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Abstract

:

The emission of GHG has been steadily increasing in the last few decades, largely facilitated by the transport sector, which has been responsible for more than two-thirds of the manmade emissions in Europe. In cities, one of the possible solutions to decrease the emissions from fossil fuel engines is to replace vehicles with electric ones. This solution can be applied to the urban public fleet, namely by replacing urban buses with electric vehicles. Thus, this research work focuses on the Portuguese case study, which serves as an example of achieving zero CO2 emissions from buses by 2034. This timeframe of replacing the current bus fleet, mostly powered by fossil fuels, with a fully electric fleet is proven to bring financial, environmental, and health benefits to the population. The pathway to the decarbonization of urban public transport will unequivocally contribute directly to the accomplishment of several UN Sustainable Development Goals (SDGs), such as the promotion of affordable and clean energy and sustainable cities and communities, as well as to the increasing climate action (SDGs 7, 11, and 13, respectively). In addition, it will provide an opportunity for the replacement of existing buses that are generally less efficient than electric buses, from both an energy and an environmental point of view. As a result of the methodology, the Portuguese urban bus fleet would be totally replaced by electric buses by 2034 (83% battery-electric and 17% hydrogen-electric), which results in zero CO2 emission from this type of public transport.
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1. Introduction


The decarbonization of transport aims to contribute to the resolution of two very demanding social problems: the degradation of air quality due to pollution and the harmful effects of climate change [1].



The transport sector is the one that most depends on the use of fossil fuels, whose combustion results in the emission of carbon dioxide (CO2) and other greenhouse gases (GHG). The road transport sector is a major air pollutant in Europe, it is responsible for 72% of the total manmade emissions to the atmosphere [2]. Besides, over 50% of the manmade CO2 emissions are from the transport sector, specifically passenger vehicles [3].



Furthermore, the combustion process of motor vehicles causes the release or formation of other polluting species such as particulate matter (PM), nitrogen oxides (NOx), or ozone (O3). In urban areas, both private and public transports are a significant source of air pollutants, that are emitted as exhaust gases, and are combined with noise to have a degrading effect on environmental quality and human health [4,5,6]. All the pollution emitted from the use of fossil-fueled vehicles in cities results in the death of more than 7 million people every year worldwide [7]. In Europe, air pollution is considered the biggest environmental risk, which induces degradation in people’s lives and the premature death of about 400,000 people [5].



On the other hand, with the Paris Agreement at the Conference of the Parties (COP) of the United Nations Framework Convention on Climate Change (UNFCC), in 2015, the countries involved assumed the commitment to limit global warming by the end of the century to below 2 °C, trying to make an effort to reach the target of 1.5 °C. For this, countries should achieve carbon neutrality by 2050. Thus, to decrease the emission of air pollution from road vehicles, the European Union set an ambitious climate goal to reduce CO2 emissions by 40% in 2030 and 60% in 2040 [8,9]. To achieve these goals “clean technology” has to be developed and deployed, such as electric vehicles, which have the potential to attain sustainable results in combination with renewable and nonpolluting electric energy sources [10,11,12,13,14,15].



Some measures throughout the years have been taken in order to reduce the amount of air pollution emitted by vehicles in Europe, such as the establishment of emission standards for vehicle engines, which are the Euro vehicular standards. Although, the commitment to shift public transport from fossil-fueled engines to electric-powered batteries is a step forward toward the total decarbonization of the transport sector. The reduction and elimination of the use of fossil fuels as a source of energy for the movement of vehicles, through the adoption of renewable and sustainable sources, is the key to the definitive solution to the problems of GHG emissions and air pollution from transport, especially in what concerns urban public transport [16].



Focusing on the public transport sector, electrification has emerged as a leading option for decarbonizing ground transportation [17,18,19,20,21,22]. Nowadays, the leading commercial options are battery-electric vehicles (BEVs) and hydrogen fuel-cell vehicles (HFCVs) [23]. For BEVs, the propulsion is ensured exclusively by an electric motor, using electricity stored in an onboard battery that is charged through its own dedicated charging equipment. On the other hand, in HFCVs, propulsion is provided exclusively by an electric motor, using electricity generated onboard by a fuel cell powered by compressed hydrogen (H2) and using oxygen from the atmosphere. As with BEVs, this type of vehicle has no pollutant emissions associated with their trips, they only generate steam.



In Portugal, the current bus fleet, composed mostly of fossil-fueled vehicles, is seeing some development in the sense of becoming more sustainable in the future. Efforts have been made to shift the bus fleet to electric vehicles as a pathway to becoming a zero-emission public transport across the country. As of 2021, 55 urban buses that run in Portugal are electric, and the investments for this area will allow more electric vehicles to come, even full electrification of the fleet by 2034.



The present work is an extension of the urban bus fleet replacement and scraping methodology developed by Ribeiro and Mendes [24]. In the mentioned work, the authors presented a detailed study on the age distribution and fuel type of three categories of buses (i.e., minibuses, standard and articulated buses) to develop a methodology enabling the replacement and scrapping of all fossil-fuelled buses in Portugal in a timeframe of four-teen years. Such a study only focused on the timeline of the replacement of the old urban bus fleet with zero-emission engines (i.e., BEVs and HFCVs) and the estimated costs asso-ciated with its renewal. In the initial paper, the investment in the new bus fleet was esti-mated, based on the following indicators: Total Investment for Zero Emissions, Reference Value (maintenance of fossil fuels and CNG), and the difference between these two—the Cost of Decarbonization. However, the previous work [24] did not quantify the possible reduction in emissions achieved by the replacement and scraping of the entire Portuguese urban bus fleet with electric engines throughout the fourteen-year timeframe.



Thus, the present work aims to present a distinct methodology to estimate CO2e emis-sions for different buses, based on the fuel type and the CO2e emission factor for each EU-RO emission class. Using the same Portuguese case study presented in Ribeiro and Mendes [24], this paper takes a completely different approach by analysing and assessing the impact of the negative externalities of the fleet operation. For this purpose, CO2e emis-sions are estimated yearly for fourteen years to provide all pathways to the decarboniza-tion of the Portuguese urban bus fleet, with a special focus on the avoided CO2 emissions, and their respective costs. This research introduces a novel approach for studies on in-vestment in fleet scraping and replacement considering the price of carbon emissions in the European market.



Following this perspective, the present research work aims to:




	(i)

	
Develop a novel methodology to quantify the possible CO2 reduction, i.e., carbon neutrality, from the complete replacement of the urban bus fleet in Portugal from die-sel and gas/CNG to fully electric buses, based on criteria for scraping and replacing the urban bus fleet with electric buses defined by Ribeiro and Mendes [24];




	(ii)

	
Present the results of a full decarbonization of the urban bus fleet in Portugal as a way to demonstrate the feasibility of the methodology presented, namely in the re-duction in CO2 emissions and corresponding costs.









The paper is organized as follows. Section 2 presents a methodology for an urban bus fleet decarbonization process that includes the estimation of CO2 emissions and the re-spective decarbonization costs. In Section 3, a brief characterization of the urban bus fleet in Portugal is made. In Section 4, the criteria for scraping and replacing the urban bus fleet according to vehicle age are presented, based on the results presented in Section 3. Section 5 addresses the timeframe for the replacement of the bus fleet with electric engines throughout the years. Section 6 presents the main results of the application of the pro-posed methodology for the replacement of the bus fleet, namely CO2 emission reduction for the entire bus fleet (minibuses, standard and articulated buses), the total avoided CO2 emissions and the respective economic benefit of this reduction. Finally, Section 7 presents the main conclusions of this work.




2. Urban Bus Fleet Decarbonization Methodology


After addressing the issue of decarbonization of the transport sector, and in particular urban public transport, within the scope of the theme of combating climate change and reducing atmospheric pollution, the following methodological points are addressed in the next sections:




	(i)

	
Characterization of the urban road public transport fleet in terms of vehicle typology, age, engine, and emission classes;




	(ii)

	
Presentation of a scenario for the scraping and replacement of buses, based on maximum age and zero-emission engine criteria;




	(iii)

	
Calculation of the trajectory over time from the reduction in CO2 emissions to the total decarbonization of the urban bus fleet for Portugal.









The methodology for the gradual decrease in GHG emission is divided into two different phases. First, the calendar for the replacement of the bus fleet is made to identify the number of urban buses that still generate CO2 emissions and the number of electric ones in the fleet. Next, the trajectory of the emission reduction is obtained according to the emission factor and the urban bus fleet. Figure 1 shows a flowchart of the methodology presented for this paper.



CO2 Emission Factors for Urban Buses


A crucial part of the bus fleet decarbonization relies on the knowledge of the emissions made each year by the fossil-fuel engines. In order to achieve the current and future CO2 emission of the urban bus fleet, the CO2 emission factor for each type of bus must be correlated to the number of kilometres traveled each year. Table 1 shows the current factor that is used according to the classification of the engine for standard buses, which can range from Euro 0 to Euro VI [25]. The CO2 emission factor for minibuses and articulated buses is derived from the weighting of the values from standard buses according to their fuel consumption.



In addition to the emission factor for buses according to their Euro classification, the annual kilometres traveled must be known in order to calculate the emissions from each bus type and Euro category. In Portugal, minibuses travel on average 30,000 km per year, while standard buses, which are the most common type of bus in the country, travel 50,000 km per year, which is the same amount that articulated buses travel. The annual kilometres traveled by each type of bus can be seen in Table 2. Although, as the kilometres traveled changes every year, a more accurate length of annual travel is used to calculate the CO2 emission in the results section.





3. Urban Bus Fleet in Portugal


The urban buses, then, are categorized into three different categories, which are: (i) minibuses—capacity of 20 to 50 passengers; (ii) standard buses—capacity of 50 to 105 passengers; and (iii) articulated buses—capacity higher than 105 passengers [26]. Data from 2020 shows that in Portugal there are currently 14,390 buses of all types, although only 5633 buses meet the urban bus criteria. The urban bus fleet comprises 509 mini (10%), 4808 standards (85%), and 316 (5%) articulated buses, with an average age of 11.6, 16.3, and 15.6 years, respectively, being the average age of the entire urban bus fleet which is 15.9 years old (Figure 2). A detailed description of the characteristics of the Portuguese urban bus fleet is provided elsewhere [24].



Bus Emission Classification


The European Union has strict legislation that regulates the emission of pollutants from vehicles. Thus, manufacturers and companies must improve their engines to meet the specification set in Europe [27]. The Euro regulation that addresses pollutant emissions from vehicle engines is a clear commitment to the decrease in air pollution across Europe, whose benefits expand beyond the borders of the European Union, since most G20 members and several emerging economies in Asia and Latin America set standards based on the European-devised system [28].



The buses considered for purchase in the European Union follow the emission protocols set by the Euro standards since 1988, when Euro 0 was created, with the last update in 2014 with the advent of Euro VI [29].



In Portugal, most of the buses fall into Euro III and Euro II standards, which means that the engines need to be replaced with less pollutant ones. On the other hand, there is a growing number of buses in the Euro V and Euro VI categories. Table 3 and Figure 3 show the number of buses by the type of fuel and by each category of Euro standard in Portugal.



The distribution of the Portuguese bus fleet over Euro emission standards is not very different from the general panel in Europe, as 28% of all buses rely upon Euro III standards, 25% under Euro V, and 18% under Euro II [30]. However, the bus fleet must be renewed to reduce air pollution, which culminates in the replacement of fossil-fueled buses with electric ones that do not emit CO2 into the atmosphere. Thus, the next section of this paper presents a methodology and pathway to the full decarbonization of the Portuguese bus fleet.





4. Criteria for Scrap and Replacement of the Urban Bus Fleet According to Vehicle Age


The criteria for the bus fleet scrap and replacement in Portugal are presented to stim-ulate the sustainability of the urban public transport sector. Other criteria could have been selected, but the authors have already adopted and fully justified their choice, as dis-cussed in a previous paper [24]. Thus, a trajectory of scraping and replacement is defined to assure the complete decarbonization of the urban bus fleet, which will have a maximum age of fourteen years old by the end of the total replacement of fossil-fueled buses with electric buses. The age of scrap of buses is fixed at 14 years because it is two times the life cycle of an electric battery, whose replacement would cost as much as a new electric bus. After the first seven years of usage, only the battery is replaced in order to decrease the residue caused by the eventual disposal of the bus structure. However, after the second period of seven years, the bus in its totality is replaced.



Thus, for minibuses, all fossil-fueled and electric vehicles will be replaced by BEVs. Articulated vehicles fueled by fossil fuels will be replaced by HFCVs since BEVs are not suitable for this type of vehicle, which needs a bigger battery in order to move a large vehicle, and standard urban buses will be replaced by both BEVs and HFCVs, following the percentages presented in Table 4.



Starting from 2021, all urban buses are replaced when they reach a predetermined age, starting with the oldest buses at a replacement rate that is economically feasible for the companies, until all buses older than fourteen years can be replaced. In the following years, the rule stays the same, which will allow all buses fueled by fossil fuels to be replaced by BEVs and HFCVs by 2028. However, for articulated vehicles, due to their size and weight, it is considered that an electric battery is not the most suitable option due to increasing operating costs from the weight of the batteries required for this type of bus. On the other hand, the market is now starting to develop articulated buses fueled by hydrogen. Thus, it is considered that the replacement only should start in 2024 to provide more time for the industry to prepare and respond to the market needs.



It is important to mention that for articulated buses, due to their dimension and weight, VEBs are not recommended, instead, for this type of bus, the recommended engine is the HFCVs. Thus, the replacement of articulated buses can be scheduled to start only in 2024, when hydrogen fuel-cell vehicles will be available in the market. On the other hand, it is expected that all fossil-fueled buses in Portugal will be replaced by BEVs and HFCVs by 2034.



In addition, the replacement of fossil-fueled engines for electric engines in buses will determine the improvement of charging stations and electric power stations as city and transport infrastructures, since the charging of bus batteries needs special power treatment.




5. Timeframe for the Replacement of the Bus Fleet


According to the projections for this research work, it is possible that in Portugal all bus fleets become zero emissions by 2034. The replacement of the current fossil-fueled bus fleet can occur following the criteria of the fourteen-year-old replacement, which means that when a bus reaches the age of fourteen years, it is going to be replaced by a new one that can contribute to the zero-emission criteria (i.e., a new fleet of electric buses). For this, all types of urban buses are going to be replaced, such as minibuses, standard buses, and articulated buses. More detailed information regarding the three categories of the urban bus fleet can be ob-tained elsewhere [24].



Considering the bus fleet in Portugal in 2020 (5633 vehicles), it is expected to take up to fourteen years to completely replace the entire urban bus fleet with electric engines. Figure 4 and Figure 5 show how the replacement would take place considering the entire fleet from 2020 to 2034.



As it is possible to infer from Figure 4 and Figure 5, only in 2034 will diesel vehicles not be used in the urban bus fleet, which will represent the total conversion of the engines to electric-powered ones. This rate of replacement will define the decarbonization of the public transport of the entire country, which depends on the CO2e emission factor of each engine.




6. Results


This section shows the total annual CO2e (amount of gases equivalent to the quantity of carbon dioxide in the atmosphere) emissions for each type of bus and the differences in GHG emissions according to the number of buses that run with fossil fuels (emissions factor) and the kilometres traveled. Year by year, it is possible to see a decrease in pollutant emissions because of the replacement of fossil-fueled buses with electric vehicles.



For minibuses, it is possible to notice that the CO2e emission from diesel-fueled vehicles is greater than vehicles fueled by Gas/CNG. This difference in emission is because there are more diesel buses available that travel greater distances every year. The power of the decarbonization achieved by the replacement of the minibus fleet can be seen as early as the first five years, in which it is possible to observe a 56% reduction in CO2e emission, which represents fewer than 5451 tons of CO2e in the atmosphere. Table 5 and Figure 6 show year by year the difference in CO2e emission by minibuses according to the rate of vehicle replacement with sustainable technology.



For standard buses, the difference in CO2 emission is even greater than for minibuses. This type of bus is the most used in the country, which contributes to more pollution from the burning of both diesel and gas/CNG fuels. As it can be seen in Table 6, the drops in CO2 emission from standard buses represent a great decrease in air pollution from public urban transport. Only in the first five years of bus replacement there is a drop of more than 80% in the amount of CO2 emitted into the atmosphere. From Figure 7, it is possible to see a considerable drop in emissions from 2020 until 2026, when the number of fossil-fueled standard buses reaches a number below 500. The following years face a less accentuated decrease, however, the replacement of the remaining buses with electric engines allows reaching the milestone of zero CO2 emissions from standard buses in 2034, when all standard bus fleet will be composed of BEVs and HFCVs.



For articulated buses, the decrease in CO2 emission is no different, however, as the replacement of the vehicles only starts in 2024, the pollution only starts to drop this year, as can be seen in Table 7 and Figure 8. Only in the first years of the bus fleet replacement more than 50% of pollution is reduced, when the decrease is more accentuated. The next years are marked by the reduction in the total emission of CO2 by articulated buses until the year 2034, when the entire articulated bus fleet will be replaced with electric engines that create zero emissions to the atmosphere.



After evaluating the reduction in CO2 emission from different types of buses according to their specific rate of replacement for electric engines, the total reduction in all buses in Portugal shows a bigger picture of the benefits of the zero-emission pathways to achieve sustainable urban public mobility. The results in Table 8 and Figure 9 show the amount of CO2 that is not emitted as a result of the replacement of the bus fleet. At the end of 2034, when all buses will run on electricity, 1,356,884 tons of CO2e will be emitted in a timeframe of fourteen years. This same number also tells us that in the next fourteen years after the total zero-emission bus fleet replacement, the benefits in air quality will be considerable, since the expected pollution from urban public transport will be zero.



In addition to the environmental benefits of the pathway to zero emission by the public urban bus fleet, the avoided emissions also represent savings for the economy of the country. Table 9 shows the value of avoided emissions to reflect what would be the cost of non-decarbonization and if the carbon emitted was valued at the price of the ton of carbon emitted on the European market (ETS). The value is calculated by multiplying the volume of emissions avoided by the estimated market price, starting from 50 euros in 2021 to 120 euros in 2030 [31].



Both Table 9 and Figure 10 show the benefits of the total electrification of the bus fleet in Portugal, namely in economic terms as well as in environmental terms. At the end of the fourteen years of the bus fleet replacement, almost EUR 420,000,000 could be saved in CO2 emissions. In addition, the kilometers not traveled by fossil-fueled buses in the same timeframe represent a reduction of more than 4 million tons of CO2 emitted to the atmosphere.




7. Conclusions


The replacement of fossil fuels with electricity in urban public transport can make a very significant contribution to reducing GHG emissions, within the framework of the Portuguese National Energy and Climate Plan objectives [32], as well as to reducing atmospheric pollution in urban areas.



A previously published paper [24] addressed the methodological procedure for the replacement and scraping of urban buses and the associated costs, whereas the present paper mainly focuses on the environmental benefits (i.e., reduction in CO2 emissions) of a sustainable decarbonization process for the Portuguese urban bus fleet.



This research work innovatively shows and justifies the need to act in order to reduce the impact of public transport in view of the climatic challenges that humankind now faces.



In Portugal, the urban bus fleet was composed of 5633 vehicles on 31 December 2020, of which 509 were minibuses, 4808 were standard buses, and 316 were articulated buses. The average age of the bus fleet was 15.9 years, with 23% of the fleet over 21 years old. In the urban bus fleet (2020), 91% of vehicles were powered by diesel, 8% by natural gas, and 1% by electricity. Among fossil-powered vehicles, 39% met Euro IV or later standards, while 61% met Euro III or earlier standards.



From the methodology proposed in this research work, the replacement of the bus fleet follows the criteria of the complete decarbonization of the bus fleet by 2034, considering the maximum age of 14 years for vehicles. This would result in a decrease in the average age of vehicles from 15.9 years (2020) to a minimum of 4.3 years in 2026, reaching 9.9 years in 2034.



In the replacement of the fleet of 5,633 vehicles, 4,675 (83%) would be battery-electric, while 958 (17%) would be hydrogen-electric. After the first five years of the replacement of the bus fleet (in 2026), annual CO2 emissions would be reduced by 87%. By 2034, after which GHG emissions would be zero, the volume of avoided CO2eq emissions would be 4.1 million tons. Considering the price per ton of carbon to vary from EUR 50 to EUR 120, avoided emissions would have a reference value of EUR 417 M.



Following what was described in this research work, it is also important to measure the impact and how the decrease in other pollutants will occur with the replacement of the urban bus fleet, which will be the theme for future works.



In short, the replacement of the bus fleet in Portugal represents both environmental and economic benefits for all. The total zero-emissions bus fleet, despite the investments needed for it to occur, will bring, in the long term, savings and quality of life for its users and the population in general.
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Figure 1. Flowchart of the methodology for the bus fleet decarbonization. 
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Figure 2. Age distribution for the urban bus fleet. 
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Figure 3. Number of buses by category and type of fuel. 
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Figure 4. Replacement of the bus fleet with electric engines throughout the years. 
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Figure 5. Accumulated vehicles (fossil-fueled vs. zero-emission). 
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Figure 6. Decrease in CO2e emission by minibuses. 
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Figure 7. Decrease in CO2e emission by standard buses. 
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Figure 8. Decrease in CO2e emission by articulated buses. 
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Figure 9. The total decrease in CO2 emissions from buses. 
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Figure 10. Total avoided emissions by the replacement of the bus fleet. 
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Table 1. CO2 emission factor for standard buses.
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Vehicle

Typology

	
Type of Fuel

	
CO2 Emission Factor (g/km)




	
Euro 0

	
Euro I

	
Euro II

	
Euro III

	
Euro IV

	
Euro V

	
Euro VI






	
Standard

Buses

	
Diesel

	
1687

	
1503

	
1441

	
1446

	
1280

	
1299

	
1374




	
Gas/CNG

	
-

	
-

	
1525

	
1250

	
1100

	
1100

	
1100




	
Electric

	
-

	
0

	
0

	
0

	
0

	
0

	
0




	
Minibuses

	
Diesel

	
808

	
720

	
690

	
693

	
613

	
622

	
658




	
Gas/CNG

	
-

	
-

	
731

	
599

	
527

	
527

	
527




	
Electric

	
-

	
0

	
0

	
0

	
0

	
0

	
0




	
Articulated Buses

	
Diesel

	
1933

	
1722

	
1651

	
1657

	
1466

	
1488

	
1574




	
Gas/CNG

	
-

	
-

	
1747

	
1732

	
1260

	
1260

	
1260




	
Electric

	
-

	
0

	
0

	
0

	
0

	
0

	
0











[image: Table] 





Table 2. Annual kilometres traveled by buses in Portugal.






Table 2. Annual kilometres traveled by buses in Portugal.





	Type of Bus
	Annual Trips (km/year)





	Minibus
	30,000



	Standard
	50,000



	Articulated
	50,000
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Table 3. Bus classification under Euro standards in Portugal.
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Emission Level

	
Minibus

	
Standard

	
Articulated




	
Diesel

	
CNG

	
Diesel

	
CNG

	
Diesel

	
CNG






	
Euro VI

	
73

	
3

	
230

	
208

	
20

	
1




	
Euro V

	
149

	
0

	
486

	
27

	
77

	
0




	
Euro IV

	
112

	
0

	
688

	
61

	
29

	
28




	
Euro III

	
148

	
0

	
1309

	
127

	
53

	
0




	
Euro II

	
11

	
0

	
926

	
16

	
79

	
0




	
Euro I

	
4

	
0

	
508

	
0

	
23

	
0




	
Euro 0

	
0

	
0

	
176

	
0

	
6

	
0




	
Total

	
497

	
3

	
4323

	
439

	
287

	
29




	
Total fossil-fueled

	
500

	
4762

	
316




	
Total electric

	
9

	
46

	
0




	
Total vehicles

	
509

	
4808

	
316
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Table 4. Criteria for scraping and replacement of the bus fleet.
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Minibus

	
Standard

	
Articulated




	
Year

	
Scrap

	
Replace

	
Scrap

	
Replace

	
Scrap

	
Replace




	
BEV

	
BEV

	
HFCV

	
HFCV






	
2021

	
≥21 years

	
100%

	
≥21 years

	
100%

	
0%

	
-

	
-




	
2022

	
≥20 years

	
100%

	
≥20 years

	
95%

	
5%

	
-

	
-




	
2023

	
≥19 years

	
100%

	
≥19 years

	
90%

	
10%

	
-

	
-




	
2024

	
≥18 years

	
100%

	
≥18 years

	
85%

	
15%

	
≥21 years

	
100%




	
2025

	
≥17 years

	
100%

	
≥17 years

	
80%

	
20%

	
≥19 years

	
100%




	
2026

	
≥16 years

	
100%

	
≥16 years

	
75%

	
25%

	
≥17 years

	
100%




	
2027

	
≥15 years

	
100%

	
≥15 years

	
70%

	
30%

	
≥15 years

	
100%




	
2028

	
≥14 years

	
100%

	
≥14 years

	
65%

	
35%

	
≥14 years

	
100%




	
2029

	
≥14 years

	
100%

	
≥14 years

	
60%

	
40%

	
≥14 years

	
100%




	
2030

	
≥14 years

	
100%

	
≥14 years

	
55%

	
45%

	
≥14 years

	
100%




	
2031+

	
≥14 years

	
100%

	
≥14 years

	
50%

	
50%

	
≥14 years

	
100%
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Table 5. CO2e emission reduction for minibuses.
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Year

	
Number of Vehicles

	
Km Traveled

	
Emission CO2eq (ton)




	
Diesel

	
Gas/CNG

	
Diesel

	
Gas/CNG

	
Diesel

	
Gas/CNG

	
Total






	
2020

	
497

	
3

	
14,910,000

	
90,000

	
9676

	
47

	
9723




	
2021

	
482

	
3

	
14,460,000

	
90,000

	
9361

	
47

	
9409




	
2022

	
473

	
3

	
14,190,000

	
90,000

	
9174

	
47

	
9222




	
2023

	
367

	
3

	
11,010,000

	
90,000

	
6971

	
47

	
7018




	
2024

	
314

	
3

	
9,420,000

	
90,000

	
5917

	
47

	
5964




	
2025

	
222

	
3

	
6,660,000

	
90,000

	
4224

	
47

	
4272




	
2026

	
152

	
3

	
4,560,000

	
90,000

	
2917

	
47

	
2964




	
2027

	
77

	
3

	
2,310,000

	
90,000

	
1517

	
47

	
1564




	
2028

	
68

	
3

	
2,040,000

	
90,000

	
1343

	
47

	
1391




	
2029

	
56

	
3

	
1,680,000

	
90,000

	
1106

	
47

	
1153




	
2030

	
32

	
3

	
960,000

	
90,000

	
632

	
47

	
679




	
2031

	
21

	
3

	
630,000

	
90,000

	
415

	
47

	
462




	
2032

	
16

	
3

	
480,000

	
90,000

	
316

	
47

	
363




	
2033

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
2034

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Total

	
-

	
-

	
-

	
-

	
53,568

	
617

	
54,185
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Table 6. CO2e emission reduction for standard buses.
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Year

	
Number of Buses

	
Km Traveled

	
Emission CO2e (ton)




	
Diesel

	
Gas/CNG

	
Diesel

	
Gas/CNG

	
Diesel

	
Gas/CNG

	
Total






	
2020

	
4323

	
439

	
216,150,000

	
21,950,000

	
305,780

	
25,438

	
331,217




	
2021

	
2713

	
423

	
135,650,000

	
21,150,000

	
186,039

	
24,218

	
210,257




	
2022

	
2295

	
324

	
114,750,000

	
16,200,000

	
155,818

	
18,030

	
173,848




	
2023

	
1750

	
317

	
87,500,000

	
15,850,000

	
116,415

	
17,593

	
134,007




	
2024

	
1149

	
278

	
57,450,000

	
13,900,000

	
75,079

	
15,290

	
90,369




	
2025

	
716

	
235

	
35,500,000

	
11,750,000

	
47,367

	
12,925

	
60,292




	
2026

	
394

	
208

	
19,700,000

	
10,400,000

	
26,453

	
11,440

	
37,893




	
2027

	
250

	
208

	
12,500,000

	
10,400,000

	
17,100

	
11,440

	
28,540




	
2028

	
200

	
207

	
10,000,000

	
10,350,000

	
13,740

	
11,385

	
25,125




	
2029

	
156

	
207

	
7,800,000

	
10,350,000

	
10,717

	
11,385

	
22,102




	
2030

	
152

	
207

	
7,600,000

	
10,350,000

	
10,442

	
11,385

	
21,827




	
2031

	
114

	
207

	
5,700,000

	
10,350,000

	
7832

	
11,385

	
19,217




	
2032

	
35

	
132

	
1,750,000

	
6,600,000

	
2405

	
7260

	
9665




	
2033

	
10

	
4

	
500,000

	
200,000

	
687

	
220

	
907




	
2034

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Total

	
-

	
-

	
-

	
-

	
975,873

	
189,393

	
1,165,265
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Table 7. CO2e emission reduction for articulated buses.
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Year

	
Number of Buses

	
Km Traveled

	
Emission CO2e (ton)




	
Diesel

	
Gas/CNG

	
Diesel

	
Gas/CNG

	
Diesel

	
Gas/CNG

	
Total






	
2020

	
287

	
29

	
14,350,000

	
1,450,000

	
22,900

	
1827

	
24,727




	
2021

	
287

	
29

	
14,350,000

	
1,450,000

	
22,900

	
1827

	
24,727




	
2022

	
287

	
29

	
14,350,000

	
1,450,000

	
22,900

	
1827

	
24,727




	
2023

	
287

	
29

	
14,350,000

	
1,450,000

	
22,900

	
1827

	
24,727




	
2024

	
146

	
29

	
7,300,000

	
1,450,000

	
11,086

	
1827

	
12,913




	
2025

	
122

	
29

	
6,100,000

	
1,450,000

	
9136

	
1827

	
10,963




	
2026

	
87

	
1

	
4,350,000

	
50,000

	
6559

	
63

	
6622




	
2027

	
20

	
1

	
1,000,000

	
50,000

	
1574

	
63

	
1637




	
2028

	
20

	
1

	
1,000,000

	
50,000

	
1574

	
63

	
1637




	
2029

	
19

	
1

	
950,000

	
50,000

	
1495

	
63

	
1558




	
2030

	
13

	
1

	
650,000

	
50,000

	
1023

	
63

	
1086




	
2031

	
10

	
1

	
500,000

	
50,000

	
787

	
63

	
850




	
2032

	
10

	
0

	
500,000

	
0

	
787

	
0

	
787




	
2033

	
6

	
0

	
300,000

	
0

	
472

	
0

	
472




	
2034

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Total

	
-

	
-

	
-

	
-

	
126,093

	
11,341

	
137,434











[image: Table] 





Table 8. CO2 emission reduction for the entire bus fleet.
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Year

	
Number of Buses

	
Km Traveled

	
Emission CO2e (ton)




	
Diesel

	
Gas/CNG

	
Diesel

	
Gas/CNG

	
Diesel

	
Gas/CNG

	
Total






	
2020

	
5107

	
471

	
245,410,000

	
23,490,000

	
338,355

	
27,312

	
365,667




	
2021

	
3482

	
455

	
164,460,000

	
22,690,000

	
218,300

	
26,092

	
244,392




	
2022

	
3055

	
356

	
143,290,000

	
17,740,000

	
187,892

	
19,905

	
207,796




	
2023

	
2404

	
349

	
112,860,000

	
17,390,000

	
146,285

	
19,467

	
165,752




	
2024

	
1609

	
310

	
74,170,000

	
15,440,000

	
92,082

	
17,165

	
109,246




	
2025

	
1060

	
267

	
48,560,000

	
13,290,000

	
60,727

	
14,800

	
75,527




	
2026

	
633

	
212

	
28,610,000

	
10,540,000

	
35,929

	
11,550

	
47,479




	
2027

	
347

	
212

	
15,810,000

	
10,540,000

	
20,191

	
11,550

	
31,741




	
2028

	
288

	
211

	
13,040,000

	
10,490,000

	
16,657

	
11,495

	
28,153




	
2029

	
231

	
211

	
10,430,000

	
10,490,000

	
13,319

	
11,495

	
24,814




	
2030

	
197

	
211

	
9,210,000

	
10,490,000

	
12,098

	
11,495

	
23,593




	
2031

	
145

	
211

	
6,830,000

	
10,490,000

	
9034

	
11,495

	
20,529




	
2032

	
61

	
135

	
2,730,000

	
6,690,000

	
3508

	
7307

	
10,815




	
2033

	
16

	
4

	
800,000

	
200,000

	
1159

	
220

	
1379




	
2034

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Total

	
-

	
-

	
876,210,000

	
179,970,000

	
1,155,534

	
201,350

	
1,356,884
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Table 9. Prevented CO2 emissions and their respective cost.
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	Year
	Number of Buses
	km Not Traveled by Fossil Fuel Engines (km)
	Avoided CO2 Emissions (ton)
	Price of a Ton of CO2 (EUR)
	Avoided

Emissions

(EUR)





	2020
	5578
	-
	-
	-
	-



	2021
	3937
	81,750,000
	121,274
	50
	6,063,719



	2022
	3411
	107,870,000
	157,870
	58
	9,121,398



	2023
	2753
	138,650,000
	199,915
	66
	13,105,518



	2024
	1919
	179,290,000
	256,421
	73
	18,804,179



	2025
	1327
	207,050,000
	290,140
	81
	23,533,593



	2026
	845
	229,750,000
	318,187
	89
	28,283,323



	2027
	559
	242,550,000
	333,926
	97
	32,279,497



	2028
	499
	245,370,000
	337,514
	104
	35,251,491



	2029
	442
	247,980,000
	340,853
	112
	38,251,258



	2030
	408
	249,200,000
	342,074
	120
	41,048,859



	2031
	356
	251,580,000
	345,138
	120
	41,416,535



	2032
	196
	259,480,000
	354,852
	120
	42,582,223



	2033
	20
	267,900,000
	364,288
	120
	43,714,514



	2034
	0
	268,900,000
	365,667
	120
	43,880,019



	Total
	-
	2,977,320,000
	4,128,118
	-
	417,336,125
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Number of Buses

500
450
B Diese 1
. ( 1S/ ( \(

W BEV

200
150
100
- = .

n
13 14 15 1 17
6 17 18 19 2
20 21 22 23
p) 23 24 25 2
& End O 25 2D
&0 29 3
29 30 31 32 33 3
2 33 34 35

rNo
J1

J1

2

0 ] 2 3
—; 5 O 7
/ 8 9 10 11 12

Age (years)





media/file18.png
(ton)

400,000

350,000 "\
300,000

250,000

200,000
\'\

150,000 \
100,000

50,000

0
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

2031 2032 2033

2034






media/file3.jpg





media/file19.jpg
(on)

150000
100000
50000

20 2

22 2 WU 5 6 27 8 29 2B W3

22 23 24





media/file7.jpg
000

s000

000

3000

2000

1000

0

00 2021

202

2023 204 205

mDicsel

mGas/CNG  WBE

208 2029 2000

WHFCVs

2081

2052 2003 2034






media/file10.png
6000

5000

4000

3000

2000

1000

0 [ ! ? ? ‘=\’\0—0

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

—&— [ ossil Zero emission





media/file14.png
(ton)

350,000 ‘

300,000 \
\

250,000

200,000
\\

150,000 N

100,000 \

‘II\“\

50,000 ~<

0
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

2034






media/file11.jpg
(on)






media/file6.png
Number of Buses

1400

1200

1000

800

600

400

200

. -

Diesel Gas/GNC
Minibus
B Euro 0 mEurol m®mEuroll

'S

Diesel Gas/GNC

Standard

m Euro III

m Euro IV

Diesel Gas/GNC

®mEuroV

Articulated

W Euro VI





media/file15.jpg
(ton)






nav.xhtml


  sustainability-14-09111


  
    		
      sustainability-14-09111
    


  




  





media/file16.png
(ton)

30,000

25,000

20,000

15,000 \\

10,000 .
N

5000

0 o @
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034






media/file2.png
Current urban bus fleet

- Vehicle typology
- Age

- Engine (fuel)

- Emission classes

\

Bus fleet
scrap and replacement

Criteria
Emission Engine
St classes (fuel)
Vehicle typology

\ 4

Decarbonization of the urban bus fleet

- Reduction of CO2 emissions (over ime)
- Decarbonization costs (estimation)






media/file20.png
(ton)

400,000
350,000

A
300,000 -

250,000 /

200,000

150,000
~

100,000 /
50,000

0

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

2031 2032 2033

2034






media/file5.jpg
£

]

Numberof Buses
g 8

8 8 8

ke

Diesel GasioNe
Minibus
®Euro0 WEuwol mEuwoll

Standard

= Euro Il

Y R

Diesel GasiGNC

" Euro IV

Diesel GasiGNC
Articulated
WEwoV  mEuroVI





media/file1.jpg
Current urban bus fleet

- Vehicle typology
- Age

- Engine (fuel)

- Emission classes

+

Bus fleet
scrap and replacement

Criteria
¥ ¥
Emission Engine
252 classes (fuel)
Vehicle typology

+

Decarbonization of the urban bus fleet

- Reduction of CO2 emissions (over time)
- Decarbonization costs (estimation)






media/file12.png
(ton)

10,000
’ €
9000 '\‘*\L
8000

7000
6000

5000
3000

2000
N—
0

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034






media/file9.jpg
6000

5000

4000

3000

2000

1000

o

200

021

2

03 204 20

o

206

2027 2ms 2029 2030

—e— Zero emission

2031

a2

25

204





media/file0.png





media/file8.png
6000

5000
4000
3000
2000
1000

0

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

B Diesel mGas/CNG mBEVs mHFCVs






media/file17.jpg





