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This study is focused on a pivotal objective: enhancing air quality and attaining
pollutant concentrations in accordance with WHO guidelines. The study
extensively evaluates the feasibility of reducing emissions, specifically targeting
an 80% decrease in SOX, NOX, PM, NH3, and NMVOC emissions within a limited
timeframe. Despite notable emission curtailments of 50% and 80%, the research
reveals that recommended pollutant levels are unlikely to be met across most
areas of the Po Valley region. Even when implementing the finest available
technologies across various sectors, particularly within the Lombardia region,
this goal remains unattainable without simultaneous reductions in activity levels.
This involves diminishing factors like vehicle miles traveled, energy consumption
for heating, and industrial, agricultural, and livestock production. Overall,
achieving improved conforming to the new AQG limits is a multifaceted
endeavor involving numerous stakeholders and diverse strategies. Successful
adherence to Air Quality limits mandates the implementation of Source-
Specific emissions standards at the EU level, alignment of the National
Emission Reduction Directive with limits specified in the Air Quality Directive,
and the formulation of comprehensive Air Quality Plans at national, regional, and
local tiers.
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1 Introduction

Air pollution is a significant public health issue affecting millions of people worldwide.
Over the past 3 decades in Europe, visible improvements in air quality have been achieved,
thanks to strong common efforts driven by the European Union (EU), national, regional and
local authorities in the Member States (Bourdrela et al., 2018; Lim et al., 2019). However,
exposure to high concentration of fine particulate matter (PM2.5) has been linked to various
adverse health outcomes, including respiratory diseases (i.e., asthma, chronic pulmonary
disease) and cardiovascular disease. It is estimated that air pollution causes millions of
premature deaths each year (EEA, 2021; Khomenko et al., 2021; WHO, 2021). Moreover, air
pollution has also been associated with neurological diseases such as dementia and has a
disproportionate impact on vulnerable populations such as children and the elderly.

Recognizing the growing body of evidence on the health impacts of different air
pollutants, the World Health Organization (WHO, 2021) has introduced Air Quality
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Guidelines (AQG) with stricter values for several pollutants,
including PM10, PM2.5, and NO2, aiming to protect public health.
As a result, many countries need to revise their regulations to meet
these guidelines. In Europe, the European Commission (EC)
concluded that the Directives (EU, 2004; EU, 2008) have been
partially effective in improving air quality and achieving air
quality standards. As part of the European Green Deal
(European Commission, 2021), the EC is committed to improve
air quality and aligning EU air quality standards with the
recommendations of WHO. Consequently, the EC has proposed
a new revision of the air quality Directive, which includes a
progressive alignment of the standards with a vision for 2050 to
reduce air pollution to levels that are no longer considered harmful
to health and natural ecosystems. Furthermore, interim targets have
been formulated for several pollutants, including PM2.5, PM10, O3,
NO2, SO2, and CO. Despite the ambitious objective of achieving a
non-toxic environment by 2050 (referred to as AQG levels), meeting
these guidelines remains a significant challenge, particularly in
reducing emissions of PM2.5 (Cohen et al., 2017). The reduction
of PM2.5 concentrations continues to be a challenging goal, that
requires also to act on the emissions of ammonia (NH3) and other
precursors (NOx, COV) (Thunis et al., 2021; Wang et al., 2021;
ApSimon et al., 2023).

In the European Union, many Member States have exceeded
environmental objectives for one or more of the main pollutants,
and the Po Valley stands out as one of the most critical hotspots for
pollution in Europe. The Po Valley can be considered as a
distributed megacity in Europe, with a population of over
20 million and a significant concentration of Italian livestock,
industry and agricultural production take place (Finardi et al.,
2014; Clappier et al., 2021; Thunis et al., 2021; Khomenko et al.,
2023). The high density of pollutant sources in Po Valley is one of
the main reasons why the thresholds limits for pollutants such as
NO2, PM10, O3 are not being met. Additionally, the orographic
feature of the Po Plain, surrounded by the Alps to the north and the
Apennines to the South, contribute to the air quality challenges due
to the stagnation of air and the limited exchange of pollutants.
Although the emissions of air pollutants have been significantly
reduced in all sectors, thanks to regional plans developed for the Po
Valley, the concentrations of pollutants still remain significantly
above the WHO AQG (D’Elia et al., 2018; De Angelis et al., 2021).

Several studies have demonstrated the positive effects of
emission reduction measures on air quality and the health
impacts in Europe (Crippa et al., 2015; Turnock et al., 2016;
Carnell et al., 2019; Velders et al., 2020). Recently, there has been
a significant effort to estimate the spatial and sector-specific
contributions of emissions to ambient air pollution in European
cities (Khomenko et al., 2023). This assessment aims to evaluate the
effects of source-specific reductions in pollutants on mortality rates,
with the goal of supporting targeted actions to address air pollution
and enhance population health. By understanding the sources
responsible for pollution and their impact on public health,
authorities can implement more effective and tailored strategies
to mitigate air pollution and improve the wellbeing of residents in
urban areas. However, it is crucial to consider the most realistic
scenarios to determine what represents the maximum technically
feasible options and the consequences of implementing more
stringent requirements.

Chemical transport models (CTMs) are powerful tools that can
be used to understand the transport and transformation of air
pollutants, including photochemical smog and secondary
aerosols, in the atmosphere. By simulating the dispersion of
pollutants, CTMs can help quantify the impacts of emissions
reductions strategies. In recent years, CTMs have become
increasingly important for air quality management and
policymaking (Chemel et al., 2014; Baklanov and Zhang, 2020),
particularly in regions with high levels of air pollution like the Po
Valley (Squizzato et al., 2013; Vander Hoorn et al., 2022).

In this paper, we started from the results of NINFA-ER CTM, a
model systems runned in the LIFE IP-PREPAIR (Po Regions
Engaged to Policies of AIR) project and used to investigate the
effects of hypothetical emission reduction scenarios on pollutant
concentrations in the Po Valley within the project (https://www.
lifeprepair.eu/index.php/sdm_downloads/evaluation_scenarios-
2022_who/).

During the project, it has been evaluated the effects on
concentrations of a strong emission reductions of all
anthropogenic sectors reducing SOX, NOX, PM, NH3, NMVOC
by 50% and 80% based on 2017 emissions. It has been evaluated the
impacts of these scenarios on PM2.5, NO2, and PM10 annual limit
concentrations, and assessed their potential to meet theWHOAQG.
Additionally, we have considered the feasibility of implementing a
“technical” emissions scenario, considering factors such as cost and
technical feasibility. At the national level, ENEA, as part of the
National Control Programme of Air Pollution, recently developed
emission and air quality scenarios to assess compliance with the
limits set by the Directive 2016/2284 (NEC) (Piersanti et al.,
2021), too.

Based on an inventory simulation reduction, we identified the
most feasible emission reduction scenario. Previous studies have
indicated that reducing PM2.5 emissions can lead to improvements
in air quality and a reduction in health impacts in the Po Valley
(Klimont, 2011; Klimont et al., 2017). However, implementing
effective emissions reduction strategies can pose challenges, and
the most feasible approach depends on various factors, including
local conditions, air quality plan and available technical resources.
By providing insight into the impacts and feasibility of different
emissions reduction strategies, our study aims to inform decision-
making processes and support efforts to enhance air quality in the
Po Valley. It demonstrates that achieving compliance with theWHO
AQG is technically difficult in the Po Valley, which is affected by air
pollution, without considering significant reduction in various
sectors.

2 Materials and methods

2.1 NINFA-ER: a CTM model set-up

Simulations, presented in briefly herein, were performed within
LIFE IP-PREPAIR (https://www.lifeprepair.eu/index.php/sdm_
downloads/evaluation_scenarios-2022_who/). In this work, we
reported the main set-up of the CTM model and main results
already obtained. Further details and a more comprehensive
description of the methodology employed, are described in the
references mentioned, including (Marongiu et al., 2022a) for
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emission inventory data and (Veratti et al., 2023) for a detailed
description of the CHIMERE set-up and domain application.

The NINFA-ER CTM (Northern Italy Network to Forecast
Aerosol Pollution) is an operational air quality (AQ) model used
by the Environmental Agency of the Emilia-Romagna Region
(Arpae). It incorporates a Chemical Transport Model (CTM), a
meteorological model and a pre-processing emissions tool. The
CHIMERE model serves as the chemical transport model,
facilitating simulations of air pollutant and aerosol transport,
dispersion, chemical transformations, and deposition (both dry
and wet). The study considers natural emissions (biogenic, sea-
salt, and dust), as well as emissions from various anthropogenic
sources in the region and neighboring areas. The emissions data for
the model come from specific proxy variables associated with each
emission activity (e.g., SNAP3 network for traffic emissions,
population and urban fabric data for domestic heating, etc.). This
model serves as a valuable tool for understanding air quality and
pollution dynamics in the study area. The meteorological hourly
input for the study is obtained from COSMO, the National
numerical weather prediction model utilized by the Italian
National Civil Protection Department. COSMO is a hydrostatic,
limited-area atmospheric prediction model that employs primitive
thermo-hydrodynamical equations to describe compressible flow in
a moist atmosphere. It incorporates a range of physical processes
through dry and moist parameterization schemes. The initial and
boundary conditions (IC/BC) for the Chemical Transport Model
(CTM) simulations are sourced from the PrevAir European Scale
Air Quality Service project (http://www.prevair.org). The CTM
simulations have a horizontal resolution of 0.09 × 0.07°, which
corresponds to approximately 5 km, covering the entire northern
Italy region.

Furthermore, a data fusion post-processing step is applied to
adjust the output of the CHIMERE model using available measured
concentrations. This process involves a Kriging with External Drift
algorithm, considering the model itself and the elevation above sea
level as spatial explanatory variables (Bertino et al., 2003). The
validation of the CTM output has been presented in (Supplementary
Figure S1 presents the scatter plot of simulated vs. observed values
and Supplementary Table S1 shows-statistical scores bias and root
mean square error).

Measured PM10, NO2, and PM2.5 concentrations used in the
study were derived from the dataset (data flows E1a stand for
ambient air measurement validated) reported annually to the
European Environmental Agency (EEA, 2021). Only background
stations were included in the model adjustment, and annual average
concentrations were considered for all examined pollutants (PM10,
NO2, PM2.5).

2.2 Emission dataset

One of the objectives of the LIFE-IP PREPAIR was to implement
short- and long-term measures to reduce pollution emissions and
improve air quality in the Po Valley region. To achieve this, a task
was assigned to harmonize and collect anthropogenic emission data
from eight Italian regions of the Po Valley and Slovenia (Marongiu
et al., 2022b). This task resulted in the creation of a comprehensive

air pollutant emission dataset for the entire domain, covering the
years: 2013, 2017, and 2019.

The Italian Regions and autonomous provinces have varied
functions in the monitoring and management of air quality,
according to European and national legislation and must create
and update an emission inventory on their own territory every two
or 3 years. The EEA-EMEP Guidebook is the key technical reference
in updating emission inventories (www.eea.europa.eu) at both
national and local levels, and it plays an important role in
estimating comparability (EMEP/EEA, 2016, 2019).

Local emission inventories in Italy are usually compiled at a
municipal level and use the SNAP classification. This high spatial
resolution can help to better depict the emission pressure on the
domain, but it can also make it more difficult to provide consistent
time series due to variations in local information availability. In Po
Valley, the great part of the Regions developed jointly these local
inventories, calling the database “INEMAR system” resulting in a
significant level of harmonization in the realization of atmospheric
emission estimates (www.inemar.eu). INEMAR is a database that
may provide findings for pollutants of interest for air quality,
greenhouse gases, PAHs, carbonaceous portion of particle, and
heavy metals from a combination of more than 250 activities and
35 fuels.

The process of compiling a local emission inventory in the
INEMAR system begins with the collection of a massive amount of
information such as activity indicators (e.g., fuel consumption,
traffic flows, industrial production), emission factors, and
statistical data for the spatial and time-based distribution of
emissions.

As reported by the EEA-EMEP Guidebook, with the term tier is
described the level of methodological sophistication: tier 1 is the
simplest (most basic) technique, tier 2 is the intermediate, and tier
3 is the most demanding in terms of complexity and data needs. The
top tier algorithms are integrated into database modules as part of
the INEMAR system.

The emission inventories obtained with INEMAR system can be
summarized by the following:

Ei � ∑
m
∑

s
∑

f
Is,f,mEFs,f (1)

Where Ei represents the annual emission for pollutant i (e.g.,:
PM10, NH3, NOx, ecc), m represents the municipality of the
domain, s represents the source type according to SNAP
classification and f is the fuel type (e.g.,: wood, gasoline, natural
gas, . . . ); Is,f,m represents the activity indicator for source s, fuel
type f and municipality m and EFs,f,i is the emission factor for
pollutant i, source s and fuel f.

Total emissions are obtained by multiplying the activity
indicators by the corresponding emission factors and aggregating
the values of all municipalities, all sources and all fuel types during a
full year. In higher tiers approaches the emission factors and activity
indicators are calculated from more complex algorithms.

The NINFA-ER CTM simulation as mentioned in (Veratti et al.,
2023), utilized the 2017 emission dataset of LIFE-IP PREPAIR based
on the collection of all the data of the INEMAR system and of the
data available for the areas not covered by this database relatively to
Slovenia and other areas not covered by the system. However, it is
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not worth noting that a more recent emission inventory referring to
2019 has been managed for Lombardy Region. This updated
inventory has been used for the evaluations of the Maximum
Reduction Rate (MRR) described in the following sections.

2.3 Hypothetical emission scenarios

In this study, we reported the results obtained by simulations
already done with NINFA-ER CTM (https://www.lifeprepair.eu/
index.php/sdm_downloads/evaluation_scenarios-2022_who/).

The four simulations specifically for NO2, PM2.5, and PM10 were
performed, including a reference scenario based on the work by
Marongiu et al. (2022a). Emissions of SOX, NOX, PM, NH3, and
NMVOC were progressively reduced from 10% to 80% across the
entire investigation domain. For a more detailed description of these
scenarios, you can refer to Table 1.

In addition to the NINFA-ER CTM simulations, two additional
scenarios were developed to assess the maximum achievable
emission reductions. These scenarios involved implementing the
best available technologies and combining them with activity level
variation. Section 2.4 and Section 2.5 of the study provide further
explanations regarding these scenarios.

2.4 The maximum reduction rate MRR
(technological) scenario in Lombardy
Region

This section aims to present the maximum achievable emission
reduction through the implementation of the best possible
technologies. The emission calculations are based on an annual
and regional basis using the Lombardy regional emission inventory
updated to 2019, obtained through the INEMAR system (Lgs, 2010;
Lombardia, 2017; Lombardia, 2017).

The analysis includes key sectors such as road traffic, wood
burning in domestic heating, livestock management and agriculture
fertilization. Assuming like the base scenario (E0) the regional
emission inventory of Lombardy updated to 2019, the MRR is
calculated under the following assumptions.

1. Replacement of all vehicles, except heavy commercial vehicles,
with electric vehicles

2. Replacement of heavy goods vehicles with Euro VI vehicles
3. Replacement of all wood-burning appliances with 5 s appliances

(dell’Interno, 2017)
4. Conversion of all farms to use the most efficient technologies for

NH3 emission reduction in all phases of manure management.

5. Implementation of fertilizers that reduce ammonia volatilization
into the atmosphere.

6. Maintenance of all other indicators such as the number of
vehicles, distances traveled, electricity production, farms sizes,
and areas to be fertilized, at their current levels.

2.4.1 Road transport and complete electrification
of mobility demand

The application of the best available technologies involves
replacing all heavy-duty vehicles with Euro VI vehicles and
converting cars, light duty vehicles, city buses, coaches, mopeds,
and motorcycles to electric powered vehicles. For the latter
categories, the conversion of internal combustion engines to
electric motors will result in emissions only from brake, tire and
road wear assuming a constant mileage of the vehicles. Table 2
summarizes the number of vehicles, annual mileage, and average
wear emission factor of PM10 obtained from Lombardy emission
inventory of 2019. These emission factors also depend on the vehicle
weight and usage mode (for example, the average emission factor of
mopeds is slightly higher than that of motorcycles due to their
predominant use in urban areas).

The almost complete electrification of the circulating fleet will
result in an increased demand for electricity. However, the effects on
the electricity production system have not been evaluated. It is
assumed that the higher consumption will be met through imports
or non-emissions causing systems within Lombardy.

2.4.2 Biomass burning in the domestic heating
Italian National legislation has introduced an emissive

classification for domestic biomass burners, with five stars (5-s)
indicating the lowest emission appliances. In the scenario of
maximum reduction, we assume the complete conversion of all
existing single user appliances into 5-s pellet appliances and all the
existing boilers into 5-s boilers. The total consumption of woody
biomass remains unchanged at approximately 19 PJ (Peta joule). It is
estimated that the complete conversion of biomass-fired devices
would involve replacing over 600,000 appliances. The emission
factors 5-s devices have been estimated on the specified limits
provided by (dell’Interno, 2017), taking into account the
condensable fraction of emissions. The assumed emission factors
are 47 g/GJ for PM in single-user pellet stoves and 9 g/GJ for PM in
pellet boilers (Marongiu et al., 2022a).

2.4.3 Agriculture and livestock
We consider the complete conversion of effluent management

techniques currently implemented in farms to the best performing
technologies in terms of ammonia emissions. The maximum
emission reduction is calculated while maintaining the same
number of livestock units in farms that use these technologies,
allowing for the greatest possible reductions in ammonia emissions
during housing, field application and complete coverage of all
storages. The conversion of farms has been hypothesized for the
most representative animal categories in the region, including dairy
cows, other cattle, pigs, sows, laying hens and broilers. The emission
factor at the farm level that yields the lowest ammonia emissions was
calculated using the farm-scale BAT-Tool Plus software
implemented within the LIFE IP PREPAIR. The Table 3 presents
the technologies for managing livestock manure (LIFE, 2021),

TABLE 1 Definition of the hypothetical emission scenarios.

Reduction (%) NOX, VOC, NH3, PM, SOX

0 R0 (base case)

10 R10

50 R50

80 R80
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TABLE 2 Number of vehicles circulating in Lombardy in 2019, mileage and PM10 emission factors form tires, braeks and roads.

Vehicle type Number Mileage [millions of km] Emission factor [mg/km]

Cars 6,212,475 55,220 24

Light duty vehicles (<3.5 t) 631,448 8,071 33

Heavy duty vehicles 113,073 5,472 102

Mopeds 449,529 359 13

Motorcycles 1,095,683 2,028 12

Bus and coach 10,853 318 93

TABLE 3 Agriculture and livestock technique to comply the MRR.

Dairy cattle/non diary cattle Swine/Sow Laying hens Broilers

Housing Air conditioning (10%) 30.c. Air treatment (80%) 31.c. -Air
treatment (80%)

32.d overlapping floors with
ventilation (90%)

- roof insulation

- automated control of air conditioning systems

- artificial ventilation (wind channels, wind cascades) Urine
removal (20%)

- lanes with underfloor urine drainage

Feed lanes (20%)

- lanes with solid floor and removal >4 v/d

- slotted lane or channel with under cracked scraper
passage >4 v/d

Bedding, cleaning frequency (20%)

- slanted bedding, lanes cleaning >2 v/d

- flat litter without feeding lane or on slanted bedding: addition
of litter material everyday

Complete bedding renewal (20%)

- flat bedding without feeding lane: complete renewal of litter
material >60 days

Slatted floors (20%)

- housing on slatted floor or slatted slats with passage of under-
slit scraper >4 v/d

Storage Slurry: 16.b.1–covered tanks (90%) Slurry: 16.b.1–covered tanks (90%) Solid: 14.b.1–covering the stock in manure (40%)

Slurry: 16.b.1–floating covers (90%)

Solid: 14.b.1–covering the stock in manure (40%) Solid: 15.e − covered storage at the foot of the field (40%)

Solid: 15.e − covered storage at the foot of the field (40%)

Spreading Slurry (90%)–distribution of purified sewage Slurry–21.d—deep injection, closed
slot (90%)

Solid—Incorporation within 4 h (60%)

Slurry (90%)–low pressure fertirrigation Slurry—Distribution of purified
sewage (90%)

Solid—Incorporation within 4 h (60%) Slurry—low pressure
fertirrigatio (90%)

Solid—Immediately by non-inversion cultivation
incorporation (60%)

Solid—Immediately by non-inversion cultivation
incorporation (60%)
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categorized by phase and animal type, that correspond to the
greatest reductions in ammonia emissions.

The emission factors obtained result in the following reductions
compared to the emission factors reported by ISPRA in the
Informative Inventory Report 2021 (ISPRA, 2021). The expected
reduction for livestock in terms of emission factors, representative of
the national average, are as follows.

• 47% for dairy cows and 76% for other cattle.
• 68% for pigs and 82% for sows.
• 17% for laying hens and 31% for chickens.

2.4.4 Agriculture fertilization
The maximum reduction in ammonia emissions can also be

obtained by considering the management and/or substitution of
synthetic fertilizers in crops. An 80% reduction in NH3 emissions is
assumed, considering the replacement of ammonia-releasing
mineral fertilizers such as urea with non-ammonia releasing
mineral fertilizers (e.g., ammonium nitrate) or by adopting
practices such as burying or injecting urea (LIFE, 2021).

2.5 Activity level variations in addition to the
maximum reduction rate MRR
(technological) scenario

In addition to the MRR scenario, calculations were set up to
evaluate an additional reduction by considering possible variations
in activity indicators (e.g., reducing the number of cars or their
mileage). These scenarios, referred to as the MRR + Indicators, are
estimated using the following approach:

EMRR IND � EMRR · 1 − rn( ) · 1 − rind( ) (2)
These scenarios involve the percentage reduction of two

indicators.

a) rn, represents the percentage reduction in the number of vehicles
on the road, wood-burning appliances or number of animals.

b) rind represents the percentage reduction in average mileage for
road transport, energy consumption of wood-burning appliances
or the effect of animal weight.

To ensure comprehensive coverage of activities in the emission
inventory, the estimation also includes the possibility of assessing
the effects of reducing entire macro-sectors or sectors using a single
aggregate variable.

3 Results

This section presents the main output obtained from CTM
simulations in different scenarios to assess air quality compliance
with the proposed limits by WHO and EU for each pollutant,
including the R50 and R80 scenarios. Moreover, the Maximum
Reduction Rate Technological Scenario is presented to demonstrate
that achieving a reduction of, for instance, 80% is not possible solely
through technical measures; it also requires a significant reduction
in activities.

3.1 Scenarios results: air quality assessment

To enhance the realism of the pollutant model outputs and
ensure a more quantitative representation of their spatial
distribution, an adjustment factor obtained from the base
scenario R0, is applied to the annual average concentration
produced by R10, R50, R80 scenarios (see Figure 1). The model
results have been analyzed by considering the most critical
indicators in relation to the annual limit values established by the
2008/50/EC Directive (EU, 2008) and the new values proposed by
WHO (Table 4).

FIGURE 1
(A) Annual average PM2.5 concentration field (R80
scenario–80% reduction) (B) Annual average PM10 concentration
field (R80 scenario–80% reduction) (C) Annual average NO2
concentration field (R80 scenario–80% reduction).
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The figures below illustrate the spatial distribution of PM2.5,
PM10, NO2 annual average concentrations for the more effective
R80 emission scenario, based on the year 2018. It is important to
note that the year 2018 serves at the reference for the meteorological
driver COSMO and as based on the previous analysis, it exhibits an
intermediate behavior between the year 2017 and 2019. Some
validation indicators about the R0 are presented in
Supplementary Material.

In the R80 emission scenario, where all primary pollutants
and precursors (such as NOx, VOC, NH3, PPM, SOx) are
reduced by 80% across most of the Po Valley, the annual
mean concentration of PM2.5 (Figure 2) ranges between 5 and
15 μg/m³. Similarly, the PM10 concentration (Figure 2) falls
between 15 and 20 μg/m³, while NO2 levels (Figure 2) remain
below 10 μg/m³.

Please refer to Figure 1 for a visual representation of the spatial
distribution of these pollutant concentrations in the R80 emission
scenario for the year 2018.

When considering all the stations in the Po Valley, it becomes
evident that only 30% of them would meet the proposed PM2.5

annual limit if there is an 80% reduction in emissions of SOX, NOX,
PM, NH3, and NMVOC. This suggests that achieving the desired air
quality standards would be challenging, as the majority of stations
would still exceed the PM2.5 limit even with a substantial reduction
in emissions.

It’s important to note that the specific distribution and
concentration of pollutants can vary across different locations
within the Po Valley, and these results are based on the given
scenario and assumptions. Further analysis and evaluation may be
necessary to explore alternative strategies or additional measures to
attain the desired air quality targets in the region.

3.2 Emission scenario results: MRR and MRR
+ in Lombardy Region

This section presents the results of the Maximum Emission
Reduction (MRR) scenario, which represents the maximum
achievable emission reduction through the application of all
available technological measures. It also considers the MRR +

TABLE 4 WHO recommended AQG levels, interim target and EU 2008/50/EC Directive for R50 and R80 scenarios. The green/red colored cells indicate respectively
achievement/non achievement of selected target, while yellow means achievement at most monitoring stations.

Pollutant Average time Interim
target 1

Interim
target 2

Interim
target 3

Interim
target 4

AQG (air
quality
guidelines)

AAQ
directives
(actual limit)

PM2.5 μg/m
3 y 35 R50 25 R50 15 R50 10 R50 5 R50 25 R50

R80 R80R80 R80 R80 R80

PM10 μg/m
3 y 70 R50 50 R50 30 R50 20 R50 10 R50 40 R50

R80 R80R80 R80 R80 R80

NO2 μg/m
3 y 40 R50 30 R50 20 R50 — 10 R50 40 R50

R80 R80R80 R80 R80

FIGURE 2
PM2.5 annual averages for 2017, 2018, 2019: percentage of all stations below the interim target and AQG level observed (obs) and predicted data in
R10, R50, R80 emission scenarios.
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scenario, which incorporates the effects of limiting activity levels in
addition to the technological measures.

It is important to note that the MRR scenario does not take
into account the techno-socio-economic feasibility of completely
replacing biomass appliances, vehicle fleets, breeding and
manure management technologies in the livestock sector.
Therefore, these assessments represent a lower limit
estimation of emissions in Lombardy without considering the
feasibility and time profile of implementing such measures.
Factors such as costs, socioeconomic factors and sustainability
in meeting the increasing demand for energy vectors (e.g.,
electricity and biomass pellets) may make complete
implementation challenging.

Table 5 provides a quantification of emissions for the base year
(E0), which represents Lombardy region’s emission inventory for
2019, as well as the emissions for the MRR scenario based on the
assumptions outlined in Section 2.4.

Please note that further analysis and evaluation are necessary to
assess the feasibility, costs, and implications of implementing the
proposed emission reduction measures in practice.

The comparison between MRR and MRR + Indicator scenario
demonstrates the additional reduction in emissions that can be
achieved by acting on one or more of activity indicators. In the case
of road traffic, it is possible to influence both the number of vehicles
and the annual mileage, while in the case of biomass heaters, the
number of appliances and average annual consumption can be
adjusted. As explained in Section 2.4 and represented by
formulation (1), the emission reduction combines the potential
reductions in the indicators and uses the overall result to adjust
the emissions. For example, if there is a 25% reduction (rn) in the
number of cars and a 25% reduction (rind) in their mileage, the
correction factor for the remaining emission would be (1–0.25) ×
(1–0.25) = 0.56.

For each of the sources considered (road traffic, biomass heating
and livestock sector), as well as for aggregated sources, it is possible
to estimate the maximum additional contribution to the MRR
scenario by assuming a 100% reduction in the indicator. The
values presented in the table below represent the maximum
achievable values for each sector, and the indicators are
estimated as an additional change compared to the E0 scenario.

For instance, in the case of the total removal of cars in the MRR
scenario, an additional reduction in TSP (total suspended
particulate) emissions equal to 11% of the total emissions in the
E0 scenario is achieved. It’s important to note that these values
represent theoretical maximums and may not be feasible or

practical to achieve in reality. They provide insights into the
potential impact of further reductions in the activity indicators
on emissions.

In Table 6 the indicators are calculated using the following
formula:

RMRR IND SECT %( ) � EMRR IND SECT − EMRR

E0
· 100 (3)

The formula compares the emissions of the MRR_IND_SECT
scenario to the base year emissions E0.

a) EMRR_IND_SECT, represents the emissions obtained by applying a
zero-level indicator to a specific sector. The sectors are listed in
Table 6.

b) EMRR represents the total emissions calculated in the MRR as
reported in Table 5.

c) E0 represents the base year emissions as reported in Table 5.

To illustrate with an example, looking at Table 5, it shows that
there is a reduction of −38.9% for PM10. By removing all cars (100%
indicators, in Table 5) a further reduction of −9% can be achieved.
The total reduction would be the sum of these two contributions,
resulting in −48%.

Furthermore, if all the sectors listed in Table 5 are completely
removed, in addition to the MRR reduction, the emissions would
reach zero, effectively creating a zero-emissions situation.

4 Discussions

Improving air quality and achieving the suggested pollutants
concentrations provided by WHO guidelines is a crucial objective
for European, national, and local institutions to safeguard public
health. However, achieving near-zero emission limits within a
limited timeframe poses significant challenges. This study aims
to facilitate a comprehensive and nuanced discussion on the
feasibility of emission reduction strategies and whether it is
possible, within the given time frame, to attain interim and
WHO AQG levels through an 80% reduction of SOX, NOX,
PM, NH3, and NMVOC emissions.

The findings of this study demonstrate that despite substantial
and ambitiously scaled emission reductions (−50% and −80%), the
recommended level will not be met in most areas of the Po Valley
at least for some pollutants. Table 4 provides a summary of
compliance with the WHO and EU limits for each pollutant,

TABLE 5 Emissions for the base year (E0) and MRR emissions scenario in Lombardy. TSP is the total suspended particulate. The percentage is the variation of E0-
MRR with respect MRR.

SO2

(ton/
year)

NOx
(ton/
year)

COV
(ton/
year)

CH4

(ton/
year)

CO
(ton/
year)

CO2

(kton/
year)

N2O
(ton/
year)

NH3

(ton/
year)

PM2.5

(ton/
year)

PM10

(ton/
year)

TSP
(ton/
year)

E0 10.476 99.234 247.628 342.476 162.022 58.625 7.419 90.727 12.122 14.496 18.101

MRR 10.363 52.908 229.341 338.894 72.343 43.480 7.071 35.002 6.092 8.336 11.670

Var −1.1% −46.7% −7.4% −1.0% −55.3% −25.8% −4.7% −61.4% −49.7% −42.5% −35.5%
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comparing the R50 and R80 scenarios. Key observations are as
follows.

1) PM2.5: the R50 scenario (50% reduction) results in compliance
with interim target 2, while interim target 3 can only be achieved
through the R80 scenario (80% reduction). A closer examination
of the 2018 data reveals that only in the R80 scenario does one
background station exhibit a concentration value below 5 μg/m³,
while the remaining monitoring stations show concentrations
between 5 and 15 μg/m³. Figure 2 illustrates that only 30% of
stations have the potential to achieve the proposed PM2.5 annual
limit.

2) PM10: concentrations in both R50 and R80 scenarios fall between
interim target 3 and interim target 4. Further analysis of the
2018 data indicates that in the R80 scenario (80% reduction)

nearly all background monitoring stations register concentrations
below 20 μg/m³, with 50% of these stations recording values below
15 μg/m³. Only a small number of background stations show
annual averages below 10 μg/m³ while concentrations below
15 μg/m³ are observed in just 15% of monitoring traffic stations.

3) NO2: concentrations in traffic stations appear to be significantly
higher than those in background. Overall, the more ambitious
AQG level can only be met in all background stations through an
80% reduction. Analyzing in more detail the R80 scenario for the
year 2018, all background monitoring stations have
concentrations below 10 μg/m³, while only a few traffic
stations surpass this threshold in terms of annual averages.

The MRR (technological) scenario indicates that achieving an
80% reduction solely through technical measures may not be feasible

TABLE 6 Additional emission reduction after the application of MRR to each sector obtained by switching to zero all residual activity indicator.

SO2 NOx COV CH4 CO CO2 N2O NH3 PM2.5 PM10 PTS

Cars 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% −5.93% −9.17% −11.28%

Light commercial vehicles (< 3.5 t) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% −1.19% −1.83% −2.18%

Heavy commercial vehicles −0.06% −2.06% −0.08% −0.01% −0.52% −5.23% −3.17% −0.05% −2.70% −3.98% −5.03%

Mopeds 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% −0.02% −0.03% −0.04%

Motorcycles 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% −0.10% −0.16% −0.19%

Bus and coach 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% −0.12% −0.20% −0.25%

Wood-fired generators −1.98% −1.34% −0.06% −0.03% −2.59% 0.00% −3.56% −0.25% −5.63% −4.71% −3.90%

Other poultry 0.00% 0.00% 0.00% −0.08% 0.00% 0.00% −0.42% −0.55% −0.14% −0.24% −0.27%

Other cattle 0.00% 0.00% −0.02% −16.49% 0.00% 0.00% −11.34% −5.65% −0.23% −0.63% −1.26%

Fur animals 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% −0.06% 0.00% 0.00% 0.00%

Donkeys and mules 0.00% 0.00% 0.00% −0.01% 0.00% 0.00% −0.02% −0.03% 0.00% 0.00% 0.00%

Buffalo 0.00% 0.00% 0.00% −0.17% 0.00% 0.00% 0.00% −0.18% 0.00% 0.00% −0.01%

Goats 0.00% 0.00% 0.00% −0.14% 0.00% 0.00% −0.04% −0.15% 0.00% 0.00% 0.00%

Horses 0.00% 0.00% 0.00% −0.14% 0.00% 0.00% −0.14% −0.23% 0.00% 0.00% 0.00%

Rabbits 0.00% 0.00% 0.00% −0.01% 0.00% 0.00% −0.09% −0.18% 0.00% 0.00% 0.00%

Hens 0.00% 0.00% 0.00% −0.12% 0.00% 0.00% −1.80% −2.79% −0.60% −1.01% −1.16%

Fattening pigs 0.00% 0.00% −0.03% −12.30% 0.00% 0.00% −13.47% −7.37% −0.68% −1.91% −3.83%

Sheep 0.00% 0.00% 0.00% −0.25% 0.00% 0.00% −0.05% −0.17% 0.00% 0.00% 0.00%

Pollasters 0.00% 0.00% 0.00% −0.07% 0.00% 0.00% −1.55% −1.39% −0.52% −0.87% −1.00%

Sows 0.00% 0.00% 0.00% −1.96% 0.00% 0.00% −0.91% −0.59% −0.05% −0.13% −0.26%

Dairy cows 0.00% 0.00% −0.01% −24.42% 0.00% 0.00% −12.44% −14.44% −0.13% −0.36% −0.71%

Comb. Non-industrial −2.86% −6.81% −0.80% −0.23% −6.15% −17.91% −2.82% −0.01% −6.17% −5.28% −4.57%

Industry −81.08% −26.19% −39.76% −13.57% −29.49% −50.66% −9.43% −0.62% −17.44% −18.28% −19.31%

Waste −10.31% −2.93% −0.29% −18.38% −0.75% −3.31% −6.16% −0.60% −0.36% −0.31% −0.27%

Air traffic −1.45% −2.43% −0.08% 0.00% −0.89% −0.86% 0.00% 0.00% −0.12% −0.10% −0.08%

Total −97.74% −41.75% −41.14% −88.37% −40.40% −77.96% −67.42% −35.33% −42.14% −49.21% −55.58%
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(Table 4) by 2030 at least in Lombardy Region. This aligns with the
findings of the IASA work (GAINS models) at the European Level,
where the Maximum Technical Feasible Reduction (MTF) for all the
pollutants by 2030 is less than 80%.

To achieve an 80% reduction in emissions within the Lombardy
Region, in addition to MRR application, it would be necessary to
implement drastic reduction in activities. For example, achieving an
80% reduction could involve, among other possible choices: a)
removing 75% of vehicles and b) removing 75% of methane
domestic heating systems and 100% of biomass domestic heating
systems (already with the best technologies) c) reducing pigs and
cattle populations by 60% and d) eliminating 75% of industrial
activities. It is evident that achieving an 80% reduction, even after
implementing the best technologies (i.e., available nowadays), would
requires substantial effort to reduce activity level.

It is important to note that the emission reduction activities
presented in this study are purely theoretical hypothesis aimed at
quantifying the real effort required to comply with the AQG Limits
and WHO Guidance Target that would be considered in the new
Directive. We should emphasize that these scenarios are based on
the currently available technical elements, and we cannot definitively
assess their feasibility or prioritize them.

5 Conclusion

This study aims to address the crucial objective of improving
air quality and achieving pollutant concentrations recommended
by WHO guidelines. The feasibility of emission reduction
strategies, particularly an 80% reduction of SOX, NOX, PM,
NH3, and NMVOC emissions, is thoroughly examined within
a limited timeframe. Despite substantial emission reductions
(−50% and −80%), the study’s findings reveal that the
recommended pollutant levels will not be met in most areas of
the Po Valley. For PM2.5, only the R80 scenario achieves interim
target 3, while PM10 concentrations in both R50 and
R80 scenarios fall between interim target 3 and 4. The more
ambitious AQG level for NO2 can only be met through an 80%
reduction in all background stations.

Moreover, to reduce the emissions of all the principal
pollutants of 80% is a strong task, not achievable also applying
all the best available technologies at all the sectors at least in
Lombardia region, but it is necessary also a reduction of the
activities levels (such as kilometers done by vehicles, energy
used for domestic heating, industrial, agricultural, and breeding
production).

Achieving compliance with the new AQG limits is complex
process involving multiple stakeholders and different tools.
Meeting Air Quality limits requires the adoption of Source-
Specific emissions standards at EU level, National Emission
reduction Directive that align with the limits defined in Air
Quality Directive, and the development of Air Quality Plans at
the national, regional, and local level. Only through a strong
integration of policies across different sectors and governance

levels can compliance with these limits be achieved.
Furthermore, the discussion surrounding activity reductions
should also include an evaluation of the potential impact of
these actions and policies (directives, regulations, and plans)
also on different outcomes (GDP, unemployment and so on).
Further research efforts, such as employing advanced modeling
techniques with the 2019 inventory emissions and applying
feasible technical scenarios to multiple models, could provide
a deeper understanding of the feasibility and cost implications
associated with achieving the desired emission reductions.
Additionally, such studies could help identify the key
stakeholders and actors involved in the process, which is
crucial for effectively implementing the WHO Guidelines.
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