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Abstract

This study presents a scenario-based modeling framework to evaluate potential decar-
bonization pathways for Portugal’s road transport sector. The model simulates the evolu-
tion of a light-duty vehicle (LDV) fleet under varying degrees of electrification and biofuel
integration, accounting for energy consumption, CO2 emissions and market shares of
alternative propulsion technologies. Coupled with projected energy mix trajectories, the
framework estimates final energy demand and well-to-wheel (WTW) emissions for each
scenario, benchmarking outcomes against national and European climate targets. A key
structural limitation identified is the long vehicle survival rate—averaging 14 years—which
constrains fleet renewal and delays the transition to full electrification. Diesel-powered
light commercial vehicles exhibit even slower replacement dynamics, rendering the Por-
tuguese targets of full electrification by 2030 highly improbable without targeted scrappage
and incentive programs. Scenario analysis indicates that even with accelerated electric
vehicle (EV) uptake, battery electric vehicles (BEVs) would comprise only 12% of the fleet
by 2030 and 77% by 2050. Electrification scenario raises electricity demand fortyfold by
2050, stressing generation and infrastructure. Scenarios that consider diversification of
energy sources reduce this strain but require triple electricity for large-scale green hydrogen
and synthetic fuel production.

Keywords: road transport decarbonization; scenario-based modeling; electric mobility;
alternative fuels

1. Introduction
In recent years, the global surge in energy demand has intensified concerns over fossil

fuel reliance and associated greenhouse gas (GHG) emissions. The transport sector is partic-
ularly critical, with approximately 91% of its final energy demand met by petroleum-based
products [1]. In 2022, transport represented 31% of Europe’s final energy consumption,
ranking as the highest among all sectors [1]. In Portugal, the sector remains similarly
dependent, with petroleum-based diesel and gasoline, covering 90% of transport energy in
2019 and GHG emissions rising 10% between 2014 and 2019 [2].

To mitigate CO2 emissions, biofuels and synthetic fuels have emerged as viable al-
ternatives to fossil gasoline and diesel. In Portugal, biofuel incorporation is primarily
focused on diesel substitutes, particularly biodiesel. According to Decree-Law No. 84/2022,
fuel suppliers must ensure a minimum incorporation of 11.5% low-carbon fuels (energy
basis), rising to 13% by 2025 [3]. Biodiesel, suitable for compression-ignition engines, is
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produced through the transesterification of oils and fats into long-chain fatty acid methyl
esters (FAME). The main feedstock consists of used cooking oils (UCOs)—mainly of veg-
etable origin but sometimes containing animal fats—representing over 50% of the input
mix, increasing from 57% in 2018–2019 to 61% in 2020 [4]. Besides serving as a renewable
substitute, biodiesel is often blended with fossil diesel to improve lubricity and cetane
number [4]. An advanced alternative is hydrotreated vegetable oil (HVO), also known
as renewable diesel or HEFAs (Hydrotreated Esters and Fatty Acids). Produced through
hydroprocessing, HVO offers better cold-flow properties, oxidation stability, and lower
NOx emissions, while maintaining full compatibility with conventional diesel engines. It
can be produced in dedicated units or retrofitted petroleum refineries [4].

For gasoline, alternatives include bioethanol and ETBE (Ethyl Tertiary Butyl Ether),
typically blended at 5–20% and 5–15% v/v, respectively, without requiring engine modi-
fication [5]. Given these blending limitations, synthetic gasoline has gained attention. A
notable example is Porsche’s Chilean pilot plant, which synthesizes fuel from captured
CO2 and green hydrogen (H2) via methanol (CH3OH) intermediates through the methanol-
to-gasoline (MtG) process [6].

Besides conventional internal combustion vehicles, electric propulsion technologies
have gained prominence, particularly battery electric vehicles (BEVs) and hybrid electric
vehicles (HEVs), which combine electric motors with combustion engines in series, parallel
or full hybrid configurations. More recently, hydrogen fuel-cell electric vehicles (FCEVs)
have emerged, using electric motors powered by the reaction of compressed hydrogen
and oxygen in a fuel cell, emitting only water (H2O). Although FCEVs are often labeled
“zero-emission,” this depends on the hydrogen source. Only green hydrogen—produced
via electrolysis using renewable electricity—ensures a low-carbon lifecycle. However, as of
2021, global hydrogen production remained predominantly fossil-based: 47% from natural
gas, 27% from coal, 22% from oil, and merely 4% from electrolysis [7–9].

To tackle emissions across all vehicle categories, the European Commission pro-
posed the Euro 7 regulation, succeeding Euro 6 with a technology- and fuel-neutral ap-
proach. Unlike its predecessor, Euro 7 sets uniform pollutant limits for all propulsion
systems—gasoline, diesel, hybrid, and electric—ensuring consistent emission standards
across technologies [10]. In parallel, the European Union (EU) has reinforced its climate
and energy policy framework to reduce transport-related greenhouse gas (GHG) emissions
and achieve carbon neutrality by 2050. Regulation (EU) 2023/851 [11], adopted on 19 April
2023, amends Regulation (EU) 2019/631 [12], strengthening CO2 performance standards
for new passenger cars and light commercial vehicles. It mandates a 55% GHG reduction
by 2030 (relative to 1990 levels) and climate neutrality by 2050. From 2035, the fleet-wide
CO2 target for new vehicles will be zero g/km, effectively banning the sale of internal
combustion engine (ICE) vehicles [13].

In 2023, average CO2 emissions from newly registered cars in the EU-27 were ap-
proximately 108 g/km, 2 g/km lower than in 2022. The values varied by country: Spain
exceeded the average (117 g/km), while Sweden achieved 62 g/km. Italy was the only
major market to exceed WLTP CO2 emission target of 119 g/km. Portugal’s fleet average
CO2 emission remained below both the EU average and target [14,15]. CO2 emissions in
ICE vehicles correlate directly with fuel consumption—about 26.5 g/km per L/100 km for
diesel and 23–24 g/km for gasoline, depending on fuel composition [16]. Market dynamics
also shape fleet emissions: diesel’s sales share fell from ~28% in 2020 to 13.6% in 2023,
while HEVs rose to 25.8%, BEVs to 14.6%, and PHEVs to ~8% of new car sales [15]. In
Portugal, BEVs reached 17.5% of new sales (January–August 2024), second only to gasoline
vehicles (37.2%). In the same period within the EU, HEVs and gasoline had similar sale
shares (29.7% and 34.9%, respectively). BEVs only represented 12.6% [17].
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While BEVs emit no tailpipe GHGs, their lifecycle emissions depend on the electricity
mix—renewables supplied ~85% of Portugal’s 46.31 TWh generation in 2024 [18]. Despite
operational advantages, battery production remains energy- and resource-intensive, ac-
counting for roughly 50% higher manufacturing emissions than conventional cars [19,20].
Nonetheless, a BEV operating under real-world conditions can already achieve a 65%
GHG reduction compared to a gasoline counterpart and by 2030, BEV lifecycle GHGs
are expected to fall by up to 76% due to cleaner power grids and improved battery effi-
ciency, assuming a vehicle lifetime of 14 years and 200,000 km. FCEVs exhibit comparable
production-phase impacts, mainly from carbon fiber-reinforced plastics (CFRPs) used in
hydrogen storage [21,22]. Electrified powertrains—HEV (28%), PHEV (61%), BEV (76%)
and FCEV (56%)—also present GHG lifecycle advantages over ICE vehicles in the 2030
timeframe [21]. Similar results can be found in an ICCT report, although, enhancing the
impact of H2 pathway in the FCEV life-cycle GHG emissions: if H2 is obtained from renew-
able sources, life cycle GHG emissions are similar to those from BEVs; however, if H2 is
obtained from natural gas, GHG emissions are comparable to those from HEVs [23,24].

Also, for light-duty vehicles, the JEC Well-to-Wheel (WTW) [25] analysis found that
most alternative fuels outperform conventional gasoline and diesel in energy and emission
efficiency. BEVs and FCEVs powered by renewable electricity or hydrogen achieve low g
CO2/km values, similar to biodiesel. HEVs reduce TTW energy consumption (MJ/km)
by up to 27%, with greater gains in gasoline engines than diesel (only up to 21%), while
PHEVs can provide an up to ~40% reduction in WTW gCO2/km. The JEC study also
highlighted that no single fuel pathway offers a large-scale, short-term decarbonization
solution. Instead, meaningful GHG reductions require a diversified mix of technologies and
fuels, including renewables, hydrogen, and biofuels [25]. Similar conclusions were obtained
by a Ricardo study prepared for Concawe [26,27], where low-carbon fuels scenarios play a
central role, with bio-based and synthetic components reaching 68% of transport energy
by 2050. An alternative ERTRAC [28] scenario envisions a more diverse fleet: BEVs and
PHEVs comprise 64% of European light-duty vehicles, with the remainder split between
HEVs and ICEVs. Despite differing strategies, all three scenarios achieve ~85% GHG
reductions by 2050.

The ICCT [29] assessed EU CO2 targets under four market scenarios: until 2025,
all align with a “Moderate Ambition” pathway; thereafter, reliance on PHEVs and low-
carbon fuels is expected to meet the 2030 WLTP-based 70% CO2 target. However, this
combination fails to meet 2035 goals under the same pathway. An “Adopted Policies”
scenario achieves compliance but with higher cost. The study cautions that CO2 credit
mechanisms for synthetic fuels may unintentionally extend to biofuels which—despite
being cheaper—carry greater environmental and climate risks.

According to the IEA’s Net Zero by 2050 roadmap [30], the global economy is projected
to grow 40% by 2030 while reducing energy consumption by 7%. This requires a 4% annual
improvement in energy efficiency, nearly triple the historical rate [31]. Supported by clean
electricity expansion, EV sales are expected to rise from 5% to over 60% of global car sales
by 2030. By 2050, electricity should supply 74% of road transport energy, with hydrogen
vehicles contributing ~16% [30].

Portugal has committed to achieving carbon neutrality by 2050, as established in
the Roadmap for Carbon Neutrality 2050 (RNC2050) [32]. This strategic plan defines the
main decarbonization pathways and policy measures required to meet long-term emission
goals, identifying fleet electrification as the core strategy, complemented by hydrogen for
heavy-duty transport. For light-duty vehicles (LDVs), electric mobility is projected to
represent 36% of the total demand by 2030, reaching full electrification by 2050. Combined
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with a growing share of renewable electricity, these measures are expected to reduce GHG
emissions by 43% by 2030 and 98% by 2050 relative to baseline levels.

The National Energy and Climate Plan (PNEC), initially launched in 2020 and revised
in 2024 [33,34] under the EU Governance Regulation for Energy and Climate Action, sets
more ambitious intermediate targets. The updated plan aims for 80% renewable electricity
generation by 2026—four years ahead of the previous schedule—positioning Portugal to
achieve climate neutrality by 2045. The revised GHG reduction target was raised to 55% by
2030 (relative to 2005 levels). Within the transport sector, the PNEC prioritizes sustainable
mobility and energy decarbonization through public transport expansion, electrification,
and the use of renewable non-biological fuels, particularly green hydrogen.

In this context, the present study develops and applies a scenario-based modeling
framework to assess potential decarbonization pathways for Portugal’s road transport
sector. The model simulates the evolution of the LDV fleet under different combinations of
electric mobility adoption and biofuel integration, incorporating parameters such as energy
consumption, CO2 emissions, and market shares of alternative propulsion technologies.
Coupled with projected vehicle sales trends and energy mix evolution, the model estimates
final energy demand and well-to-wheel (WTW) CO2 emissions for each scenario. The results
are then benchmarked against PNEC2030 and RNC2050 targets, enabling an assessment of
the coherence, feasibility, and effectiveness of national decarbonization strategies within
the broader European policy framework.

2. Materials and Methods
The model divides the input variables essentially into 3 large groups: Fleet forecast

(Section 2.1); Vehicle propulsion systems (Section 2.2); and Energy source (Section 2.3).
Three different scenarios were addressed by adjusting parameters that impact the vehicle
sales forecasts and introduction of energy sources, as well as their production pathways,
with the aim of achieving total energy consumption and associated CO2 emissions.

2.1. Fleet Forecast

Modeling the yearly evolution of the Portuguese vehicle fleet requires defining vehicle
sales trajectories consistent with demographic and economic trends. Historical sales data
for all vehicle categories were obtained from the Portuguese Automobile Association
(ACAP) [35], serving as the basis for calibration of future growth rates. To preserve a
relatively stable motorization rate (number of vehicles per 1000 inhabitants), the annual
sales growth was adjusted to yield an average increase of 0.4% per year over the next
25 years. The motorization rate was modeled using a normalized sigmoid function that
captures the typical evolution of an automotive market—from its initial growth phase
through expansion to eventual market saturation [36–38].

A central assumption of the modeling framework is that the Portuguese automotive
market is nearing saturation. Although the motorization rate has shown a modest upward
trend over the past decade [39], demographic projections indicate a population decline
of approximately 8% relative to current levels by mid-century [40]. This demographic
contraction constrains potential fleet expansion, implying that future vehicle growth will
mainly depend on replacement dynamics rather than net additions.

In addition to market growth rates, the model incorporates vehicle survival curves,
which describe the probability of a vehicle remaining in service over time. Vehicle survival
reflects the likelihood of failure before the expected lifespan, total loss after accidents, or
replacement by a new or used vehicle. Consequently, annual survival curves quantify the
number of vehicles withdrawn from circulation after k years [36]. To represent this behavior,
a Weibull probability distribution was employed, as expressed in Equation (1) [36], where k
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represents the vehicle age, T is the predicted vehicle lifetime and b is a shape parameter,
defined as 35 for passenger vehicles and 40 for light-duty vans.{

φ(k) = e−( k+b
T )

b

φ(0) = 1
(1)

The vehicles currently in circulation were divided by age category. By consulting the
ACEA report Vehicles on European Roads [41] and the National Inventory Report produced
by the Portuguese Environment Agency (APA) [42] that defines the national fleet in 2021
by technology type and, more relevant in this case, by EURO standard, it was possible to
divide the current nearly 4,500,000 vehicles into age categories. Table 1 summarizes the
fleet data.

Table 1. Distribution of the fleet of passenger cars and light-duty vans over 10 years old in 2021 by
EURO standard (adapted from [42]).

Passenger Vehicles Light-Duty Vans

EURO Number of Vehicles % on Fleet Number of Vehicles % on Fleet

0 ---- ---- 185,767 18
1 307,343 9 119,092 12
2 692,290 19 183,425 18
3 991,127 28 254,623 25
4 991,975 28 214,938 21
5 620,250 17 67,178 7

Total (2021) 3,602,985 100 1,025,023 100

The distribution of passenger and commercial vehicle fleets by propulsion type is
mostly dominated by diesel (58.5% in passenger vehicles and 99.5% in LDVans), gasoline
(36.5% in passenger vehicles and 0.2% in LDVans), HEVs (1.6% in passenger vehicles), LPG
or natural gas, PHEVs (1% in passenger vehicles), and BEVs (0.9% in passenger vehicles
and 0.2% in LDVans). There were no registered H2 vehicles.

Based on the defined survival rate, the current vehicle fleet, and the projected annual
sales growth rate, a transition matrix can be established to estimate the number of newly
circulating vehicles, disaggregated by propulsion technology, for all vehicles sold from
2023 onwards (Table 2). The total number of vehicles circulating in a given year ( Tx) is
provided by Equation (2), where Cx,x is the total number of new vehicles sold in year
x, ∑

y
x=23 Cx,y represents all vehicles sold since 2023 and still circulating in year y and Px

includes all existing vehicles pre-2023 that are still circulating in year x. Equation (1)
plays an important role in determining the surviving vehicles to calculate Cx,y and Px by
indicating the probability of a vehicle still being part of the fleet.

Tx = Cx,x +
y

∑
x=23

Cx,y + Px (2)

According to data from the European Automobile Manufacturers’ Association
(ACEA) [43], battery electric vehicles (BEVs) became the second most sold vehicle type in
2023, representing 18.2% of total sales. Meanwhile, internal combustion engine vehicles
(ICEVs) continued to decline, with their diesel share dropping from 17.8% in 2022 to 12%
in 2023, and gasoline falling from 42% to 36%. Among hybrids, plug-in hybrid electric
vehicles (PHEVs) grew notably, partially offsetting the decrease in conventional hybrids
(HEVs). For light commercial vehicles, diesel remained predominant in 2023, though
its share decreased from 95.1% to 90.8%. Electrically chargeable vans (BEVs + PHEVs)
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expanded rapidly, doubling their market share from 4.3% to 8.6%. Based on registration
data [44], BEVs account for roughly 8% of this share, while PHEVs represent only 0.6%.

Table 2. Calculation matrix for vehicles in circulation.

Years in Circulation

Year 2023 2024 . . . 2049 2050

2023 C23,23 C23,24 . . . C23,49 C23,50
2024 0 C24,24 Cx,y C24,49 C24,50
. . . 0 0 Cx,x Cx,49 Cx,50

2049 0 0 . . . C49,49 C49,50
2050 0 0 . . . 0 C50,50

Total C23,23 C23,24 + C24,24 Cx,x +
y
∑

x=23
Cx,y C49,49 +

48
∑

x=23
Cx,49 C50,50 +

49
∑

x=23
Cx,50

Future sales evolution until 2050 will depend on the scenario assumptions defined
in Section 2.4. Vehicle market dynamics were modeled using a logistic growth function
(Equation (3)) representing the saturation behavior of the Portuguese fleet. The propulsion
technology market share in year x depends on the maximum ( M) and minimum (n) share
considered, the technology growth rate β, the growth factor a, considering the initial year
when a given technology is introduced x0, and the studied year xi. These parameters are
specific for each propulsion technology j and change according to the scenarios studied. The
number of vehicles sold each year for each vehicle technology is obtained from applying
Equation (3) to Cx,x in Equation (2) (the total number of new vehicles sold in year x).

market_sharex,j = nj +
(

Mj − nj
) 1(

1 + e−β j(xi−x0)
)
aj

(3)

2.2. Vehicle Propulsion Systems

For the annual mileage for each technology, data from the National Inventory report
produced by the APA [42] were consulted. This document, in addition to the total number
of vehicles in circulation in 2021 (Table 1), also provides data on annual vehicle km for
combustion vehicles, organized by the corresponding Euro standard. Taking into account
the number of vehicles of each technology Nj and the vehicle km VKT j associated with
each of them, it is then possible to obtain an average value of kilometers traveled per year
(Vj) for each propulsion system j (Equation (4)).

Vj =
∑ VKT j

∑ Nj
(4)

where j is the type of technology (Diesel, gasoline, HEV, PHEV, LPG, BEV, H2), Nj is the
number of vehicles of a given technology and VKT j is the annual vehicle km. There are
some technologies for which the APA report [42] insufficiently defines the annual kilometers
so a different approach was adopted, especially for PHEVs, FCEVs, and BEVs. Starting
with BEVs, a 2021 study by Nissan concluded that, in Europe, BEVs traveled only 600 km
more than combustion vehicles on average [45]. Given the difference in kilometers between
gasoline and diesel vehicles, a weighted average value was considered for the annual
mileage of BEVs to account for the number and mileage of diesel and gasoline vehicles.

For plug-in hybrid electric vehicles (PHEVs), the same annual mileage as for con-
ventional hybrids (HEVs) was assumed. In addition to these mainstream technologies,
hydrogen fuel cell vehicles (FCEVs) were also considered, although they remain at an
early stage of market development. Due to the limited availability of operational data and



Energies 2025, 18, 6587 7 of 24

the inherent lack of range constraints, FCEVs were assumed to exhibit annual mileage
comparable to diesel vehicles, which typically cover the greatest distances per year. This
assumption prevents any artificial limitation on this emerging technology.

After estimating the annual mileage for each propulsion technology, certain incon-
sistencies were identified. On average, diesel vehicles travel approximately 40% more
kilometers per year than gasoline vehicles, a difference that can be attributed to their
predominant use in professional and commercial applications, where annual utilization
rates are typically higher. Since the APA dataset [42] does not distinguish between private
and commercial vehicle usage, a uniform average value of 9263 km per year was adopted
for all propulsion types to ensure consistency across the model.

Table 3 shows the values considered for each technology, with the values in bold
resulting from the hypotheses considered and the remaining directly taken from [42].

Table 3. Average annual mileage adopted for each type of technology (adapted from [42]).

Passenger Vehicles Light-Duty Vans

km/Year km/Year

ICEV (diesel) 10,995 10,957
ICEV (gasoline) 6421 2840

HEV 9675 9675
LPG 7945 7945

PHEV 9675 9675
BEV 9138 9138

FCEV 10,995 10,995

Another relevant aspect is the decline in vehicle mileage with age. This behavior was
modeled using an exponential decay function, as proposed by the U.S. Department of
Transportation [46], where the annual vehicle kilometers traveled (Vk) for a vehicle with
age k > 1 are expressed as a function of vehicle age according to Equation (5).

When k = 0, data for vehicle technology j is obtained from Table 3.

Vk,j = Vk−1,j·e−0.0006k (5)

The total annual energy consumption based on energy consumed per km (MJ/km) is
intrinsically linked to CO2 emissions for combustion vehicles, which are also available in
the APA report (CO2/km) [42]. Diesel emits approximately 2650 g CO2/L, while gasoline
vehicles have an emission factor of approximately 2300–2400 g CO2/L, depending on
the exact fuel composition. These factors can be further validated using the UNECE [47],
allowing to calculate the consumption in L/100 km or MJ/km by multiplying it by the
correspondent fuel density and Lower Heating Value (LHV). The emission factor adopted
for LPG vehicles was 1616 g CO2/L [48]. The HEV data was obtained from the APA report
(CO2/km) [42] and it was assumed that these vehicles use gasoline internal combustion
engines. The energy consumption was then calculated similarly to gasoline vehicles.

For battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs),
the absence of tailpipe emissions necessitates an energy-based approach independent of
CO2-to-energy conversion factors. For BEVs, 2023 sales data were analyzed, selecting the
ten best-selling European models [49] and real-world energy consumption was obtained
from the Spritmonitor database [50]. The weighted average resulted in 0.69 MJ/km.

For PHEVs, data were gathered for the most popular models with internal combus-
tion engine (ICEV) counterparts. Comparing the average gasoline energy consumption
revealed that PHEVs use approximately 52% less fuel than the equivalent ICE vehicles. As
Spritmonitor [50] does not report electricity use, it was assumed that PHEV electric energy
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consumption per kilometer is comparable to BEVs—justified by similar average weights,
as the best-selling PHEVs are typically SUVs.

For fuel cell electric vehicles (FCEVs), the Toyota Mirai was used as reference. Accord-
ing to Spritmonitor [50], its hydrogen consumption is approximately 0.99 kg H2/100 km
(converted to MJ/km from H2 LHVs).

National Inventory report data [42] demonstrates that commercial vehicles typically
consume more energy per kilometer, a phenomenon that may be associated with these
vehicles being typically larger and used for light goods transport. Considering that the
average energy use of a passenger ICEV (diesel) is 2.62 MJ/km and a LDVan ICEV (diesel)
is 3.16 MJ/km, a ratio of 1.2 is obtained, indicating that diesel LDVan ICEVs use 20% more
energy than LDVs. Due to the low representation of other technologies in this fleet, it was
assumed that the consumption of BEVs, HEVs, PHEVs, and FCEVs would have a similar
relationship to that of ICEVs (diesel) for passenger and commercial vehicles.

Table 4 presents the energy consumption values adopted for each propulsion tech-
nology. A distinction is made between EURO 6 vehicle consumption and the overall fleet
average to more accurately represent the performance of new vehicles entering the fleet.
This differentiation ensures that recently registered vehicles—typically more efficient due
to technological improvements and stricter emission standards—are properly characterized.
Cells left blank correspond to technologies either absent from the market or not covered
under the EURO 6 standard, such as battery electric vehicles (BEVs). In these cases, it was
assumed that the energy consumption of new vehicles equals the average consumption for
that technology class. This approach provides a consistent baseline across propulsion types,
ensuring comparability in the energy modeling framework while maintaining alignment
with available market and regulatory data.

Table 4. Energy consumption per km by vehicle type (adapted from [42]).

Passenger Vehicles Light-Duty Vans

Average
Energy Use

(MJ/km)

EURO 6 Average
Energy Use

(MJ/km)

Average
Energy Use

(MJ/km)

EURO 6 Average
Energy Use

(MJ/km)

ICEVdiesel 2.62 2.52 3.16 3.24
ICEVgasoline 2.69 2.67 3.62 2.72

HEV 1.88 1.87 2.26 ----
LPG 2.75 2.91 3.32 ----

PHEVgasoline 1.41 ---- 1.70 ----
PHEVelectric 0.69 ---- 0.84 ----

BEV 0.69 ---- 0.84 ----
FCEV 1.19 ---- 1.43 ----

Finally, to calculate the total energy consumed Ex (in MJ) in year x, simply multiply
the consumption per km ej in MJ/km (available in Table 4 for each propulsion system j) by
the number of vehicles Tx,j and the average number of km traveled per year Vx,j, according
to Equation (6).

Ex = ∑
j

ej·Tx,j·Vx,j (6)

Figure 1 presents a block diagram with the data flow used within this work, including
the main variables used and their relationships.
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Figure 1. Block diagram of data for total energy calculation.

To estimate total fleet energy consumption, an average vehicle age was defined. The
Portuguese vehicle fleet reached an average age of 13.6 years in 2022 [15], a figure that has
been steadily rising over the past two decades; thus, 14 years was assumed for 2023. Fleet-
specific CO2 emissions (g/km) were derived from the APA National Inventory Report [42],
consistent with the fuel consumption data, as summarized in Table 5. For plug-in hybrid
vehicles (PHEVs), emissions were assumed to equal 52% of those from gasoline ICEVs
based on the previously described assumptions. For commercial vehicles, emissions were
estimated as 1.2 times higher than those of passenger cars, reflecting their greater mass and
fuel demand. Values in bold were calculated based on the assumptions described.

Table 5. CO2 emissions/km by vehicle type (adapted from [42]).

Passenger Vehicles Light-Duty Vans

Average
Emissions

(CO2 g/km)

EURO 6 Average
Emissions

(CO2 g/km)

Average
Emissions

(CO2 g/km)

EURO 6 Average
Emissions

(CO2 g/km)

ICEVdiesel 192.8 185.2 232.1 238.3
ICEVgasoline 201.9 200.7 266.1 199.5

HEV 140.8 140.7 169.5 169.5
LPG 191.0 192.4 230.0 230.0

PHEVgasoline 105.7 105.7 127.3 127.3
PHEVelectric 0.0 0.0 0.0 0.0

BEV 0.0 0.0 0.0 0.0
FCEV 0.0 0.0 0.0 0.0

The total CO2 emissions in year x EmTTW,x in a Tank-to-Wheel (TTW) perspective are
obtained from Equation (7) using information from CO2 emissions per km emj (available in
Table 5), the number of vehicles Tx,j and the average number of km traveled per year Vx,j.
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The data flow is similar to the one presented in Figure 1, just using CO2 emission factors
instead of energy factors.

EmTTW, x = ∑
j

emj·Tx,j·Vx,j (7)

2.3. Energy Source

The well-to-wheel (WTW) assessment requires accounting for variables associated
with the energy source of each propulsion system. Beyond tailpipe (TTW) emissions from
combustion vehicles, it is necessary to include the well-to-tank (WTT) emissions arising
from the conversion of primary energy into final energy. To quantify this, emission factors
were defined to relate the energy produced (MJ) to the corresponding CO2 emissions
(g CO2), as presented in Table 6.

Table 6. CO2 emissions g/MJ by vehicle type (adapted from [25]).

Energy Source CO2 Emission Factor (g/MJ)

Fossil gasoline 17.0
Ethanol 57.3
ETBE 28.4

Synthetic gasoline 0.90
Fossil diesel 18.9

FAME 25.2
HVO 32.5

Synthetic diesel 0.90
Natural gas 11.4
Electricity 48.1
Hydrogen 9.50

Most of these factors were directly derived from a JEC study for the European Com-
mission [25], which analyzed the emission intensities within the current EU energy mix.
However, special consideration was given to electricity, synthetic fuels, and hydrogen, as
their emission factors depend strongly on the production pathway.

For electricity, the emission factor is highly sensitive to the national energy mix. To
ensure representativeness for Portugal, data were obtained from the European Environment
Agency, which provides country-specific electricity emission factors across the EU [51].
This factor is the only one assumed to vary over time, progressively declining to zero
(0 g CO2/MJ) in line with carbon-neutrality targets. The rate of reduction will depend on
the assumptions associated with each scenario defined later in this study.

Regarding synthetic fuels and hydrogen, it was assumed that both are produced
exclusively using renewable electricity, as only this condition ensures alignment with
carbon-neutral production pathways. In the specific case of synthetic fuels, due to the early
stage of technological development, the production process was modeled following the
Porsche eFuel methodology [6,52] and information from Concawe [53].

The WTW CO2 emissions can be calculated from Equation (8) for each propulsion
system j considering the TTW CO2 emissions EmTTW,j, the TTW energy used Ej and the
respective CO2 emission factor (epj in g/MJ) associated with the energy production stage
of each energy vector (obtained from Table 6).

EmWTW,j = EmTTW,j + Ej·epj (8)

The annual WTW CO2 emissions is obtained by summing the TTW and WTT impacts
of each propulsion technology.
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2.4. Scenario Definition
2.4.1. Scenario 1: Technological Replacement and Transition to Electrification

Battery Electric Vehicles (BEVs) represent the cornerstone of the decarbonization
strategy to meet increasingly stringent emission targets and achieve carbon neutrality by
2050. BEV market penetration is projected to expand rapidly, reaching 52% of light-duty
and 70% of commercial vehicles by 2030, and 85% and 80%, respectively, by 2050. The
combined effects of limited alternative fuel deployment and higher taxation on fossil fuels
drive the gradual phase-out of Internal Combustion Engine Vehicles (ICEVs) and hybrid
technologies (PHEVs, HEVs), with combustion-based vehicle sales ceasing after 2040.

Following the RNC2050 [32] and PNEC [34] pathways, commercial fleet electrification
accelerates significantly, while Fuel Cell Electric Vehicles (FCEVs) emerge after 2030, sup-
ported by green hydrogen production. By 2050, FCEVs are expected to represent 15% of
the passenger and 20% of the commercial vehicle market as they are favored for their range
and payload advantages. These assumptions lead to the following coefficients for Equation
(3). Regarding passenger vehicles: for Natural Gas, M = 0%, n = 6%, β = 0.50 and a = 8;
for HEVs, M = 0%, n = 15%, β = 0.40 and a = 8; for PHEVs, M = 0%, n = 14%, β = 0.30
and a = 9; for BEVs, M = 85%, n = 18%, β = 0.30 and a = 6 and; for Hydrogen, M = 15%,
n = 0%, β = 0.45 and a = 9; and for gasoline and diesel, the remaining share is divided
75–25% following the trend of last year’s sales. For light-duty vans: for Natural Gas,
M = 0%, n = 0%, β = 0 and a = 0; for HEVs, M = 0%, n = 0%, β = 0 and a = 0; for
PHEVs, M = 0%, n = 0.6%, β = 0 and a = 0; for BEVs, M = 80%, n = 9%, β = 0.50 and
a = 5 and; for Hydrogen, M = 20%, n = 0%, β = 0.45 and a = 9; and for gasoline and
diesel, the remaining share is divided 0.5–99.5% following the trend of last year’s sales.
These parameters yield the market evolution in Figure 2, where full renewable electricity
generation is achieved by 2040, surpassing the RNC2050 targets [32].
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Figure 2. Scenario 1 market share (%) evolution between 2023 and 2050 of: (a) light-duty passenger
vehicles; (b) light-duty vans.

2.4.2. Scenario 2: Transition to Alternative Energy Sources (Diesel and Gasoline)

In this scenario, carbon neutrality is achieved primarily through the decarbonization
of energy sources rather than a complete shift in propulsion technologies. The strategy
relies on the progressive substitution of fossil fuels—diesel and gasoline—with synthetic
and bio-based alternatives. The transition begins in 2026, with synthetic gasoline gradually
replacing fossil gasoline at an average rate of 5% per year, reaching 27% by 2030 and 80%
by 2040. The remaining 20% corresponds to the current E5 gasoline blend, composed
of ethanol (5%) and ETBE (15%), which is assumed constant over time due to engine
compatibility constraints [5]. Figure 3a presents the market evolution of fossil gasoline
and substitutes.
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Figure 3. Scenario 2 evolution of fuel type (% of energy in the fleet) between 2023 and 2050 of:
(a) Fossil gasoline and substitutes; (b) Fossil diesel and substitutes.

For diesel, the initial focus is on Hydrotreated Vegetable Oil (HVO), given its high
compatibility with fossil diesel [16]. FAME blending remains limited to 7% [4], while the
HVO share increases by about 4% per year, reaching 35% by 2035. Beyond this point,
feedstock limitations and the expansion of green hydrogen production drive the gradual
substitution of fossil diesel with synthetic diesel, completing the phase-out of fossil fuels
by 2050 (Figure 3b).

In this scenario, the widespread adoption of biofuels and synthetic fuels substantially
reduces the reliance on plug-in electric vehicles (PHEVs and BEVs) to achieve carbon
neutrality. Figure 4a presents the light-duty passenger share market. These assumptions
lead to the following coefficients for Equation (3). Regarding passenger vehicles: for Natural
Gas, M = 0%, n = 6%, β = 0.50 and a = 8; for HEVs, M = 40%, n = 15%, β = 0.32
and a = 8; for PHEVs, M = 25%, n = 14%, β = 0.35 and a = 8; for BEVs, M = 20%,
n = 18%, β = 0.80 and a = 2 and; for Hydrogen, M = 10%, n = 0%, β = 0.30 and a = 11;
and for gasoline and diesel, the remaining share is divided 75–25% following the trend of
last year’s sales. For light-duty vans: for Natural Gas, M = 0%, n = 0%, β = 0 and a = 0;
for HEVs, M = 0%, n = 0%, β = 0 and a = 0; for PHEVs, M = 0%, n = 0.6%, β = 0 and
a = 0; for BEVs, M = 15%, n = 9%, β = 0.60 and a = 6 and; for Hydrogen, M = 40%,
n = 0%, β = 0.35 and a = 7; and for gasoline and diesel, the remaining share is divided
0.5–99.5% following the trend of last year’s sales.
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Figure 4. Scenario 2 market share (%) evolution between 2023 and 2050 of: (a) light-duty passenger
vehicles; (b) light-duty vans.

The BEV market rapidly saturates, reaching a 20% share of passenger light-duty
vehicles by 2030, while PHEVs expand to 25% by 2040, coinciding with the phase-out of
fossil gasoline. Hybrid electric vehicles (HEVs) emerge as the fastest-growing technology,
benefiting from higher efficiency and full compatibility with carbon-neutral fuels. Their
market share rises to 26% in 2030 and 40% by 2050. The phase-out of ICEVs becomes
unnecessary, as they retain a residual 5% share by 2050.

Fuel cell electric vehicles (FCEVs) experience delayed uptake due to the prioritiza-
tion of hydrogen for synthetic fuel production between 2030–2035, reaching only 10% in
passenger vehicles but up to 40% in commercial fleets, where they help mitigate NOx
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and particulate emissions. Despite these shifts, diesel remains dominant in commercial
transport (45% in 2050, as seen in Figure 4b, and 100% renewable electricity is achieved
only by 2050 as no additional effort is made to obtain this goal earlier).

2.4.3. Scenario 3: Technology Replacement and Transition to Alternative Energy Sources

An intermediate scenario was defined between the two previously considered, which
were based on optimistic assumptions regarding the rapid adoption of BEVs (Scenario 1)
and biofuels (Scenario 2).

In this new scenario, although synthetic fuels remain part of the strategy, their in-
troduction is delayed until 2030, aligning with current plans for hydrogen production as
outlined in RNC2050 [32]. Until then, HVO is gradually introduced as a partial substitute
for fossil diesel, reaching a maximum blend rate of 35% by 2040.

This delayed entry of synthetic fuels prevents the complete elimination of fossil fuels,
which still account for approximately 24% (gasoline) and 17% (diesel) of total consumption
in 2050. The evolution of gasoline and diesel blends is illustrated in Figure 5a,b, respectively.
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Figure 5. Scenario 3 evolution of fuel type (% of energy in the fleet) between 2023 and 2050 of:
(a) Fossil gasoline and substitutes; (b) Fossil diesel and substitutes.

Battery electric vehicles (BEVs) continue to show strong market growth, particularly
until 2030, when they reach a 40% share. However, limitations in charging infrastructure
and persistently high battery production costs prevent BEVs from exceeding a 45% market
share by 2040. Additionally, the introduction of alternative fuels to replace fossil gasoline
and diesel between 2030 and 2035 makes combustion engine vehicles—especially PHEVs
and HEVs—a viable pathway toward carbon neutrality. By 2050, these technologies account
for 25% and 20% of the passenger light-duty vehicle market, respectively, effectively
marking the end of conventional ICEVs. The remaining 10% is occupied by fuel cell
electric vehicles (FCEVs), which begin entering the market between 2030 and 2035. The
sales trajectory of these technologies is illustrated in Figure 6a. In the commercial vehicle
segment, diesel ICEVs remain dominant, still holding a 50% market share in 2050. The
other half is replaced by BEVs (30%) and FCEVs (20%). The transition follows a similar
pattern to passenger vehicles, with BEVs leading adoption until 2030–2035, after which,
hydrogen-powered vehicles gain greater market relevance. This evolution is also depicted
in Figure 6b.

These assumptions lead to the following coefficients for Equation (3). Regarding
passenger vehicles: for Natural Gas, M = 0%, n = 6%, β = 0.50 and a = 8; for HEVs,
M = 20%, n = 15%, β = 0.30 and a = 13; for PHEVs, M = 25%, n = 14%, β = 0.25 and
a = 7; for BEVs, M = 45%, n = 18%, β = 0.50 and a = 7 and; for Hydrogen, M = 10%,
n = 0%, β = 0.30 and a = 7; and for gasoline and diesel, the remaining share is divided
75–25% following the trend of last year’s sales. For light-duty vans: for Natural Gas,
M = 0%, n = 0%, β = 0 and a = 0; for HEVs, M = 0%, n = 0%, β = 0 and a = 0; for
PHEVs, M = 0%, n = 0.6%, β = 0 and a = 0; for BEVs, M = 30%, n = 9%, β = 0.40 and
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a = 7 and; for Hydrogen, M = 20%, n = 0%, β = 0.40 and a = 8; and for gasoline and
diesel, the remaining share is divided 0.5–99.5% following the trend of last year’s sales.
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Figure 6. Scenario 3 market share (%) evolution between 2023 and 2050 of: (a) light-duty passenger
vehicles; (b) light-duty vans.

3. Results
3.1. Scenario 1: Technological Replacement and Transition to Electrification

In a scenario where BEVs account for over half of total vehicle sales by 2030, a signifi-
cant transformation of the vehicle fleet is expected. Figure 7a,b present the expansion of
BEVs in circulation is accompanied by a decline in combustion engine vehicles, including
conventional ICEVs, PHEVs, and HEVs. Hybrid vehicles (HEVs and PHEVs) peak in fleet
share between 2030 and 2040, representing approximately 11% of passenger light-duty
vehicles. However, their gradual decline leads to a return to 2022 levels—around 3%—by
2050. ICEVs lose dominance rapidly, ceasing to be the most prevalent technology by 2040.
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Figure 7. Scenario 1 fleet composition (%) between 2023 and 2050 of: (a) light-duty passenger vehicles;
(b) light-duty vans.

This fleet transition has a substantial impact on direct (tank-to-wheel) emissions. By
2030, total exhaust emissions are reduced by 26% compared to 2022. The exponential
growth of electric vehicles from 2030 onward enables a dramatic reduction in greenhouse
gas emissions, reaching a 93% decrease by 2050.

Although tank-to-wheel (TTW) emissions decline with the expansion of zero-exhaust
vehicles, upstream emissions from electricity generation remain a critical challenge. The
carbon footprint of both FCEVs (hydrogen production) and BEVs depends strongly on
the electricity generation mix. If the 2023 emission factor is maintained through to 2050,
well-to-tank (WTT) emissions would drop by about 50%, yielding an overall well-to-wheel
(WTW) reduction of 82%. However, this would not meet the RNC2050 [32] objective of 99%
renewable electricity by 2050. Accordingly, this scenario adopts a more ambitious pathway,
achieving 100% renewable generation by 2040 (Figure 8a), which enables 90% WTT and
93% WTW reductions by 2050 (Table 7).
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Figure 8. (a) Electricity well-to-tank CO2 emissions and share of renewables for electricity production;
(b) share of fuel used.

Table 7. Total fleet CO2 emissions.

Well-to-Wheel Well-to-Wheel

Direct CO2
Emissions (Mton)

Variation (%)
Ref. 2022

Net CO2
Emissions (Mton)

Variation (%)
Ref. 2022

2022 16.88 ---- 15.35 ----
2030 12.56 −25.5 11.35 −26.1
2040 5.12 −69.7 4.55 −70.3
2050 1.19 −93.0 1.05 −93.2

While the 98% transport GHG reduction target in RNC2050 [32] is not fully achieved,
the results remain consistent with the broader EU goal of a 90% GHG reduction. Regarding
renewable integration, the PNEC [34] sets a 23% renewable energy share in transport by
2030; however, under this scenario, the target is only met in 2036, reaching ~13% in 2030.
Nonetheless, by 2050, it is expected to have a 77% renewable share.

A mid-term goal of 40% GHG reduction by 2030 is also missed—passenger vehicles
and light-duty vans only achieve 26% WTW reduction. Despite steady TTW and WTW
declines (Table 7), electricity demand growth causes WTT emissions to rise until 2033, when
renewables account for 88% of electricity generation (Figure 8a).

As expected, the growing penetration of electric vehicles leads to a substantial increase
in electricity demand within the light-duty vehicle (LDV) sector. As shown in Figure 8b,
electricity consumption rises sharply—from approximately 707 × 106 MJ (17 kTep) in 2022,
representing less than 1% of total LDV energy use, to nearly 685 kTep (≈58%) of final
energy consumption by 2050.

Figure 8b also highlights the increasing role of hydrogen, which accounts for 16%
of final energy demand by 2050. In contrast, fossil fuel consumption follows a steady
downward trend. Due to the initially higher market share of gasoline-powered ICEVs
compared to diesel, gasoline consumption experiences a temporary rise, peaking at 38%
in 2035. Beyond this point, the growing dominance of battery electric vehicles (BEVs)
drives a sharp decline in fossil fuel use, which by 2050 represents only 24% of total energy
consumption—15% from gasoline and 9% from diesel.

The higher energy efficiency of BEVs is the main driver of the progressive reduction
in total energy demand, resulting in decreases of approximately 24% by 2030 and 71% by
2050 relative to the 2022 baseline.

3.2. Scenario 2: Transition to Alternative Energy Sources (Diesel and Gasoline)

Figure 9a illustrates the long-term evolution of the passenger car fleet up to 2050.
The introduction of alternative fuels to diesel and gasoline supports the growth of hybrid
electric vehicles (HEVs), making them the dominant technology in the light-duty passenger
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fleet—rising from 2% in 2022 to 37% by 2050. Plug-in hybrids (PHEVs) follow a similar
upward trend, reaching 24%, while battery electric vehicles (BEVs) account for 20% of the
fleet by 2050. The remaining share includes fuel cell electric vehicles (FCEVs) at 7%, and
internal combustion engine vehicles (ICEVs) at 13%, whose persistence is enabled by the
increasing use of biofuels and synthetic fuels rather than a complete technological phase-
out. In the case of commercial vehicles (Figure 9b), despite a gradual shift toward BEV
and particularly FCEV technologies, diesel ICEVs remain predominant, still representing
approximately 60% of the fleet in 2050, followed by FCEVs (26%) and BEVs (15%).
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Figure 9. Scenario 2 fleet composition (%) between 2023 and 2050 of: (a) light-duty passenger vehicles;
(b) light-duty vans.

Table 8 summarizes WTW CO2 emissions. Even when using synthetic fuels, combus-
tion generates amounts of CO2 comparable to fossil fuels. Combined with the lower share
of BEVs relative to Scenario 1, fleet emissions decrease by only 25% in 2030 and 68% in
2050 compared to 2022, falling short of both national and European targets. However, for
biofuels and synthetic fuels, the distinction between direct and net emissions is crucial,
since these fuels are produced using captured CO2 and the emitted carbon is later recycled
in fuel synthesis, yielding near-zero net emissions.

Table 8. Total fleet CO2 emissions.

Well-to-Wheel Well-to-Wheel

Direct CO2
Emissions (Mton)

Variation (%)
Ref. 2022

Net CO2
Emissions (Mton)

Variation (%)
Ref. 2022

2022 16.88 ---- 15.35 ----
2030 12.69 −24.8 9.30 −39.4
2040 7.60 −54.9 2.13 −86.1
2050 5.44 −67.7 0.44 −97.1

The gap between direct and net emissions widens from 1.5 Mton in 2022 to 5.0 Mton
in 2050, leading to WTW CO2 emissions declining by 97% in 2050, confirming the potential
to achieve carbon neutrality-result unattainable even in Scenario 1 with an almost fully
electrified fleet. Although full renewable electricity is only achieved in 2050, its use in
synthetic fuel production ensures an extremely low emission factor (0.9 MJ/g CO2) and a
correspondingly small carbon footprint.

In this scenario, the rapid introduction of carbon-neutral alternative fuels offers an-
other renewable alternative in the transportation sector besides electricity. The fact that
these can be implemented without the need for a radical technological change offsets the
slower transition to 100% renewable electricity and helps achieve the renewable energy
incorporation targets set by the PNEC (23% by 2030), since by 2030, 32% of the energy used
in light-duty vehicles will come from renewable sources. This evolution in the share of
renewable energy incorporation is summarized in Figure 10a.
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Figure 10. (a) Share of renewables in fuels; (b) share of fuel used.

Total energy consumption decreases by 27% in 2030 and 48% in 2050 relative to 2022.
This reduction stems primarily from the transition to more efficient propulsion systems,
particularly battery electric (BEVs) and hybrid electric vehicles (HEVs). Similar to Scenario
1, the deployment of fully electric powertrains drives a marked rise in electricity demand
up to 2035, when synthetic gasoline represents over half of total gasoline use and synthetic
diesel begins penetrating the commercial segment.

The evolution of electricity consumption and alternative fuel use is depicted
in Figure 10b, highlighting a sharp increase in biofuel and synthetic fuel demand, peaking
at 1723 ktep in 2040—a 262% rise compared with 2022.

As shown in Figure 10b, the variation in fuel consumption over time can be divided
into three distinct phases:

• Phase 1 (until 2025):
During this initial stage, no significant change occurs in the blending rates of alter-

native fuels. At the same time, internal combustion engine vehicles (ICEVs) begin to be
gradually replaced by battery electric vehicles (BEVs), resulting in an 11% decrease in
biofuel consumption compared to 2022.

• Phase 2 (2025–2040):
With the introduction of synthetic fuels, their incorporation in blends for light-duty

vehicles increases rapidly and exponentially, rising from 424 ktep in 2025 to 1723 ktep
in 2040—a 262% increase relative to 2022. This growth parallels the market expansion
of hybrid vehicles, which became the dominant alternative to conventional ICEV during
this period.

• Phase 3 (after 2040):
By 2040, fossil gasoline is completely phased out and fully replaced by synthetic

gasoline. Its incorporation stabilizes at 80%, leading to a slower overall growth rate in
synthetic fuel consumption. Although synthetic diesel also begins to enter the market at
this stage, its impact remains limited, given that diesel-powered vehicles account for only
about 28% of the fleet, while gasoline vehicles represent roughly 50%.

Furthermore, the introduction of fuel cell electric vehicles (FCEVs) around 2035,
primarily replacing diesel-powered commercial ICEVs, contributes to a gradual reduction
in conventional fuel consumption. The combined transition effects between energy sources
are evident in Figure 10.

Regarding the total WTW energy, it is important to note that the results presented do
not consider the electricity required to produce hydrogen via electrolysis. This aspect has
implications in this scenario due to the greater market penetration of FCEVs and because
one of the initial assumptions is the production of synthetic fuels using green hydrogen.
This means that the total electrical energy required to produce this energy will be higher
than calculated.
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3.3. Scenario 3: Technology Replacement and Transition to Alternative Energy Sources

The substitution of fossil fuels by alternative energy carriers drives moderate fleet
modifications, as illustrated in Figure 11. Regarding passenger vehicles, fuel cell electric
vehicles (FCEVs) enter the market around 2030, maintaining a limited share of~6% by 2050,
while conventional internal combustion engine vehicles (ICEVs) persist at~13%, despite
sales ending by 2045. For commercial vehicles, diesel-powered ICEVs remain dominant
throughout the projection horizon, representing~60% of the fleet in 2050 (Figure 11b).
Among electric technologies, battery electric vehicles (BEVs) exhibit the fastest growth,
rising from negligible levels in 2022 to 10% of the passenger fleet by 2030—a tenfold increase.
Growth stabilizes after 2040 as synthetic fuels become widespread, yet BEVs ultimately
dominate by 2050, accounting for~40% of light-duty passenger vehicles. A similar but
slower trend is observed in light commercial vehicles, where BEVs reach 27% market share
by 2050, while diesel ICEVs remain the leading technology.
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Figure 11. Scenario 3 fleet composition (%) between 2023 and 2050 of: (a) light-duty passenger
vehicles; (b) light-duty vans.

With the introduction of biofuels and synthetic fuels between 2035 and 2040, internal
combustion engine vehicles (ICEVs) regain viability as a pathway toward carbon neutrality.
Nevertheless, conventional ICEVs continue to decline gradually, being replaced by more
efficient hybrid technologies, such as hybrid electric vehicles (HEVs) and plug-in hybrid
electric vehicles (PHEVs), with the latter showing slightly higher market penetration.

Although HEVs currently dominate the hybrid segment, representing 3% of the
passenger car fleet compared to 2% for PHEVs, the expansion of charging infrastructure
makes plug-in technologies more attractive for reducing GHG emissions. Moreover, PHEVs
benefit directly from the use of synthetic fuels starting in 2035, becoming the second most
prevalent technology in the national fleet by 2050.

For light commercial vehicles, alternative powertrains such as BEV and later FCEV
gain traction, reaching 27% and 12% market shares, respectively, by 2050.

With this fleet transformation and transition to more efficient propulsion technologies,
it is possible to reduce direct WTW emissions by 24% by 2030 and 76% by 2050, as shown
in Table 9. However, to truly understand the true magnitude of the CO2 reduction, it is
necessary to analyze the net emissions, indicating that the difference between net and direct
emissions begins to increase with the introduction of synthetic fuels, particularly from
2035 onwards.

Table 9. Total fleet CO2 emissions.

Well-to-Wheel Well-to-Wheel

Direct CO2
Emissions (Mton)

Variation (%)
Ref. 2022

Net CO2
Emissions (Mton)

Variation (%)
Ref. 2022

2022 16.88 ---- 15.35 ----
2030 12.85 −23.8 11.31 −26.3
2040 7.18 −57.5 4.60 −70.0
2050 4.08 −75.8 1.26 −91.8
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As previously noted, the gap between net and direct CO2 emissions from synthetic
fuels results from their production pathway, which combines captured atmospheric CO2

with hydrogen derived from renewable electricity. Although a fully renewable grid is
only achieved by 2050, it is assumed that synthetic fuels are produced exclusively using
renewable energy.

The late introduction of synthetic fuels and slower BEV deployment lead to the lowest
renewable incorporation rate among the scenarios—15% in 2030, rising to 83% by 2050
(Figure 12a). Until 2035, the emphasis on electric mobility drives a nearly sevenfold increase
in electricity demand (Figure 12b). Beyond this point, biofuels and synthetic fuels gain
prominence, with hybrid technologies contributing significantly to reducing total energy
consumption. Despite similarities to Scenario 1, fossil fuels still compose part of gasoline
and diesel blends in 2050, with approximately 73% of residual WTW CO2 emissions
stemming from these fuels.
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Figure 12. (a) Share of renewables in fuels; (b) share of fuel used.

The evolution of synthetic fuel consumption, shown in Figure 12b, follows a trend
similar to that of Scenario 2, although the previously identified “Phase 3” is absent. In this
case, incorporation levels continue to grow steadily until 2050, albeit at a slower pace. This
continuous increase is largely attributed to the more conservative introduction of hydrogen-
powered vehicles, which would otherwise replace a significant portion of diesel-based
internal combustion vehicles, particularly in the commercial sector.

Unlike the previous scenarios, however, fossil fuels maintain a notable share even in
2050, corresponding to 254 ktep, or approximately 14% of the total energy consumption.
The remaining final energy demand is predominantly covered by biofuels (50%) and
electricity (29%), while hydrogen accounts for the smallest fraction, around 7%. These
results, along with the temporal evolution of the energy mix, are presented in Figure 12b.

4. Discussion
A comparative analysis of the three projected scenarios highlights that, in all cases,

Net WTW CO2 emissions are reduced by over 90%, in line with the 85–90% GHG reduction
targets established in the RNC2050 [32]. Figure 13 illustrates the evolution of net WTW
CO2 emissions over time, together with benchmark points corresponding to the PNEC
emission-reduction milestones.

Among all cases, Scenario 2 delivers the largest emission reduction, driven by the
early and widespread adoption of synthetic fuels. By directly substituting fossil fuels
with low-carbon alternatives, it enables faster mitigation without requiring an immediate
fleet overhaul. The introduction of biofuels and synthetic fuels around 2025 allows the
existing ICEV fleet—representing about 95% of total vehicles—to rapidly benefit from
reduced carbon intensity, resulting in a sharp emission decline between 2022 and 2030. In
contrast, Scenario 1, based solely on full electrification, faces slower progress due to the
time needed for fleet renewal. Despite BEV shares increasing by ~5%/year from 2022–2035,
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they only represent 25% of the passenger fleet by 2035, highlighting that altering the energy
source is a more effective near-term decarbonization pathway. Scenario 3 adopts a hybrid
approach, combining moderate electrification with controlled synthetic fuel integration.
While limited fossil fuel use persists beyond 2050, its outcomes remain comparable to
Scenario 1, suggesting that a balanced strategy may offer a more feasible and cost-effective
route to long-term carbon neutrality.
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Figure 13. Net WTW CO2 emissions for the 3 studied scenarios and National and European targets.

The PNEC2030 [34] and RNC2050 [32] targets encompass all transport modes, in-
cluding heavy-duty, rail, and aviation. To isolate light-duty vehicles (LDVs), data from
the EEA [54] were used. The results show that road transport contributes over 70% of
transport-related CO2, with LDVs accounting for ~52%. Assuming this share remains
constant through 2050, the RNC2050 [32] targets can be directly compared to the modeled
scenarios, as summarized in Table 10.

Table 10. Tank-to-Wheel net CO2 emissions (Mton) for light-duty vehicles (passenger and commer-
cial).

RNC 2050 [32] Scenario 1 Scenario 2 Scenario 3

2030 5.81 8.70 6.97 8.70
2040 1.66 3.51 1.15 3.17
2050 0.24 0.78 0.22 0.79

The results in Table 10 confirm that achieving the 2030 decarbonization goals will
be highly challenging, particularly if electric mobility remains the sole strategy towards
carbon neutrality.

The improved efficiency of advanced propulsion systems and the gradual phase-out
of internal combustion engine vehicles (ICEVs) resulted in a steady decline in total final
energy consumption across all three scenarios. Among the evaluated technologies, battery
electric vehicles (BEVs) are the most energy-efficient, consuming approximately 3.8 times
less energy per kilometer than ICEVs and half that of hybrid vehicles. Consequently, the
scenario with the highest BEV penetration exhibits the largest energy savings.

Scenario 2 eliminates fossil gasoline by 2040, replacing it entirely with synthetic fuels,
while Scenario 3 retains a residual share beyond 2050. In contrast, Scenario 1 (despite
ending ICEV sales after 2040) fails to fully phase out combustion engines due to the absence
of synthetic fuel deployment, diverging from RNC2050 [32] targets. Continued gasoline
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use indicates the persistence of ICEVs, HEVs, and PHEVs, underscoring the challenge of
achieving full electrification without regulatory or fiscal incentives.

Diesel and electricity trends are more complex: diesel remains dominant in heavy-
duty transport (≈60% from LDVs), while electricity accounts for roughly 92% of total road
transport consumption. Under Scenario 1, BEV expansion drives electricity demand to
levels 40 times higher than 2022, corresponding to a 73-fold increase in BEV fleet size by
2050—imposing significant pressure on power generation and charging infrastructure.

A mixed approach, as in Scenarios 2 and 3, mitigates infrastructure strain by utilizing
existing fuel distribution networks. However, large-scale green hydrogen (H2) production
for synthetic fuels still imposes substantial electricity requirements. In Scenario 2, synthe-
sizing 907 ktep of gasoline and 273 ktep of diesel by 2050 demands approximately three
times more electricity than Scenario 1. This trade-off underscores the critical dependence
of synthetic fuel strategies on renewable electricity availability—without which increased
power demand could offset decarbonization gains.

5. Conclusions
A key structural constraint in achieving full electrification lies in the vehicle’s survival

curve: with an average fleet age of 14 years, accelerating turnover would require large-scale
scrappage and incentive programs. Similar challenges affect light commercial vehicles,
where diesel ICEVs dominate and renewal is slower, making the RNC target of full elec-
trification by 2030 unrealistic without dedicated replacement policies. Although national
goals encompass the entire transport sector, road transport remains central, accounting for
over 70% of the total emissions in EU-27, with LDVs contributing about 62% in 2022 in
Portugal [55].

Scenario 1, aligned with the National Roadmap for Carbon Neutrality (RNC2050), assumes
electric mobility as the main driver of GHG reduction. However, its milestones—36% EV
penetration by 2030 and full electrification by 2050—appear overly ambitious. Even with rapid
market growth, BEVs would comprise only 12% of the fleet in 2030 and 77% in 2050, requiring
nearly all new sales to be electric. Comparisons with RNC2050 projections are limited by
data aggregation by energy sources rather than transport mode. For gasoline, predominantly
used in LDVs, the deviation between this study (1035 ktep) and the 2022 national balance
(1121 ktep [56]) is 7.6%.

Considering future standards, if EURO 7 enters into force by 2026, its penetration
remains limited. In Scenario 1, EURO 7 ICEVs peak at 15% of the fleet by 2035, while in
Scenario 2 they reach 33%, rising to 60% by 2050. These estimates align with ACEA [57],
which foresees EURO 7 vehicles representing only 10% of the European fleet by 2035.
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