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A B S T R A C T

Climate mitigation strategies increasingly prioritize interventions that deliver simultaneous benefits for 
greenhouse-gas reduction, air quality and public health. This study quantifies the co-benefits of scaling bio
methane deployment in the Po Valley (Northern Italy), a European air pollution hotspot, comparing two policy- 
relevant supply levels (2.3 and 6 bcm). An integrated pathway is assessed where biomethane is used for elec
tricity generation to support partial electrification of the vehicle fleet, while digestate, the solid and liquid 
residue of the anaerobic digestion process, is utilized in agriculture with improved manure management pro
tocols. A bottom-up integrated assessment framework links energy, traffic and agricultural measures to emission 
changes, ambient concentrations of NO2 and PM2.5, population exposure, and attributable mortality, and pro
vides the analysis of uncertainty propagated across the modelling chain. Both deployment levels reduce CO2 
emissions and lower population exposure to NO2 and PM2.5, yielding measurable public health benefits. Direct 
comparison of 2.3 and 6 bcm scenarios estimates the marginal co-benefits of scaling biomethane deployment and 
highlights how coordinated actions across the energy, transport, and agricultural sectors can enhance health- 
relevant decarbonization in highly polluted regions. Scalability indicators, namely ΔCO2, ΔNO2, and ΔPM2.5 
per bcm of biomethane, and the incremental benefits of scaling from 2.3 to 6 bcm are estimated, providing a 
basis for comparing alternative decarbonization pathways in other settings.

1. Introduction

Climate-change mitigation increasingly targets interventions that 
also reduce exposure to air pollution and the associated health burden 
[1]. In Europe, population exposure to nitrogen dioxide (NO2) and fine 
particulate matter (PM2.5) remains a leading environmental risk factor 
for premature mortality, and strategies that jointly address greenhouse 
gases and air quality precursor emissions are therefore of growing in
terest. Achieving such co-benefits requires approaches that connect 
energy-system changes to emission patterns, ambient concentrations, 
population exposure, and health outcomes.

Among renewable options, biomethane has emerged as a key option 
to reduce greenhouse gas (GHG) emissions [2]. With appropriate regu
latory frameworks and sustainable feedstocks, the biogas and bio
methane sector could contribute to 10-13% of the global GHG reduction 
potential [3]. Moreover, the use of biomethane may also reduce emis
sions of short-lived climate pollutants and air quality precursors, such as 

black carbon and nitrogen oxides, thereby contributing to both climate 
mitigation and health protection. [4]. Owing to these advantages, bio
methane has attracted increasing international attention as a renewable 
energy carrier for power generation and transport [5–9]. While the 
carbon neutrality of biomethane ensures equivalent CO2 balances across 
applications, its air quality implications depend on how both it is used 
and managed. In the pathway assessed here, biomethane is utilized to 
increase electricity generation, providing additional power to meet the 
demand from an electrified vehicle fleet. In parallel, digestate is applied 
in agriculture as a substitute for fertilizers, using incorpo
ration/injection practices to limit ammonia (NH3) volatilization. NH3 
emissions are further reduced through improved animal-manure man
agement aimed at preserving the biomethane potential of the feedstock, 
thereby limiting losses during storage and handling. This configuration 
requires an integrated assessment framework that links energy conver
sion, transport electrification, and agricultural emission controls to 
changes in NO2 and PM2.5 exposure and related health outcomes.
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Such interactions are particularly relevant in the Po Valley (Northern 
Italy), one of the most polluted regions in Europe. Intensive agriculture 
and livestock production, high population density, and concentrated 
industrial and transport activities occur within a topographically basin 
that frequently inhibits atmospheric dispersion [10]. Under these con
ditions, PM2.5 concentrations are driven by both primary emissions (e. 
g., biomass combustion and road transport) and secondary formation 
from precursors (NOx, VOCs, NH3, and SOx) emitted by combustion 
sources, agriculture, and industry [11–13].

In parallel, the region generates substantial quantities of biomass and 
organic residues suitable for biogas and biomethane production [14], 
thereby creating a direct linkage between renewable-gas deployment 
and local air pollution dynamics.

This work assesses the impact on air quality and CO2 emissions in the 
Po Valley when biomethane is used to generate additional energy for 
vehicle fleet electrification, considering two scenarios across three key 
macrosectors (MS) responsible for CO2 and PM precursor emissions: 
energy production, road transport, and agriculture. In the first scenario, 
a production of 2.3 bcm of biomethane is considered, aligning with the 
objectives outlined in the Italian Recovery and Resilience Plan (RRP) 
[15].

The second scenario involves 6 bcm, representing the maximum 
potential biomethane production in Italy according to the National Plan 
for Energy and Climate (PNIEC) [16] and REPowerEU 2030 [17]. The 
impact of these scenarios on air quality in terms of NO2 and PM2.5 mean 
concentrations, health impacts, and CO2 emission reduction is per
formed. By comparing 2.3 and 6 bcm scenarios, the marginal, 
health-relevant benefits of biomethane scale-up are quantified and re
ported through scalability indicators (e.g., changes in CO2, NO2, and 
PM2.5 per bcm of biomethane), enabling comparison across decarbon
ization pathways and supporting transferability to other highly polluted 
regions.

2. Materials and methods

2.1. Study area

The study domain covers the four main regions of the Po Valley 
(Piedmont, Lombardy, Veneto, and Emilia-Romagna; Fig. 1), a densely 
populated (more than 23 million people) and economically relevant area 
in Northern Italy with more than 50 percent of the national GDP. The Po 

Valley is characterized by frequent atmospheric stagnation due to its 
orography, which limits dispersion and favors the accumulation of pri
mary pollutants and secondary PM2.5 and NO2.

2.2. Scenario design

The two biomethane deployment levels are evaluated via a scenario 
analysis approach, which can be formalized as Equation (1). 

AQIc
PM2.5,NO2

= f
(

Ec
p(θ)

)
θ ∈ Θ (1) 

where AQIc
n is the annual mean concentration of PM2.5 and NO2 in the 

domain cell (c), which depends on the emission 
(

Ec
p), of a set of pre

cursors p determined by the application rate of the set of measures θ. 
Therefore, the scenario design requires three steps. First, the set of 
measures and their application rate is identified. Second, the emission 
variation is computed accordingly. Third, concentrations are estimated 
according to Equation (1).

In this study, biomethane production and utilization is assumed to 
affect the energy, transport, and agricultural MS. Biomethane is allo
cated to combined-cycle gas turbine (CCGT) plants to increase electricity 
generation. The additional electricity is used to supply part of the de
mand associated with partial electrification of the road vehicle fleet 
(section 2.2.1). Digestate is used in agriculture as a substitute for min
eral nitrogen fertilizers, adopting low-ammonia application practices (e. 
g., injection, rapid incorporation, band spreading, trailing hose/shoe, 
strip-till). Additional NH3 reductions are achieved through improved 
livestock-manure management practices implemented along the 
collection, storage, and handling chain, with the dual objective of 
reducing volatilization losses and preserving the biomethane potential 
of the feedstock (section 2.2.2). The adoption level of agricultural 
measures is scaled proportionally with biomethane deployment. A 
feedstock mix of 80% vegetal and 20% animal residues is assumed for 
anaerobic digestion [18] to ensure net zero CO2 emission when bio
methane is burned.

2.2.1. Energy production and electrification of vehicle fleet
Annual electricity (Ab,CCGT) generated from biomethane in CCGT 

plants is computed as the product of biomethane volume available under 
the scenario Vbm, biomethane lower heating value LHCbm, and an overall 

Fig. 1. Domain of the study (green area).

M.F. Arrighini et al.                                                                                                                                                                                                                            Biomass Futures 3 (2026) 100062 

2 



conversion-and-delivery efficiency ηpd that accounts for turbine effi
ciency and distribution losses [19], as follows: 

Ab,CCGT = Vbm*LHCbm*ηpd (2) 

The share of the vehicle fleet that can be electrified (S) is derived by 
comparing the additional electricity produced from biomethane (Aene)

with the electricity demand required to electrify the full road fleet (Wtot): 

S =
Ab,CCGT

Wtot
% (3) 

Where road-transport energy demand Wtot is derived from fuel con
sumption by vehicle class and fuel type of the present vehicle fleet. In
ternal combustion energy demand is converted to an equivalent 
electricity demand using the relative efficiencies of conventional and 
electric powertrains: 

Wtot =
∑

f∈F

ηICf
*Wf

ηEV
(4) 

where. 

• F is the set of fuels that power the fleet: diesel, gasoline, natural gas, 
and LPG.

• Wf is the total energy consumed by the vehicles of fuel f . It is 
approximated as the fuel sold, derived from the Italian oil bulletin 
[20].

• ηICf 
is the efficiency of Internal Combustion Engines (ICE) powered 

by fuel f .
• ηEV is the efficiency of electric vehicles.

The electrification shareis applied to reduce the baseline internal- 
combustion activity of each vehicle class and fuel (Af ,tra

)
, resulting in 

an emission decrease in the road-transport macrosector: 

Af ,tra =
(
Af

)

BC2020*
(

1 −
S

100

)

(5) 

The energy parameters of equations (1)–(3) are reported in the 
supplementary information.

2.2.2. Agricultural measures: digestate substitution and manure 
management

Digestate substitution is represented by replacing part of mineral 
nitrogen fertilization and assuming the adoption of low-ammonia 
application techniques. Because digestate contains a substantial 

ammoniacal nitrogen fraction [21], incorporation or injection is 
assumed to substantially reduce NH3 volatilization compared with sur
face spreading.

In parallel, manure-management improvements are introduced to 
reflect the additional collection and handling required by increased 
biomethane production. Measures include actions that limit volatiliza
tion during storage and handling (e.g., covered storage) and practices 
that reduce nitrogen losses upstream. Measure definitions and effi
ciencies follow the GAINS Outlook2017 database [22] and are imple
mented within the agricultural macrosector.

This set of measures, hereafter denoted as “Manure management,” is 
summarized in the supplementary information.

2.3. AQ and health impact assessment modeling

The impact on emissions and air quality is estimated using a bottom- 
up integrated assessment model, [23,24]. The IAM developed in this 
work is modular, enabling the implementation of specific air quality and 
low carbon policies through scenario analysis. Fig. 2 illustrates the 
overall workflow of the IAM.

Biomethane is used in MS1 to generate extra electricity from 
combined-cycle gas turbine, thus increasing CCGT activity level 
(Ab,CCGT). This extra energy can then fuel a share of electric vehicles (S)
that substitute internal combustion engines, reducing their activity level 
(Af ,tra). At the same time, digestate is used as fertilizer, while the 
implementation of improved manure management practices increases 
with biomethane production, increasing their application rate (ARagr

)
. 

These changes are then fed into the input module of the IAM, along with 
baseline emission database and other inputs. Emissions are then esti
mated under the selected scenario and then converted into annual mean 
NO2 and PM2.5 concentrations using a Source-Receptor Model. Finally, 
the output module performs the health impact assessment, estimating 
health indicators, NO2 and PM2.5 exposure maps, GHG emissions, and 
scenario costs.

2.3.1. IAM input module and emission database
The IAM input module provides the spatially resolved emission 

baseline, the database of anthropogenic activities, and abatement 
measures used throughout the analysis. Emissions of NOx, SOx, VOC, 
PPM10, PPM2.5 and NH3 are estimated over the study domain by 
merging. 

• A 2020 projection of the GAINS (Greenhouse Gas-Air Pollution In
teractions and Synergies) “EUoutlook2017” [22]database, which 

Fig. 2. IAM modules.
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provides emission factors and a comprehensive list of potential 
reduction methods for each activity [25].

• The INEMAR inventory for the year 2017, developed by the ARPA 
agencies of the Po Valley region as part of the LIFE PREPAIR project 
(PREPAIR-LIFE15 IPE IT 013, accessible at https://www.lifeprepair. 
eu).

Fig. 3 illustrates the structure of the IAM input module and the pre- 
processing steps used to generate gridded emissions.

2.3.2. Emission model

Each domain cell's precursor p emission 
(

Ec
p

)
is calculated as a 

function of the predetermined, selected set of emission reduction mea
sures (θ) using Equation (6): 

Ec
p(θ) =

∑

f

⎡

⎣Ac
f ,a*efp

f ,a*

⎛

⎝1 −
∑

m∈Mf ,a

rp
m*θm

⎞

⎠

⎤

⎦ θ ∈ Θ (6) 

where. 

• f , a is the anthropogenic fuel-activity.
• Ac

f ,a is the activity level of the activity-fuel f in the cell c. In particular, 
for the energy MS, it corresponds to the energy produced by bio
methane in CCGT plants (Ab,CCGT

)
, and for the transport MS, to the 

energy required for the non-electrified share of the vehicle fleet 
(Af ,tra

)
.

• efp
f is the emission factor of the precursor p for the activity-fuel f .

• Mf ,a is the set of all end-of-pipe measures m available for the activity- 
fuel f .

• rp
m is the removal efficiency of the measure m for the precursor p.

• θm is the application level of the measure m, defined as a variation 
with respect with a base-case scenario CLE (Current LEgislation), 
which represents the level of application for each measure as speci
fied by European legislation for the year under consideration.

In Equation (6), the first term (Ac
f ,a*efp

f ,a) represents the unabated 
emissions, while the second term within the parentheses corresponds to 
the fraction of emissions removed, which depends on the removal effi
ciency of each measure m and its application rate θm.

This work adopts the CORINAIR SNAP 97 classification, as reported 
in the Supplementary Information, for emissive sector categorization.

2.3.3. Source-receptor model
The AQI value for each cell is estimated by artificial neural networks 

(ANNs) as a function of precursor emissions in the receptor cell and 
surrounding area [26]. Four ANNs are developed, one for each region of 
the modelling domain: Emilia-Romagna, Lombardy, Piedmont, and 
Veneto. The ANNs are trained using emission–concentration scenarios 
generated with the CAMx Chemical Transport Model (https://www. 
camx.com/). The training dataset includes 14 emission scenarios over 
5890 grid cells; 90% of the dataset is used for training and 10% for 
validation. Each ANN includes 20 input nodes, accounting for precursor 
emissions over the neighboring cells and for the spatial coordinates of 
the receptor cell.

The ANN source-receptor models are evaluated against CAMx sim
ulations and European Environment Agency (EEA) gridded observa
tions. The comparison with CAMx simulations is performed for each 
regional network. For PM2.5, R2 is equal 0.99 in all four regions, with 
RMSE values of 0.40 μg/m3 in Emilia-Romagna, 0.50 μg/m3 in Lom
bardy, 0.46 μg/m3 in Piedmont, and 0.46 μg/m3 in Veneto. For NO2, R2 

is equal to 0.99 in all four regions, with RMSE values of 0.74, 0.67, 0.74, 
and 0.65 μg/m3 for Emilia-Romagna, Lombardy, Piedmont, and Veneto, 
respectively. The comparison with EEA gridded observations for the 

Fig. 3. Input module scheme.
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baseline scenario for 2019 gives R2 values of 0.87 for PM2.5 and 0.74 for 
NO2, with RMSE values of 2.91 and 5.16 μg/m3. Details on ANN ar
chitecture, training procedure, additional validation metrics, are pro
vided in the Supplementary Information.

2.3.4. Health impact model
The reduction of emission results in lower concentration levels, 

population exposure and health impact. The health impact assessment is 
carried out to estimate the effect of PM2.5 and NO2 exposure for each 
scenario. The AQI exposure-attributable deaths (ADAQI) are estimated 
using an Exposure Response Function (ERF), from the latest European 
Topic Centre Human health and the environment report that quantifies 
the association between air pollution and mortality [27] 

ADAQI = afAQI*MR (7) 

where. 

• MR is the mortality rate and it represents the all-cause mortality rate 
of the population aged 30 years and over in each municipality

• afAQI is the attributable fraction (8), which depends on the relative 
risk RRAQI that correlates AQI and mortality. Each pollutant has a 
threshold, the minimum AQI value under which no harmful effects 
are estimated to human health, set to 5 μg/m3 for PM2.5 and 10 μg/ 
m3 for NO2 by WHO [28]. The afAQI is estimated as follows:

afAQI =
e

ln(RRAQI)*

(
AQI− threshold

10

)

− 1

e
ln(RRAQI)*

(
AQI− threshold

10

) (8) 

The values of Relative Risks can be found in Table 1.
A Monte Carlo approach is adopted to propagate the uncertainties, 

obtaining point estimates and confidence intervals (CIs) for attributable 
deaths [26]. Uncertainty in premature mortality is quantified through a 
two-step Monte Carlo procedure. First, 1000 simulations are performed 
for each municipality using the mean and standard deviation of the 
Source-Receptor Models (SRM), with σ derived from the validation 
phase (see Supplementary Information). The 2.5th–97.5th percentiles of 
the resulting distribution are taken as the confidence interval for air 
quality indicators. For each simulated value, a second Monte Carlo is 
applied to propagate the uncertainty of the relative risk (RR), with its 
standard deviation defined as 

σln RR =
ln

(
RRsup

)
− ln

(
RRinf

)

3.82
(9) 

where RRinf and RRsup denote the lower and upper bounds of the 95% 
confidence interval (Table 1). The final distribution of attributable 
deaths, obtained by combining both steps, provides the 2.5th and 97.5th 
percentiles as uncertainty bounds.

3. Results

In this section energy assumptions, emissions, concentrations, and 
health impacts on the Po Valley domain for a base case and two sce
narios of biomethane production and use are presented. The results are 
divided as follows: the first section discusses the main features of two 
scenarios: biomethane extra-energy production, fleet electrification, 
digestate ratio used in agriculture. In the second section the emissions of 

the two scenarios are estimated, while the third section analyses the 
scenario concentrations. In the last section the scenarios are compared 
with respect to health impact.

3.1. Emission scenario setup

In the first scenario (hereafter referred to as S2.3), the total bio
methane production equals 2.3 bcm. This amount of biomethane pro
duces 44.26 PJ of electrical energy, increasing energy production of the 
power sector (MS1) by 10.47% starting from BC2020's production of 
423 PJ [29]. This extra-energy allows to electrify 20% of the total ve
hicles fleet (S = 20%,Wtot = 216 PJ) based on (2) and (3). To produce 
2.3 bcm of biomethane, it is necessary to allocate 5% of the total live
stock waste produced in the area to the digester. This fraction is treated 
by the application of the livestock management measures described in 
Section 2.2.

In the second scenario (hereafter referred to as S6), the total bio
methane production equals 6 bcm. This quantity of biomethane can 
provide 115.45 PJ of electric energy surplus (27.32% production in
crease to BC2020). This energy can power 53% of the total vehicles for 
the road transport sector (MS7) (S = 53%). In this case, the application 
of manure management techniques is increased by 16% to account for 
the extra animal waste required for the biomethane production. A 
summary of the results is provided in Table 2.

3.2. Basecase2020 and scenario emissions

Table 3 shows the emissions for the BC2020 scenario, for each 
Macrosector (MS). Only anthropogenic emissions are reported.

The total emission variations estimated for S2.3 scenario with 
respect to BC2020 for all MS are summarized in Table 4. The increased 
emissions in MS1 come from the use of biomethane to generate extra 
energy. For MS7, a 20% reduction in emissions is expected for all pol
lutants, with the exception of PPM, as brake and tire wear persist in EVs. 
Additionally, for agriculture (MS10), an emission reduction by 3% can 
be estimated for ammonia due to manure management techniques.

Table 5 displays the emissions variation for S6 scenario compared 
with BC2020. In MS10, ammonia is reduced by 8% thanks to the in
crease in manure management and the overall reduction in NOx emis
sions is 26. Therefore, by converting half of the vehicle fleet to EVs, 
about a quarter of NOx emissions can be avoided.

It is worth noting that since the implemented measures affect the 
energy, road transport, and agriculture macro sectors, the resulting 
emission changes are spatially heterogeneous and occur in areas where 
these source activities are located.

Biomethane deployment also contributes to greenhouse gas mitiga
tion through the combined effect of fuel substitution and transport 
electrification. Total CO2 emissions decrease from 165 Mt/y under the 
baseline scenario to 156 Mt/y in S2.3 and 142 Mt/y in S6, corresponding 
to reductions of approximately 5% and 14%, respectively.

These reductions are primarily driven by the electrification of the 
vehicle fleet, which lowers emissions from internal combustion engines, 
while biomethane is treated as carbon-neutral in the energy sector. The 
marginal CO2 reduction associated with scaling biomethane availability 
is estimated at 3.82 MtCO2 per bcm, providing a normalized measure of 
the climate benefit of additional deployment. A spatial overview of 
emission changes is provided through maps of precursor emissions re
ported in the supplementary material.

Table 1 
Relative Risks value used in the study and their 95% confidence interval in 
square brackets.

Parameter Meaning Value

RRNO2 nitrogen dioxide relative risk 1.02 [1.01-1.04]
RRPM2.5 fine particulate matter relative risk 1.08 [1.06-1.09]

Table 2 
Generated electrical energy, share of electrified vehicles, and required livestock 
manure management percentage for the two biomethane deployment scenarios.

Ab,CCGT S % Manure management

S2.3 44.26 PJ 20% 5%
S6 115.45 PJ 53% 16%
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To improve comparability across contexts and to assess how co- 
benefits vary with deployment scale, normalized scalability metrics 
are calculated as average impacts per bcm for each scenario and as the 
marginal impact associated with scaling biomethane availability from 
2.3 to 6 bcm. The results are reported in Table 6. Across emission in
dicators, the responses are approximately linear within the evaluated 
range. For CO2, the average reduction increases from 3.72 to 3.78 
MtCO2/bcm between S2.3 and S6, while the marginal reduction (3.82 
MtCO2/bcm) is slightly higher than both averages. NOx shows a similar 
pattern, with marginal reductions exceeding the scenario averages. NH3 
presents a more pronounced increase in per-bcm reductions with scale, 
indicating a deviation from proportional scaling. In contrast, primary 
PM2.5 reductions remain nearly constant across scenarios, with mar
ginal values close to the corresponding averages, suggesting limited 
scale dependence.

3.3. Air quality scenarios

Once emission changes are estimated, ambient concentrations are 
computed for each scenario using the source receptor models identified 

on the Po Valley (see supplementary information). The annual-average 
NO2 and PM2.5 concentrations estimated for the two emission sce
narios are reported in Table 7 as domain-wide means.

Domain-wide mean concentrations decrease in both deployment 
levels relative to BC2020. In S2.3, the reductions are modest (− 4% for 
NO2 and -2% for PM2.5), reflecting the limited scale of the intervention. 
In S6, larger changes are observed (− 16% for NO2 and -6% for PM2.5), 
consistent with a stronger reduction of NOx and primary PM emissions 
associated with the higher biomethane availability and the linked 
electrification pathway.

To assess the statistical significance of the air quality improvements 
induced by biomethane deployment, two-sample t-tests are conducted 
comparing the baseline scenario with the S2.3 and S6 cases for both 
PM2.5 and NO2 concentrations over the domain cells. Results indicate 
that all differences are highly significant (p < 0.001). For PM2.5, the 
mean reduction between the baseline and S2.3 scenario is estimated 
between 0.366 and 0.387 μg/m3 (95% CI), while the reduction between 
the baseline and S6 scenario ranged between 0.929 and 0.966 μg/m3 

(95% CI). For NO2, the mean reductions are 0.723-0.763 μg/m3 for S2.3 
and 2.51-2.62 μg/m3 for S6, again with p < 0.001 in both cases. Because 
exposure is spatially heterogeneous and highest in urban areas, we also 
report city-level mean concentrations of NO2 and PM2.5, together with 
ANN-derived uncertainty bounds, in the Supplementary Materials. The 
main spatial patterns are discussed below.

Normalized metrics are calculated as average concentration 

Table 3 
BC2020 emissions of precursors (kton/yr) and CO2 (Mton/yr).

MS NOx VOC NH3 PPM10 PPM25 SO2 CO2

1-Energy 20.47 1.98 0.11 0.27 0.24 5.10 28.78
2-Domestic 29.03 29.88 1.15 30.63 28.75 1.75 35.30
3-Industry 36.07 7.99 0.39 2.78 2.02 13.37 26.34
4-Production processes 7.18 35.28 0.18 1.52 0.84 8.07 4.34
5-Distribution 0.00 17.49 0.00 0.00 0.00 0.00 2.87
6-Solvent use 0.39 165.41 0.04 1.83 1.60 0.02 1.1 × 10− 5

7-Transportation 142.24 35.89 2.28 12.12 5.98 0.24 42.82
8-Other transportation 37.59 4.64 0.01 1.96 1.85 0.58 3.91
9-Waste 0.89 0.63 1.53 0.83 0.73 0.18 2.70
10-Agriculture 1.67 173.18 215.05 2.28 0.50 0.12 17.93
TOTAL 275.53 472.36 220.74 54.20 42.51 29.44 165.00

Table 4 
S2.3 scenario emission variation relative to BC2020 scenario.

MS NOx VOC NH3 PPM10 PPM25 SO2 CO2

1-Energy 7.97% 6.75% 1.47% 6.15% 6.57% 0.61% -
7-Transportation − 20.00% − 20.00% − 20.00% − 7.63% − 14.04% − 20.00% − 20.00%
10-Agriculture - - − 2.72% - - - -
TOTAL − 9.73% − 1.49% − 2.85% − 1.67% − 1.94% − 0.06% − 5.19%

Table 5 
S6 scenario emission variation relative to BC2020 scenario.

MS NOx VOC NH3 PPM10 PPM25 SO2 CO2

1-Energy 20.78% 17.61% 3.84% 16.05% 17.13% 1.59% -
7-Transportation − 53.00% − 53.00% − 53.00% − 20.21% − 37.22% − 53.00% − 53.00%
10-Agriculture - - − 8.19% - - - -
TOTAL − 25.82% − 3.95% − 8.52% − 4.44% − 5.14% − 0.16% − 13.76%

Table 6 
Normalized emission reductions per bcm of biomethane for S2.3 and S6 sce
narios and marginal effects of scaling from 2.3 to 6 bcm.

Emission Unit per 
bcm

S2.3 (average 
per bcm)

S6 (average 
per bcm)

Scale-up 2.3 → 6 
(marginal per bcm)

CO2 

reduction
MtCO2/ 
bcm

3.72 3.78 3.82

NOx 

reduction
kt/bcm 11.66 11.86 11.98

NH3 

reduction
kt/bcm 2.74 3.13 3.21

PPM2.5 
reduction

kt/bcm 0.36 0.36 0.37

Table 7 
NO2 and PM2.5 mean concentrations over the domain for the scenarios.

Scenario NO2 [μg/m3] PM2.5 [μg/m3]

BC2020 15.89 13.66
S2.3 15.16 13.38
S6 13.34 12.81
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reductions per bcm for each scenario and as the marginal reduction 
associated with scaling biomethane availability from 2.3 to 6 bcm. The 
results are displayed in Table 8. For NO2, the average reduction in
creases from 0.32 μg m− 3/bcm in S2.3 to 0.43 μg m− 3/bcm in S6, while 
the marginal reduction reaches 0.49 μg m− 3/bcm. The marginal value 
exceeds the scenario averages, indicating increasing per-bcm effective
ness within the evaluated range.

For PM2.5, the average reduction increases from 0.12 to 
0.14 μg m− 3/bcm, and the marginal value is 0.15 μg m− 3/bcm. The 
marginal effect is only slightly higher than the corresponding averages, 
indicating an approximately proportional response over the evaluated 
range. This behavior is consistent with the contribution of multiple 
precursors and regional transport processes to PM2.5 formation, which 
moderate the sensitivity of concentrations to sector-specific emission 
changes.

The spatial pattern of NO2 is displayed in Fig. 4 and shows the ex
pected concentration peaks in major cities under BC2020, primarily 
driven by road-traffic emissions. The same hotspot structure persists in 
S2.3 and S6, but with systematic reductions, indicating that the sce
narios lower urban NO2 levels without changing the underlying 
geographical distribution of sources.

PM2.5 concentration along the domain is presented in Fig. 5. The 
particulate is more diffuse across the Po Valley, reflecting the contri
bution of multiple source categories and the role of secondary aerosol 
formation. Nonetheless, a consistent reduction trend is visible from 
BC2020 to S2.3 and further to S6. In our attribution, PM2.5 reductions 
are mainly linked to decreases in primary PM2.5 and to precursor re
ductions, particularly NOx for MS7 and NH3 for MS10. At the city level, 
however, the response is not uniform. As reported in the Supplementary 
Information, PM2.5 concentrations increase in few cities (Como, Lecco, 
Milan, Monza, and Novara) under S2.3. These increases are associated 
with higher NOx and primary PM emissions from the energy sector 
(MS1) in cells surrounding the receptor cells. Since the source-receptor 
models account for emissions within a 36 km radius, these local emission 
increases offset part of the reductions achieved in road transport and 
agriculture, leading to higher simulated PM2.5 concentrations in the 
corresponding urban areas. Under S6, the larger emission reductions in 
MS7 and MS10 compensate for the increase in MS1 emissions, resulting 
in a more uniform reduction of PM2.5 concentration.

3.4. Health impact assessment

Table 9 and Table 10 report AD related to long-term exposure to NO2 
and PM2.5 in the main cities of the Po Valley under the BC2020 and the 
two biomethane deployment scenarios (S2.3 and S6). The comparison 
allows assessment of how changes in concentrations translate into 
health outcomes and how these effects evolve as biomethane availability 
increases. Reductions in attributable deaths are observed in almost all 
cities and for both pollutants.

City-level results indicate that the magnitude of the benefits varies 
across them. Differences arise from variation in baseline exposure levels, 
population size, and local emission structures. Cities with higher 

baseline concentrations and larger populations generally show larger 
absolute reductions in attributable deaths for a given concentration 
decrease. In contrast, cities with lower baseline exposure show smaller 
absolute changes even when relative reductions are similar.

Examples illustrate this variability. In Milan, NO2 attributable deaths 
decrease from 527 [141-915] under BC2020 to 468 [118-800] under S6. 
In Bergamo, they decrease from 45 [9-78] to 31 [8-53], while in Brescia 
they decrease from 72 [13-126] to 49 [12-87]. These changes are 
consistent with the reduction in traffic-related emissions associated with 
vehicle fleet electrification.

PM2.5-related mortality presents a more heterogeneous city-level 
response than NO2. As reported before an increase of concentration 
can be observed at the city level for S2.3. As a result, PM2.5-attributable 
deaths increase from 45 [30-62] to 53 [37–70] in Como, from 21 [12- 
30] to 24 [15-33] in Lecco, from 1338 [1049-1638] to 1346 [1053- 
1646] in Milan, from 106 [82-132] to 113 [86-140] in Monza, and 
from 101 [80-125] to 104 [82-127] in Novara. Under the S6 scenario, 
larger reductions in NOx and primary particulate matter emissions from 
road transport together with larger NH3 reductions from agriculture 
offset the increase in MS1 emissions. Consequently, the central estimates 
decrease below the BC2020 values in all cities, except Como that re
mains close to the baseline value.

In other urban areas, PM2.5-attributable deaths decrease across both 
scenarios. For example, in Turin they decrease from 1060 [847-1288] 
under BC2020 to 1025 [817-1250] under S2.3 and 956 [756-1168] 
under S6, while in Bologna they decrease from 339 [242-448] to 327 
[231-432] and 297 [204-399].

The relative (percentage) average reductions over the entire domain 
in attributable deaths exhibit non-linear scaling across deployment 
levels. Relative to BC2020 scenario, PM2.5 attributable deaths decrease 
from − 2% (S2.3) to − 9% (S6), while NO2 attributable deaths decrease 
from − 7% to − 26%, indicating a large increase in health benefits under 
the higher deployment scenario.

For policy interpretation, health outcomes can also be expressed as 
avoided attributable deaths per bcm of biomethane. The results are re
ported in Table 11.

All over the domain, the avoided mortality per bcm, calculated 
relative to the BC2020 baseline, increases from 164 to 251 deaths/bcm 
for NO2 and from 211 to 310 deaths/bcm for PM2.5 when moving from 
S2.3 to S6. The marginal values associated with scaling biomethane 
availability from 2.3 to 6 bcm reach 305 deaths/bcm for NO2 and 372 
deaths/bcm for PM2.5.

4. Discussion

The results show that the effects of biomethane deployment arise 
from the interaction among energy production, transport electrification, 
and agricultural emission controls. In the assessed pathway, biomethane 
combustion in CCGT plants increases emissions from the energy sector, 
while vehicle fleet electrification reduces emissions from road transport 
and manure management decreases NH3 emissions from agriculture. 
The net reductions in air pollutant emissions, NO2 and PM2.5 concen
trations, CO2 emissions, and attributable mortality result from the bal
ance among these sectoral changes. Since the affected activities are not 
uniformly distributed over the domain, the resulting emission changes 
are spatially heterogeneous and produce local, non-linear responses in 
air quality. These concentration responses differ between NO2 and 
PM2.5 because the two pollutants are controlled by different emission 
sources and atmospheric processes. NO2 is mainly influenced by road- 
transport NOx emissions and therefore responds directly to vehicle 
fleet electrification. In contrast, PM2.5 depends on primary particulate 
matter together with several precursor emissions, including NOx and 
NH3. Consequently, PM2.5 reductions show a weaker response to 
changes in individual sectors than those observed for NO2.

The concentration patterns are reflected in the health-impact results. 
The lower NO2 levels observed in urban areas with high traffic emissions 

Table 8 
Normalized scalability metrics for concentration responses: average reductions 
per bcm and marginal reductions associated with scaling biomethane avail
ability from 2.3 to 6 bcm.

Outcome Unit 
per 
bcm

S2.3 
(average per 
bcm)

S6 (average 
per bcm)

Scale-up 2.3 → 6 
(marginal per 
bcm)

NO2 concentration 
reduction

μg 
m− 3/ 
bcm

0.32 0.43 0.49

PM2.5 

concentration 
reduction

μg 
m− 3/ 
bcm

0.12 0.14 0.15
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and population density translate into corresponding reductions in 
attributable mortality. PM2.5 shows a more heterogeneous response. 
Under S2.3, PM2.5-attributable mortality is higher in Como, Lecco, 
Milan, Monza, and Novara despite the overall improvement observed at 
the domain scale. This behavior is associated with local NOx emission 

increases from the energy sector in cells surrounding the affected cities, 
which offset part of the benefits achieved through road-transport elec
trification and agricultural measures. Under S6, the larger reductions in 
NOx and primary particulate matter emissions from road transport, 
together with the larger NH3 mitigation in agriculture, compensate for 

Fig. 4. Yearly average concentration of NO2 (μg/m3) for BC2020 (a), S2.3 (b), and S6 (c) scenarios, over the domain.

Fig. 5. Yearly average concentration of PM2.5 (μg/m3) for BC2020 (a), S2.3 (b), and S6 (c) scenarios, over the domain.
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the additional MS1 emissions, leading to lower PM2.5-attributable 
mortality across almost all cities.

The normalized indicators provide information on the scalability of 
the assessed pathway. Expressing emission reductions, concentration 
changes, and avoided attributable deaths per bcm of biomethane allows 
comparison between deployment levels and with alternative mitigation 
strategies. The marginal benefits associated with scaling biomethane 
availability from 2.3 to 6 bcm exceed the average benefits estimated for 

the lower deployment scenario. This result reflects the larger share of 
vehicle electrification achieved under S6 and the distribution of emis
sion reductions in densely populated areas. The increase in marginal 
benefits is more pronounced for NO2 than for PM2.5 because the 
response of PM2.5 is controlled by multiple precursor emissions.

This study has several methodological strengths and policy-relevant 
implications. It applies an integrated assessment framework that links 
biomethane deployment to emissions, concentrations, exposure, health 
impacts, and CO2 mitigation within the same modelling chain. This 
structure allows the analysis of interactions among energy production, 
transport electrification, and agricultural emission controls. Moreover, 
the analysis considers two deployment levels that are relevant for Italian 
and European biomethane policies. Furthermore, the spatial framework 
allows benefits to be evaluated where emissions occur and where people 
are exposed, which is relevant in a region with heterogeneous emissions 
and population density. ANN-based source receptor models allow 
several scenarios to be assessed with reduced computational cost while 
retaining non-linear emission-concentration relationships derived from 
chemical transport model simulations. The health-impact assessment 
also includes uncertainty propagation, which supports the interpretation 
of the mortality estimates. Despite these strengths, the study has several 
limitations. Only one biomethane allocation pathway is assessed. Bio
methane is used for electricity generation to support vehicle electrifi
cation, while other uses, such as direct use in heavy-duty transport, 
industrial processes, heating, or grid injection, are not evaluated. The 
results should therefore be interpreted as pathway-specific. Imple
mentation constraints are not modelled. These include permitting, 
infrastructure development, grid integration, feedstock logistics, land 
availability, and adoption of agricultural measures. Moreover, bio
methane combustion is assumed to be carbon-neutral under the selected 
feedstock mix. Potential upstream methane leakage and methane re
ductions associated with improved manure management are not quan
tified in the greenhouse-gas balance. The health-impact assessment 
focuses on long-term exposure to NO2 and PM2.5 and on attributable 
mortality. Other endpoints, including morbidity outcomes and distri
butional effects across population groups, are outside the scope of this 
work.

The transferability of the results depends on regional conditions. The 
Po Valley has high baseline pollution levels, high population density, 
large agricultural NH3 emissions, and meteorological conditions that 
favor pollutant accumulation. These characteristics influence the 
magnitude of the estimated benefits. In other regions, the effects of 
biomethane deployment may differ according to the energy mix, vehicle 
fleet, agricultural structure, population distribution, and chemical re
gimes. The normalized indicators can support comparisons with other 
mitigation pathways and provide a basis for applications in other 
polluted regions. Likewise, the integrated assessment framework pro
vides a flexible basis for evaluating alternative biomethane allocation 
pathways and additional mitigation strategies. Future applications may 
include economic and infrastructure constraints, additional health 
endpoints, and assessments in other regions.

Table 9 
Premature mortality (number of attributable deaths) for the main cities of the 
domain associated to NO2 exposure across BC2020, S2.3, and S6 scenarios. 
Values in square brackets indicate the 95% confidence interval.

Cities BC2020 S2.3 S6

Alessandria 24 [6-41] 23 [6-41] 19 [5-33]
Asti 16 [4-28] 15 [4-26] 12 [3-21]
Bergamo 45 [9-78] 43 [11-73] 31 [8-53]
Bologna 64 [13-113] 56 [14-98] 26 [6-48]
Brescia 72 [13-126] 67 [16-116] 49 [12-87]
Como 23 [5-40] 21 [7-37] 13 [3-22]
Cremona 22 [5-38] 21 [5-37] 16 [4-27]
Ferrara 21 [6-37] 19 [5-35] 13 [3-22]
Lecco 12 [3-21] 11 [2-19] 5 [1-8]
Milan 527 [141-915] 508 [115-870] 468 [118-800]
Modena 28 [7-49] 24 [5-42] 12 [3-22]
Monza 47 [13-86] 45 [11-80] 39 [9-67]
Novara 25 [7-44] 23 [7-41] 19 [4-35]
Padua 77 [17-132] 75 [23-129] 57 [12-99]
Parma 19 [4-35] 17 [4-29] 7 [2-13]
Pavia 26 [8-44] 24 [6-42] 22 [6-39]
Piacenza 25 [5-42] 24 [5-41] 18 [4-33]
Ravenna 39 [10-67] 36 [10-64] 29 [6-52]
Reggio Emilia 17 [4-31] 14 [3-26] 6 [1-11]
Rimini 29 [5-50] 26 [6-45] 21 [5-38]
Turin 241 [55-425] 222 [45-395] 183 [45-336]
Treviso 30 [6-50] 28 [7-48] 22 [5-38]
Varese 23 [6-41] 20 [5-36] 11 [3-19]
Venice 78 [19-139] 75 [15-134] 63 [14-107]
Verona 73 [14-130] 70 [16-121] 55 [14-96]
Vicenza 34 [7-61] 33 [8-57] 25 [6-44]

Table 10 
Premature mortality (number of attributable deaths) for the main cities of the 
domain associated to PM2.5 exposure across BC2020, S2.3, and S6 scenarios. 
Values in square brackets indicate the 95% confidence interval.

Cities BC2020 S2.3 S6

Alessandria 121 [97-147] 117 [92-142] 111 [87-135]
Asti 100 [79-121] 96 [76-117] 91 [72-111]
Bergamo 90 [66-116] 88 [65-115] 80 [57-105]
Bologna 339 [242-448] 327 [231-432] 297 [204-399]
Brescia 176 [136-220] 168 [130-210] 153 [118-194]
Como 45 [30-62] 53 [37-70] 46 [30-63]
Cremona 88 [70-108] 83 [66-102] 76 [60-95]
Ferrara 158 [120-202] 151 [112-193] 142 [103-183]
Lecco 21 [12-30] 24 [15-33] 20 [11-29]
Milan 1338 [1049-1638] 1346 [1053-1646] 1258 [974-1551]
Modena 161 [118-209] 155 [112-203] 140 [99-185]
Monza 106 [82-132] 113 [86-140] 105 [81-132]
Novara 101 [80-125] 104 [82-127] 95 [75-119]
Padua 282 [225-343] 278 [222-338] 263 [206-320]
Parma 140 [97-186] 131 [90-176] 117 [77-158]
Pavia 96 [76-117] 90 [71-111] 82 [63-101]
Piacenza 101 [75-130] 95 [69-124] 86 [60-113]
Ravenna 144 [101-189] 140 [98-184] 136 [94-177]
Reggio Emilia 126 [91-164] 120 [86-158] 109 [76-145]
Rimini 131 [92-173] 126 [88-168] 122 [86-164]
Turin 1060 [847-1288] 1025 [817-1250] 956 [756-1168]
Treviso 113 [90-137] 111 [88-135] 108 [85-131]
Varese 56 [41-73] 54 [39-70] 48 [33-65]
Venice 360 [286-436] 356 [284-433] 340 [268-416]
Verona 219 [167-274] 213 [161-269] 203 [152-257]
Vicenza 112 [87-137] 110 [86-135] 105 [82-129]

Table 11 
Normalized avoided attributable deaths per bcm of biomethane for S2.3 and S6 
scenarios and marginal effects of scaling from 2.3 to 6 bcm.

Outcome Unit per 
bcm

S2.3 
(average per 
bcm)

S6 (average 
per bcm)

Scale-up 2.3 → 6 
(marginal per 
bcm)

NO2-attributable 
deaths avoided

deaths/ 
bcm

164 251 305

PM2.5- 
attributable 
deaths avoided

deaths/ 
bcm

211 310 372
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5. Conclusions

This study evaluates the effects of biomethane deployment on air 
quality, public health, and greenhouse gas emissions in the Po Valley 
(Northern Italy). The analysis considers an integrated pathway in which 
biomethane is used for electricity generation to support partial electri
fication of the vehicle fleet, while agricultural practices associated with 
anaerobic digestion contribute to emission reductions. Biomethane 
deployment leads to reductions in both NO2 and PM2.5 concentrations 
across all the domain. NO2 concentrations decrease by 4% under S2.3 
and 16% under S6, while PM2.5 decreases by about 2% and 6%, 
respectively. The difference reflects the role of road-transport emissions 
in shaping NO2 concentrations, compared with the contribution of 
multiple sources and precursors to PM2.5 formation.

Normalized indicators show that concentration reductions per unit of 
biomethane increase with deployment. Average reductions range from 
0.32 to 0.43 μg m− 3/bcm for NO2 and from 0.12 to 0.14 μg m− 3/bcm for 
PM2.5 between S2.3 and S6, with marginal values exceeding the cor
responding averages. This indicates that the effect per bcm increases 
within the evaluated range.

Reductions in concentrations are associated with decreases in 
attributable mortality. At the domain level, mortality decreases by 7% 
for NO2 and 2% for PM2.5 under S2.3, and by 26% and 9% under S6. 
When expressed per unit of biomethane, avoided mortality increases 
from 164 to 251 deaths/bcm for NO2 and from 211 to 310 deaths/bcm 
for PM2.5, with marginal values of 305 and 372 deaths/bcm, respec
tively. In both cases, marginal values exceed scenario averages, indi
cating that avoided mortality per unit of biomethane increases with 
deployment.

Spatial variability influences the distribution of health benefits. Re
ductions occurring in densely populated areas contribute more to 
avoided mortality, particularly for NO2, which is linked to transport 
emissions. PM2.5 responses are influenced by regional transport and 
secondary formation processes, which reduce the sensitivity of con
centrations to sector-specific emission changes.

Biomethane deployment also contributes to greenhouse gas mitiga
tion. Total CO2 emissions decrease from 165 Mt/y under BC2020 to 
156 Mt/y in S2.3 and 142 Mt/y in S6. The marginal reduction associated 
with scaling biomethane availability is 3.82 MtCO2 per bcm.

The proposed integrated assessment framework provides a flexible 
methodology for evaluating the combined effects of energy and agri
cultural measures on emissions, air quality, health, and greenhouse-gas 
mitigation. The use of normalized scalability indicators supports the 
comparison of alternative mitigation pathways and deployment 
scenarios.
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