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Abstract

This study addresses the environmental problems stemming from greenhouse gas (GHG)
emissions from public transportation in the cities of Chillan and Chillan Viejo. Specifically,
it analyzes emissions from fossil-fuel-powered buses, which contribute to climate change
and negatively affect people’s quality of life. Given this situation, the need to reduce these
emissions and move towards more sustainable mobility systems is recognized. The main
objective of this research is to estimate the CO:-equivalent reduction that could be
achieved by replacing fossil-fuel-powered public transportation with electric vehicles in
the aforementioned cities. To this end, the ISO 14064 methodology is used, subject to spe-
cific scope and limitations. This study reviews key aspects, including current environmen-
tal legislation, Chile’s international commitments regarding climate change, and the state
of emissions in the transportation sector, to illustrate the current state of electromobility
in Chile. Finally, the impact of the transition to electromobility in public passenger
transport by bus is quantified, resulting in a reduction of 9429 tons of CO: equivalent
emissions, equivalent to 63.4% compared to the 2023 bus fleet, considering the average
emission factor of the national electricity system for 2023. The proposal consists of imple-
menting a 100% electric bus public transport system, highlighting its advantages in re-
ducing emissions, improving energy efficiency, improving air quality, and reducing noise
pollution. However, this requires a significant financial investment of approximately USD
57 million, excluding public charging stations for electric buses. Furthermore, public pol-
icies offering means of accelerating the transition of public transport in Chile are analyzed.

Keywords: greenhouse gas emissions; public transport; CO:z reduction; public transport
decarbonization; battery electric buses
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1. Introduction

Climate change has become one of the most significant challenges facing humanity
in the 21st century. This phenomenon is the result of rising global temperatures due to
greenhouse gas (GHG) emissions, which have reached alarming levels in recent decades.
According to the Intergovernmental Panel on Climate Change (IPCC) [1] in its 2023 syn-
thesis report, global GHG emissions in 1990 reached approximately 21 gigatons of CO:
equivalent (GtCOzeq). Since then, these emissions have increased significantly, reaching
nearly 59 GtCOzeq in 2019, representing an increase of 54%.

Over time, the global community has recognized the need to address this crisis
through the United Nations Framework Convention on Climate Change (UNFCCC) [2],
which provides the guidelines for global agreements such as the Kyoto Protocol and the
Paris Agreement (United Nations, 2024), both of which seek to limit the global tempera-
ture increase to well below 2 °C, and preferably to 1.5 °C above pre-industrial levels [3].
These efforts reflect countries’ concrete intention to reduce their carbon footprint and mit-
igate the adverse impacts of global warming.

In Chile, the national GHG inventory for 2020 [4] reported a total of 105,552 kilotons
of CO:z equivalent [ktCOzeq], which represents an increase of 116% compared to 1990. The
main drivers of this increase in emissions are the burning of fossil fuels for electricity gen-
eration and land transportation [5], the latter subcategory contributing 22,842 [ktCOzeq],
which shows that this trend is related to the expansion of the vehicle fleet, population
growth, increased purchasing power, and improvements in road infrastructure [5]. In this
context, public transportation plays a crucial role, as it can reduce traffic congestion and,
consequently, mitigate sectoral emissions. However, the heavy reliance on fossil fuels and
the growing demand for mobility in cities, driven by population growth, represent signif-
icant obstacles to transitioning to more sustainable models. Furthermore, it is essential to
note that air pollution remains a serious public health problem, especially for the most
vulnerable populations, such as children. In 2019, air pollution was estimated to cause 4.2
million premature deaths worldwide. Exposure to fine particles has been linked to cardi-
ovascular disease, respiratory problems, and cancer, highlighting the urgency of address-
ing this issue [6].

In this context, electromobility has emerged as a key solution for reducing GHG emis-
sions, contributing not only to reducing air pollution but also to improving the quality of
life in cities by creating quieter and more efficient environments [7]. Electromobility ena-
bles the electrification of a process that currently consumes significant amounts of fossil
fuels. If the electricity that powers electric vehicles comes from non-conventional renew-
able energy sources, such as solar or wind, their benefits are amplified, as this solution
aligns with the energy efficiency and sustainability goals established in Law 21,305 [8],
which promotes the use of non-conventional renewable energies and regulates measures
to strengthen their participation in the Chilean National Electricity System [9].

The interconnected cities of Chillan and Chillan Viejo, located in the Nuble Region,
also face significant challenges in their transportation systems. With a total population of
223,070, Chillan is the regional capital of the Nuble Region. Nevertheless, its population
is much smaller than that of other regional capitals in Chile, such as Santiago (over 8.3
million inhabitants), Valparaiso (approximately 1.9 million inhabitants), and Concepcion
(approximately 1.6 million inhabitants) [10]. The Regional Undersecretariat of Transpor-
tation [11] reports that the bus fleet is aging, causing the quality of service to deteriorate.
Despite the reasonable coverage, operational inefficiencies and a lack of modernization
have led many in the population to opt for private vehicles, intensifying traffic congestion
and environmental pollution. This leads to congestion on main roads, driven by the
growth of the vehicle fleet and limitations in public transportation, directly impacting the
residents of these areas. Given this situation, there is an urgent need to implement a public
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transportation model that not only reduces GHG emissions from public buses but also
optimizes urban transport. This change would improve public health, particularly air
quality, a critical aspect in winter, while making the public bus system more attractive
through more efficient and sustainable services. The transition to a more environmentally
responsible mobility system is essential to guaranteeing a more accessible, healthy, and
equitable future for generations to come.

Therefore, this study aims to estimate and analyze the impact of CO:2 equivalent
(COzeq) emissions reductions resulting from the replacement of public transport buses in
the cities of Chillan and Chillan Viejo with a fully electric bus fleet. While the emissions
calculation methodology is based on ISO 14064 [12], it incorporates certain assumptions
and simplifications. Due to their size, this methodology can be applied to the cities of
Chillan and Chillan Viejo and could potentially be used in larger cities. To this end, rele-
vant international and national environmental regulations are analyzed. The benefits and
challenges of implementing electromobility in Chile are then examined, culminating in
recommendations for public policies to promote electromobility across both public and
private passenger transport.

2. The Environmental Situation in Chile

GHGs are gaseous components present in the atmosphere. According to the Kyoto
Protocol and the Paris Agreement, the leading greenhouse gases are carbon dioxide (COz),
methane (CHa), nitrous oxide (N20), and fluorinated compounds (HFCs and PFCs), which
contribute to the greenhouse effect. This process allows solar energy to reach Earth in the
form of light and heat, some of which is absorbed by the Earth’s surface and some of which
is emitted back into space as infrared radiation. These gases capture this radiation, which
traps heat on the Earth’s surface and keeps the planet’s temperature within a range suita-
ble for life. However, anthropogenic activities have increased the concentration of these
gases, intensifying this phenomenon and contributing to global warming [1]. In Chile, the
GHG balance (55,824 ktCOzeq) is shown in Figure 1, where COz accounted for 53% of the
total in 2020 [4].
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Figure 1. GHG balance (ktCO2eq) by gas in Chile during the year 2020, considering its capture in its
total balance [4].

A key aspect to consider is the unit of measurement that quantifies GHGs based on
their equivalent impact, as this enables comparisons among different gases based on their
global warming potential (GWP). For this purpose, the carbon dioxide equivalent [COzeq]
unit is used, which provides a standard scale thanks to a conversion factor.

This unit allows us to calculate how many CO2 emissions would be required to cause
a similar global warming effect as a specific amount of another gas, generally over 100
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years. The calculation is completed by multiplying the emissions of a gas by its global
warming potential (GWP), which explains why gases such as CHs and N20, despite being
emitted in smaller quantities, can have a more significant impact. Thus, the CO2 equivalent
not only facilitates measurement but also enables the practical assessment and compari-
son of the contributions of different gases to climate change [3].

Throughout the 20th century, advances in climate modeling and meteorological data
collection enabled the identification of patterns of global warming. This growing concern
led to the creation of the Intergovernmental Panel on Climate Change (IPCC) in 1988, an
organization that assesses the state of the climate and publishes reports documenting ris-
ing temperatures, melting glaciers, and increasing extreme weather events [13]. Accord-
ing to its synthesis report, global GHG emissions were estimated at approximately
59,000,000 + 6.6 [ktCO2eq] for 2019, representing an increase of 12% compared to 2010 and
54% compared to 1990. Most of these emissions come from the combustion of fossil fuels
and industrial processes, with a notable increase in CO: emissions. Regarding sectoral
contributions, approximately 79% of emissions originate from the energy, industry,
transport, and buildings sectors, while the remaining 21% is attributed to agriculture, for-
estry, and other land uses [1].

In the national context, Figure 2 shows the evolution of Chile’s emissions over time.
In 2020, total emissions reached 105,552 ktCO2eq, an increase of 116% from 1990. It is
essential to highlight that these data do not include CO: absorption in the land use, land
use change, and forestry (LULUCF) sector. If these captures were included in the emis-
sions balance, the total would be reduced to 55,824 ktCOzeq, reflecting the carbon absorp-
tion capacity of these ecosystems [4].

4
12 X100

Emissions [kicozeq]

V-Emissions with CO,, absorption by the LULUCF sector
-Emissions without CO,, absorption by the LULUCF sector

L . . . . .
1990 2000 2010 2013 2016 2018 2020

Figure 2. Historical balance of GHG emissions in Chile [4].

On the other hand, Figure 3 shows the participation of each sector in the same year
(2020), highlighting that the energy sector represented 75% of total emissions; it includes
various subcategories that are detailed in Figure 4. Among these categories, transport
reached a total of 26,144 [ktCOzeq], of which 85% corresponded to land transport (22,842
[ktCO2eq]). This value reflects an increase of 182% compared to 1990, covering in this sub-
category all motorized vehicles operating on roads [4].
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Figure 3. GHG balance (ktCO2eq) by sector in 2020.
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Figure 4. Greenhouse gas balance by subcategories addressed by the energy sector in Chile in 2020.

Since the Industrial Revolution, public transportation in Chile has undergone signif-
icant evolution. Initially, traditional horse-drawn carriages were used. However, starting
in the 1920s, motorized vehicles were incorporated, quickly becoming the primary mode
of transportation [14]. Since then, the transportation system has gradually modernized,
resulting not only in technological advances but also in increased pollution due to GHG
emissions from these vehicles. In 2018, the transportation sector in Chile emitted 28.6 mil-
lion tons of COzeq, accounting for 23% of the country’s total emissions. Of these emissions,
at least half originated in urban areas, especially in cities such as Greater Santiago, Valpa-
raiso, and Concepcion (Ministry of Transportation and Telecommunications of Chile,
2022). This trend has not changed significantly in recent years; in 2020, land transport
emissions accounted for 21% of total emissions [4]. This increase in pollution, which con-
tributes to global warming, has prompted the implementation of policies and strategies
to promote cleaner, more sustainable transport.

Table 1 highlights GHG emissions by region in Chile, with the Nuble Region in thir-
teenth place, accounting for only 2.3% of total emissions. This information highlights the
areas where reduction efforts should be focused, given the country’s commitment to
achieving carbon neutrality by 2050 [7].
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Table 1. GHG emissions in [KtCO2eq] in 2020, by sector and region in Chile [15].

Balance with

Region Energy IPPU Agriculture LULUCF Waste Balance without LULUCF LULUCF
Arica y Parinacota 488 49 45 21 35 617 638
Tarapaca 1666 51 19 -164 59 1795 1631
Antofagasta 19,716 848 11 -5 98 20,673 20,668
Atacama 5657 416 44 124 84 6201 6325
Coquimbo 1899 214 357 -217 257 2727 2510
Valparaiso 11,043 652 319 556 521 12,535 13,091
Metropolitana 14,663 1321 1026 169 3731 20,741 20,910
O’Higgins 1953 557 1123 148 402 4035 4183
Maule 2380 706 781 -1840 430 4297 2457
Nuble 1584 134 507 -1569 226 2451 882
Biobio 9308 858 502 =22 902 11,570 11,548
Araucania 1909 284 1537 4752 293 4023 -729
Los Rios 772 182 1475 -4772 212 2641 -2131
Los Lagos 2775 318 2511 -10,805 316 5920 -4885
Aysén 557 178 327 -18,867 48 1110 -17,757
Magallanes 3353 162 653 -7732 46 4214 -3518
Total 79,723 6930 11,237 -49,727 7660 105,550 55,823

A study conducted in Spain analyzes the reduction in CO: emissions in Madrid’s
urban environment by replacing the conventional bus fleet with electric buses. The study
shows that, by gradually replacing the current fleet over ten years (2020-2030), COz emis-
sions could be reduced by up to 92.6% compared to 2018 levels. The analysis highlights
that electric buses are significantly more efficient and less polluting than diesel and natu-
ral gas buses, and that the transition to a greater share of renewable energy in Spain’s
energy mix will contribute to further reductions in emissions [16]. Meanwhile, another
study conducted in Romania analyzes the replacement of 11 Euro 0 diesel buses in the
Cluj-Napoca Public Transport Company (CTP) fleet with electric buses. The results are
similar to those of the analysis conducted in Spain, showing that COz emissions from elec-
tricity consumed by electric buses are 2605 times lower than those generated by diesel
buses, indicating a significant reduction in local pollution [17].

It should be noted that Euro standards are a set of European Union regulations that
establish limits on pollutant emissions from vehicles entering a country for sale, such as
nitrogen oxides (NOx), carbon monoxide (CO), and particulate matter (PM), to reduce air
pollution and protect public health [18]. In Chile, bus emissions are regulated according
to Euro V and Euro VI standards for new vehicles, while imported buses must comply
with at least the Euro V standard [19]. Table 2 presents the emission limits, considering
that the Euro VI standard requires more advanced technologies such as exhaust gas recir-
culation systems and diesel particulate filters. These regulations have a direct impact on
public transport, especially in large cities, where fleet renewal is currently underway to
comply with these standards [20]. While some of these pollutants are not direct GHGs,
their control has a significant impact on climate change mitigation because they interact
with other gases. Furthermore, the efficiency in reducing these pollutants indirectly con-
tributes to reducing CO, one of the main GHGs [21].
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Table 2. Emission limits based on the standards applicable to heavy motor vehicles in Chile and
their relationship with Greenhouse Gases (GHG).

Pollutant From 1998 Onwards [g/kWh] Relationship with GHGs
CO is not a GHG, but it contributes to
Carbon monoxide (CO) 4.0 the formation of tropospheric ozone,
which is a GHG.
NOx also contributes to the formation
Nitrogen oxides (NOx) 7.0 of tropospheric ozone and affects the
destruction of methane.
Hydrocarbons (HC) 11 Methane is a hydrocarbon used as a

key energy source.

On the other hand, in Stockholm, an optimization model and life-cycle analysis were
used to evaluate how electrifying public transport can reduce GHGs in the bus network,
quantifying a total of 12.73 [ktCOzeq] per year, of which 95% is associated with fuel use.
The results show that a combination of electric and biodiesel buses is the most cost-effec-
tive solution, achieving a 50% reduction in emissions. Furthermore, the study suggests
that it is essential to consider the composition of the energy matrix and the characteristics
of the batteries; it recommends future research on their life-cycle impacts and the charging
infrastructure [22].

Since 2010, the use of electric vehicles has increased thanks to advances in lithium-
ion battery technology, which have significantly reduced their costs and made them more
competitive with internal combustion vehicles. Worldwide, there are more than three mil-
lion electric vehicles, with a notable concentration in China and the United States [23].
Several countries have already made significant progress in promoting electromobility,
driven by public policies that facilitate the transition, with China standing out as a global
leader, operating more than 421,000 electric buses and aiming to reach more than 600,000
by 2025. Meanwhile, in the United States, California has already implemented regulations
requiring public transportation agencies to transition to zero-emission buses by 2029, with
more than 14,000 electric buses already in operation. The European Union aims to be car-
bon neutral by 2050, with countries such as Denmark and the Netherlands also leading
the way in adopting electric buses [9]. In Latin America, Chile stands out as a leader in
electric mobility, with a fleet of 2043 electric buses in operation, representing 40.8% of the
total number of zero-emission buses circulating across the country [24].

Many initiatives are underway to convert ICE buses to electric buses. In [25], an anal-
ysis of various works is conducted in the light of the European Union’s goal of reducing
greenhouse gas emissions to at least 55% by 2023 and achieving climate neutrality by 2050.
These targets will only be met through a shift to sustainable mobility, including the intro-
duction of electric vehicles in cities and the adoption of battery-electric vehicles (BEVs) for
urban public transport. Finally, the SWOT analysis supports considering battery-electric
buses (BEBs) to help decarbonize the transport sector and, consequently, reduce GHG
emissions into the atmosphere. The environmental benefits of BEBs offset the initial pur-
chase costs of this type of bus, and in the long run, they experience lower operational costs
than diesel buses. This is due to lower battery-charging electricity costs, greater energy
efficiency, and reduced maintenance costs. On the other hand, with the introduction of
electric buses into urban fleets, electric energy consumption is expected to increase. How-
ever, this problem can be mitigated by scheduling fueling for nighttime hours, when
prices are lower, and energy availability is greater. An interesting point of view is shown
in [26], which indicates that the transportation and storage of goods account for 15% of
greenhouse gas emissions in Europe, and that this figure will increase significantly by
2050. To mitigate this, the European Union has suggested shifting 30% of long-distance
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road freight to cleaner alternatives, such as rail or waterborne transport. In this study, the
hypothesis to be tested is whether using an intermodal rail/road transport mode (rather
than just roads) for the transport of some products can help reduce global CO:2 emissions,
even for short distances. To test this, this study investigates the carbon emissions (and
transport cost reduction) generated by rail/road intermodal aggregate transport for short
distances in the Madrid region (Spain), rather than the currently used direct truck
transport. An analysis of variables, such as aggregate supply, demand locations and
amounts, and road and rail networks, using a geographical information system, provides
the associated carbon emissions of the different transport alternatives. To reduce CO:
emissions, this study proposes establishing intermodal transfer facilities near consump-
tion centers, where materials are primarily transported by rail, with road transport limited
to final delivery to consumption areas. The results show that there are products (such as
aggregates) for which, even if transported over distances less than 100 km, their transport
from supply to demand points via a combined rail and road system will significantly re-
duce carbon emissions by several thousand tons per year. Emissions reductions would
range from 8000 to 55,000 tons of carbon per year, depending on the amount of aggregates
initially transported by rail. For a realistic scenario with four intermodal terminals, with
a material transfer capacity of 500,000 tons/year each, the reduction in carbon emissions
could be around 20,000 tons compared to the base scenario. On the other hand, the authors
of [27] propose that urban mobility must evolve to reduce dependency on fossil fuels by
increasing public transport options and promoting active modes of transportation. This
study presents a methodology to estimate the modal share required to shift car users to
active modes and public transport, thereby achieving future COz emission reduction tar-
gets in the road transport sector. The results of the Braga (Portugal) case study show that
significant changes are needed in modal shares and commuter trip distribution across
transport modes to meet the ambitious targets set by the government. In Braga, almost
70% of the commuter trips are currently made by cars, and by 2040, 63% of these trips will
need to be created using active modes and 32% by bus, so only 55,784.23 tonCO: are emit-
ted by the road transport sector, which is below the target of 59,150 tonCO:.. Freight trans-
portation plays a critical role in the global economy’s supply networks. It is heavily influ-
enced by the activities of the industrial and manufacturing sectors, contributing signifi-
cantly to their global carbon footprint (CFP). In [28], lifecycle-based CFP emissions from
freight transport activities in seven selected countries (China, Japan, the United States,
Canada, Brazil, Great Britain, and Germany) over 15 years are evaluated, accounting for
international trade linkages with the rest of the world. For this research, we are evaluating
the relationship between global CFP, gross domestic product (GDP), population, level of
urbanization, and country area. The results showed that the total impacts (i.e., onsite +
supply chain) for each country, which include the USA, Canada, China, Japan, Germany,
Great Britain, and Brazil, are 91%, 92.17%, 96.26%, 84.75%, 82.56%, and 92.5%, respec-
tively. China is the largest contributor to the CFP of the freight transport sector, while
Great Britain has the most sustainable freight transport sector. In addition, the manufac-
ture of coke and refined petroleum products sector has a dominant CFP share in the USA,
China, Japan, and Brazil. However, warehousing and support activities for the transpor-
tation sector have the highest CFP share in Germany and Great Britain, while the land and
pipeline transport sectors are dominant in Canada.

In Chillan and Chillan Viejo, Decree 48 establishes an Air Pollution Prevention and
Decontamination Plan for both municipalities, aimed at reducing fine particulate matter
(PM) and nitrogen oxides (NOx) by replacing at least 100 buses over five years. This pro-
cess prioritizes replacing older vehicles with newer, lower-emission units [29].
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Given these scenarios, it is crucial to determine how many emissions would be pre-
vented in these localities by migrating the current public transport fleet to electric mobil-
ity. This transition would not only reduce GHG emissions but also significantly improve
air quality and public health, as well as reducing noise pollution in these cities. Therefore,
to properly assess the impact of this change, it is essential to conduct an analysis that
quantifies the emissions avoided by electric buses compared to traditional models, while
accounting for the environmental and social benefits derived from this transformation.

3. International and National (Chilean) Regulations Related to the
Environment

International climate change regulations are fundamental to addressing the global
warming crisis. These regulations provide a common framework for countries to work col-
laboratively, set clear goals, and promote coordinated solutions, as the effects are not iso-
lated. International cooperation is essential, as the impacts of climate change require joint
efforts to reduce emissions, promote renewable energy, and ensure adaptation to its effects.

The Kyoto Protocol (1997) was the first international treaty that committed industri-
alized countries and some developing countries to reduce their emissions. It established
binding targets for the most developed countries, as they were considered the main his-
torical contributors to climate change. The Kyoto Protocol focused on quantifiable emis-
sions reductions between 2008 and 2012, with flexibility mechanisms such as emissions
trading and clean development projects [2].

The Paris Agreement (2015), signed by 198 countries, aims to keep the increase in
global temperature below 2 °C above pre-industrial levels and pursues efforts to limit it
to 1.5 °C [12]. Unlike the Kyoto Protocol, it does not establish binding emissions targets;
instead, it promotes national commitments known as Nationally Determined Contribu-
tions (NDCs), which each country must review and update every five years to increase
reductions. This flexible, cooperation-based approach seeks to be inclusive and applicable
to both developed and developing countries (Government of Chile, 2020).

It is also essential to consider the United Nations” Sustainable Development Goals
(SDGs) under the 2030 Agenda, which include several targets directly related to environ-
mental issues. In particular, SDG 13: Climate Action aims to improve education, aware-
ness, and human and institutional capacity to mitigate climate change, adapt to its effects,
and reduce its adverse impacts [30], while SDG 11: Sustainable Cities and Communities
seeks to make human settlements inclusive, safe, resilient, and sustainable, considering as
key approaches the promotion of urban transport systems, such as the use of zero-emis-
sion buses and improvements in freight infrastructure, focusing on the transformation of
cities to reduce their carbon footprint [31]. Therefore, these goals are closely linked to both
international frameworks, such as the Paris Agreement and the Kyoto Protocol.

Regarding national regulations, Law No. 21,455, known as the Framework Law on
Climate Change (2022), establishes a regulatory framework that defines measures to re-
duce greenhouse gas emissions and achieve carbon neutrality by 2050 [32]. This law also
promotes the creation of various public policies and management instruments to address
the global phenomenon of climate change. Among these, the Nationally Determined Con-
tributions (NDCs), updated in 2020, stand out. Within the framework of the Paris Agree-
ment, these NDCs set a goal of reducing emissions by 30% by 2030, relative to the pro-
jected level in 2016 without policies [33]. In addition, the National Air Pollution Control
Plan [34] should be considered; it aims to reduce air pollution by focusing primarily on
emissions of particulate matter, NO2, and other pollutants that contribute to increased
GHG emissions. Although this plan does not focus exclusively on public transportation,
it includes control measures for vehicle emissions, including those related to buses, all of
which are subject to emission standards aligned with international standards, such as
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those of the European Union, where Chile is currently implementing the third phase of
the Euro 6 standard [19].

In the long term, Chile’s Long-Term Climate Strategy [35] is presented as a key tool
for mitigating emissions. This strategy includes specific actions to reduce greenhouse gas
(GHG) emissions generated by public transportation, primarily through electromobility
and the promotion of sustainable transportation systems. The plan establishes a policy
framework that aligns with the Framework Law on Climate Change and the Nationally
Determined Contributions (NDCs), highlighting electromobility initiatives with ambi-
tious reduction targets [32]. Figure 5 illustrates how the law is linked to these instruments
and other plans that share the same objective.

s

bl
-
I

Figure 5. Linking the Climate Change Law with other management instruments for climate change

mitigation and adaptation in Chile.

The new National Electromobility Strategy [7], promoted by the Ministry of Energy,
is also a state policy that aims to develop a roadmap for advancing sustainable transpor-
tation. It establishes specific goals, such as ensuring that 100% of new additions to urban
public transit are electric vehicles by 2035 and that bus and taxi fleets are fully electrified
by 2040. The strategy is structured around four main pillars: sustainable transportation
and financing; charging infrastructure and regulation; research and human capital; and
dissemination and information. Furthermore, it promotes collaboration between the pub-
lic and private sectors, creates economic incentives, and implements regulations that fa-
cilitate the adoption of clean technologies, thereby improving citizens” quality of life and
contributing to environmental sustainability [7]. On the other hand, “The Roadmap for
the Advancement of Electromobility in Chile” establishes concrete actions to expand the
use of electric vehicles in the country by 2026. It is framed within a context of climate
emergency and the need to reduce dependence on fossil fuels, given that transportation
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accounts for approximately 25% of the country’s greenhouse gas emissions. The measures
include the implementation of 40 electric buses in Antofagasta, 42 in Coquimbo, 25 in the
Biobio Region, and 12 in Atacama, with the aim of improving users’ quality of life and
contributing to decarbonization goals. In addition, the electrification of smaller transpor-
tation services (taxis and shared taxis) will be promoted through co-financing programs,
and regional working groups will be created to define specific plans and prioritize elec-
tromobility projects in each region [20].

Focusing on local regulations, other key instruments include the Air Pollution Pre-
vention and/or Decontamination Plans (APPD), which aim to reduce air pollution levels
to protect public health. In the case of the municipalities of Chillan and Chillan Viejo, the
APPD includes the implementation of incentives and requirements for public transporta-
tion management, in addition to bus replacement measures [29]. Specifically, regarding
transportation, priority is given to replacing older vehicles with those that meet Euro V or
higher emissions standards. Furthermore, the plan seeks to reduce PM and NOx emis-
sions from the public transportation system by 60% and 20%, respectively, through incen-
tives to adopt less-polluting vehicle fleets and to implement aftertreatment systems to re-
duce emissions. In addition, the creation of 66 km of bike lanes is planned to promote the
use of non-motorized modes of transport and improve integration with current and future
transport systems.

International and national regulations establish a crucial framework for implement-
ing policies that promote the transition of public transportation to zero-emission vehicles.
In this context, the need to conduct a preliminary assessment and quantify the reduction
in greenhouse gas emissions resulting from the implementation of electric buses for public
transportation in the cities of Chillan and Chillan Viejo is justified.

4. Methodology

This study is structured to address the primary objective. First, we provide an over-
view of Chile’s environmental situation; then, we compare international and national reg-
ulations. This is followed by a quantification of COzeq reduction. In the final stage of the
article, we present an analysis of the benefits and gaps for electromobility implementation
in Chile. More details are given below.

Section 2 showed the environmental situation in Chile. It presents the historical GHG
balance in Chile, particularly its evolution, and it provides a detailed GHG balance by gas
for 2020. Then, we show the GHG balance by sector for 2020, and, finally, we show how
the GHG balance in the energy subsector highlights the transport contribution— offering
a comprehensive overview of GHG emissions in Chile and allowing us to justify why it is
vital to implement electromobility to decarbonize the transport subsector. Section 3
showed a comparison between international and Chilean regulations, analyzing the dif-
ferent international laws, such as the Kyoto protocol [2], the Paris agreement [12], and the
United Nations” Sustainable Development Goals (SDGs) under the 2030 Agenda, particu-
larly SDG 13 [25] and SDG 11 [27]. The National regulation provides an analysis of its
structure. For the first time, the Framework Law on Climate Change (2022) establishes a
path for carbon neutrality by 2050. Then, the Ministry of the Environment created a Na-
tional Air Pollution Control Plan [29] for saturated zones, focusing on fixed and mobile
sources of particulate matter, NOz, and other pollutants that contribute to increased GHG
emissions. Then, Chile established a Long-Term Climate Strategy [32]. The plan estab-
lishes a policy framework that aligns with the Framework Law on Climate Change and
the Nationally Determined Contributions (NDCs). In the same section, we provide de-
tailed information on the National Electromobility Strategy [7].

Section 4 shows how the COzeq reduction is computed by replacing electrical buses.
To this end, the annual distance by bus is estimated. These data are calculated from official
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data requested from the Ministry of Transport and Telecommunications, through the
transparency portal. With these data and the computation, it is possible to quantify the
average diesel consumption for the ICE buses. For this, the methodology used by ISO
14064 is considered [12]. Later in Section 5, the results of the quantification of CO2 emis-
sions reduction are presented, along with a discussion of how this reduction can be im-
proved as the emission factor of the national electrical system evolves. Section 6 presents
the overall benefits of implementing electromobility in Chile, followed by Section 7, which
identifies the different gaps in its implementation. On this basis, we develop a critical dis-
cussion in Section §, finishing with the conclusions and suggestions for public policy.

Quantification of COzeq Emissions Reduction

The breakdown of emissions, considering the global warming potential of each gas,
is presented in Figure 6, where CO2 predominates at 89.5% compared to the other gases.
It is worth noting that this unit is used to compare environmental impacts, facilitating the
evaluation and comparison of emissions using a common term, thereby enabling a better
understanding of their contribution to climate change. The data and conversions for these
units are presented in Appendix A, Tables Al and A2.

Coz _ ]
NZO - |

Il L Il 1 L
0 2000 4000 6000 8000 10000 12000 14000
Emissions [ktCOzeq]

Figure 6. Estimation of greenhouse gas emissions, considering the global warming potential of me-
thane (CHa), nitrous oxide (N20), and carbon dioxide (COz2), for urban public transport in the cities
of Chillan and Chillan Viejo, for the information collected in 2023.

In this case, battery-electric buses are considered, and their emissions are quantified
based on the electricity consumption required to travel the exact distances as diesel-pow-
ered buses; see Table 3 [36], with more details in Appendix B. It is important to note that the
emission factor used varies each year, depending on the composition of the national energy
mix and the capacity factors of generators based on non-conventional renewable energy
sources (NCREs), which increasingly contribute to the National Electric System. Therefore,
for the electric bus fleet scenario, the emission factor of 0.242 [kgCOzeq/kWh] associated
with the energy produced in Chile during the year 2023 was considered, Figure 7 [37], while,
for the fossil fuel fleet, the factor of 3.011 [kgCO2eq/L] associated with mobile combustion
by heavy vehicles was considered [38].
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Table 3. Fleet and kilometers traveled on a round trip and annual calculation of urban public
transport in the cities of Chillan and Chillan Viejo during the year 2023.
Cities Line Number Line Name N° Buses Distance Traveled Estlfnated Annual
[km] Distance [km]
1 Chillan Viejo 26 50.8 1,492,771
2 Rosita O'Higgins 31 30.2 1,296,082
3 Agronomia 25 28.6 1,130,134
4 Rio Viejo 26 42.8 2,213,188
CHILLAN and 6 Los Volcan(?s 22 22.8 1,050,681
CHILLAN VIEJO 7 Unv. Adventista 41 41 2,230,468
8 Unv. Adventista 46.6 2,535,118
8 Sydney College 29 27.6 1,028,928
10 Alcantara Y Genova 37 37.2 706,056
13 Lomas de Oriente 24 38.7 2,369,988
14 Paraiso 30 47.9 1,162,820
07 Factor emission Chilean National Electrical System
: \ | I
I Monthly average
I Annual average
06 - —
05 - -
g 04 - -
g: 03 i
02
0.1

o

2020

2021 2022 2023 2024 2025
years

Figure 7. Evolution of factor emission 20202025 of the Chilean National System. Data obtained from [38].

Another critical aspect to consider is that, although green hydrogen (GH:) has
demonstrated its potential to decarbonize key sectors, it has not yet been widely adopted
due to the following significant challenges: (i) the development of GHz-generating plants,
(ii) the development of adequate refueling infrastructure, and (iii) the training of the hu-
man capital necessary for its operation and maintenance [39]. While GH: is currently being
evaluated as a transportation alternative, it is still in an early stage of adoption and re-
quires further testing and appropriate regulation for widespread implementation.

The growing concern about climate change and its repercussions for the environment
and public health has led to a need to quantify greenhouse gas (GHG) emissions from various
sources, with transportation among the most significant at the national level [4]. The interna-
tional methodology for quantifying GHG emissions from public transportation is primarily
based on ISO 14064, which establishes a systematic approach for measuring and reporting
emissions from individual activities, organizations, and products [12]. The following assump-
tions were used to estimate the quantity of greenhouse gas (GHG) emissions:

o The bus model, both internal combustion and electric, is the same for the entire bus
fleet when calculating CO2eq emissions.

o  The calculation was based on one scenario: 100% replacement of the bus fleet.

o To estimate the annual distance traveled, 100% of the bus fleet is considered, and
100% of the scheduled routes are assumed to be completed.
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o  The number of lines and buses was requested from the Undersecretariat of Transpor-
tation and Telecommunications via the transparency portal; these are official data
from 2023, [37].

o  When calculating the COzeq emissions of the electric buses, the average emission fac-
tor of the national electricity system for 2023 was considered.

In simplified terms, the carbon footprint is calculated by collecting data on emission-
generating activities and applying a specific emission factor. This study estimates fuel
consumption based on kilometers traveled by the urban bus fleet in the cities of Chillan
and Chillan Viejo. Conversely, to quantify emissions from migrating to an electric bus
fleet, the kWh consumed to travel the exact distances is accounted for. Table 4 presents
the average performance used to estimate both consumptions and Equations (1) and (2),
as well as the COzeq emissions estimates for both scenarios.

tonCOzeq] )
L

Emissions [tonC0,eq] = Activity[L] X Emission factor [

Emissions [tonC0,eq]
tonC0zeq] (2)

= Energy Consumption[kWh] X Emission factor[ TWh

Data on bus distances were requested and provided by the Undersecretariat of Trans-
portation; these data indicated the fleet size per route and the kilometers traveled per sin-
gle trip, as shown in Table 3. Additionally, online schedules were consulted to determine
daily operating hours and frequency in minutes for the cities of Chillan and Chillan Viejo.
This information was obtained from the webpage Moovit [40]. Using these data, the num-
ber of daily trips per bus route and the total kilometers traveled during 2023 were esti-
mated. It should be noted that bus schedules vary throughout the week: a fixed schedule
operates Monday to Friday, with less frequent service on Saturdays, Sundays, and holi-
days. This schedule is available in Appendix B, Tables A3, A4, and A5. Specifically, the
number of laps is computed as follows:

Travel time [min]

Number of Laps = 3)

Frequency [min]

Table 4. Performance is considered for estimating emissions from public transport in the cities of
Chillan and Chillan Viejo in 2023.

Consumption Bus Brand Year Average Performance
Diesel Mercedes Benz 2007 3.25 [km/L]
Electricity Zhong Tong 2024 1.4 [kWh/km]

In the same way, the estimated total kilometers traveled for each bus line is defined as:
Total annual traveled [km] = Number of Laps X Lap distance [km] X days 4)

The next step was to determine the emission factors. For this process, databases from
public environmental agencies and government guidelines were used, including those from
the Intergovernmental Panel on Climate Change (IPCC) [39] and the National Energy Com-
mission [38]. Table 5 presents the applied factors. It is important to note that the factor reported
by the IPCC is expressed in terajoules (TJ), with a total of 74,100 [kgCO2/T]]. Therefore, the
corresponding unit conversions were performed to obtain the fuel volume in liters, and the
conversion information compiled in Appendix A, Tables Al and A2, was used.
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Table 5. Emission factors applied to estimate greenhouse gas emissions from public transport in the
cities of Chillan and Chillan Viejo in 2023.

Emission Factor

Consumption CO: [kgCOzeq/L] CH: [kgCOzeq/L] N:0 [kgCOzeq/L] [kgCOzeq]
Diesel 2.697 0.003 0.310 3.011
Electricity 0.242

Our decision to analyze diesel-powered buses was based on an operational and eco-
nomic study of the public transportation system in Chilldn, conducted in collaboration
with the Catholic University of the Holy Conception [41]. Conversely, the selection of bat-
tery-electric buses is based on tests performed in the cities of Chillan and Chillan Viejo
[42], considering that air conditioning is not used, thereby optimizing their performance.

Another relevant aspect to consider is that the additional fuel consumption generated
by traffic and frequent stops is excluded; this is because it is difficult to measure and to
access information that is somewhat sensitive for the owners of the lines, such as fuel
loading invoices and how many buses are actually in operation, since the operation of
100% of the fleet is also considered.

To estimate the emissions reduction, the difference between the two figures is calcu-
lated, reflecting the decrease that would be achieved if the current bus fleet were replaced
by electric vehicles.

Finally, it is essential to characterize the additional benefits derived from electromo-
bility. To identify these benefits, historical and current data on pollution levels were ana-
lyzed, complemented by a review of existing studies addressing the effects of reduced air
pollutants on public health. In particular, data on the incidence of respiratory and cardio-
vascular diseases and their relationship to air quality were examined, providing further
evidence of the importance of transitioning to cleaner, more sustainable public transport.

5. Results

The COzeq emissions associated with public transport were quantified in 2023. The
results for the cities of Chillan and Chillan Viejo are 14,871 [tonCO:zeq], based on the bus
fleet list presented in Table 3, which considered 291 buses, as indicated by the Undersec-
retary of Transport. The one-way and annual distance computations for each bus line are
shown. The details of this calculation are shown in Appendix A, Tables Al and A2.

The emissions associated with the potential migration of conventional public transport
to zero-emission buses are 5442 [tonCOzeq], representing a 63.5% reduction in COzeq emis-
sions from public transport, which were quantified in 2023. In particular, this COzeq emissions
reduction can be greater because the emission factor of the national electrical system was re-
duced to 0.21285 [kgCO2eq/kWh] in 2024, Figure 7. In this case, the public transport to zero-
emission buses is 4783 [tonCOzeq], representing a 67.8% reduction in CO2eq emissions from
public transport. On the other hand, for 2025, the factor emission of the national electrical sys-
tem slightly increases to 0.2465 [kgCO2eq/kWh], Figure 7, and the reduction in COzeq emis-
sions from public transport is reduced to 62.7%.

In particular, from 2021 to 2024, the factor emission of the national electrical system de-
creased, but on 25 February 2025, a nationwide blackout affected 98% of the population in
Chile [43]. One of the measures taken after the blackout is the reduction in electricity genera-
tion from renewable energy sources, particularly solar photovoltaic power, originating in
northern Chile. This increases the availability of thermoelectric power plants, resulting in a
slight increase in the emissions factor [44].
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6. Benefits of Implementing Electromobility

Characterizing the benefits of migrating to electromobility involves highlighting how
this shift offers advantages across environmental, economic, social, and technological do-
mains. Table 6 summarizes some of the benefits of adopting electromobility.

Table 6. Table outlining the advantages of migrating public transport to electromobility in Chile.

Item Advantages Description
Reduction in polluting Electric vehicles do not emit greenhouse gases, other gases, or parti-
emissions cles during operation, thereby improving air quality.
Environmental g P y mp - & 9 - Y
Smaller carbon foot-  The carbon footprint decreases as the country’s energy mix becomes
print cleaner and more renewable
. Lower maintenance and operating costs due to fewer moving parts
Cost savings .. .
and lower electricity costs compared to fossil fuels.
, . It reduces dependence on imported fossil fuels, promoting the devel-
Economic Energy independence . .
opment of local, renewable energy sources for vehicle charging.
Incentives and subsi- Subsidies and benefits make the purchase and use of electric vehicles
dies more accessible.
Improvements in public Less air pollution means fewer respiratory and cardiovascular dis-
health eases, which reduces medical care.
Social The transition to electromobility creates jobs for the use and mainte-
Job creation nance of electric vehicles, the development of charging infrastruc-
ture, and related technologies.
Innovation and techno- It promotes the development of more advanced technologies, such as
logical advancement more efficient batteries and faster charging systems.
Technological 5 &G %Y

Development of smart It improves road infrastructure and promotes the development of
infrastructures more sustainable and technologically connected cities.

Urban transport

. . Electric vehicles are quieter, which helps reduce noise pollution in
Urban noise reduction cities

The use of electric vehicles combined with other technologies, such

More efficient mobility . . . . -
as regenerative braking, results in more efficient mobility.

In Chillan and Chillan Viejo, the Association of Urban Taxi and Bus Owners, through
Sotrapa S.A., has submitted a project to incorporate 30 electric buses, each nine meters
long. This project has sought funding from the Nuble Regional Government, and the first
buses were expected to begin operating by the end of 2025 [45].

As a means of dissemination, a comprehensive awareness and education program is
also proposed, including informational campaigns to highlight improvements in air qual-
ity, public health, and reduced urban noise. Likewise, the plan seeks to implement educa-
tional programs in schools and high schools to raise awareness among younger genera-
tions about the importance of sustainability and the use of clean energy, complemented
by workshops and informational talks for public transport operators, and encouraging the
adoption of more efficient and sustainable practices.

Despite the clear advantages of transitioning public transport to electromobility in
Chile, the transition still faces significant challenges that must be addressed. Structural, op-
erational, and economic barriers must be overcome to ensure successful implementation [7].

7. Gaps in the Implementation of Electromobility

Among the identified needs, the most prominent is the need for increased investment
in the acquisition of electric buses and in the development of suitable, strategically located
charging infrastructure at the terminals in the cities of Chillan and Chillan Viejo. Further-
more, it is essential to ensure an efficient energy supply through a well-planned electrical
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distribution network that includes both improvements to existing infrastructure and
measures to create optimal conditions for the proper functioning of the charging system
and the operation of the vehicles.

According to the National Electromobility Strategy, Table 7 summarizes the main
barriers to the implementation of electromobility. The primary challenge is the high initial
cost of electric vehicles, which is considerably higher than that of conventional vehicles.
This price difference limits the technology’s widespread adoption, which in turn exacer-
bates social and economic segregation, as specific, more affluent sectors of the population
have greater access to it. Furthermore, insufficient charging infrastructure is identified,
primarily concentrated in the Metropolitan Region, which accounts for 70.3% of the na-
tional total [46]. This creates access gaps in other regions of the country, and the low in-
teroperability between charging systems hinders route planning and the continuous op-
eration of fleets.

Table 7. Barriers to the implementation of electromobility in Chile.

Item Gap Description
Th t electrical grid is not d t t high en-
Energetic Insufficient electrical grid ¢ crrrent eectiical gric 19 not prepated 1o Support figh en
ergy demand, especially in regions.
Fconomic High costs The high pu'rchase price of eIeFtric Vehi.cles makes it difficult
to incorporate them into public transport.
Infrastructure Limited coverage There are few charging points and a'lack of interoperability
between systems and technical standards.
Regulatory Lack of regulations There are no clear and comprehensive regulations for

chargers, safety, approvals, and recycling.

Human capital

There is a shortage of trained personnel to operate, maintain,

Inf ti fici
nformation deficit and install electromobility technologies.

There is fear, ignorance, and low familiarity in society regard-

Social/cultural Social distrust . .
ing this technology.
Effort trated in urb , leavi ions be-
Territorial/Regional Territorial inequality orts are concentrated in urban areas, leaving regions be
hind in infrastructure and access.
Limited variety of electric vehicles adapted to th t
Technological Limited technology offer tited variety of e ectic veicies adapred to The Cotntty

and lack of national technological development.

In the regulatory sphere, there are gaps that hinder the efficient integration of electric
vehicles into the system. Likewise, the need to adapt technical and regulatory standards
on a large scale is recognized, as is the case with the RIC 15 Technical Specifications, which
establish the safety requirements that electrical energy consumption facilities intended for
charging electric vehicles currently circulating in the country must meet (Ministry of En-
ergy, 2021). Furthermore, the Public Transport and Regional Connectivity Support Fund,
established in Chile to finance projects related to public transport and regional connectiv-
ity, has been an essential tool for promoting electromobility. However, it does not include
resources for electric vehicle charging stations, which generates uncertainty among public
transport operators [47]. On the other hand, the D.S. Article 44 establishes that one of the
key components of the Special Program for the Renewal of Buses, Minibuses, Trolley-
buses, and Taxibuses is the scrapping of old vehicles, which will be replaced by cleaner
and more efficient units [48].

Another relevant factor is the public policies driving the transformation of the na-
tional electricity grid, such as the Energy Policy to 2050, which aims to decarbonize the
electricity system, decentralize energy systems, and position Chile as one of the world’s
leading exporters of clean energy [49]. To achieve these objectives, it is crucial that Chile
prioritize a secure and resilient electricity system, ensure efficient energy transmission,
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and implement technologies that optimize the use of renewable energy sources, such as
energy storage systems. In this context, electric power terminals can play a fundamental
role, not only as consumers of electricity, but also as energy producers and storage facili-
ties. If these terminals are capable of generating and storing excess energy, they could use
it to charge electric buses during off-peak hours, sell it, or supply it to the energy grid. In
turn, it is necessary to coordinate closely with local operators, electricity distributors, and
regional governments to ensure that growth in electricity demand from public transport
does not compromise the stability of existing electrical systems or unnecessarily increase
the service’s operational costs [7].

Training and human capital development are also fundamental for the effective im-
plementation of the proposed measures. As we move towards a more sustainable public
transport system, it is crucial to have a skilled workforce that can adapt to new technolo-
gies. Training operators, technicians, and professionals in the use, maintenance, and man-
agement of these vehicles and their charging infrastructure will ensure that the system
functions efficiently and safely. Furthermore, standardizing job profiles and offering on-
going training programs is essential to ensure that workers are prepared to address the
technical and operational challenges of electromobility, thereby promoting successful in-
tegration [19].

In the context of transitioning to a more sustainable transportation model, quantifying
and monitoring emissions are critical tasks. At the national level, the National Greenhouse
Gas Inventory System (SNIChile) was created to comply with international commitments
under the UNFCCC [2], ensuring the sustainability, consistency, and quality of GHG inven-
tories. As part of these commitments, it is necessary to update the inventory every two years
to meet international requirements, which, in turn, requires strengthened technical capaci-
ties and specialized personnel to ensure the quality of the reported information.

While there is still no legislation specifically requiring companies to measure their
emissions, this practice is promoted as part of more sustainable management, allowing
for cost savings and improving corporate image. Furthermore, increasing international
pressure has led some countries to require even food products to include information
about their carbon footprint. This underscores the importance of all business sectors in
Chile in calculating and reducing their future emissions [50]. Within this framework, the
transition to electromobility is presented as a key action to reduce companies’ direct emis-
sions, especially in sectors such as transportation, which have historically accounted for a
large share of greenhouse gas emissions.

Internationally, methodologies such as the GHG Protocol and ISO 14064 are used to
quantify emissions—both direct and indirect—and are essential for compiling an inven-
tory. These standards underscore the importance of data quality, highlighting the need to
establish efficient procedures for data collection and analysis and to ensure that the same
data is generated and collected consistently over time (ISO, 2018). Data quality is crucial
for accurately quantifying emissions, so that it represents an organization’s operations
and allows for the generation of real impact indicators. In Chile, measuring and reporting
carbon footprints is voluntary and is completed through the Huella Chile program [51]. It
is necessary to strengthen public policies to make measurement mandatory, as this would
enable a better understanding of the environmental impacts of different business activities
and contribute more effectively to combating climate change. Furthermore, meeting these
requirements is essential for complying with future environmental regulations, demon-
strating social responsibility, and attracting conscious consumers. By quantifying their
carbon footprint, organizations not only optimize resources and operate more efficiently
but also make informed decisions that steer them toward a more sustainable future
aligned with global demands for environmental responsibility.
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8. Discussion

Electromobility in public transport is presented as a key solution for reducing green-
house gas emissions in the cities of Chillan and Chillan Viejo. However, to make informed
decisions, it is essential to have indicators that monitor environmental impact and enable
the evaluation of progress toward sustainability goals. In this context, quantifying
transport emissions from internal combustion engines enables monitoring progress to-
ward electromobility objectives and ensures that actions taken are practical.

While the transition to an electric vehicle fleet offers clear benefits, it also presents
significant challenges. Large investments are required, given the cost disparity between
electric and internal combustion engine vehicles. A robust charging infrastructure and a
reconfiguration of the energy mix are essential to ensure that electricity comes from re-
newable sources, thus preventing an indirect increase in pollution. Furthermore, the suc-
cess of this transition depends on political and regulatory commitment, as well as the
training of human capital to manage these new technologies. In this regard, the adoption
of electromobility must be accompanied by comprehensive planning that addresses exist-
ing technological and logistical gaps.

Regarding the technologies developed, battery-electric vehicles (BEVs) and hydro-
gen-fuel-cell electric vehicles (FCEVs) offer different approaches to decarbonizing
transport, each with its own advantages and challenges. BEVs are more energy efficient,
have lower operating costs, and benefit from an expanding charging infrastructure, mak-
ing them ideal for urban travel. However, their limited range and longer charging times
can be drawbacks. In contrast, FCEVs offer faster charging times and greater range, mak-
ing them suitable for heavy and long-distance transport. However, their energy efficiency
is lower due to losses during hydrogen production, storage, and conversion, and the dis-
tribution infrastructure for this fuel remains limited and expensive. In both technologies,
green hydrogen can play a dual role: as a renewable electricity source for BEVs and as a
direct fuel for FCEVs. This synergy can be key to creating a diverse transportation system
as technologies are adapted to local contexts. Therefore, battery electric vehicles (BEVs)
are currently more viable for urban public transport, given technological developments
and the availability of renewable energy sources such as solar and wind power, which
have a significant presence in Chile’s national electricity grid.

In addition to reducing greenhouse gas emissions, electromobility helps minimize
noise pollution and respiratory illnesses, common problems in many urban areas. Electric
vehicles, being quieter and emission-free, can transform urban environments, creating
more pleasant spaces for residents and users alike. However, this transition must address
public perception, as fear of change could be an obstacle. Moving towards electric mobil-
ity remains essential for a more sustainable future. Avoiding hybrid vehicles as a transi-
tional alternative accelerates the process, as their presence can lead operators to seek the
quickest way to put them into service, which would entail the risk of not properly valuing
the rechargeable battery.

One of the main obstacles to the widespread adoption of electromobility is that the
current electrical grid is not prepared to meet the energy demand from a fleet of electric
vehicles, especially in regions such as Nuble, where installed capacity is insufficient.

The electrical grid’s lack of preparedness jeopardizes supply reliability and requires
investment in distribution, storage, and intelligent load management. Furthermore, the
high cost of electric buses hinders their integration outside of Santiago’s RED network,
where initial efforts have been concentrated.

Santiago of Chile is a leader in urban electromobility, operating the largest electric
bus fleet outside of China, with 3909 units currently [52]. By March 2026, it is projected
that 68% of the fleet in Santiago will be electric [53], with approximately 4400 units, further
solidifying its global leadership. This achievement, attained in less than a decade, is based
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on long-term institutional planning that combines robust legal frameworks, innovative
financing, and a strategic public—private vision. The rapid adoption of electric buses has
been supported by significant investment in charging infrastructure, with 48 operational
charging stations (with a combined capacity exceeding 131 MW), projected to reach 54 by
March 2026 [53].

However, at the national level, the total number of electric buses is 4310 [52], clearly
indicating a concentration of the electromobility implementation policy to replace internal
combustion buses with battery-electric buses, with only 9.3% of electric buses located in
the regions. The Atacama and Antofagasta regions stand out with 121 and 108 electric
buses, respectively, located in northern Chile.

Another significant challenge is the shortage of skilled personnel in electromobility,
electric vehicle maintenance, and operation. At both national and international levels, var-
ious educational institutions offer specialized programs or degrees to train human capital
in zero-emission technologies, which is crucial for closing the gaps in operational and
maintenance capabilities.

Overcoming these barriers will require a comprehensive strategy that combines in-
frastructure investments, ambitious public policies, training, and awareness campaigns to
bring electromobility to all regions of the country. In the metropolitan areas of the cities
included in this study, barriers are intensified by the centralization of resources and plan-
ning around Santiago. In towns such as Chillan and Chillan Viejo, the lack of pilot projects
could exacerbate the delay, especially if regional working groups are not established to
address local needs and promote decentralized public investment.

The adoption of electric public transport in the Nuble region is progressing slowly,
as the regional government has only recently begun seeking funding to convert at least
one of the 10 bus lines operating between Chillan and Chillan Viejo through the “Renew
Your Vehicle” program. Furthermore, there has been a noticeable lack of interest among
public transport operators in applying for subsidy programs, which are also available in
Nuble and nationwide. This lack of interest is partly due to the regulations for the Public
Transport and Regional Connectivity Support Fund not including resources for the con-
struction of electric bus terminals, which may be creating uncertainty among operators
when it comes to renewing their fleets.

The lack of resources and developing infrastructure is limiting the speed of this transi-
tion. It is worth noting that the proposed electric buses for the Chillan area are valued at
approximately USD 194,000 each. If we analyze this investment for the 291 buses in opera-
tion in 2023, it amounts to over USD 57 million—a highly relevant economic factor, as the
country must also focus its resources. However, this investment does not include electro-
terminals. Therefore, based on the progress published to date, it can be observed that the
prioritization of promoting electromobility is evolving, creating uncertainty about whether
the established national fleet replacement goals will be met. However, urban micromobility,
such as electric bicycles and scooters, is gaining popularity as an economical and sustainable
alternative that helps to decongest traffic and improve the urban environment. Other
measures to reduce the gaps include creating policies tailored to the territory’s characteris-
tics. One example of this is Supreme Decree 44 [49], which mandates the scrapping of vehi-
cles taken out of service. However, its implementation has shortcomings, including insuffi-
cient coverage, costly bureaucratic processes, limited recycling infrastructure, regional dis-
parities in its application, and the exclusion of certain polluting vehicles.

Chile has set clear goals to move towards carbon neutrality, including the complete
electrification of urban public transport by 2035 and buses and taxis by 2040. However,
achieving these goals presents challenges, including increasing installed electricity gener-
ation and storage capacity, developing adequate charging infrastructure, and investing in
modern fleets. Despite these obstacles, regulatory commitments and the growing
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adoption of renewable energy still position Chile on a favorable path to meet its ambitious
objectives. With continued efforts in technological innovation, financing, and urban plan-
ning, the transition to a sustainable transport system is not only possible but also essential
to reducing sectoral emissions and improving the quality of life for the population.

9. Conclusions

This study evaluated the reduction in CO2 equivalent emissions resulting from the
transition of conventional public transport to electric vehicles in the cities of Chillan and
Chillan Viejo. Quantitative analysis revealed that replacing the current diesel bus fleet
with electric buses could reduce total emissions by approximately 63.4%. This would
translate to a reduction of 9429 tons of CO: equivalent. The total cost of replacing the in-
ternal combustion engine bus fleet in the aforementioned cities with battery-electric buses
is estimated at approximately USD 57 million. This figure was obtained by developing an
estimation model to calculate CO: equivalent emissions from conventional public
transport in 2023, based on the ISO 14064 methodology. Furthermore, the emissions were
projected under a transition scenario to electric vehicles. However, this quantification of
CO2eq reduction has some limitations, such as: (i) it does not consider speed or the gradi-
ent of the route, only quantifying energy or fuel consumption per distance traveled, (ii) it
assumes a single bus model for both the electric and internal combustion buses, a homo-
geneous fleet, (iii) it assumes 100% fleet replacement, and (iv) it assumes that 100% of the
fleet is operational and performs all scheduled routes. Therefore, the results obtained can
be improved, but they serve as a first step towards quantifying COzeq reduction from
switching to zero-emission bus technology.

This reflects the potential reduction in greenhouse gas emissions under an optimal
scenario of 100% electrification of the public transport bus fleets in the cities considered in
this study. In summary, the results confirm that shifting public transportation fleets to
electric vehicles not only significantly mitigates climate change but also provides tangible
environmental, social, and economic benefits. These findings are a fundamental contribu-
tion to the formulation of public policies that promote sustainability and improve the
quality of life in the cities studied.

In general, for electromobility to benefit everyone and be sustainable over time, Chile
needs to update its Energy Efficiency Law to set higher vehicle efficiency requirements;
expand and unlock nationwide charging infrastructure; and create incentives for private
users, including tax benefits and mechanisms such as preferential registration permits for
electric vehicles. Currently, the only benefit is a reduction in registration fees for a few
years. Regarding the electrification of public passenger transport, the regional govern-
ments’ “Renew Your Bus” program provides subsidies for bus replacement. Nevertheless,
there is a problem: no subsidy or financing is provided for the public transport charging
center, so a modification to Decree 44 is required.
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Appendix A

Results of the conversion of units of measurement to apply the emissions factors as-
sociated with the liters of fuel consumed by the urban public buses of the cities of Chillan
and Chillan Viejo, in addition to the factors used.

Table A1. Results when applying the conversion factors.

[kgCO/T]] [kgCH4/T]] [kgN20O/TJ]
74,100 4.15 28.60
[kgCOz/Tcal] [kgCHa/Tcal] [kgN20/Tcal]
310,034 17.36 119.66
[kgCOz/kcal] [kgCHa/kcal] [kgN20/kcal]

0.00031 1.736 x 108 1.197 x 107
[kgCO2/kg] [kgCHa/kg] [kgN20/kg]
3.21041 0.00017 0.00124
[kgCO2eq/kg] [kgCH4eq/kg] [kgN20eq/kg]
3.210 0.004 0.369
[kgCOy/L] [kgCH4/L] [kgN20/L]
2.6967 0.0002 0.0010
[kgCOzeq/L] [kgCHaeq/L] [kgN20eq/L]
2.6967 0.0038 0.3102

Table A2. Conversion factors.

Factor Value Source
Higher heating value (HHV) 10,900 [kcal/kg] SNIChile (2022) [15]
Higher heating value conversion factor 0.95 IPCC (2006) [38]
Lower heating value (LHV) 10,335 [keal/kg] | roduct of the HHV conver-
sion factor
Diesel density 0.84 [kg/L]
GWP CO: 1
GWP CHa 25
GWP N0 298 IPCC (2006) [38]
Joule []J] to calorie [cal] conversion 4.198
Teracalorie [Tcal] to kilocalorie [kCal] 1,000,000,000
equivalence [kCal]
Appendix B

Bus schedules for Monday to Friday, Saturday, and Sunday in the cities of Chillan
and Chillan Viejo.
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Table A3. Monday through Friday Schedule 2023 for Buses in Chillan and Chillan Viejo.

L Annual
o Number of First Bus De- Last Bus De-  Total Total Frequency P Distance
N° Line . . . Distance
Daily Laps parture parture Hours  Minutes [min] Traveled
[km]
[km]
1 98 6:55 20:00 13:05 785 8 50.8 1,246,188
2 130 6:44 19:45 13:01 781 6 30.2 982,758
3 130 6:50 19:51 13:01 781 6 28.6 930,692
4 150 6:00 21:00 15:00 900 6 42.8 1,605,000
6 134 6:23 19:45 13:22 802 6 22.8 761,900
7 174 6:00 20:30 14:30 870 5 41 1,783,500
8 174 6:00 20:30 14:30 870 5 46.6 2,027,100
8 105 7:00 20:56 13:56 836 8 27.6 721,050
10 52 8:30 21:30 13:00 780 15 37.2 483,600
13 173 7:00 21:26 14:26 866 5 38.7 1,675,710
14 68 7:00 0:00 17:00 1020 15 47.9 814,300
Table A4. Saturday Schedule 2023: Bus Services for Chillan and Chillan Viejo Cities.
. Number of Daily First Bus Last Bus  Total Total Frequency .Lap Annual Distance Traveled
N° Line . . Distance
Laps Departure Departure Hours Minutes [min] [lcm] [km]
1 50 7:30 20:00 12:30 750 15 50.8 129,540
2 100 6:58 20:20 13:22 802 8 30.2 154,405
3 77 7:15 20:00 12:45 765 10 28.6 111,583
4 150 6:00 21:00 15:00 900 6 42.8 327,420
6 138 7:00 20:45 13:45 825 6 22.8 159,885
7 105 7:00 21:00 14:00 840 8 41 219,555
8 105 7:00 21:00 14:00 840 8 46.6 249,543
8 97 8:25 21:21 12:56 776 8 27.6 136,537
10 52 8:30 21:30 13:00 780 15 37.2 98,654
13 156 7:30 20:30 13:00 780 5 38.7 307,897
14 57 6:02 20:22 14:20 860 15 47.9 140,060
Table A5. Sunday and holiday schedule 2023: Bus Services for Chillan and Chillan Viejo Cities.
N° Line Number of First Bus  Last Bus Total Total Frequency Lap Distance Annual Distance Traveled
Daily Laps Departure Departure Hours Minutes [min] [km] [km]
1 36 8:00 20:00 12:00 720 20 50.8 117,043
2 82 8:00 20:20 12:20 740 9 30.2 158,919
3 48 8:00 20:00 12:00 720 15 28.6 87,859
4 103 7:20 21:00 13:40 820 8 42.8 280,768
6 88 7:30 20:45 13:15 795 9 22.8 128,896
7 87 7:30 20:30 13:00 780 9 41 227,413
8 87 7:30 20:30 13:00 780 9 46.6 258,475
8 97 8:25 21:21 12:56 776 8 27.6 171,341
10 52 8:30 21:30 13:00 780 15 372 123,802
13 156 7:30 20:30 13:00 780 5 38.7 386,381
14 68 7:00 0:00 17:00 1020 15 47.9 208,461
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