 
cut-off, the corresponding AD is zero.

The population was obtained from the Italian National Statistical Institute (ISTAT) for each municipality in 
the year 2019. The natural-cause mortality in people aged 30 years and over by age class and municipality was 
taken from ISTAT for 2005 and 2019. For future projections is used the population and mortality data of 2019.

The cost benefits associated with prevented premature deaths due to PM2.5 exposure can be expressed in 
terms of Value of a Statistical Life (VSL). The VSL represents “the sum of money each individual is prepared to 
pay for a given reduction in the risk of premature death, for example from diseases linked to air pollution”, as 
defined in the “Mortality Risk Valuation in Environment, Health and Transport Policies” report41. It is therefore 
the societal willingness to pay to avoid a statistical death, accounting for both income and the value of leisure 
time. This value is not a universal constant but varies across countries, as it depends on income levels, risk 
preferences, and cultural factors, necessitating its computation on a context-specific variables41. In the work of 
Sweis42the economic parameter considered is the marginal utility of consumption, ranging from 0 to 1. In this 
work42 is considered an intermediate value of marginal utility equal to 0.5, that corresponds to a VSL for Italy 
equal to 3.8 million USD42. Health damage costs were obtained by multiplying the number of attributable deaths 
by the VSL.

	 HC = AD ∗ V SL � (5)

Uncertainty analyses
A Monte Carlo approach has been adopted to propagate the uncertainties, obtaining point estimates and 
confidence intervals (CIs) for attributable deaths.

For historical data (2005 and 2019), a single Monte Carlo was performed to propagate RR uncertainty. 1000 
simulations were conducted with mean value RR and standard deviation ( σ ) as in (6), where RRinf  and 
RRsup are the lower and upper bounds of the 95% confidence intervals, using the 2.5th and 97.5th percentiles 
of the simulated attributable deaths, respectively.
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	 σ ln RR = ln (RRsup) −ln (RRinf )
3.82

� (6)

For the future projection (CLE2030 and OPT2030), a double Monte Carlo accounting for both RR and MAQ 
model uncertainties (corresponding to the standard deviation of the validation phase for PM2.5 SRM, reported 
in supplementary material, section S4) was carried out. The first estimation considered a set of 1000 simulations 
for each municipality, using the model’s mean value and uncertainty. For each value, a second Monte Carlo was 
computed on RR, as explained before.

Data availability
Dataset on pollutant concentration data for 2005 and 2019 is available at ​h​t​t​p​s​:​​/​/​w​w​w​.​​e​e​a​.​e​u​​r​o​p​a​.​​e​u​/​e​n​/​d​a​t​a​h​
u​b​/​d​a​t​a​h​u​b​i​t​e​m​-​v​i​e​w​/​4​9​9​3​0​2​4​5​-​d​c​3​3​-​4​c​4​7​-​9​3​b​8​-​9​5​1​2​f​0​6​2​2​e​b​c​. Data about the projection to 2030, whenever 
applicable, are available from the corresponding author upon reasonable request.
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