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Abstract: The real environment impacts the fuel and energy consumption of any vehicle: technology,
physical and social phenomena, traffic, drivers’ behaviour, and so on; many of them are difficult to
quantify. The authors’ methodology was used to test the real impact of vehicles in “standard” urban
conditions, and many generations of hybrid powertrains are compared. One of the latest performance
indexes is the percentage of time the vehicle runs with zero emissions (ZEV). For example, the
hybrid vehicle tested ran up to 80% with no emissions and fuel consumption below 3 L per 100 km.
A few energy performance indicators were compared between five vehicles: one battery electric
vehicle (BEV), two hybrid gasoline–electric vehicles (HEVs), and two traditional vehicles (one diesel
and one gasoline). Their potential to use only renewable energy is unrivalled, but today’s vehicles’
performances favour hybrid power trains. This paper summarises the most sustainable powertrain
for urban use by comparing experimental data from on-road testing. It also evaluates the benefits of
reducing emissions by forecasting the Italian car fleet of 2025 and three use cases of the evolution of
car fleets, with a focus on Rome.
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1. Introduction

The European Green Deal commits the 27 EU member states to reducing their emis-
sions by at least 55% by 2030 compared to 1990 levels. The European Commission’s targets
for reducing CO2 emissions from new cars and vans include, by 2030, a 55% reduction for
cars and 50% for non-passenger vehicles (NPVs). The Commission promotes the market’s
growth for zero-emission and low-emission vehicles [1]. The EU has set 2050 as the date for
carbon neutrality, that is, for an economy with net greenhouse gas emissions equal to zero.
This goal is the core of the European Green Deal and aligns with the EU’s commitment to
global climate action under the Paris Agreement [2].

Road transport was responsible for 31% of fuel consumption in 2016 (passenger cars
and motorcycles represent about 50% of the transport sector) [3]. In 2020, this sector
contributed about one-fifth of the EU’s total emissions of carbon dioxide (CO2), the leading
greenhouse gas (GHG), 75% of which originates from passenger cars [4]. Therefore, in
line with the EU Green Deal objectives (2030–2050), this work analyses possible solutions
for reducing greenhouse gas (GHG) emissions due to road transportation, with particular
attention to cars. From a long-term perspective (2030–2050), the EU Green Deal objectives
foresee the development of an adequate charging infrastructure network. Therefore, it may
increase the advantages for BEVs, significantly reducing the consumption of non-renewable
primary energies and GHG emissions linked to the “new” car fleet.
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The proposed analysis evaluates the effects of the proposed intervention in terms of
the following:

• Global effects of assessing the consumption of non-renewable primary energy (NRPE)
and GHG emissions;

• local polluting emissions such as CO, NOx, NO2, NH4, volatile organic compounds
(VOCs), CH4, and PM.

The proposed study is based on the results of the performance analysis of the latest
generation of vehicles under actual conditions of use, like other works conducted by the
research group [5–7]. The vehicle choice is limited to availability for tests.

This analysis is based on data acquired in several experimental on-road testing cam-
paigns; the vehicles compared are

• Toyota Prius Hybrid 2016;
• Toyota Yaris Gasoline 2017;
• Toyota Auris Diesel 2017;
• Nissan Leaf 2018;
• Toyota Yaris Hybrid 2020.

The NRPE and WTW calculated for these vehicles have been used to evaluate the
impacts of vehicle replacement in a few future scenarios, by applying the average value to
the relative vehicle category (size and fuel type); the one without any experimental data
used average values from the literature.

This study comments on the possible reduction in emissions obtainable through
converting a part of the circulating car fleet. As for the global effects, the well-to-wheel
(WTW) analysis shows that for the present electric mix in the EU, the performance of hybrid
vehicles is substantially similar to that of battery electric vehicles (BEV) [8].

The energy transition towards producing electricity mainly from renewable sources is
a process that has already begun but will require a longer time. In the short term, replacing
older vehicles with BEVs is unrealistic due to the actual electricity production amount and
mix. It would not bring advantages in reducing NRPE and GHG emissions; moreover,
it would require an affordable and well-dimensioned infrastructure with many charging
stations (in terms of numbers and charging types).

The evolution of the Italian car fleet can be applied to the case study of the province of
Rome. A few hypotheses of older vehicle replacement allow for assessing the impact on
NRPE and GHG emissions without any need for additional infrastructure, and it considers
which solution will better tackle the challenge of climate change. The first and second
replacement hypotheses follow the scrappage schemes used to promote car turnover,
similar to past initiatives made by the Italian government; the third one is the market
evolution without any push measure or national program.

The paper is divided into five sections: this introduction, the WTW analysis, the car
fleet analysis, the results, and the conclusions.

2. WTW Analysis

The WTW analysis concerns the well to tank (WTT) and the tank to wheel (TTW).
Both take care of the global effects (consumption NRPE and GHG emissions) of full hybrid
(HEV) and electric (BEV) vehicles [9].

The WTW analysis is divided into two sub-parts: WTT and TTW.

2.1. Well To Tank (WTT)

The well-to-tank analysis of the electricity considers the GHG emissions of the electric
production Italian mix and the electricity conversion in the electric charging stations, which
depends on the average efficiency of the charging system [10], as reported in Figure 1.
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sion of 3.165 MJ as input (kinetic, potential, or chemical) to electric energy results in 1.287 
MJ. Then, after the transport, transformation, and distribution, it remains at 1.149 MJ, and 
the energy stored in the vehicle battery is 1.000 MJ. 

Similarly, Figure 3 shows the WTT analysis for the NRPE (fuels): gasoline and diesel; 
both pass through crude oil extraction and transport and then oil refining and distribu-
tion. Therefore, to produce 1.000 MJ of energy usable from a vehicle, as is known, gasoline 
requires 1.155 MJ of NRPE and 1.176 MJ of diesel. Furthermore, electricity production is 
more impactful, requiring more NRPE than fuels to reach the target of 1.000 MJ (available 
for direct consumption in vehicle storage). 
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Figure 3. WTT analysis for gasoline (a) and diesel (b) [12]. 

So, Table 1 reports the GHG WTT emission factor (EF) for each fuel type, including 
electricity ([12–14]). It varies yearly due to the growth of renewable energy production 
facilities (solar panels and wind generators), which reduce the weight of non-renewable 
and more polluting production in the energy-production mix. 
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As reported in [11], Figure 2 shows the energy conversion of electricity, the conversion
of 3.165 MJ as input (kinetic, potential, or chemical) to electric energy results in 1.287 MJ.
Then, after the transport, transformation, and distribution, it remains at 1.149 MJ, and the
energy stored in the vehicle battery is 1.000 MJ.
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Similarly, Figure 3 shows the WTT analysis for the NRPE (fuels): gasoline and diesel;
both pass through crude oil extraction and transport and then oil refining and distribution.
Therefore, to produce 1.000 MJ of energy usable from a vehicle, as is known, gasoline
requires 1.155 MJ of NRPE and 1.176 MJ of diesel. Furthermore, electricity production is
more impactful, requiring more NRPE than fuels to reach the target of 1.000 MJ (available
for direct consumption in vehicle storage).
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Figure 3. WTT analysis for gasoline (a) and diesel (b) [12].

So, Table 1 reports the GHG WTT emission factor (EF) for each fuel type, including
electricity ([12–14]). It varies yearly due to the growth of renewable energy production
facilities (solar panels and wind generators), which reduce the weight of non-renewable
and more polluting production in the energy-production mix.
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Table 1. WTT Emission Factor (kgCO2/kWh).

Fuel EF

Electricity 0.276
Diesel 0.264

Gasoline 0.265
Natural Gas (CNG) 0.210

LPG 0.190

2.2. Tank To Well (TTW)

The on-road testing campaigns allow data to be acquired to measure the performance
of vehicles through the on-board diagnostic (OBD) plug [15,16]. Table 2 shows the average
energy consumption values of the vehicles considered in this paper.

Table 2. Energy consumption in real drive conditions for HEV and BEV.

Vehicle Fuel Consumption (MJ/km)

Toyota Prius Hybrid 2016 HEV—Gasoline 1.099
Toyota Yaris Hybrid 2020 HEV—Gasoline 1.055
Toyota Yaris Hybrid 2017 Gasoline 2.637

Toyota Auris 2017 Diesel 2.220
Nissan Leaf BEV 0.456

Table 2 values came from [8] for the BEV, [5] for the HEVs, and [6,7] for traditional
ones (gasoline and diesel). Many literature sources study vehicle consumption in real
conditions; [17–21] are only a few of them, and all evaluations deliver comparable values
to those reported. Therefore, those values can be applied to the relative vehicle types in the
replacement scenarios, while the types without any experimental data use the literature EFs.

Each vehicle has evaluated the local emission at the tailpipe with a simplified TIER3
(COPERT, [22]); the cold start and milage deterioration have been considered negligible.

Equation (1) allows the evaluation of each pollutant’s emission factor (EF, measured in
g/km); depending on the road arc’s average speed, it allows the evaluation of a kinematic
sequence (KS) emission [22]. Each category has its range of validity and its coefficients,
with a constant EF when the average speed of the arc (or KS) is below a minimum value.

EF =

(
α·V2 + β·V + γ + δ

V

)
(ε·V2 + ζ·V + η)

·(1 − RF) (1)

The method prescribes all coefficients α, β, γ, δ, ε, ζ, η, and a reduction factor (RF) for
all categories of vehicles. Equation (1) aims to calculate the specific EF of all KSs.

A KS is a sequence of road arcs, a portion of the driving cycle (DC) that starts and
ends when the vehicle is steady. Each sequence has a similar driving style and driver
behaviour; the route has the same characteristics (in orography and road regulation) [23].
The paper [24] describes how to divide the DC into KSs, which is partly introduced
in [25–28]. The on-road testing campaign characterises each sequence regarding driver
attitude, vehicle performance, and non-renewable primary energy (NRPE).

Table 3 reports the EF for each vehicle tested in previous works, the fuel type, EURO
standard, distance travelled (km), and the tank-to-wheel (TTW) emission factors for primary
pollutants (CO, NOx, VOC, CH4, PM, and GHG). The measuring units of all pollutants and
GHG emissions are g/km. The electric vehicle (Nissan Leaf) has no TTW emissions.
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Table 3. TTW Emission factors of the vehicle models (electric vehicle excluded) tested by the authors.

Veh. Fuel EURO km CO NOx VOC CH4 PM GHG

Y20 Hybrid-Gas. 6d-temp 2284 0.03815 0.01276 0.00078 0.00339 0.00014 77.3
P17 Hybrid-Gas. 6c 1521 0.03226 0.01427 0.00070 0.00383 0.00014 107.7

Auris 17 Diesel 6a 761 0.03057 0.45643 0.00097 0.00001 0.00014 174.2
Yaris 17 Gasoline 6a 119 0.03790 0.51583 0.00114 0.00003 0.00014 209.1

The vehicle number forecasting of the next section also considers methane-powered
vehicles, so those powertrains that have not been tested with the same used the EF from
the literature. GHG emissions include many pollutants, and the World Meteorological
Organization (WMO) measures the concentrations of a few of those that are rising: carbon
dioxide (CO2), methane CH4), nitrous oxide (NOx), hydrochlorofluorocarbons (HCFCs),
hydrofluorocarbons (HFCs), and ozone in the lower atmosphere.

2.3. WTW Analysis Results

Figure 4 reports the whole WTW analysis by summing both contributions of WTT
and TTW emissions. It includes two graphs: the specific consumption of NRPE (a) and the
GHG emissions (b).
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The NRPE, evaluated from the OBD plug, of BEV vehicles exceeds 39% of the HEV
ones. In comparison, GHG emissions are substantially the same, and the BEV emits 53%
less than HEV.

3. Car Fleet Analysis

This paper proposes a study of today’s Italian circulating car fleet and a near-future
forecast (up to 2025). The EU does not yet define the EURO 7 pollutant limits, which will
be required by 2025, so further forecasting (from 2026 onwards) could be unreal. Then, we
evaluate the case study of Rome province by applying the market evolution of the Italian
fleet. This evaluation aims to understand the benefits of hybrid and electric vehicles when
they replace the oldest technologies and older EURO standards in five years.

This chapter concerns the Italian car fleet forecasting, the circulating car fleet of Rome
province, and the Rome car fleet of 2025.

3.1. Italian Car Fleet Forecasting

The average replacement time of Italian vehicles is 7.5 years (1.5 million cars scrapped
per year, 3.8% of the Italian fleet), which can be increased with national incentives up
to 2.1 million as happened in 2021 (5.3%) [29]. This study is based on Automobile Club
d’Italia (ACI) data [30]. The Rome province fleet ranges from 100 to 145 thousand vehicles
scrapped annually.

Table 4 shows the distribution of scrapped vehicles for 2021 in Italy, divided by vehicle
size and EURO standard.
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Table 4. Distribution of the scraped vehicles for 2021 in Italy by size and EURO standard.

Vehicle Size EURO 0 EURO 1 EURO 2 EURO 3 EURO 4 EURO 5 EURO 6 TOTAL

Small 14,542 26,298 179,136 186,371 298,576 33,703 16,629 755,255
Medium 2594 9321 85,279 182,641 204,635 60,773 62,985 608,228

Large 889 1301 9514 27,950 28,644 13,407 14,991 96,696
TOTAL 16,815 37,294 274,188 363,938 414,947 81,141 92,585 1,460,241

1.2% 2.5% 18.8% 27.2% 36.4% 7.4% 6.5%

Table 5 reports the circulating Italian car fleet from 2015 to 2021, divided by fuel
(methane-powered vehicles and gasoline–methane are counted in the same category).
Assumptions in the event of more drastic political choices may considerably differ from
these projections. Figure 5 shows the vehicle trends; each curve fits with a polynomial
function (Equation (2)).

y = a·x4 + b·x3 + c·x2 + d·x + e (2)

Table 5. Circulating car fleet in Italy of 2021.

Year Gasoline Gasoline-LPG Gasoline-CNG Diesel Gasoline-Electric Diesel-Electric Electric

2015 18,568,405 2,137,078 883,190 15,666,309 82,381 2967 4584
2016 18,360,105 2,211,368 904,947 16,260,625 117,433 - 5743
2017 18,196,563 2,309,020 926,704 16,896,736 174,087 3405 7560
2018 18,083,402 2,409,840 945,184 17,316,888 239,779 4705 12,156
2019 18,174,338 2,574,287 965,340 17,467,776 316,209 18,359 22,728
2020 18,072,495 2,678,656 978,832 17,385,843 501,868 40,860 53,079
2021 17,806,656 2,782,057 984,964 17,093,277 927,006 104,488 118,034
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Table 6 describes the coefficients of Equation (2) and their correlation factor R2, while
Table 7 compares vehicles between 2021 values and the 2025 forecasting. It shows a
remarkable rise in gasoline CNG, HEV, and BEV numbers (almost 180% and more), with a
slight increase in gasoline LPG ones (22%) and a steady or moderate decrease in gasoline
and diesel ones (respectively 1% and 22% reduction).
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Table 6. Fit line coefficients by fuel.

Fuel R2 a b c d e

Gasoline 0.869 - 1.692 −5.147 × 103 0.000 7.075 × 109

Gasoline–LPG 0.993 - - 3.648 × 103 −1.461 × 107 1.463 × 1010

Gasoline-CNG 0.997 - - - −1.460 × 10−1 3.596 × 106

Diesel 0.963 - - −1.019 × 105 4.117 × 108 −4.156 × 1011

Gasoline–Electric 0.997 - - 3.115 × 104 −1.256 × 108 1.266 × 1011

Diesel–Electric 0.948 - - 5.395 × 103 −2.176 × 107 2.194 × 1010

Electric 0.956 - 1.862 −5.631 × 103 0.000 7.633 × 109

Table 7. Italian vehicle numbers prediction for 2025 against 2021.

Fuel 2021 2025 Diff.%

Gasoline 17,806,656 17,689,443 −1%
Gasoline–LPG 2,782,057 3,391,021 22%
Gasoline–CNG 984,964 3,595,401 265%

Diesel 17,093,277 14,057,825 −18%
Gasoline–Electric 927,006 2,600,110 180%

Diesel–Electric 104,488 366,938 251%
Electric 118,034 398,848 238%

Table 8 provides the average distance travelled divided by fuel [31] with forecasting
in the following decades. The annual average distance for electric and hybrid vehicles is
assumed to equal to that of gasoline vehicles. In contrast, the LPG vehicles do not have
a reference value, so the average value between diesel and gasoline annual distances has
been hypothesised (10,650 km per year).

Table 8. Average distance travelled for gasoline and diesel vehicles, km per year.

Fuel 2010 2015 2016 2020 2025 2030

Gasoline 8980 7320 7380 7100 7000 6900
Diesel 17,250 14,000 14,060 14,250 14,480 14,700

3.2. Circulating Car Fleet of Rome Province

The ACI provides vehicle numbers divided by EURO standard and fuel [30]. Table 9
reports vehicle numbers of Rome province in 2021; a few thousand vehicles are non-
classified in the EURO standard and do not have one of the main standard fuel/powertrains
cited in Table 9, so they are neglected.

Table 9. Vehicle number divided by EURO standard and fuel for Rome province (2021).

EURO Gasoline Gasoline-
LPG

Gasoline-
CNG Diesel Gasoline-

Electric
Diesel-
Electric Electric Total

E0 191,557 13,822 546 36,799 5 1 - 242,730
E1 41,219 3636 166 7834 - - - 52,855
E2 120,760 9328 423 33,766 1 - - 164,278
E3 119,846 8292 572 131,635 - 3 - 260,348
E4 318,877 70,613 8097 288,821 555 - - 686,963
E5 180,652 44,653 6326 239,824 5670 120 - 477,245
E6 348,862 96,898 7105 280,766 88,486 5090 - 827,207
NC - - - - - - 10,805 10,805

Total 1,321,773 247,242 23,235 1,019,445 94,717 5214 10,805 2,722,431



Electronics 2023, 12, 941 8 of 14

Figure 6 shows the principal distributions with percentage values divided by fuel
(a) and the EURO standard (b). The source provides for each category the vehicle size as
requested by the COPERT model (small, medium, and large).
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3.3. The Rome Car Fleet of 2025

The forecasting of 2025 emissions is hypothesised in three scenarios:

• Scrapping of EURO 0 to EURO 2 vehicles (affecting 17% of the circulating fleet);
• Scrapping of EURO 0 to EURO 3 vehicles (affecting 27% of the circulating fleet);
• Market evolution accordingly to the Italian trend.

Table 10 shows the forward-looking car fleet of 2025 divided by EURO, fuel, and
vehicle size in the case of actual market evolution without any further push measures for
the scrappage.

Table 10. Rome car fleet adopted with the third scenario until 2025.

Fuel Size EURO
0

EURO
1

EURO
2

EURO
3

EURO
4

EURO
5

EURO
6 NC

Gasoline
S 134,151 21,331 71,903 73,148 178,464 155,753 477,005
M 39,700 13,791 23,253 12,034 20,743 10,335 53,316
L 8311 2083 2949 2084 3527 1215 7877

Gasoline–LPG
S 5847 931 1762 1351 9530 27,996 196,127
M 6582 2108 2056 845 1839 4801 35,691
L 721 244 245 135 168 51 2327

Gasoline–CNG
S 255 40 77 58 1018 4519 65,133 -
M 243 98 97 99 285 128 12,001 -
L 22 12 10 4 20 7 681 -

Diesel
S 3613 145 167 5426 12,989 35,928 115,169
M 14,340 2998 8063 19,336 21,852 97,616 401,146
L 10,840 2672 3866 5671 3968 11,552 61,051

Gasoline–Electric
S - - - - 6 302 101,059
M 5 - - - 60 3775 143,044
L 1 - - 2 25 95 17,295

Diesel–Electric
S - - - - - - 4
M - - - - - 93 14,839
L 1 - - 2 - 19 3353

Electric - - - - - - 35,811
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• The scenarios mentioned above are only a few of the possible ones. The first and
second involve more pollutant vehicles with scrappage schemes used to promote
car turnover similar to past initiatives made by the Italian government; they assume
the replacement of vehicles by maintaining the same power supply, using the hybrid
version (if available). Thus, gasoline will become a gasoline–electric hybrid, and diesel
will be a EURO 6 diesel. Hybrid diesel still does not have the same market appeal as
hybrid gasoline (HEV), and there is not enough vehicle availability to be a suitable
substitution in most cases. The third scenario aims to compare previous schemes with
no other national policies. It follows the market evolution, for example, the same
proportion of the national car fleet trend and the same scrapping rate.

The peculiarities of these projections are as follows:

• Each year there are many scrapped vehicles in all EURO categories (even in EURO 6),
following the proportion shown in Table 4;

• The new vehicles have the latest EURO standard;
• Each fuel category has a defined proportion by size; it is assumed to be the same as

the 2021 car fleet.

4. Results

The results compare the emissions of Rome’s car fleet in 2021 with the forecasting of
2025 within the three scenarios proposed.

4.1. Actual Rome Car Fleet Emissions

Figure 7 shows emissions evaluation in tons with a logarithmic scale for the circulating
car fleet in Rome province (2.7 Mln vehicles) in 2021. The main fuel types are gasoline,
LPG, CNG (methane), and diesel. The figure shows the impact of fuel on pollutants and
fuel consumption (FC or NPRE). The emissions are calculated by multiplying the car fleet
in Table 10 by the average annual distance as in Table 8 and by the relative EFs in Table 3.
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4.2. Emissions of the 2025 Car Fleet

Table 11 shows the pollutant emissions, fuel consumption (FC or NRPE), and CO2
(WTW) for each scenario hypothesised (values in tons; if the fuel is electricity, the unit
is MWh).

Table 11. Three scenarios emissions and fuel consumption evaluation up to 2025; values in tons (kWh
if the fuel is electricity).

Scenario CO VOC NOX NO2 NH4 PM FC or
NRPE

CO2
TTW

CO2
WTT

1st
New fleet 150 11 222 5 84 2 129,266 34,182 407,569
Avoided 17,696 1574 2935 29 1074 157 105,015 27,815 331,107

Av./tot (%) 63.7% 60.9% 25.8% 21.1% 74.7% 40.6% 6.9% 7.0% 6.9%

2nd
New fleet 271 27 552 13 116 5 254,014 67,135 800,894
Avoided 19,432 1674 3873 35 1073 228 139,160 36,854 438,764

Av./tot (%) 70.0% 64.7% 34.1% 25.3% 74.7% 59.0% 9.1% 9.3% 9.1%

3rd
New fleet 25,847 2415 9101 104 1407 178 1,480,791 382,190 4,508,527
Avoided 1932 171 2268 36 30 209 40,226 14,131 287,163

Av./tot (%) 7.0% 6.6% 20.0% 25.6% 2.1% 54.0% 2.6% 3.6% 6.0%

The table above reports the emissions of the new car fleet in 2025, the emissions
avoided, and the percentage avoided compared with the total emissions of 2021 (Av./tot %).
Negative values of this percentage mean bad results with rising relative pollutants.

The new fleet values came from the vehicle replacement results, so the second sce-
nario involves more vehicles than the first one (the first involves EURO 0 to EURO 2,
while the second is up to EURO 3). The new fleet of the third scenario means the whole
circulating fleet.

The first and second scenarios show the highest reduction for almost all pollutants,
and the third scenario has fewer impacts on fuel consumption and GHG. Those three
scenarios involve the same number of vehicles, but each has a different fuel and EURO
standard proportion.

The first two scenarios hypothesised a more significant replacement of the oldest
vehicles (EURO 0 and 1) with the same numbers as the others. The first involves 19% and
the second 31% of total circulating vehicles. The third scenario maintains many of the
oldest technologies with many replacements in the middle ones (from EURO 0 to EURO 3),
which are greater in number and still polluting. Indeed, they avoid 6.9%, 9.1%, and 2.6% of
NRPE, respectively. At the same time, CO2 decreased by 6.9%, 9.2%, and 5.8% in the whole
WTW cycle.

The third scenario avoids only 2% of NH4 and 6.6% of VOC, and 7% of CO, while
significantly reducing PM (54%).

5. Conclusions and Future Developments

The present paper analyses possible solutions for reducing greenhouse gas (GHG)
emissions due to road transportation, with particular attention to cars. It bases the evalua-
tion on experimental data acquired in previous projects; thus, few innovative vehicles are
evaluated in terms of emissions and fuel or energy consumption.

A WTW analysis allows the evaluation of GHG emissions from these recent power-
trains: hybrid, electric, diesel, and gasoline. All of them had been tested in real on-road
driving (some in previous works). Therefore, it allows for comparing the impacts of
different scenarios for fleet replacement.

The manuscript compares the Italian circulating car fleet and forecasts for the next five
years; this evaluation is obtained through interpolation with polynomial curves fitted in
the last five years’ open data. This projection foresees the following:
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• A sharp increase in HEVg (gasoline–electric), HEVd (diesel–electric), and BEV sectors
by 180%, 251%, and 238%, respectively;

• A moderate rise in bi-fuel gasoline–LPG by 22% and gasoline–CNG by 265%;
• A slight decrease in gasoline (1%) and diesel vehicles (18%).

Then, the obtained forecasting was applied to the case study of Rome province with
three replacement scenarios:

• First, scrapping of EURO 0 to 2 vehicles involving 19% of the whole circulating car fleet;
• Second, scrapping of EURO 0 to 3 vehicles involving 31% of the whole circulating

car fleet;
• Third, actual market growth equal to the Italian trend.
• The manuscript has hypothesized only a few scenarios of the possible ones to exem-

plify a comparison method. The first and second involve more pollutant vehicles with
scrappage schemes similar to past initiatives made by the Italian government; they
assume the replacement of vehicles by maintaining the same power supply, using the
hybrid version (if available). The third scenario represents no specific national policy
that follows the Italian market evolution of 2021.

The case study results are:

• The GHG and the NRPE reductions are between 7% and 3%;
• The scrapping of EURO 0 to EURO 2 vehicles guarantees a significant reduction in

CO, VOC, NOx, and PM;
• The third scenario (market growth) has less benefit in pollution reduction, but it

has a more significant impact on reducing the FC (with respect to the first and sec-
ond scenarios).

In the long-term perspective of decarbonising the energy mix (see Figure 8, [29]),
BEV vehicles’ performance in terms of WTW analysis will significantly improve (Figure 9).
As shown in Figure 9, the long-term replacement of the vehicle fleet with BEV vehi-
cles (2030–2050) could have considerable advantages regarding NRPE consumption and
GHG emissions.
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In the 2030 EU electricity production scenario [32], the non-renewable primary energy
consumption of BEV vehicles compared to the (current) HEVs would go from +54% to +3%;
in the 2050 scenario, it would reach −30%. As for GHG emissions, the variation goes from
−4% to −42% in 2030 to −67% in 2050.

Further development of this study can come from the updating of

• Simulations with the next EURO 7 standard;
• Experimental data of biogenic fuels and other powertrains (hybrid or not);
• Emissions relative to the production mix of 2021 and 2022 (the recent rise in energy

prices pushes the installation of renewable production plants and reduces the GHG
emissions of energy usage);

• User acceptance of new technologies and market analysis will allow understanding
of people’s choices for vehicle replacement (e.g., someone could replace an obsolete
diesel vehicle with a BEV or a methane one);

• Analysis of transport behaviour with the distance travelled annually divided by the
fuel and vehicle category.

Those developments address a new evaluation of NRPE and GHG reduction so that
they might produce results and approaches with more adherence to reality.
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Abbreviations

Abbreviation Description
ACI Automobile Club d’Italia
BEV Battery Electric Vehicle
CH4 Methane
CNG Compressed Natural Gas
CO Carbon Oxide
CO2 Carbon Dioxide
COPERT The EU standard vehicle emissions calculator
DC Driving Cycle
EF Emission Factor
GHG Greenhouse Gas
HCFC Hydrochlorofluorocarbons
HEV Hybrid-electric Vehicle
HFC Hydrofluorocarbons
KS Kinematic Sequence
LPG Liquid Petroleum Gas
NH4 Ammonia
NO2 Nitrogen Dioxide
NOx Nitrogen Oxide
NPV Non-Passenger Vehicle
NRPE Non-Renewable Primary Energy
OBD On-Board Diagnostic
PM Particulate Matter
TTW Tank To Wheel
VOC Volatile Organic Compound
WMO World Meteorological Organization
WTT Well To Tank
WTW Well To Wheel
ZEV Zero Emission Vehicle
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