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Abstract: Air pollution and climate change are closely interlinked, once both share common emission
sources, which mainly arise from fuel combustion and industrial processes. Climate mitigation
actions bring co-benefits on air quality and human health. However, specific solutions can provide
negative trade-offs for one side. The Portuguese Carbon Neutrality Roadmap was developed to
assess conceivable cost-effective pathways to achieve zero net carbon emissions by 2050. Assessing
its impacts, on air pollutant emissions, is the main focus of the present work. The bottom-up linear
optimization energy system the integrated MARKAL-EFOM system (TIMES) model was selected
as a modeling tool for the decarbonization scenarios assessment. The estimation of air pollutant
emissions was performed exogenously to the TIMES model. Results show that reaching net zero
greenhouse gas (GHG) emissions is possible, and technologically feasible, in Portugal, by 2050. The
crucial and most cost-effective vector for decarbonizing the national economy is the end-use energy
consumption electrification, renewable based, across all end-use sectors. Decarbonization efforts
were found to have strong co-benefits for reducing air pollutant emissions in Portugal. Transport
and power generation are the sectors with the greatest potential to reduce GHG emissions, providing
likewise the most significant reductions of air pollutant emissions. Despite the overall positive effects,
there are antagonistic effects, such as the use of biomass, mainly in industry and residential sectors,
which translates into increases in particulate matter emissions. This is relevant for medium term
projections, since results show that, by 2030, PM2.5 emissions are unlikely to meet the emission
reduction commitments set at the European level, if no additional control measures are considered.

Keywords: climate change mitigation; decarbonization; carbon neutrality; air pollutants; atmospheric
emissions; co-benefits; trade-offs; scenarios

1. Introduction

Ambient air pollution is harmful to the environment and human health, being a
local, regional, and hemispheric issue. Climate change is a global challenge driven by the
observed increase in atmospheric greenhouse gas concentrations, as a result of emissions
from human activities. Most air pollutants (APs) and greenhouse gases (GHGs) are closely
interlinked, once they have common sources, which mainly arise from fuel combustion
and industrial processes [1]. Reductions in GHG emissions can bring ancillary benefits
of improved air quality and reduced premature mortality, in addition to slowing climate
change [2,3]. Moreover, air quality co-benefits on morbidity, mortality, and agriculture
could globally offset the costs of climate policy [4].

In Europe, emissions of many air pollutants have decreased substantially over the past
decades, however, air quality problems persist [5]. A significant proportion of Europe’s
population live in areas, especially cities, where exceedances of air quality standards occur.
Around 90% of city dwellers in Europe are exposed to pollutants at concentrations higher
than the air quality levels deemed harmful to health [5].
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Warming of the climate system is unequivocal and the primary cause of this warming
is GHG emissions from burning fossil fuels [6]. In order to prevent the most severe impacts
of climate change, the Paris Agreement opened a new phase in global climate action,
identifying the need to achieve carbon neutrality, by the middle of the 21st century, as
a condition to ensure that, by the end of this century, the increase in the global average
temperature is held below 2 ◦C, compared to preindustrial levels, and to pursue efforts to
limit the temperature increase up to 1.5 ◦C [7].

Climate change mitigation actions can provide co-benefits on air quality and human
health [8], such as energy efficiency and renewable energies. Although climate mitigation
and air pollution policies can be complementary, specific solutions can provide negative
trade-offs [9]. Some options that target energy consumption decarbonization, such as
biomass combustion and other biofuels, for home heating or transport, can increase partic-
ulate matter emissions, including black carbon, and thus endure harm to human health
and potentially warm the climate [10].

Emissions from additional non-energy sectors are also important, as is the case of the
agriculture sector (regarding methane, nitrous oxide, and black carbon emissions), con-
tributing to important health and climate impacts [11]. A broad and integrated perspective
is needed when tackling climate change and air pollution, including all economic sectors,
to maximize benefits for climate and health [12,13].

During the twenty-second session of the Conference of the Parties (COP 22) Portugal
publically affirmed its commitment to attain net zero GHG emissions, by the end of the first
half of the century. To do so the Portuguese Carbon Neutrality Roadmap (CNR2050) [14]
project was developed to assess conceivable pathways, integrating all socioeconomic
sectors, to achieve zero net carbon emissions by 2050. The CNR2050 was approved by the
Portuguese Government with the publication of the Resolution of the Council of Ministers
107/2019.

The CNR2050 explored the range of feasible technologies, economically viable, and
socially acceptable strategies, to attain this national deep decarbonization. An overview of
the CNR2050 main results is presented and discussed in this paper. The effects of carbon
neutrality trajectories, and correspondent solutions, on air pollutant emissions in Portugal
were performed additionally to the CNR2050, and those results are the main focus of the
present work. Considering the relationship between GHG and AP emission sources, the
analysis of the effects of deep decarbonization pathways and associated strategies is highly
relevant, to enhance potential benefits and reduce negative trade-offs.

2. Materials and Methods

Projecting the effects of carbon neutrality pathways on air pollutant emissions re-
quired multiple tasks, which may be divided in three main steps: (i) the development
of socioeconomic scenarios; (ii) the estimation of greenhouse gas emissions, and (iii) the
estimation of air pollutants emissions (Figure 1). The two first steps were developed under
the CNR2050 methodology, having as a starting point the development of coherent socioe-
conomic scenarios, based on narratives of possible developments of Portuguese society,
up to 2050. These scenarios have been widely discussed with several stakeholders and
their main socioeconomic drivers (e.g., GDP growth, demography) have been validated by
public entities such as the Bank of Portugal, Ministries of Economy, and Finances and the
National Statistics Office.

Three distinct core socioeconomic scenarios have been designed, describing different
visions of the country’s development (e.g., production profile, population evolution, spatial
planning, energy, and climate policy). The configuration of these different trajectories
resulted from prospective analysis, based on macroeconomic, demographic, and techno-
logical scenarios, and also on active participation of several stakeholders from different
fields of expertise. The prospective analysis was focused on: (a) energy system, including
buildings, industry, and transports and mobility; (b) agriculture, land use, and forests;
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and (c) waste, being also considered options, and different integration levels, of circular
economy features (transversal to most economic sectors).
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Figure 1. General methodology applied to estimate air pollutant emissions associated to CNR2050.

2.1. Storylines and Socioeconomic Scenarios

To explore the technological feasible, economic viability, and the socially acceptable
neutrality pathways, the referred three distinct socioeconomic evolution scenarios consid-
ered were Yellow Jersey (YJ), Pack (P), and Off Track (OT), with a cycling analogy, reflecting
distinct economic activity and climate action levels. These scenarios are characterized by
the following:

• The Off Track scenario is characterized by the maintenance of society and economy
structure, population is concentrated in large metropolitan areas (with depopulation
of medium-sized cities); and by the continuity of current energy/climate policies,
which do not guarantee carbon neutrality. Socioeconomic indicators are: (i) average
annual GDP growth of around 0.9% from 2020 onwards and (ii) population increase
of −0.6%/year;

• The Pack scenario considers economic growth led by a greater integration/alignment
of Portugal within the international circuits; the production structure and population
living standards do not change significantly, with services lead by tourism representing
the biggest sector on economy; there is an higher population concentration in large
urban and peri-urban areas; a deep environmental conscience and severe mitigation
policies are adopted towards carbon neutrality up to 2050; economic circularity levels
are high (but less than in the YJ scenario). Its socioeconomic indicators, until 2050, are:
(i) average annual GDP growth of around 1.3% from 2020 onwards and (ii) population
increase of −0.4%/year;

• The Yellow Jersey scenario reflects structural changes in production chains associated
with the knowledge and creative industry, which leads to an increase of the industry
weight in the national GDP; a more decentralized economic growth, with less popula-
tion concentrated in large metropolitan areas (development of medium-sized cities); a
deep environment conscience and severe mitigation policies towards a decarboniza-
tion path compatible with carbon neutrality; a strong adoption of circular economy,
leading to higher efficiency levels and higher recover and recycling rates. Its socioeco-
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nomic growth path until 2050 is characterized by: (i) average annual GDP growth of
around 1.7% from 2020 onwards and (ii) population increase of −0.01%/year.

The characteristics of each scenario are represented in Figure 2.
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2.2. Energy System Modeling

The bottom-up linear optimization energy system the integrated MARKAL-EFOM
system (TIMES) model was selected as a modeling tool for the development of decarboniza-
tion scenarios for the energy system. TIMES (the integrated MARKAL-EFOM system) was
developed and maintained by the energy technology systems analysis from International
Energy Agency. The goal of the model is the satisfaction of the energy services demand at
the minimum total system cost, subject to technological, physical, and policy constraints.
To do so, the model makes simultaneous choices regarding technology investment, primary
energy supply, and energy trade.

The technological peer-reviewed model TIMES_PT [15] was used to evaluate the
future penetration of different cost-effective technological options in each of the three
storylines/scenarios. The TIMES_PT model represents the whole Portuguese energy
system and its possible long-term developments. It takes an integrated energy system, from
services demand (in industry, residential/commercial/services, transport, and agriculture
sectors), to supply sectors (power and heat production), and to decide over a portfolio of
energy technologies, following cost-effective criteria.

The model incorporates an extensive technological database covering current and
emergent, demand, and supply technologies. They are characterized in terms of technical
(e.g., efficiency, lifetime, availability, and starting year) and economic (e.g., investment,
operation, and maintenance costs) features. All scenarios consider three main technological
assumptions: no nuclear energy and no bio-energy with carbon capture and storage
(BECCS) are available, due to current Portuguese political options, and no electricity
imports from 2020 onwards as only the Portuguese energy system is being modeled.

TIMES_PT includes more than 60 end-use demand categories (e.g., lighting, heating,
private car short distance, paper and pulp, food, and beverage) associated with five end-use
sectors mentioned above: industry, residential, services, agriculture (only energy related
activity), and transport.

The demand is triggered by services and product needs, determined exogenously,
through bottom-up and top-down approaches as described in previous work [16]. Demand
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projections consider the evolution of specific socioeconomic indicators (e.g., population,
sector gross value added, private consumption, and buildings characteristics, among
others) and other parameters according to the rationale underlying each storyline/scenario.
Some examples on how the rationale linked to each storyline is translated in energy services
demand, and other TIMES_PT parameters, include [17,18]:

• Industry: higher circular economy in YJ than in P and OT is reflected on lower
cement production/per capita due to more efficient construction procedures and new
materials. YJ also considers higher recycling rates on paper and glass industries and
construction and demolition, which influences the technological choices (for example
the clinker/cement ratio in cement industries). A modern industry in YJ is reflected in
the gross value added of new industries and consequently has higher energy demand,
and higher needs for electricity for robotization;

• Residential buildings: the urban character of P results in smaller houses comparing
to more rural and decentralized YJ, with the latter displaying a higher demand for
heating and cooling due to bigger houses;

• Transports and mobility: the high digital and technological development in P and YJ
scenarios, promoting the emergence of new business models such as Mobility-as-a-
Service schemes, were converted into high shares of shared vehicles and associated
short distanced travelled. The previous condition also allowed one to associate
different autonomous vehicles technology penetration between scenarios that in turn
were translated in more distance travelled and higher vehicle occupancy rates. The P
scenario is characterized by a more urbanized country than YJ, providing conditions
for pedestrian and bicycle use, translated into lower use/mobility demand satisfied
by passenger vehicles.

The environment component of the model includes main GHG (CO2, CH4, N2O, and
F-gases) emissions factors. In line with the storylines, the following climate policy decisions
for the energy system have been considered: i) for OT it was assumed the extension of 2020
climate policy goals to the long term, assuming a stagnation of CO2 price at 20€’16/t for
EU-ETS sector and ii) for YJ and P “Portugal implements severe climate mitigation policies
( . . . ) towards a decarbonization path compatible with carbon neutrality”, which implies,
for the case of the energy system, a constant reduction of GHG up to a cap of −90% by 2050
compared to 2005 values (with an intermedium reduction of −60% in 2030, comparable to
the goals set in the National Energy Action Plan, approved by the Portuguese Government
with the publication of the Resolution of the Council of Ministers 53/2020). To cope with
the global GHG emissions cap, the model computes endogenously the reduction, per sector,
according to the cost-effectiveness of the decarbonization options.

Since TIME-PT does not include other pollutants, a soft link was further developed to
estimate, exogenously to the model, the correspondent air pollutant emissions as explained
below. In this case, no National Air Pollution Control Plans have been considered.

2.3. Agriculture and Waste

For these two non-energy sectors, GHG emissions were estimated based on assump-
tions, aligned with the narratives of the socioeconomic scenarios, exogenously to the model.

For agriculture, forests and other land uses sector, distinct evolutionary trends for
crops and animal production were established, being calculated their respective GHG
emissions. This sector includes livestock emissions and manure management systems,
fertilizer use, rural fires, and the emissions or sequestration of different land uses.

For the waste and wastewater sector, GHG emissions were estimated based on projec-
tions of the volume of municipal and industrial waste and wastewater generated each year,
considering the resident population, and the impact of the policies already adopted. This
sector includes emissions from the disposal and treatment of urban and industrial solid
waste and wastewater.
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2.4. Air Pollutant Emissions Projection Estimates

The main air pollutants considered were nitrogen oxides (NOx), carbon monoxide
(CO), sulphur oxides (SOx), non-methane volatile organic compounds (NMVOC), ammonia
(NH3), and fine particulate matter (PM2.5). Its calculation was performed exogenously to
the TIMES_PT model.

The estimates of air pollutant emissions, until 2050, were based on the projection
of activity variables. These, in turn, result from the energy services and materials de-
mand scenarios, to accommodate the three main and contrasting paths of evolution of the
Portuguese economy.

The followed methodological approach is consistent with national submissions on
this subject, namely, with the Portuguese Informative Inventory Report (IIR) [19], in
particular regarding specific emission factors (EFs) by fuel type, process emission factors,
territorial coverage (only for mainland Portugal, excluding islands), and other approach
boundaries (i.e., aviation emissions accountability). For instance, the estimation of air
pollutant emissions in the power sector resulted from the application of implicit emission
factors, by type of fuel, according to the projection of energy consumption. Regarding
the refining activity, this was estimated according to the evolution of the amount of crude
processed in the refineries, in future scenarios.

In order to ensure adequate adherence to the national methodology, industry estimates
were based on the calculation of implicit emission factors, taking into account the latest
available dataset from IIR [19]. Implicit emission factors are expressed as the amount of
pollutant emitted by energy consumed (fuel-based), or the amount of pollutant emitted by
quantity of produced product (activity-based), associated with each technology and fuel
used. These EF reflect the national real operating conditions, accounting for technologies
that have already been installed to reduce air pollution. For NMVOC, emissions are
dominated by non-energy sources, such as fugitive emissions and process emissions from
industry. Regarding this, some additional control and abatement measures were taken
into account, namely measures with a mitigation potential in the area of industrial use
of solvents, and in the distribution of oil products, simulating the implementation of the
Stage II and IB controls at service stations [20].

In the case of road transport sector, the EF used (based on the national IIR) consid-
ers current technological conditions (i.e., vehicles stock euro standards shares). These
EFs were adjusted to future conditions, reflecting technological and fuel evolution. The
emission projection considered TIMES_PT modeling outputs of fleet composition and
demand satisfaction. Cold start emissions and evaporative emissions were not included.
Non-exhaust emissions (including tire, brake, and road wear) were accounted for, using
the European Monitoring and Evaluation Programme/ European Environment Agency
Emission Guidebook (shortly referred to as EMEP/EEA Emission Guidebook) [21] EF. For
railways, estimates were activity–based and, in the case of shipping and aviation subsectors,
the calculations were fuel consumption based.

In residential/commercial/services sector, EMEP/EEA Emission Guidebook EF [21]
were used, and others, reflecting emission control and efficiency improvement technologies,
to be implemented until 2050. The impacts of approved standards (as the so called Ecode-
sign Directive, referring to Directive 2009/125/EC) for improved technology efficiency and
air pollutant emissions, for PM and NMVOC, were additionally included by considering
reductions in emission factors correspondent to new wood burning domestic appliances,
beyond 2030.

In the case of agriculture and forestry sectors, its evolution assumed different assump-
tions, aligned with the socioeconomic scenarios storylines. Emissions from this sector
resulted from areas occupied by temporary and permanent crops and livestock, and from
the respective vegetable and animal production, and areas occupied by pastures and other
uses of agricultural soils. EF were compiled from the EMEP/EEA Emission Guidebook [21]
and from the IIR [19].
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For the waste sector, the methodology adopted for emissions projections considered
the physical quantities of municipal solid waste (MSW) and domestic wastewater annually
generated, and the correspondent resident population evolution. Air pollutant emissions
from MSW incineration were also estimated and allocated under the energy production
sector, in coherence with the national inventory approach. The quantification of industrial
waste was based on the projections of industrial production, by activity sector.

Recently, a revision of air pollutant emissions estimates was carried out, considering
the recent updates in the IIR, submitted in 2020 [22], which brought significant changes,
namely for the emissions of non-methane volatile organic compounds (NMVOC). In the
current paper the updated version of estimates is presented.

3. Results and Discussion
3.1. Decarbonization Transitions by Sector

According to the obtained results there is technological viability for carbon neutrality,
to be reached by 2050. It seems possible to operate a deep decarbonization of the national
economy by using technologies and processes known today (with varying degrees of
maturity). Figure 3 represents the GHG emission trend, including the land use, land use
change and forestry (LULUCF) offset, allowing one to achieve carbon neutrality by 2050 in
both YJ and P scenarios.
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including land use, land use change and forestry (LULUCF)).

All sectors of the economy contribute to trajectories towards carbon neutrality, al-
though with different intensities. This requires a shift on primary energy structure in
conjunction with a significant increase in energy efficiency. Endogenous renewables growth
significantly, from around 25% of the total primary energy consumption today, to more
than 80% by 2050 in YJ and P scenarios. After 2030, endogenous renewable resources
surpass oil imports, which currently represent the largest source of primary energy in the
country (>40%). The transformation of power sector is depicted in Figure 4.

The three scenarios show changes in final energy consumption, up to 2050, within
each sector and by fuel type (Figures 5 and 6). The effect in total GHG emissions by sector
is depicted in Figure 7. The following analysis is focused mainly in the YJ scenario due to
its higher socioeconomic and energy system related activity, providing ambitious impact
relevance to air pollutant emission reduction objectives.
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In all three scenarios the predominance of renewable energy sources for electricity
generation (RES-E), with solar PV and wind increasing their representativeness in the
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electricity source mix, was evident (Figure 4). The RES-E is a cost-effective solution, even if
no GHG emission target is considered (OT scenario). Additionally, in the YJ and P scenario,
where the final energy demand increased and was significantly electrified (Figure 6), RES-E
maintained their contribution and ensured carbon free electricity consumption.

Regarding energy transition, by 2050, a reduction of total final energy consumption
of 24% (YJ scenario) to 28% (P scenario) was obtained, when comparing to 2015. Energy
intensity is reduced by more than 50% from 2015 to 2050, at all decarbonization scenarios.
An increasing economy electrification trend was obtained (visible as early as 2030), with
increased integration of renewable energy sources into final energy consumption (going
from 46% in 2030 to 86% in 2050, in the YJ scenario). Similar pathways were shown in
previous studies [23–25], which demonstrate that ambitious climate policies are to reshape
the energy landscape in the coming decades. The decarbonization of the energy supply
mix, combined with reduced energy consumption, through efficiency gains, will be key
factors in the transformation of energy systems. Energy efficiency drives total global energy
consumption down. Moreover, the rising share of renewables represents a structural change
in the energy sector, especially in electricity generation [4]. Renewable electricity represents
more than 90% and 100% of the electricity generated in 2030 and 2050, respectively in both
YJ and P decarbonization scenarios. Solar PV and onshore wind follow by the hydro will
be the main sources of electricity, with the first two reaching their maximum technical
potential. The high competitiveness of these technologies makes them even a cost-effective
solution in OT scenario, which does not consider major decarbonization targets. Offshore
wind emerges as a cost-effective technology by 2030 in the decarbonization scenarios due
to their high demand for zero-emissions electricity.

Concerning industry transition, both, electrification and biomass use, contribute to
sector decarbonization, and the use of solar thermal in some low/medium temperature
heat process industries. In this sector, a GHG emission reduction of 37% (in OT scenario)
to 65% (in the P scenario) was obtained, evidencing a decarbonization progress at a slower
pace than other sectors. The decarbonization potential of different technologies, within
each industrial sector, can vary significantly in studies presented for Europe [26].

Decarbonization in residential/commercial/services sector was obtained with exten-
sive electrification of energy services (85% of energy consumption in this sector by 2050
vis-à-vis the 56% of 2020), particularly due to the predominance of heat pumps for space
heating. Together with insulation measures, more efficient electric equipment’s and solar
thermal (11%) mostly for water heating, allows one to obtain a total GHG reduction of 75%
(in YJ scenario) in 2050. Biomass remains a key option for households in the 2020–2040
horizon, almost disappearing in the decade 2040–2050 in the P scenario (representing 1% of
final energy consumption), but maintaining in the YJ scenario (accounting for 3% of energy
consumption), justified by greater decentralization of the territory, with more rural houses.

Transports and mobility, with a significant share of GHG emissions in 2015 of 24%,
show a fast decarbonization trend (with less 97% GHG emissions in 2050 compared to 2015,
in YJ and P scenarios), even with a larger demand for mobility in all modes. Traditional
fossil fuels are progressively replaced by electricity, biofuels (used in navigation and
aviation) and hydrogen (which, combined, represent 92% and 91% of energy consumption
in YJ and P scenarios, and 40% in OT). Electricity is dominant in most of the transport
modes, with exceptions for aviation and navigation (which account for 19% to 86% of fossil
fuels consumption in 2050 in the first mode, and 83% to 93% in the second, considering the
three scenarios). Hydrogen has a relevant weight in the road freight transport (representing
49% of energy consumption in YJ, 29% in P and 6% in OT scenarios).

For the agriculture sector there is an increase of cereal cultivated areas, along with
changes of cattle composition (decreasing for most of the types of cattle, and increasing in
the case of swine, sheep and goats), and in effluent treatment systems. Additionally, an
increase of organic farming, and conservation and precision agriculture practices (with less
use of animal effluents and fertilizers) is noticed. Emissions reduction for this sector was
slower than in other sectors, reaching 47% and 19% in YJ and P scenarios, but with a 12%
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increase in OT scenario. Agriculture will increase its share of national emissions by 2050,
accounting from 27% (OT) to 39% (P) of GHG emissions.

In the waste sector, a significant reduction in the production of urban waste per
capita (−82%) is foreseen, with a reduction of organic waste production by 2050 of 60–85%.
The wastewater sector did not entail a relevant evolution in relation to the starting point,
already favorable. In the whole waste sector a reduction of 53–68% was obtained in 2050,
regarding 2015.

Overall, results point out that to attain carbon neutrality by 2050, a strong decarboniza-
tion of energy production, mobility, and in residential/commercial/services is needed
over the next two decades (2020–2040). Industry and agriculture sectors have a lower
decarbonization potential, but still contribute to significant reductions especially on the
2040–2050 period. Effective agroforestry management is a determining factor to reach the
objective of carbon neutrality by 2050. The significant GHG emissions reduction is mainly
due to coal power plants closure and to the general economy electrification, supported
by renewable sources. Additionally, the increase of economy efficiency, resulting in a
reduction in primary energy consumption, allows a significant energy intensity reduction.

3.2. Decarbonization Scenarios Effects on Air Pollutant Emissions

The air pollutant emissions estimates, corresponding to the decarbonizing scenarios,
are shown in Table 1 and in Figure 8.

Table 1. Air pollutant emission estimates for three scenarios (YJ, P, and OT).

Scenario Pollutant

Historic
Emissions (kt) Projected Emissions (kt) ∆2050–2015

(%)
2015 2020 2030 2040 2050

YJ

NOx 146 125 73 49 39 −73%
CO 315 305 243 179 88 −72%

NMVOC 145 136 124 110 106 −27%
SOx 34 30 27 25 23 −32%

PM2.5 50 46 42 40 33 −34%
NH3 50 48 48 44 42 −16%

P

NOx 146 125 73 48 40 −73%
CO 315 305 250 170 73 −77%

NMVOC 145 136 120 103 97 −33%
SOx 34 30 27 25 23 −31%

PM2.5 50 46 40 37 29 −42%
NH3 50 48 47 44 43 −13%

OT

NOx 146 127 75 58 49 −66%
CO 315 306 246 215 170 −46%

NMVOC 145 136 119 105 101 −30%
SOx 34 30 26 26 26 −22%

PM2.5 50 46 39 39 35 −30%
NH3 50 48 47 47 46 −7%

Legend: ∆2050–2015: Emissions reduction in 2050 compared to 2015 (%); NOx (expressed as NO2); SOx (expressed as SO2).

Overall, results show that decarbonizing efforts also led to air pollutant emission
reductions, due to the significant electrification, technology efficiency improvements,
fossil fuels consumption decrease, and a correspondent shift to renewable energy sources.
Traditional “end-of pipe” pollution control may have less of a role in reducing emissions
than the effects of socioeconomic growth and related fuel and technological shifts, especially
over longer time frames [27]. The most significant reductions occur for NOx and CO,
reaching a reduction of 73% and 72%, respectively, in 2050 compared to 2015, in the YJ
scenario. The lowest reductions are shown for NMVOC and NH3 pollutants, with 27%
and 16% respective reduction in 2050, compared to 2015, in the YJ scenario. In line with
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the scenario’s base assumptions, greater emission reductions were obtained with YJ and
P scenarios.
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A comprehensive assessment [4] refers that the extent to which CO2 reductions are
correlated with changes in air pollutants differs by region and type of air pollutant. Pollu-
tants that mainly result from the combustion of fossil fuels, such as SO2 and NOx, emission
reductions tend to be strongly correlated with decreasing emissions of CO2 [4].

Figure 9 displays the sectorial pollutant emissions distribution.
Regarding sectorial results (Figure 9), and as verified for GHG, energy, transports,

and residential/commercial/services are the main sectors responsible for air pollutant
emissions decrease.

The energy sector (including electricity and heat production, and refining) is the largest
contributor to national decarbonization, due to fossil fuels phase-out and progressive
integration of cost-effective endogenous renewable sources. This also led to the greatest
sectorial reduction in air pollutant emissions, of over 89% by 2050, in the YJ scenario, for all
pollutants. NOx and SOx almost reached zero emission values in this sector in 2050 (due to
a reduction of coal and oil products consumption).

In the residential/commercial/services sector, there is an overall decrease in emissions,
by 2050. This is due to a decrease in the consumption of the most pollutant fossil fuels.
Increased use of electricity and renewable energy sources, such as solar thermal in buildings,
has a positive impact on reducing emissions of air pollutants. By 2050, CO and PM2.5
emissions are almost exclusively due to biomass consumption in the residential sector.

The transport sector accounted for a significant pollutant emissions reduction, of 95%
for NOx and 99% for CO, between 2015 and 2050, in the YJ scenario. Regarding particulate
matter, reductions in all scenarios are less expressive, accounting for 49% of PM10 and 67%
of PM2.5 (YJ scenario). Within the transport sector, road transport is the major emitter of
particulate matter (78% of PM10 and 75% of PM2.5, in 2015). This subsector has a significant
role on urban air pollution, heavily contributing to high concentrations of PM10 and NOx.
PM emissions reduction, within this subsector, was not so marked, as for NOx, due to
the non-exhaust fraction, which would remain in 2050 (Table 2). In 2015 tire, brake wear,
and road abrasion were responsible for 37% of PM10 emissions at a national level, and
for 24% of PM2.5 emissions, within the road transport subsector, showing a larger impact
on the coarser fraction. This set of emission sources will be responsible for 100% of both
pollutants’ emissions in 2050. This growing importance of non-tailpipe particulate matter
pollution (function of distance travelled and not of the type of fuel used) is in line with
current related assessments [28].
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Table 2. Road transport particulate matter emissions (YJ scenario).

Pollutant Emission Type

Historic
Emissions

2015

Projected
Emissions

2030

Projected
Emissions

2050

kt % kt % kt %

PM10

Exhaust 3.2 63% 1.4 34% 0.0 0%
Tire, brake wear, and

road abrasion 1.9 37% 2.7 66% 2.6 100%

PM10 Total 5.1 100% 4.1 100% 2.6 100%

PM2.5

Exhaust 3.2 76% 0.9 38% 0.0 0%
Tire, brake wear, and

road abrasion 1.0 24% 1.5 62% 1.4 100%

PM2.5 Total 4.2 100% 2.3 100% 1.4 100%

The industrial sector led the emissions share for NMVOC, SOx, and PM2.5. Industry
shows a reduced GHG mitigation cost-effective priority, resulting also in low air pollutants
emissions reduction levels. For PM2.5, there was an increase of 21% in 2050, due to the
shift to biomass fuels use and to the weight of process emissions, contrasting with the
general decreasing emissions trend. NMVOC were emitted mainly by the industrial sector
(60% in 2015, and 86% in 2050). It is important to mention that industry emission factors
used, for future energy consumption, include control technologies currently available (i.e.,
electrostatic precipitators).

The agriculture sector is the major source of NH3, representing 79% of total emissions
in 2015, increasing to 82% in 2050, in the YJ scenario. A reduction (ranged from 5% to 13%)
in NH3 emissions was obtained in the agriculture sector, in 2050, considering the three
scenarios. Ammonia is one of the major precursors of secondary aerosol, with impacts on
the formation and transport of secondary particulate matter [29].

NMVOC and NH3 register the lowest global reductions by 2050, being of 27% and
16%, respectively, in the YJ scenario. These results are in line with what previous work [28]
pointed out: techno economic energy systems models can provide significant insight on
PM, NOx, and SOx air pollution, but not on NMVOC and NH3, as the vast majority of
emission sources for these pollutants are non-energy sectors, and therefore not captured in
depth within this approach.

Results highlight that the atmospheric emissions sectorial share will change. For
NOx, as greater reductions were obtained in the transport sector (with a share of 50%
in 2015, and 9% in 2050), industry would appear as the major emission sector in 2050
(responsible for 70% of NOx emissions). For SOx the contribution of power generation
would drop from 25% to 3%, with industry rising and contributing to 91% of emissions in
2050. For PM2.5 in the residential sector, an emission decrease from 38% to 5% was foreseen,
being the industrial sector, in 2050, the main emitter (84% in YJ scenario). In this sense,
industry appears to be a relevant sector to tackle air pollution in the future, when designing
strategies to control emissions, especially process emissions, due to the limited range of
technological options to reduce them.

In the specific case of biomass consumption, there is an increased relative contribution
of biomass combustion, up to 2030, in industry and residential sectors, showing a negative
trade off from climate change solutions, once this is an important source of PM2.5 emissions.
This situation has been reported in previous works [9,28], highlighting that, depending on
the geographic distribution of biomass use, this trend could increment air quality critical
situations in urban areas, and where more population is exposed. According to the Second
Clean Air Outlook [30], where climate scenarios have been analyzed with regard to their
effects on air pollution, in the long term (2050), actions to fight climate change in Europe
always help to reduce air pollutant emissions, being the smallest contribution related to
PM2.5. This report also highlights that there are clearly measures that benefit both policies,
and these need to be promoted, while measures leading to trade-offs should be avoided.
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Measures to increase the share of non-combustible renewables in energy consumption, to
improve the energy performance of buildings and promote more sustainable heating and
cooling solutions and to boost energy efficiency overall, as well as measures in support of
clean transport, are particularly beneficial. On the other hand, measures that increase bioen-
ergy use in devices without adequate emissions abatement technologies are detrimental to
clean air and need to be avoided [30].

3.3. National Emission Reduction Commitments

In the European Union (EU), important progress has been made in the last 20 years, in
the field of anthropogenic atmospheric emissions and air quality. However, there are still
significant negative impacts and risks to human health and the environment, which led
to the adoption of specific policies and legal instruments, as the EU Directive 2016/2284
on the reduction of national emissions of certain atmospheric pollutants, being the main
legislative instrument to achieve the 2030 objectives of the Clean Air Programme [31].
This directive—referred to also as the NEC Directive—sets national emission reduction
commitments for each EU Member State for the period 2020–2029, and more ambitious
ones as of 2030, targeting five air pollutants responsible for significant negative impacts on
human health and the environment: SO2, NOx, NMVOC, NH3, and fine particulate matter
PM2.5. The aim established in the Clean Air Programme is to reduce the health impacts of
air pollution by half by 2030 compared to 2005.

Regarding results obtained with the CNR2050, across the scenarios it is shown that
decarbonization efforts had significant benefits for reducing air pollutant emissions in
Portugal, by 2050, but are they enough to meet the emission reduction commitments
established by the NEC Directive?

The three modeled scenarios allowed for substantial reductions on air pollutant emis-
sions, in 2050 compared to 2005, being those from: (i) 85% to 87% for SO2, (ii) 80% to 84%
for NOx, and iii) 66% to 85% for CO. More restrained emission reductions were obtained
for pollutants such as PM2.5 (up to 55%), NMVOC (with a maximum 48% reduction), and
NH3 (between 17% and 24%). It is with regard to this last set of pollutants that compliance
with respective emission ceiling was most uncertain, in the period from 2030, as shown
in Table 3. For the period from 2020 to 2029, projected emissions allow to comply with
national emission reduction commitments for all the pollutants. Emission projection es-
timates were similar for the three scenarios, in the 2030-time horizon, reaching a higher
degree of differentiation in 2050.

The YJ scenario is the one that presents more pollutants exceeding the respective
emission ceiling, namely for PM2.5, NH3, and NMVOC. This scenario, despite achieving
a more intense decarbonization, through greater efficiencies and using fewer polluting
technologies/fuels, reflects a higher demand for materials, goods, and services, which
translates into consequent higher emissions.

The reductions on air pollutant emissions achieved under the CNR2050 are not suffi-
cient to enforce PM2.5 emission commitments, applicable from 2030, in any of the considered
scenarios (Table 3). For PM2.5, considering the three scenarios, a distance of 8–11 kt to the
target was obtained (representing 12%–17% of total PM2.5 emissions). In 2030 this pollutant
was emitted mainly by the industrial sector (59% in YJ scenario), with a significant weight
from process emissions. To this pollutant also a significant contribution was obtained from
the residential/commercial/services sector (27%), due to the use of biomass for heating.
Within this sector, results reflected additional measures included to reduce PM2.5 emissions,
being considered the effective adoption of the Ecodesign Directive from 2030 to 2050.

Regarding the industrial sector, additional NMVOC emission abatement measures
were taken into account, as a result of the adoption of control strategies with mitigation
potential in the area of industrial solvent use. Within this sector, it was not possible to
achieve a significant reduction in process emissions, as opposed to combustion emissions,
particularly in the subsectors responsible for the highest NMVOC and PM2.5 contributions,
such as chemistry, paints, and solvents in the NMVOC case, and ceramics and chemistry
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in the PM2.5 case. In the long term, the industrial sector acquires the largest weight
in national emissions, especially due to the fraction of process emissions, in a growing
product demand trend and considering current technological limitations, which do not
allow significant reductions.

Table 3. National emission reduction commitments compliance according to CNR2050 scenarios, for the 2030-time horizon.

Pollutant Parameter Historic Emissions
2005

NEC
2030

Projected Emissions 2030

YJ P OT

NOx *

Emissions
Emissions (kt) 245 91 72 71 73

∆/2005 (%) - −63% −71% −71% −70%

Compliance
assessment

Compliance - - Yes Yes Yes
Distance to target (kt) - - −19 kt −20 kt −18 kt
Distance to target (%) - - −8% −8% −7%

SO2

Emissions
Emissions (kt) 172 29 27 27 26

∆/2005 (%) - −83% −84% −85% −85%

Compliance
with NEC

Compliance - - Yes Yes Yes
Distance to target (kt) - - −2 kt −3 kt −3 kt
Distance to target (%) - - −1% −2% −2%

NH3

Emissions
Emissions (kt) 55 47 48 47 47

∆/2005 (%) - −15% −13% −15% −15%

Compliance
with NEC

Compliance - - No Yes Yes
Distance to target (kt) - - 1 kt 0 kt 0 kt
Distance to target (%) - - 2% 0% 0%

NMVOC *

Emissions
Emissions (kt) 176 109 112 108 108

∆/2005 (%) - −38% −36% −39% −39%

Compliance
with NEC

Compliance - - No Yes Yes
Distance to target (kt) - - 3 kt −1 kt −2 kt
Distance to target (%) - - 2% −1% −1%

PM2.5

Emissions
Emissions (kt) 66 31 42 40 39

∆/2005 (%) - −53% −36% −39% −41%

Compliance
with NEC

Compliance - - No No No
Distance to target (kt) - - 11 kt 9 kt 8 kt
Distance to target (%) - - 17% 14% 12%

Legend: NEC: National Emission Ceiling; YJ: Yellow Jersey emission scenario; P: Pack emission scenario; OT: Off Track emission scenario; -:
non-applicable; Yes: NEC compliance; No: NEC non-compliance; *according to NECD Article 4, Point 3(d), emissions of NOx and NMVOC
from activities of NFR categories 3B (manure management) and 3D (agricultural soils) are not accounted for the purpose of complying.

In the case of NH3, the obtained emission reduction made it possible to meet all
emission ceilings, however, after 2030, projections were quite close to the national emission
reduction commitment. The agriculture sector is the dominant source of NH3 (accounting
for 75% of emissions in 2030).

In the Second Clean Air Outlook [30], results from a modeling exercise underpinning
prospects for achieving the NEC Directive air pollutant emission reduction commitments
in 2030 and beyond, in the EU, are presented. Taking into account Member States com-
mitments to climate and energy targets for 2030 (which require appropriate policies and
measures to be put in place) and the application of existing legislation tackling air pol-
lution at its source, the reductions in all air pollutant emissions, required by the NEC
Directive across the EU, would be fulfilled, for the period from 2030 onwards, except for
ammonia [30]. This is also the situation pointed out for Portugal (which, in turn fulfills the
reduction commitments for PM2.5) in this assessment. Overall, it is underlined that Member
States must fully implement all existing legislation and the measures to be identified at the
national air pollution control programs (NAPCPs). Additionally, the most cost-effective air
pollution control measures are summarized in the document: (i) for SO2, PM2.5, and NOx,
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they mostly relate to measures in industrial processes and industrial combustion, which is
in line with the obtained results, where the industrial sector gains a significant relevance in
national emissions; (ii) to reduce NMVOC, the large majority of the cost-efficient measures
would tackle emissions from the burning of biomass for domestic heating and, to a lesser
extent, from the use of solvents; and (iii) the measures that would cut ammonia emissions,
in the most cost-efficient manner, all relate to agriculture and are, to a large extent, related
to animal feeding practices, manure management, and use of fertilizers.

4. Conclusions

The transformation to a carbon neutral economy has an overall positive effect on main
anthropogenic atmospheric emissions, in all tested scenarios. Figure 10 represents the
historic and projected evolution of the main air pollutants and GHG. These substances have
common emission sources, in particular those associated with the combustion of fossil fuels
in stationary and mobile sources. The trajectories presented in the current work (Yellow
Jersey, Pack, and Off Track) had a significant emission reduction potential for pollutants
such as NOx and SOx (which was already describing a downward trend) and of lesser
expression for NH3, NMVOC, and PM2.5.
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Reaching net zero GHG emissions is possible and technologically feasible in Portugal,
by 2050, in both Yellow Jersey and Pack modelled scenarios. All economic sectors will
contribute to the trajectories of carbon neutrality, although with different intensities. To
attain carbon neutrality in 2050, a significant mitigation of GHG emissions is needed in the
2020–2030 decade. The crucial and most cost-effective vector for decarbonising the national
economy is the end-use energy consumption electrification, renewable based, across all
end-use sectors.

The accomplishment of the carbon neutrality goal has strong co-benefits in reducing
air pollutant emissions. Transport and power generation are the sectors with the greatest
potential to reduce GHG emissions, providing likewise the most significant reductions
of air pollutant emissions. Energy efficiency measures also benefit both GHG and air
pollutant emissions.

This study emphasized the relevance of industrial emissions, acquired in the long term,
mainly regarding process emissions. This highlights the necessity to develop emission
reduction abatement strategies oriented to non-energy sectors, once they appear to be the
least cost-effective sectors to reduce GHG and air pollutant emissions.

Despite the overall positive effects, there are antagonistic effects, such as the use of
biomass, in industry and residential sectors, which translates into increases in particulate
matter emissions. This is relevant for medium term projections, since the results show
that, by 2030, PM2.5 emissions are unlikely to meet international commitments on national
emission ceilings, if no additional control measures are considered.
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The verification of compliance with the national emission ceilings, by 2030, accord-
ing to the projections made, highlights the need to implement additional measures to
reduce emissions in the coming years, for fine particulate matter PM2.5. Compliance with
NH3 commitments is verified but with a small margin in relation to the 2030 ceiling, so
attention should be paid to measures geared to this pollutant, with an emphasis on the
agriculture sector.

The NEC Directive requires that the Member States draw up National Air Pollution
Control Programmes, identifying additional measures in order to guarantee emission
reduction compliance. Further work is to be developed, identifying and quantifying
control and abatement measures, and accessing its impacts on atmospheric emissions. The
application of end-of-pipe atmospheric pollutant abatement measures can lead to increases
in energy consumption and contribute to the increase of GHG. In this sense, this analysis
should be carried out with caution. Additionally, future work could be developed on the
air pollutant emissions spatial disaggregation, and subsequent air quality modeling, in
order to assess the air quality impacts, on health and ecosystems, and their respective
economic costs.

Tackling greenhouse gas mitigation and air pollutant emissions reduction, in an
integrated approach, tend to optimize co-benefits, to improve ambient air quality and to
reduce damages to human health and ecosystems.
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