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Abstract: The transport sector accounts for around one-quarter of the GHG emissions in Europe, and,
in Portugal, it represents almost one-third of the total emissions to the atmosphere. Unfortunately,
these emissions have increased in recent years. Hence, cities and countries need plans to decarbonize
their public transport fleets, and, more specifically, to replace fossil-fueled buses with electric buses
that produce zero CO, emissions. Thus, the main objective of this paper is to present a method to
decarbonize the bus fleet in Portugal by a scheduled replacement of the current fleet, which is fueled
by fossil fuels, with a completely electric fleet, in fourteen years. The study shows that it is possible
to replace all Portuguese urban bus fleets with electric vehicles considering that all vehicles will be
replaced when reaching the age of 14 years. Replacing the urban bus fleet with zero-emission buses
would aid policymakers and bus companies to reduce the GHGs, and therefore contribute to fulfilling
the Sustainable Development Goals of the United Nations 2030 Agenda for Sustainable Development,
namely, Goal 13—take urgent action to combat climate change and its impacts.
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1. Introduction

The transport sector in Europe accounts for 24% of the total pollutant emissions
into the atmosphere. Of these, 72% are from road transport, and this ratio grows to 95%
if only the domestic transport within each country is considered [1]. In contrast with
emissions from the rail and domestic navigation sectors, which have seen their emissions
continuously drop since 1990, the emissions from road, aviation, and international maritime
transport have risen in the same period [1]. Therefore, as a means to contain the rise in
transport greenhouse gas (GHG) emissions, in 2019, the European Commission agreed on
the “European Green Deal” to achieve net-zero emissions of GHG by 2050, with a special
focus on the reduction of 90% of transport GHG emissions, since this is a major polluter in
the European context [2].

The World Health Organization (WHO) estimates that nine in every ten people breathe
very polluted air, which results in the death of more than 7 million people annually, in
addition to reduced lung growth and function in children and schematic heart disease and
strokes in adults [3,4]. In Europe, air pollution is considered the biggest environmental
risk, and induces degradation in people’s quality of life and the premature death of about
400,000 people [5].

In order to reduce and eradicate the harm caused by air pollution, the “European
Strategy for Low-Emission Mobility” was launched in 2016 to outline the main actions
to decarbonize the transport sector. Among others, the measures include increasing the
efficiency of transport systems, accelerating the development of low-carbon energy for
transport, and introducing zero-emission vehicles [6]. This change in the transport sector
includes the role of cities and local authorities in the implementation of the strategy. This

Energies 2022, 15, 4286. https:/ /doi.org/10.3390/en15124286

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15124286
https://doi.org/10.3390/en15124286
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-9447-2110
https://orcid.org/0000-0003-4629-0675
https://doi.org/10.3390/en15124286
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15124286?type=check_update&version=2

Energies 2022, 15, 4286

20f16

strategy includes the effort to modernize the public transport vehicle fleet with low- and
zero-emission vehicles [7], the local use of renewable energy sources, and the implemen-
tation of other policies and incentives to improve the attractiveness and usage of public
transport in society.

The urgency for transport modernization and its role in sustainable development
was also stated in the context of the implementation of the Sustainable Development
Goals (SDGs) by the United Nations [8]. This document focuses on seventeen sustainable
development goals that are a basis for actions by the State Members. The document includes
sustainable transport as an important component of the measures to be taken to achieve
a healthy living environment and sustainable development in cities, in addition to the
promotion of healthy lives and well-being for people of all ages, along with the possibility
to make cities more inclusive, safe, and resilient.

According to Olabi et al. [9], the SDGs can be used as a strategy to implement pollution
control measures, which can decrease the emission of GHGs to the atmosphere. These
measures include information and communication technology, public transport, renewable
energy, and disaster risk reduction [10]. Regarding the public transport sector, the electrifi-
cation of the bus fleet can be considered one of the pollution prevention strategies, along
with the modernization of the electricity production [11].

In the sense of achieving carbon neutrality in the public transport sector, electrification
has emerged as a leading option for decarbonizing surface transportation [12-14]. Currently,
the leading commercial options are battery electric vehicles (BEVs) and hydrogen fuel-cell
vehicles (HFCVs) [15]. For BEVs, the propulsion is exclusively provided by an electric
motor, using electricity stored in an onboard battery that is charged through dedicated
charging equipment. By comparison, in HFCVs, propulsion is exclusively provided by an
electric motor, using electricity generated onboard by a fuel cell powered by compressed
hydrogen (H;) and using oxygen from the atmosphere. As in the case of BEVs, this type of
vehicle has no pollutant emissions, and only generate steam.

The transition to electric buses would be valuable to decrease the emissions from the
transport sector, as electrification can help to reduce local air pollution caused by buses
in the inner city [16]. The environmental benefits of bus electrification also show positive
advantages when compared to diesel buses or compressed natural gas buses [17]. However,
the positive impact caused by the electrification of buses will only be maximized if the
transport network is efficient, accessible, and of sufficient quality. Such an approach will
contribute to attracting customers, pushing citizens from individual transport, and pulling
them to the public transport network [18].

From this perspective, this paper aims to situate the issue of decarbonization of the
urban public road transport sector within the scope of the theme of combating climate
change and reducing atmospheric pollution. It also aims to develop a bus scrapping and
replacement scenario, based on maximum age and zero-emission engine criteria, and
the investment required for the replacements in the Portuguese scenario. Therefore, the
scientific hypothesis proposed by this article is: taking into account the current standards
of bus production, would it be possible and feasible to decarbonize the bus fleet in urban
centers by 2050? Furthermore, would this transition to decarbonization be economically
viable for local governments?

2. Characterization of the Urban Bus Fleet in Portugal
2.1. Bus Fleet Size

The characterization of the bus fleet in Portugal uses data from 2020 for all registered
vehicles as at 31 December 2020, which were provided by the Portuguese Institute of
Mobility and Transport (IMT). As a criterion for urban service, buses with standing seats
were considered in three size categories: minibus, standard, and articulated. Four types of
fueling were considered: diesel, gas/CNG, battery electric vehicles (BEVs), and fuel-cell
vehicles. The database contained 14,390 buses of all types; of these, a total of 5633 buses
met the urban bus criteria.
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Regarding the bus capacity, the three main categories of buses in Portugal that were
considered 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);
this categorization is aligned with the literature [19].

In the Portuguese urban bus fleet (5633 buses), the average age of the buses is around
15.9 years. More than 85% of the buses are standard, around 10% are minibuses, and
around 5% are articulated. The data on the number of urban buses in each category, their
respective average age, and the type of fuel for each category can be seen in Table 1.

Table 1. Characteristics of the Portuguese urban bus fleet.

Category
Minibus Standard Articulated
Diesel 497 4323 287
Fuel Gas/CNG 3 439 29
BEV 9 46 0
# of Vehicles 509 4808 316
Average Age (Years) 11.6 16.3 15.6

Considering the age of the bus fleet, most of the vehicles are between 15 and 16 years
of age, although a slight change can be seen in the last five years regarding the acquisition
of low-pollutant buses. The acquisition numbers indicate that almost 10% of the buses
bought in the last five years are electrically powered, and more than 40% are fueled by
gas/CNG. This shows a shift in the fuel consumed by buses in Portugal; however, most
of the fleet is still fueled by diesel—mainly buses that are around ten to twenty-six years
of age. Considering this age range of the bus fleet, 94% of the buses are fueled by diesel,
almost 6% are fueled by CNG, and less than 1% are powered by electrical batteries.

The data presented above correlate with the age of the bus fleet in Europe and, more
specifically, the Portuguese reality over the years. In 2011, almost 60% of the bus fleet in
Portugal was 10 years or older, whereas, in countries such as Austria, the Netherlands, the
United Kingdom, Germany, Romania, Belgium, Slovenia, and Spain, less than 40% of the
fleet is older than 10 years [20]. In 2022, the average age of the bus fleet in the European
Union was 12.8 years, which reveals that Portugal still needs to work on decreasing the
bus fleet age when it is above the EU average. In addition, other countries, such as Austria
(bus fleet with average age of 4.9 years), France (8.1 years), the Netherlands (9.3 years),
and Spain (11.4 years), are more advanced in terms of a renovated bus fleet that is more
environmentally friendly [21].

When the age distribution is examined considering the different types of buses (e.g.,
minibus, standard, and articulated), it is possible to see that the minibus fleet is relatively
new, compared to other types of buses, and that the introduction of CNG and electric buses
is almost nonexistent (Figure 1). The biggest change in the bus fleet throughout the years can
be seen in the standard bus fleet, for which the last three years represented a considerable
shift to more sustainable fuel options. Standard buses aged fewer than three years are
mostly CNG fueled, and the number of electric buses is also considerable (Figure 2). By
comparison, almost the entire fleet of articulated buses comprises diesel-fueled engines,
CNG represents only 9% of the entire fleet, and electric buses are nonexistent. This is
explained by the small and very recent offer of this type of vehicle by bus manufacturers,
due to the size of the buses, which makes it difficult to power them by an electric battery
(Figure 3).
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According to Table 2, it is possible to conclude that the distribution is relatively
homogeneous and similar between the three types of buses, and it is also possible to
observe that the average age of minibuses is about 4 years less than that of standard and
articulated buses. In addition, the age range is approximately 30 years, with the maximum
age being 35 years for standard buses. From the analysis of the quartiles, it can be seen that
more than 75% of minibuses, standard, and articulated buses are over 9, 12, and 10 years
old, respectively; that is, close to an age at which they should be replaced (Section 3.1).

Table 2. Descriptive statistics of the age distribution of the urban bus fleet in Portugal.

Category
Age (Years) — -
Minibus (n = 509) Standard (n = 4808) Articulated (n = 316)
Mean 11.6 16.3 15.6
Median 12 16 15
Mode 16 15 10
Q1 (25%) 9 12 10
Q3 (75%) 16 21 21
Standard deviation 49 7.0 6.7
Sample variance 23.6 49.2 44.2
Range 27 35 31
Minimum 1 0 0
Maximum 28 35 31

From the data presented in the above figures and table, it is possible to infer that most
of the urban bus fleet used in Portugal consists of old standards for pollutant emissions
that include CO,, PM10, and NOy, which are considered harmful to the health of the
people who live in cities. Thus, the next section presents the differences between emission
standards and where the bus fleet in Portugal is positioned.

2.2. Bus Emission Classification

Emissions from road vehicles have been controlled by European legislation since
the 1970s, which has led vehicle manufacturers to continuously improve their engine
technologies and introduce various emission-control systems [22]. Thus, modern vehicles
have emission levels for regulated pollutants (e.g., CO, NOy), which are more than an order
of magnitude lower than those of vehicles entering service two decades ago [22].

The European regulation that addresses pollutant emissions from vehicle engines is a
concrete commitment to the decrease in air pollution across Europe. The benefits of these
European emission standards extend far beyond the borders of the European Union since
most of the G20 members and several emerging economies in Asia and Latin America
set standards based on the European-devised system [23]. However, the advancement
in technologies and the shift in the bus fleet for more sustainable engines do not happen
evenly on all continents.

The buses considered for purchase in the European Union follow the emission pro-
tocols set by the European standards since 1988, when Euro 0 was created, with the last
update in 2014 with the advent of Euro VI. The specific European standard for emissions
from buses and heavy-duty vehicles can be seen in Table 3.
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Table 3. European Standard for emissions from buses and heavy-duty vehicles.
Carbon Nitrogen Particulate
Emission Level and Year Te(sé}l)’z::teicrll;re Monoxide Hydrocarbons Oxides Matter

of Enforcement Conditions) CO (g/kwh) HC (g/kwh) NOx (g/kwh) PM (g/kwh)
steady states, WHSC 15 0.13 0.4 0.01
Euro VI 2014 transient, WHTC 4 ) 0.46 0.01
steady states, ESC 15 0.46 2 0.02
Euro v 2008 transient, ETC 4 - 2 0.02
steady states, ESC 1.5 0.46 3.5 0.02
Euro IV 2005 transient, ETC 4 - 3.5 0.03
steady states, ESC 21 0.66 5 0.1
Euro I 2000 transient, ETC 5.45 - 5 0.16
Euro II 1996 steady states, 13-mode 4 1.1 7 0.15
Euro I 1991 steady states, 13-mode 4.5 11 8 0.36

Euro 0 1988 steady states, 13-mode 11.2 2.4 144 -

Source: [24] WHSC: World Harmonized Stationary Cycle. WHTC: World Harmonized Transient Cycle ESC:
European Stationary Cycle ETC: European Transient Cycle.

Considering that other countries take measures to shift their bus fleet into more
sustainable options, Portugal has tried to accommodate more buses from Euro IV, V, and
VIin its fleet to achieve sustainability goals.

Table 4 and Figure 4 show the number and percentage of buses by each emission category.

Table 4. Number of buses by each emission category in Portugal.

Minibus Standard Articulated
.. 1
Emission Leve 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 1 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
powered
Total buses 509 4808 316

It is possible to conclude that most of the urban bus fleet in Portugal is still fueled by

diesel and is within the Euro III emission range, followed by Euro II, when considering the
standard buses, which comprise the majority of the bus fleet in the country. The distribution
of the Portuguese bus fleet over the Euro emission standards is not very different from the
general scenario in Europe, as 28% of all buses rely on Euro III standards, 25% on Euro V,
and 18% on Euro II [25]. This information reveals the urgency for a shift in the bus fleet
technology to more efficient and sustainable options, and to both less polluting (e.g., Euro
V and VI buses) and fully electric buses, not only in Portugal, but in Europe as a whole.
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Figure 4. Percentage of buses by each emission category in Portugal.

In Cologne, for example, since 2007, only electric engine vehicle (EEV) buses have
been acquired, and, in 2015, the city of Amsterdam regulated that all buses should at least
conform to the EEV norm. In other cities, such as Brussels, Oslo, Hamburg, and Stockholm,
regulations were implemented after 2015 that stipulated buses operating with renewable
fuels will be prioritized to replace the old bus fleet [20].

3. Method for the Replacement of the Bus Fleet According to the Vehicle Age

Given that most of Portugal’s bus fleet is composed of old buses that are included in the
pollution range of Euro IIl and Euro 11, it is important that strategies of fleet replacement are
implemented, so that public transport can become more sustainable and resilient. Thus, in
this section of the paper, the criteria for the bus fleet replacement in Portugal are presented
in order to stimulate the sustainability of the urban public transport sector with the total
substitution of diesel-fueled buses for electric vehicles, so Portugal can achieve the goals for
the reduction in GHG emissions in the transport sector. Thus, a trajectory of replacement is
defined to ensure the complete decarbonization of the urban bus fleet, which will have a
maximum age of fourteen years.

3.1. Criteria of Replacement

Starting from 2021, all urban buses will be replaced when they reach a predetermined
age. As of 2021, buses older than 21 years will be replaced, and, in 2022, buses older
than 20 years will 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 (Table 5).
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 [26]. Nonetheless, the market is now
starting to develop articulated buses fueled by hydrogen. Thus, it is considered that the
replacement only should start in 2024, in order to provide more time for the industry to
prepare and respond to the market needs.
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Table 5. Criteria for replacement of the bus fleet.

Category Minibus and Standard Articulated

Year Age of Replacement

2021 >21 years -

2022 >20 years -

2023 >19 years -

2024 >18 years >21 years
2025 >17 years >19 years
2026 >16 years >17 years
2027 >15 years >15 years
2028 >14 years >14 years

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, and standard urban
buses will be replaced by both BEVs and HFCVs, following the percentages presented in
Table 6.

Table 6. Criteria of replacement for standard buses.

Year 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031+

BEV ~ 100% 95%  90%  85% 80%  75%  70%  65%  60%  55%  50%
HECV 0% 5% 10%  15%  20%  25%  30%  35%  40%  45%  50%

It is important to mention that the replacement of the bus fleet presented in this
research work is a proposition by the authors, which was delineated by the collection of
data on the usage of electric buses and the bus fleet replacement programs adopted by
the European Union. According to research conducted by the authors with electric bus
manufacturers, electric buses need to have their batteries replaced every seven years, at
almost the cost of a new bus, although the replacement of these vehicles every seven years
would generate a huge amount of waste because the other parts of the buses would not be
reused. Thus, the methodology of replacement considers a 14-year life for electric buses,
considering one battery replacement in year seven, in order to reduce the environmental
footprint caused by the replacement of entire buses every seven years.

The replacement of minibuses for electric engine buses is already a reality in some
countries and cities. In Nottingham, for example, minibuses that transport children with
reduced mobility are electric, which also provides benefits in terms of the clean air the
children are exposed to when riding the buses [27]; in addition, the city plans to convert its
fleet of 467 minibuses to improve air quality [28]. In Portugal, the plan is to convert the
entire minibus, standard, and articulated urban bus fleet to an electric-powered engine fleet
by 2034, as explained in the next section.

4. Trajectory of the Urban Bus Fleet Replacement in Portugal

In Portugal, more than EUR 50.9 million will be invested in the next few years to
acquire electric buses for cities such as Lisbon, Porto, Guimaraes, Braga, Coimbra, Aveiro,
and Faro. The move to an electric bus fleet in these towns will result in a reduction of
8271 tons of CO, emissions to the atmosphere [29]. Moreover, as part of the strategy to
develop the country in the coming years, which is called “Portugal 2030”7, the government
has the target to reduce the greenhouse gas emissions of the transport sector by 40% by
2030 [30]; to help achieve this goal, EUR 509 million will be invested to promote the
decarbonization of the public transport sector [31].

According to this study, in Portugal, the total replacement of the urban bus fleet is
expected to be concluded in 2034, which represents a fourteen-year timeframe toward a
zero-emission bus fleet for public transport in all Portuguese cities.
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This section explains, in detail, the yearly replacement rate that needs to be achieved
by each type of bus (e.g., minibus, standard bus, and articulated buses), and the costs
associated with this change to achieve a green bus public transport in Portugal.

The replacement proposal for the minibus fleet can be seen in Table 7 and Figure 5. It
is important to mention that, in this work, the number of buses remains constant over time,
and does not take into consideration the possible increase in public transport demand in
the country, which is in line with the 2021 Census [32].

Table 7. Replacement of minibuses.

New Fleet
Year Total Vehicles Diesel Vehicles CNG Vehicles BEV HFCV BEV HFCV
2020 509 497 3 9 0 0 0
2021 509 482 3 24 0 15 0
2022 509 473 3 33 0 9 0
20231 509 367 3 139 0 111 0
2024 509 314 3 192 0 53 0
2025 509 222 3 284 0 92 0
2026 509 152 3 354 0 70 0
2027 509 77 3 429 0 75 0
2028 509 68 3 438 0 9 0
2029 509 56 3 450 0 12 0
2030 509 32 3 474 0 24 0
2031 509 21 3 485 0 11 0
20322 509 16 3 490 0 7 0
20333 509 0 0 590 0 21 0
2034 509 0 0 509 0 0 0
1 when 5 BEVs older than 14 years are replaced. > when 2 BEV older than 14 years are replaced. 3 when 2 BEVs
older than 14 years are replaced.
Minibus fleet replacement
N
2 500
[a'a]
° 400
z
300
200
100
0 ——
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

—e—Fossil —e—/ero Emissions ——New

Figure 5. Accumulated vehicles (fossil-fueled vs. zero emissions) and new minibuses.

As it is possible to observe from Table 6 and Figure 6, minibuses will be replaced in a
fourteen-year timetable. This period will be crucial to enable a regulated shift from fossil
fuels to sustainable modes. It is important to mention that, in this period, even the BEVs
will be replaced with newer vehicles in some years, for example, in 2023, 2021, and 2033, to
maintain the age of the minibus fleet under fourteen years.
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Figure 6. Accumulated vehicles (fossil-fueled and zero emissions) and new standard vehicles.
Next, the timeframe for the replacement of standard buses is presented in Table 8 and
Figure 6.
Table 8. Replacement of standard buses.
New Fleet
Yo i i i i BEV HFCV
ear Total Vehicles Diesel Vehicles CNG Vehicles C BEV HFCV
2020 4808 4323 439 46 0 0 0
2021 4808 2713 423 1672 0 1626 0
2022 4808 2295 324 2163 26 491 26
2023 4808 1750 317 2660 81 497 55
2024 4808 1149 278 3204 177 544 96
2025 4808 716 235 3585 272 381 95
20261 4808 394 208 3847 359 263 87
2027 4808 250 208 3948 402 101 43
2028 4808 200 207 3981 420 33 18
2029 4808 156 207 4007 438 26 18
2030 2 4808 152 207 4009 440 3 2
2031 4808 114 207 4028 459 19 19
20323 4808 35 132 4094 547 88 88
20334 4808 10 4 4163 631 84 84
2034 > 4808 0 0 4166 642 10 11

! when 1 BEV older than 14 years is replaced. 2 when 1 BEV older than 14 years is replaced. 3 when 22 BEVs older
than 14 years are replaced # when 15 BEVs older than 14 years are replaced > when 7 BEVs older than 14 years
are replaced.

The time frame of fourteen years is also used for the replacement of standard buses in
Portugal. In this case, it is possible to see that both BEVs and HFCVs are used instead of
fossil-fueled buses; however, electric batteries are still preferred when replacing the fleet, as
they will represent more than 85% of the bus fleet in 2034. It is also important to refer to the
new fleet of BEVs and HFCVs throughout the timeframe because, in 2026, 2030, 2032, 2033,
and 2034, old BEVs will be replaced with new ones to ensure the age of the fleet remains
under fourteen years of age.

For the articulated buses, the only option for replacement is the hydrogen fuel cell
(HFCV). As the market is still not ready to offer a regular number of this type of bus, the
replacements are planned to occur only by 2024. Table 9 and Figure 7 present the expected
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shift for the articulated fleet throughout the years until 2034, when it is expected that all
articulated buses will be environmentally friendly.

Table 9. Replacement of articulated buses.

New Fleet
Yo i i i i BEV HFCV
‘ear Total Vehicles Diesel Vehicles CNG Vehicles C BEV HECV
2020 316 287 29 0 0 0 0
2021 316 287 29 0 0 0 0
2022 316 287 29 0 0 0 0
2023 316 287 29 0 0 0 0
2024 316 146 29 0 141 0 141
2025 316 122 29 0 165 0 24
2026 316 87 1 0 228 0 63
2027 316 20 1 0 295 0 67
2028 316 20 1 0 295 0 0
2029 316 19 1 0 296 0 1
2030 316 13 1 0 302 0 6
2031 316 10 1 0 305 0 3
2032 316 10 0 0 306 0 1
2033 316 6 0 0 310 0 4
2034 316 0 0 0 316 0 6
Articulated bus fleet replacement
o 350
]
2 300 T ¥ . ———"
% 250
200
150
100
50
0 » = ——g

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

—e—TFossil —e—Zero Emission —o—New

Figure 7. Accumulated vehicles (fossil-fueled and zero emissions) and new articulated vehicles.

It is possible to conclude that the rate of replacement of articulated buses is increased
only in 2024, although, by this year, both the minibus and standard bus fleets will have
started their shift to sustainable engines. In contrast to the other bus types, which undergo
a replacement of the electric bus fleet in some years, the articulated buses will remain
almost the same from 2027 until 2034, because the existing articulated buses were acquired
over a concentrated period of 5 years; therefore, they do not reach the replacement age of
fourteen years.

4.1. Trajectory of the Average Age of the Bus Fleet

As expected, the average age of the bus fleet in Portugal will vary over time due
to the constant replacement of vehicles with decarbonized buses. It is expected that the
average age of the fleet will decrease by more than ten years from 2024 until 2028; after
this, the expected average age will remain around seven to nine years. In 2019, the average
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age of the bus fleet in Europe was 11.7 years [33], which indicates that the Portuguese
fleet is somewhat older than the European fleet. However, with investments in urban bus
replacements in the coming years, this reality can change, as shown in Table 10.

Table 10. The average age of the bus fleet over time.

Average Age by Type of Vehicle

Year Minibus Standard Articulated Average Age of the Fleet
2020 11.6 16.3 15.6 159
2021 11.9 9.0 16.6 9.7
2022 12.5 7.8 17.6 8.8
2023 9.3 6.6 18.6 7.5
2024 8.4 5.1 8.1 5.6
2025 6.3 44 7.5 4.7
2026 5.0 4.1 49 43
2027 3.7 47 2.3 45
2028 44 5.5 3.3 5.3
2029 5.1 6.4 43 6.2
2030 54 74 5.0 7.1
2031 6.1 8.3 5.9 7.9
2032 6.9 8.8 6.8 8.5
2033 7.3 9.3 7.6 9.0
2034 8.3 10.2 8.4 9.9

The average age of the urban bus fleet is expected to drop for all types of buses,
although this decrease for articulated buses will only be felt from 2024 when the vehicles
start to be replaced. The year 2027 will represent the lowest average age for all types of
buses; in this year, the articulated vehicles will have the lowest average age compared to
minibuses and standard buses. After 2027, the average age of the entire fleet will start
to increase continuously; however, the average age will no longer reach the levels seen
in the first years of replacement (e.g., 15.9 years of age in 2020). This will contribute to
maintaining the engines at a good level of fitness to ensure sustainable transport for the
population can continue to be supplied.

4.2. Trajectory of Investments for the Replacement of the Bus Fleet

Among the main challenges for introducing clean buses in a municipality is the pur-
chase price of the vehicles, because the most advanced technologies can be very expensive,
which can cause a rise in the price of public transport [34]. However, in some cases, special
funding from local, national, or European authorities is available. For example, Belgium
which obtained EUR 80m from regional government grants to renew its bus fleet with green
options, and Germany was granted EUR 650m from the German Ministry of Transport and
Digital Infrastructures to acquire electric or hybrid buses [35].

In Portugal, a major part of the National Investment Program is focused on the
transport sector and mobility, and represents financial support for the acquisition of more
sustainable public transport, including electric buses [36].

Within the scope of this work, the cost of the presented replacement of the bus fleet
focuses on the price of the three different types of buses (i.e., minibus, standard bus, and
articulated bus). This was provided by Portuguese bus operators, taking into account their
recent bus acquisitions (Table 11), to be purchased according to the replacement rate within
the timeframe of fourteen years, from 2021 to 2034 (Table 12).
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Table 11. Cost of each unit of the bus according to its category (EUR).

Type of Engine
Bus Category Fossil Fueled Zero Emissions (CO,)
Diesel CNG BEV HFCV
Minibus 130,000 165,000 200,000 -
Standard bus 145,000 225,000 450,000 590,000
Articulated bus 319,000 365,000 - 750,000

Note: Values shown in this table reflect the average prices of bus purchase in Portugal according to bus manufac-
turers and operators in the year of 2021.

Table 12. Investment in the new bus fleet.

Reference Value

Total Investment for (Maintenance of Cost of Decarbonization

Year BEV (Bus)  HFCV (Bus)  , Emission (M EUR) Fossil Fuels and (M EUR)
CNG) (M EUR)
2020 0 0 0 0 0
2021 1641 0 734.7 3683 366.4
2022 500 26 238.1 117.8 120.3
2023 608 55 2783 1417 136.6
2024 597 237 41738 204.2 213.6
2025 473 119 263.9 131.0 132.9
2026 333 150 230.9 113.1 117.9
2027 176 110 136.1 69.3 66.8
2028 4 18 273 13.0 14.3
2029 38 19 255 12.3 132
2030 27 8 11.8 7.0 48
2031 30 2 242 115 12.8
2032 95 89 93.7 359 57.8
2033 105 88 94.6 39.1 55.5
2034 10 17 15.5 53 10.2
Total 4675 958 2592.3 1269.3 1323

Values according to the cost estimates made for the year of 2021.

The costs of the new bus fleet, and achieving sustainable public transport in Portugal,
are high. However, the European Union, as a means to decarbonize the transport sector,
approved a funding alternative to help Member States to replace their urban fleet with
greener options. Battery, fuel-cell, and battery trolleybuses are available for funding, in
addition to the infrastructure required and feasibility studies [37]. Thus, the investments
shown here for the Portuguese context may soon be feasible according to the EU vision of
zero emissions for the public transport sector.

5. Discussion

In Portugal, the transport sector is responsible for 28% of the total GHG emissions;
in 2019, about 17 megatons of COxq resulting from the burning of fossil fuels in vehicle
engines were emitted to the atmosphere [38]. Replacing fossil fuels with electricity in urban
public transport can make a very significant contribution to reducing GHG emissions,
within the framework of the SDGs and the Portuguese National Energy and Climate Plan
2030 (PNEC 2030) objectives. These frameworks have a goal to reduce the global CO,
emissions by up to 55% by 2030 [39], and reduce the CO, emissions of the transport sector
by 40%. These measures can create a more sustainable and resilient way of living for the
population in general.

Regarding the specific problem of old European standard emission buses in Portugal,
which have contributed to the rise in pollutant emissions by the public transport sector,
Varga et al. [40] showed that the replacement of highly polluting Euro III diesel buses with
electric buses, in the city of Cluj-Napoca, Romania, can considerably reduce CO, and other
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pollutant emissions, thus improving air quality and the population’s health. This could
also be the case in Portugal of the methodology of bus fleet replacement was applied.

Certainly, there are some other scenarios that could have been drawn regarding the
replacement of the bus fleet in Portugal (e.g., more time for the replacement of old buses,
or usage of other fuel options). However, the option presented in this research can easily
accomplish the goals and expectations of decarbonization of the transport sector, and within
the time-frame needed to decrease the harm caused to the environment by the massive use
of fossil fuels used in public transport.

Brdulak et al. [41] estimate that Portugal will not be able to replace the traditional fleet
of diesel buses with Zero Emissions Buses (ZEBs) by 2050. However, this study clearly
shows that local governments and public administrations can, if they so wish, implement a
program that allows the objective of carbon neutrality to be achieved by 2034. As noted
by Kone¢ny et al. [42], this cannot be achieved without the significant support of public
passenger transport, e.g., measures to support bus public transport powered by alternative
fuels and the development of mobility using alternative energy sources.

By comparison, some works [43] indicate that a potential scenario of renewal of bus
fleets, involving the replacement of diesel buses by CNG/LNG-powered buses, would
allow a progressive reduction in CO, emissions at a lower cost, especially in comparison
with the replacement by ZEBs.

In this context, the work of Kim et al. [44], which compares TCO battery electric
and hydrogen fuel cell buses, shows that the replacement of diesel buses by ZEBs will be
possible and competitive within 10 years (2020-2030). It is also anticipated that the bus
body cost and fuel cost parameters will dominate TCO in 2030, in contrast to the battery
costs, which dominated TCO in 2020. Study of the increase in demand and the consequent
increase in the number of buses needed would be a direction for further research.

6. Conclusions

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

In this work, a broader approach was proposed, consisting of a replacement program
for the urban bus fleet for the entire country that meets the following criteria: complete
decarbonization of the fleet by 2034; maximum vehicle age of fourteen years; replacement
of diesel and gas vehicles with electric vehicles; and introduction of hydrogen in articulated
buses (100%) and standard buses (50% progressively until 2034). In the proposed method
of replacement for the urban bus fleet, more effective and faster decarbonization would
be achieved, since the average age of the vehicles would decrease from 15.9 years (2020)
to a minimum of 4.3 years (2026), and reach 9.9 years in 2034. In the replacement of the
fleet of 5633 vehicles, 4675 (83%) would be battery electric (BEV) and 958 (17%) would be
hydrogen electric (HFCV), with 68% of replacements concentrated in the first five years
due to the elimination of vehicles aged greater than 21 years.

The estimated total investment to replace the country’s urban fleet of 5633 buses, to be
borne by the transport operators, would be EUR 2592 million over 14 years. Subtracting the
normal cost of replacement with other fossil-fuel vehicles, a decarbonization cost of EUR
1323 million is obtained. This would be a feasible investment if financial instruments were
provided by the Portuguese authorities as planned (Portuguese Recovery and Resilience
Plan (PRR), Portugal 2020, Portugal 2030, and National Budget) in order to support the
renewal cost of the urban bus fleet of EUR 770 million, to be available until 2030, and
corresponding to 65% of the decarbonization component of the investment required.

It is also important to mention that this work focused only on the investment in the
renewal of the bus fleet. However, there are other costs associated with the implementation
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of BEVs and HFCVs, such as charging stations, and the installation of a public hydrogen
supply network for mobility to overcome the current market gap, that must have to be
accounted for. Another issue not regarded in the framework of the bus fleet replacement
is the possible addition of buses to accommodate a possible increase in public transport
demand in the next few years, which may further increase the investment needed for a
zero-emission national bus fleet.

In summary, this paper demonstrated the need and possibility to change public
transport from a perspective of zero emissions in a European country. This trajectory
demands a large amount of work and investment. However, this aim can be achieved
with proper planning to provide the necessary financial resources according to the existing
different financial supporting instruments that a country can leverage at the national or
international levels. Moreover, the method presented here to replace the urban bus fleet
with zero-emission vehicles can be replicated in other contexts to aid policymakers and
companies to become greener, and to combat climate change and its impacts.
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