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Transport has a major contribution to global emissions and accounted for 21% of global anthropogenic
CO, emissions in 2015, which continues to grow due to increasing personal and freight travel demand.
Of the global CO, emissions in the transport sector in 2018, 45% were from road-based passenger
transport and 30% from road-based freight transport.

The following report quantifies and examines measures that can be taken in the transport sector in
representative countries to aid discussions of increasing the ambitiousness of transport sector in the
Nationally Determined Contributions to reach the Paris agreements. The measures are aligned in the
‘Avoid, Shift and Improve’ framework and their opportunities relating to GHG emission reduction po-
tential and constraints to achieving them are discussed. This report is part of the Deliverable D3.1:
Report and academic article manuscripts on opportunities and constraints in Industry, Transport,
Buildings and AFOLU of the NDC ASPECTS project and covers the work conducted in Task 3.3 “Sectoral
Modelling for Transport”.

In the NDC’s submitted by countries, avoiding or reducing travel demand and shifting to more sustain-
able modes appear less than electrification and other technology improvement measures for the
transport sector. Possible emission reduction by reducing work-related travel trips is quantified in the
report given the relative ease of implementation of this measure and wide global applicability. This
report examines the potential of teleworking and avoiding work trips in selected regions and the bar-
riers to increasing it. Constraints such as occupational structures, IT infrastructure, building space and
gender are quantified and compared among regions, and the rebound effects related to them are dis-
cussed.

Global trends of ‘SUVisation’ occurring, with 45% of global sales in 2021 as SUVs and 40% electric pas-
senger cars as e-SUVs, need to be combatted. Given the foreseeable increase in travel demand, urban-
ization, and strain on critical battery materials, alternative solutions must be sought. We explore the
potential of lighter and smaller vehicles to replace passenger trips in different regions and the resulting
GHG emissions that could be saved in 2030. This includes vehicles ranging from e-scooters, e-bikes,
and e-mopeds to e-microcars in our analysis. The maximum potential of emission reduction of passen-
ger road transport emissions is found to range from 35-50% for selected major countries in 2030 if all
suitable trips are replaced with LEVs. To achieve maximum potential, barriers and current experiences
related to cost, safety, charging infrastructure and gender are examined in selected regions to highlight
differences and possible synergies. Shifting towards lighter vehicles must be discussed and pushed for
in international and national policy.

Shifting from road to rail for freight transport is a globally accepted measure commonly included in
NDC's given the high energy efficiency of rail. However, given the large time and planning scales, geo-
graphic and infrastructural challenges to increasing rail’s share in rail suitable tonne kilometres, it lags
in its commitment targets globally despite comprehensive plans to increase rail modal shares. The
report thus deep dives into current plans and the hurdles that are being faced by individual countries.

In 2023, the electrification of passenger cars emerges as the most economically viable solution for
decarbonizing the passenger car sector. Notably, 55% of countries worldwide have established non-
binding targets for achieving 100% electric or electrified vehicle sales between 2025 and 2050. How-
ever, the widespread adoption of electric vehicle (EV) technology poses challenges, given its nonma-
ture status and limited mass adoption. To address this, the report qualitatively examines the con-
straints facing customers both in the EU and globally and proposes possible solutions based on existing
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studies and the literature. Additionally, the work quantitatively models passenger car sector emissions
in the EU up to 2060. Furthermore, recognizing the dearth of studies on stock fleet turnover and its
impact on CO, emission mitigation, we conduct a quantitative analysis of the effects of implementing

circulation bans in the EU. Such bans can be helpful in moving closer to the EU's 2050 target and align-
ing with the Paris Agreement.
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1 Introduction to Sector

The transport sector has a major contribution to global emissions and accounted for 21% of global
anthropogenic CO; emissions in 2015, which continues to grow due to increasing personal and freight
travel demand (Teske, 2019). Of the global CO, emissions in the transport sector in 2018, 45% were
from road-based passenger transport and 30% were from road-based freight transport (Hannah
Ritchie, Max Roser and Pablo Rosado, 2020). In light of the Paris Agreement, nearly every country
worldwide has committed to taking actions aimed at limiting global warming to 1.5°. However, how
this converts to sector-specific shares and the associated policies needed is still open ended (Patrick
Pl6tz et al., 2023). Based on the study (SLOCAT, 2022), the 2°C scenario share for transport ranges from
17%-25% below 2010 levels in 2050 and a 60% decrease for 1.5°C. Business-as-usual (BAU) annual
emissions exceed the 2°C and 1.5°C scenarios by 64% and 84% in 2050, respectively. This shows the
enormous effort that is needed to decarbonize the transport sector with growing transport demand in
the future in a timely manner (an indicator of urgency is the average passenger stock turnover rate,
which is in the range of 30 years (Held et al., 2021b)). Stronger and integrated policy commitment and
implementation and fair share agreements on contributions, technology, resources and knowledge
transfer are needed at the national and global levels to achieve transport climate goals and responsi-
bilities. At the same time, nations and cities have the responsibility to provide and promote safe, in-
clusive, affordable and economy-supporting mobility systems.

Nationally determined contributions (NDCs) mark country-level commitments to contribute to battling
climate change as part of the Paris Agreement (UNFCC). In the first generation of NDCs submitted in
2015, 150 countries highlighted transport-related mitigation options, but only 35 included quantified
targets specifically for the transport sector, with freight, demand reduction and shifting measures pri-

marily underrepresented (WRI, 2019). There was also a lack of standardized benchmarks and indicators
that countries should incorporate when detailing their NDCs. Accordingly, the following work in this
document is carried out to increase the ambitiousness of future NDCs with respect to transport by
providing a database of feasible mitigation options and quantifying their decarbonization potential.
The work goes through selected mitigation options and provides results for the emission reduction
potential of the mitigation options and the associated barriers in different regions so that they can be
considered in increasing or negotiating NDC commitment levels.

The quantification of the potential of decarbonization of possible mitigation options is performed using
models and frameworks that include data and research from previous research at national levels and
global benchmarks. Inputs for the analysis also include sectoral conversations held by and in collabo-
ration with WP1 with country experts for the mitigation options of shifting to light electric vehicles and
rail-based fright transport. Analysis of transport related mitigation options encompassing their tech-
nical and social aspects was carried out as a part of this study. The proportion of transport related
emissions that a specific mitigation option could evade is provided to assess relative importance and
aid stakeholders in decision making. Mitigation options were seen from a regional perspective, and
their transport, infrastructural and social contexts were expanded upon to highlight similarities and
differences in plausibility and utility. This enables better cooperation and synergies in climate change
actions and ensures fair climate shares.

The road sector is the primary focus of this work given its high share of transport emissions. The sec-
toral perspective for road transport emissions is almost equivalent to a country-level perspective for
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the transport sector when international road and rail transport is not considered. Hence, country-spe-
cific analyses appear in the methodology and results.

The mitigation options were aligned with the transport strategies of ‘Avoid, Shift, Improve (ASI)’, a

holistic way developed in the 1990s to structure environmental policy measures (TUMI, 2019). Avoid
or reduce measures question and restructure the source of travel needs, Shift or maintain measures
result in transport by less polluting and more inclusive modes, and finally, Improve measures for exist-
ing technology and provisions of vehicular modes. First generation NDCs prioritize Improve related
options over Avoid and Shift measures (SLOCAT, 2022) which needs to challenged and negotiated
within the future NDCs.

Avoid transport: This includes managing transport demand so that fewer passenger and
freight kilometres are travelled through sustainable land use planning and distribution or vir-
tual substation of attraction centres (such as teleworking). Push measures such as congestion
pricing or subsidy reduction can also have the direct effect of reducing transport demand. For
this study, the mitigation option of teleworking was chosen for assessment given its wide-
spread acceptability today and the basic human travel need that it is associated with. Work-
related trips account for 25% and 23% of the total mileage driven in Germany and the USA,
respectively, which is a major organized portion of the total mileage driven and can be tar-
geted with more ease than other mileage categories.

Shift measures: Shifting transport to low carbon modes would reduce the emission intensity
of the travel demand. Measures and quantified targets that would encourage public transport,
nonmotorized modes, lighter and electric personal transport options and rail freight instead
of road-based freight transport need to be highlighted even more in future NDCs. In this work,
light electric vehicles (LEVs) for passenger transport and rail freight for freight transport were
assessed. An e-microcar emits 40% of lifecycle-based emissions in comparison to a medium-

sized BEV (Ehrenberger et al., 2022). With growing urbanization, smaller electric vehicles
should be further integrated to reduce pollution and increase liveability and strain on critical
materials. Rail transport is also energy efficient, being four to six times more efficient per ton-
km base than heavy truck transport and relatively easier to electrify (IEA, 2019a).

Improve measures: This includes measures that improve existing transport modes with effi-
ciency gains in the drivetrain technology, alternative drivetrains such as battery electric vehi-
cles, plug-in hybrids, hydrogen, etc. For the focus of this work, opportunities and constraints
of battery electric passenger cars were focused on. Within this, a model to analyse policy im-

plications such as circulation bans to push faster stock turnover and EV adoption was used.
Investigating circulation bans as an additional measure for decarbonization of passenger car
fleets becomes important given the significant number of studies considering the effects of
CO; emission standards and the 2035 ICE ban, an increase in the EU average stock fleet age
since 2008, uncertainties surrounding how long internal combustion engine vehicles will be
held post-2035 ban, and the need to align with the EU's 2050 goal of a 90% reduction in green-
house gas emissions (GHG) within the passenger car sector while fulfilling commitments under
the Paris Agreement.

The mitigation options are analysed quantitatively with respect to the proportion of transport demand
and services that they refer to, existing and future infrastructural needs, economic viability and invest-
ments needed and other region-specific requirements for transformation. As a part of the assessment
of the mitigation option, aspects of user acceptance, gender and care economy are also qualitatively

8
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and quantitatively considered when applicable. These factors constitute the inherent environment of
opportunities and constraints that mitigation options need to satisfy to contribute successfully. Within
this context, the country emission reduction potential of the mitigation options is calculated, and pol-
icy changes are recommended.

In the following chapters, we expand on each mitigation option and quantify their emission reduction

potential, region- and country-specific opportunities and constraints and thus coalesce their effective-
ness and plausibility.
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2 Avoid: Teleworking as a mitigation option

Among the transport-related mitigation options possible, avoiding and reducing travel itself can lead
to immediate transport-related greenhouse gas (GHG) emission reduction. Changes in urban structure
and land use can reduce travel distances by reorganizing travel-inducing centres in a more optimized
manner for economic growth and emissions (Bai et al., 2022). However, these are often long-term
changes and slow to materialize. On the other hand, the option of teleworking presents the possibility
of reducing travel demand without significant physical infrastructure changes. Commute to work is a
globally common travel activity, and the COVID-19 pandemic provided accelerated simultaneous learn-
ing and proofs on how teleworking is functional in suitable jobs and reduced many cultural and tech-
nological barriers. ‘Teleworking’ implies working full- or part-time from home (or other locations). Tel-
eworking has provided the option of having a more flexible lifestyle for many and helped improve
work-life balance along with the negative effects of increased workload and reduced socioprofessional
relationships (Vayre et al., 2022a).

The commute emission savings potential in a region depends primarily on the share of teleworkable
jobs, the frequency of teleworking, commute distances and the emission intensity of commuting.
Work- and home-related emissions also involve building-related emissions, and the exact savings de-
pend on the differences in activities and intensities carried out in both these spaces and their regional
differences (Yao Shi et al., 2023), which are often difficult to quantify. In the long term, rebound effects
such as relocation of residences to further and cheaper areas, increased non-commuting trips (Fa-
bienne Wohner, 2022; Hostettler Macias et al., 2022), and changes in vehicle mode to more emission
intensive ones can nullify the potential benefits (Waldemar Marz & Suphi Sen, 2021), and care must
be taken through policy and planning to avoid this. Due to the various uncertainties in shifted energy
consumption and long-term implications of home work locations, the literature has found high ambi-
guity in the overall potential benefits for a specific region and lifestyle (Andrew Hook: Victor Court,
2020). The commute emission savings potential in a region depends primarily on the share of tele-
workable jobs, the frequency of teleworking, commute distances and the emission intensity of com-
muting. Work- and home-related emissions also involve building-related emissions, and the exact sav-
ings depend on the differences in activities and intensities carried out in both these spaces and their
regional differences (Yao Shi et al., 2023), which are often difficult to quantify. In the long term, re-
bound effects such as relocation of residences to further and cheaper areas, increased non-commuting
trips (Fabienne Woéhner, 2022; Hostettler Macias et al., 2022), and changes in vehicle mode to more
emission intensive ones can nullify the potential benefits (Waldemar Marz & Suphi Sen, 2021), and
care must be taken through policy and planning to avoid this. Due to the various uncertainties in shifted
energy consumption and long-term implications of home work locations, the literature has found high
ambiguity in the overall potential benefits for a specific region and lifestyle (Andrew Hook: Victor
Court, 2020).

10
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2.2.1

The following report is based on a methodology that focuses on the emission reduction potential from
commute-related vehicular activity. Mode of transport, actual commuting pattern, distance, conges-
tion encountered, and seasonality during commute play an enormous role in obtaining accurate esti-
mates. The methodology was based on a top-down approach using values of average commute dis-
tances and commute modal splits as done in (Carbon Trust, 2021). Other approaches, such as (IZT &
Greenpeace, 2020), which uses national travel surveys for a bottom-up based approach, exist that
would provide more accurate results. However, due to the lack of detailed travel survey data for the
regions considered in this work, such an analysis could not be carried out uniformly. Further complexity
in analysing the long-term teleworking effects of urban sprawl is not explored much in the literature,
and most studies ignore the correlation of teleworkable jobs with sociodemographic or spatial factors
due to a lack of evidence in identifying such trends. As identified in (Yao Shi et al., 2023), changes in
emissions in the building sector are also often not modelled in studies and can have an enormous
impact, as seen in (IEA, 2020) and (Carbon Trust, 2021). The study tries to quantify and mention the
relative impact of these factors so that policy makers can be better informed of the range of benefits
and constraints and areas to tackle so that teleworking can reduce overall GHG emissions. The follow-
ing report is based on a methodology that focuses on the emission reduction potential from commute-
related vehicular activity. Mode of transport, actual commuting pattern, distance, congestion encoun-
tered, and seasonality during commute play an enormous role in obtaining accurate estimates. The
methodology was based on a top-down approach using values of average commute distances and
commute modal splits, as performed in (Carbon Trust, 2021).

2.2.2

The emission reduction calculation from transport emissions is based on a top-down approach using
national average values for teleworkable jobs and frequency, modal splits of work-related trips, and
commute distances, as shown in (Carbon Trust, 2021).

where tj is the number of jobs in country ¢ with ft fraction of jobs that are teleworkable that are
teleworked fw times in a year. An average commute distance of cd is undertaken each day by com-
muters with a modal split of transport modes used for work, which leads to cef, which is the weighted
emission factor for all the modes used in the country for travel.

Assumptions considered while modelling.

e Due to alack of data availability from sources such as national transport surveys, average com-
mute distances are considered instead of a distribution of commute distances.

e Average modal splits for countries and when available, specifically for commutes, have been
considered.

e Tank-to-wheel emission factors were used for vehicular emission.

e The latest data available were considered for inputs of emission factors and for commute dis-
tances for the evaluation of emission reduction potential for the current year of 2023.

e When unavailable, occupancy factors were used to derive vehicle kilometres from passenger
kilometres.

e Emission factors, travel distances and modal splits were used specifically only for work trips
and not for teleworkable work trips due to lack of data.

11
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2.3 Data

2.3.1 Teleworking jobs

There exists a considerable difference in occupational structure between countries and regions that
determines the maximum possible jobs suitable for teleworking in a country (International Labour Or-
ganization, 2020). Knowledge-, management-, service- and IT-intensive jobs, which make a large share
of jobs in developed countries, are understandably more suitable for teleworking. Additionally, social
factors, physical space and IT infrastructure also differ and make teleworking more conducive in de-
veloped countries. A clear correlation between GDP per capita and teleworkable jobs can be seen in
(Nicolas Gomez Parra, 2020), with approximately 50% of jobs teleworkable in Luxembourg and 5.5%
of jobs in Ethiopia. As countries develop, there would be a shift in the ratio of jobs in each industry
with greater teleworkable jobs. Table 1 shows the inputs and sources for the data used to estimate the
maximum teleworkable jobs in countries in the present day. The proportions of teleworkable jobs are
approximately 39% and 27% in Germany and the USA, respectively, in comparison to approximately
10% in India and South Africa.

Country Teleworking frequency
Percentage of Potential number of
L . assumed
teleworking jobs teleworking jobs
. (days per week)
(%) (millions)
15 (Carbon Trust,
UK 44% 2021) 3
17 (Carbon Trust,
Germany 37% 2021) 2.7
Sweden 35% 2 (Carbon Trust, 2021) 2.4
Italy 31% 8 (Carbon Trust, 2021) 1.9
. 1.8 (Carbon Trust,
Czech Republic 29% 2021) 3
12- 7% (International 48 (World Develop-
India Labour Organization, ment Indicators data- 1.9
2020) base)
29% (International La- 47 (World Develop-
USA bour Organization, ment Indicators data- 2.7
2020) base)
19% (International La- 150 (World Develop-
China bour Organization, ment Indicators data- 1.9
2020) base)
14%- 8% (International .
SA Labour Organization, i'f%igta;g;g:)s South 1.9
2020) ’
7% (International La-
Indonesia bour Organization, 9 (World Development 1.9

2020)

Indicators database)

12
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2.3.2 Commute distances

Commute distances would have a direct impact on the emission reduction potential by teleworking
given that one avoids travelling this distance and thus the associated emissions by the mode used. We
have no data to assume the commute distances of specifically teleworkable jobs (given that there is
some correlation to income and ability to telework and hence also proximity to work) and rely on
average commute distances irrespective of job type. The variation of commute distances depends on
various historical, social, technological and physical contexts that have determined the urban form of
that region (Duarte & Fernandez, 2017). Mixed land use, effective polycentricity and high density lead
to short distances, and given the long-lasting effects of urban planning, steering it towards enabling
sustainability and equal accessibility should be a priority (Engelfriet & Koomen, 2018). South Africa, an
extreme case of urban form as a result of its political and social history with apartheid, has widespread
segregation and imbalanced land use and opportunities available in proximity. This results in its abnor-
mally high average commute distance compared to other developing countries, as seen in

As per (Shlomo & Alejandro), cities in the USA have developed to be a hybrid of monocentric and
polycentric models with great reductions in average commute lengths seen in some cities due to better
planning and distribution of employment subcentres when compared to average distance to CBDs or
random points. Such urban planning for mixed land use can reduce travel distances and should be
parallelly adopted in urban planning policy.

Average commute distance

Country (km)
UK 9 (Carbon Trust, 2021)
Germany 34 (Carbon Trust, 2021)
Spain 13 (Carbon Trust, 2021)
Sweden 20 (Carbon Trust, 2021)
Italy 12 (Carbon Trust, 2021)
Czech Republic 9 (Carbon Trust, 2021)
India 21 (Soman & Kaur, 2019)
USA 36 (Fucci, 2017)
China 25 (Engelfriet & Koomen, 2018)
SA 62 (M Moselakgomo et al.)
2.3.3 Modal split for commute

As explained in the work on LEVs in Annex3, there are great differences in car and vehicle ownership
and use within global regions based on economic and land use factors. This is also reflected in the
modal choice for work-related trips, as seen in Figure 1, with a large share of work-related mileage
undertaken by cars in Germany and the USA. There exists a high share of trips for two-wheeler (2 W)-
and three-wheeler (3 W)-based informal transport in India and the use of shared minibus taxis in South
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Africa. When looking at mileage distribution by trip purpose, for the US, work and business trips com-
prise 19% of car-based person miles, followed by 24% for shopping and errands and 24% for social and
recreational purposes (Fucci, 2017). In Germany, work and business comprise 44% of all car-based
mileage, followed by 25% for leisure and 8% for shopping purposes (Infas, 2017).

2.3.4 Emission factors

Table 3 lists the emission factors used for the vehicle modes to determine the emissions evaded by
teleworking. The weighted emission factors in CO.q g/km are calculated using the emission factor of
a specific mode and drivetrain and the associated fraction of vehicle kilometres for the mode in the
region. It should be noted that the latest national survey including transport data in India is available
only for 2010. To observe the change in usage of vehicle modes and hence a more recent representa-
tion, we see in Table 5 that the weighted emission factor in urban areas in 2016 based on calculations
increased by 25% the national average for work trips in 2010. It can be seen that a worker in urban
India emits 30% of a worker in the USA per km travelled for commuting.

The stock-averaged tank-to-wheel CO, emission factor of cars is expected to decrease substantially
with increasing electric vehicle (EV) market share in the future. The decline is expected to be from 154
gC0,/km in 2020 to 16 gCO,/km in 2050 in Germany, 42 gCO,/km in the USA, and 79 gCO,/km and 65
gCO,/km in India (Feinauer et al., 2023).
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90% - H Bicycle
I 80%
< m Car
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>
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o
= 3w
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10% M Rail/subway
0%
Germany (2017, India (2010, USA (2017, national, SA (2020, national, W Other

national, work) national, work) work) work)

B Minibus taxi

Figure 1 Modal split for work-related vehicle kilometres driven in selected countries

Source: Germany (Carbon Trust, 2021), India (Goel, 2018), (Paladugula et al., 2018),USA (US Census
Bureau, 2019a), South Africa (Roux, 2019), (Department Environmental Affairs, 2020),
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Emission | Weighted
factor Car Car Car Mini Emission
2W | 3W Bus bus Source
(8 COzeq/km) (petrol) (diesel) (electric) taxi factor

Germany (Feinauer
etal.,
154 135 0 57 na 1305 na 108 2023),
(Infras,
2019)

India (Feinauer
etal.,
2023),
177 197 0 59 156 1027 na 49 (India
GHG Pro-
gram,
2015)

India Using
VKT split

(urban) ., 197 0 59 156 1027 na 62 from
(TERI,

2018)

USA (Feinauer
214 na 0 86 na 1764 na 207 etal.,,
2023)

SA (Lewis &
216 216 0 86 na 1911 720 256 Cohen,
2016)

2.4 Relevance of the regional perspective

The share of people working from home expanded throughout the world during the COVID-19 pan-
demic. The adoption of teleworking varied in region-based factors such as the occupational structures
conducive to teleworking, ICT (information and communication technology) infrastructure and digital
skills regulations and legal adaptations to enable telework and work culture. For example, in the EU,
based on a survey, teleworkers rose from 15% of the workforce in 2019 (with 10% in 2006 for compar-
ison of growth) to 36% because of the pandemic. EU countries that had better developed ICT infra-
structure and regulations were able to adapt faster. (Policy Department for Economic, Scientific and
Quality of Life Policies, 2021) Similarly, in the USA, based on a widespread survey with 30000 respond-
ents, it was found that 48% of their workdays during the pandemic were from home in comparison to
4% before the pandemic, with 66% respondents wanting some form of hybrid work arrangement after
the pandemic (Barrero et al., 2021). Teleworking was not as prevalent in India as in other developed
countries before the COVID-19 pandemic due to infrastructure constraints, working cultures, space
and conduciveness at home and child care, which were approached with accelerated solutions during
the lockdown. This changed during the pandemic, where based on a survey of only IT sector employees
in India, only 31% of employees completely or partially teleworked before the pandemic, which rose
to 87% during the lockdown and was 76% post-COVID-19 (Nayak & Pandit, 2021). There was also a
major shift in attitude and working culture in African countries in teleworkable jobs, with most enter-
prises adopting a hybrid arrangement of work post COVID-19 with a satisfactory gain in productivity
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experienced (International Labour Office, 2022). It is observed through this study that there is a general
lack of widespread and methodological data collection in developing countries to characterize and
compare changes in working conditions and associated social, gender and cultural aspects.

The emission reduction potential of teleworking varies within regions and countries given the different
occupational structures, spatial distribution of work locations, modes used to travel and their associ-
ated emission intensity, and home and office energy consumption. In addition to emissions saved by
avoiding travel, heating and cooling demands are also very region specific (Li et al., 2021), which influ-
ence the net emission reduction. It is thus important to view the regions in a more clustered manner
than having single benchmarks. Accordingly, the modelling in this work seeks to exemplify the regional
differences and the range in the potential of emission reduction by teleworking through representative
country examples. More in-depth analysis must be carried out for specific policy adoption; however,
the variation and extent of teleworking as a mitigation option is addressed in this work.

As mentioned, the latest data available for the regions were used to evaluate the emission reduction
potential for the current time period. The rate at which the proportion of teleworkable jobs and the
emission intensity of mileage travelled for work transform in the future, especially for developing and
populous countries such as India, would determine the relative importance of emission reduction
through teleworking (urban structures and the spatial distribution of work and business activity cen-
tres are comparatively slower to change to affect average commute distances). Comparing the tele-
working potential of developed countries and developing countries gives an approximate idea of the
range of increase in the emission reduction potential for developing countries. Exact modelling of fu-
ture pathways of teleworking has thus not been addressed as a part of this work.

No link for this particular subject

The potential benefits of teleworking range from increased flexibility and autonomy, better work-life
balance, and an opportunity for improved gender balance and thus improved performance and job
satisfaction (Gajendran & Harrison, 2007; lvasciuc et al., 2022). Aside from its transport emission re-
duction potential, teleworking can also reduce peak time demand on resources such as electricity,
public transport and road congestion (Fabienne Wéhner, 2022). On a structural level, space consump-
tion and costs for office buildings can be optimized and reduced (Policy Department for Economic,
Scientific and Quality of Life Policies, 2021).

On the other hand, high levels of teleworking have also led to feelings of professional isolation, nega-
tive health and ergonomics, reduced relationships with coworkers, anxiety, and overwork among tel-
eworkers (Vayre et al., 2022b). There is also a disparity in residential space per capita, which can enable
a good working environment and hence productivity. In the current scope of work, we try to focus on
the technological constraints to achieving maximum emission reduction potential within a regional
context.
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2.7.1 Digital connectivity and internet access

Globally, approximately 24% of all jobs present can be done from home, but this is reduced to 18%
when adjusted for internet availability. This translates to a 30% decrease globally. This gap is even
higher for developing countries, with 51% and 58% drops in Ethiopia and Nepal, respectively. (Nicolas
Gomez Parra, 2020) As seen in Figure 2, there exists a great disparity in the ownership of computers
at home and internet access at home (without using cellular data) and mobile data. There has been a
steep increase in accessibility to the internet, especially the mobile internet, in developing countries
(ICT Data and Analytics Division, 2022). For example, from 2010 to 2022, the percentage of the popu-
lation in Africa covered by at least a 3G mobile network has increased from 1.7% to 82%. However,
there still exists a considerable gap between the internet speeds for both uploading and downloading
relevant for remote working, as highlighted in Figure 3. In low- and lower-middle-income economies,
mobile broadband offers speeds much closer to fixed networks than high-income economies, where
fixed-broadband speeds are 30-100% faster than mobile networks (hence the relevance of both mobile
networks and fixed networks for remote working) (Ookla LLC, 2022). Approximately 82% and 78% of
South African participants agreed that data and internet assistance and availability of more resources
would help with better teleworking conditions in a survey conducted in (Sucheran & Olanrewaju,
2021). Sixty-five percent of respondents in (ILO, 2021) also felt the same in India.

100% 93% 95%
90% 84%
80% 78% 76%
70% 65%
60% °%%
’ 50%
50%
40%
30% 9
199% 23%
20%
o 9% 70, I 9%
10%
~ L]
India (2019, India (2019, urban) Germany (2017, USA (2021, national) South Africa (2019,
national) national) national)
B Computer ownership M Internet access at home Mobile internet access

Sources: India (International Institute for Population Sciences, 2022), Germany (OECD Stats, 2022),
USA (US Census Bureau, 2019b) and South Africa (Roux, 2019).
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2.7.2 Power grid

Uninterrupted power supply is a prerequisite for smooth teleworking at home. Having a backup power
supply is often not a feasible or affordable option, especially for households in developing countries.
With aging coal power plants, employers in South Africa’s stance on teleworking is shifting back due
to unmanageable load shedding, as seen in Figure 4, to maintain employee productivity and reliance
(John Jack; Matli, 2020). It is on its resistant path to shift to cleaner energy, where currently 85.7% of
power generation (due to abundant coal reserves) is from coal and only 0.9% is from solar energy
(Statistics South Africa). India has made great progress in the past decade, with 96% of households
having access to electricity in 2020 compared to 67% in 2010 (CEEW, 2020). However, there still exist
considerable power cuts per day where the average daily urban power supply can range from 23-19
hours depending on states and 23-16 hours for rural areas in India (CEEW, 2020). The USA, on the other
hand, has just 7.3 hours of annual power cut, with variation in states from 80 hours to 102 minutes per
year depending on the federal state (U.S. Energy Information Administration).
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Figure 4 Annual power cuts in selected countries
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Sources, India (CEEW, 2020), USA (U.S. Energy Information Administration), SA (Labuschagne, 2022)

2.7.3 Residential space and energy consumption

There exists an enormous disparity in being able to have the option of a quality work setup for all
working members of households in global regions (Armillei et al., 2021). As seen from Figure 5, the
residential area per person in urban India is 10 m% which is approximately one-ninth that of an average
person in the USA. Considering that an average dwelling in Europe was ~100 m?with 2.3 persons, one
can observe the lack of space to have an independent work setup that exists.

Since larger spaces also lead to higher energy consumption for space cooling and heating depending
on geographical location, the overall emission reduction potential of teleworking in high residential
energy intensive countries is lower since commuting emissions are then replaced by increased resi-
dential space heating and cooling requirements.

Thus, as seen in , space heating and cooling accounts for 70% of total residential energy con-
sumption in Germany in comparison to 43% in the USA and 40% in urban India. The total residential
energy consumption for India on a per capita basis is ~ one tenth that of the USA (despite having a
higher carbon intensity of residential energy).

However, as with vehicle emission factors, emission intensity is expected to decrease in developed
countries with the adoption of building emission mitigation options and renewable energy generation.

Along with this, an increase in energy consumption in developing countries such as India with greater
disposable income to own cooling equipment in larger spaces is also expected.
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India Germany USA

(urban) (national) (national)
Residential heating and cooling
energy intensity 235 6333 5815
(kWh/person)
Other residential energy intensity

324 2714 7708
(kWh/person)
Residential energy mix carbon in-
tensity used 0.725 0.414 na
(kgCO,/kWh) (IEA, 2021)
Total Residential GHG emission 406 3745 4324
per capita (Benjamin Gold-
(kgCO2/person/year) stein et al., 2020)

Quantifying the exact overall emission reduction potential would require the characterization of office
activities and energy use, residential activities and bottom-up knowledge of the number of rooms,
working status and lifestyle of members of households and technology used for managing space heat-
ing and cooling. An example of Germany used to exemplify the effect of not accounting for building-
related emissions is shown in the results section.

2.8 Mitigation option results

Based on the methodology described in (Carbon Trust, 2021), the emission reduction potential for
teleworking from the commute was calculated. Countries with a higher share of teleworkable jobs,
larger commute distances and emission intensity of modes used for commuting, such as Germany and
the USA, have transport-related emission reduction potentials of 7% and 5% of road passenger
transport emissions, respectively. This is, however, much lower for the case of India and South Africa.
Even with increasing activity, car ownership and the proportion of teleworking jobs for developing
countries, as a proportion of passenger transport emissions, it can be assumed that the limit is already
seen in developed countries and is only expected to further decline with increased public transport,
electrification of passenger car fleets, transformation of cars as a commodity and urbanization in the
near future for these countries.
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Figure 6 Transport emission reduction potential by teleworking in selected countries

To demonstrate the effect of not considering overall emissions from the building sector, we see in
Table 1 the net reduction in emissions when subtracting increased domestic emissions from LCA
transport and office emissions in winter for Germany. Based on these inputs, the seasonal variation in
the emission reduction potential decreases by a factor of 7 from summer to winter, mainly due to
residential space heating requirements.

Table 5 Effect of considering building emission and seasonality

Emissions Tailpipe transport LCA transport 5 ) Offi Net
- . omestic ice

(kg emissions using emissions using . i emission
COnec/day/ emissions emissions )

& petrol car petrol car reduction
teleworker)
Germany
(summer) 5.2 7.8 4.4 3.6 7.0
Germany
(winter) 5.2 7.8 12.7 5.9 1.0

Source: LCA and building emissions (Carbon Trust, 2021)

The net emission reduction by teleworking considering building emissions varies in the literature de-
pending on the methodology used to account for office and domestic emissions and their related in-
puts. For example, in (IEA, 2020) (which does not explicitly consider office emissions), we see the effect
of seasonality, resulting in a 58% drop in emission reduction potential in the EU, 22% in the USA, and
107% in China (reduction potential in summer relative to winter). In summary, the effect of building
emissions is region specific, seasonal and significant. They must thus be included to calculate the po-
tential emission-related benefits of teleworking to avoid overestimation.
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Ideally, the option to work from home should give genders an opportunity to equally contribute to
care, parenthood and domestic chores and hence create more diverse employment opportunities.

However, this has not been the case all over the world, with teleworking having a gendered effect with
varying degrees in global regions. Gender has a correlation with being employed, job type, job prox-
imity to residence, vehicle mode selection and productivity during telework.

As described in the paper with LEVs with gender in the next chapter, the labor participation rate of
females varies greatly in global regions, with it being 24% in India, 23% - 38% in South Africa depending
on race and 56% in the USA. This reflects the societal and cultural differences in gender roles histori-
cally present in these regions, which can affect the work and additional responsibilities of employees
at home. As an indicator of the disparity in the distribution of unpaid work, as per (Dunatchik et al.,
2021), in the US, the percentage of time spent on housework is 76% more for women and 43% more
for men compared to prepandemic times given that only responders stay and work at home. This
shows the extra work carried out by women when at home. For South Africa, as per surveys conducted
in the work of (Sucheran & Olanrewaju, 2021) only 63% of women found their homes to be conducive
environments for teleworking compared to 90% men, indicating the extra distractions and work that
are present for women workers at home. For the EU, when comparing individuals with a full-time job
and children, women spend 83.5 hours per week of paid (41.2 h) and unpaid work (42.3), whereas men
spend 70.6 hours per week of paid (45.4) and unpaid work (25.3). This shows how working from home
is an opportunity to help women balance their time and men to bridge the gap in the EU (Nivakoski et
al., 2022). Based on a survey of IT professionals in India surveyed before the COVID-19 pandemic, ~80%
of males with children reported a productivity level greater than 75% when teleworking compared to
only 30% of females with children (Nayak & Pandit, 2021). According to (ILO, 2021), in India, the key
benefit to being able to work from home for 80% of women respondents was ‘No commuting stress to
office’ and ‘Better work life balance’ for 65% of respondents.

Jobs that can be done remotely can have a gendered effect given that women work more in healthcare,
education, food services, beauty and service industries with less possibility to work remotely (at the
same time, they work less in construction and other labour-intensive roles that are also not suitable
for teleworking). According to (Nicolas Gomez Parra, 2020), in India, no differences were found for the
amenability of a job to be teleworkable by gender. In the EU, however, the percentage of jobs that
were teleworkable was 29% for women and 22% for men (Nivakoski et al., 2022).

Thus, policy and attitude relating to teleworking should ensure that it is sensitive to the gender gap
existing in domestic work and that all members of related households have an equal opportunity to
productively work at home and equally contribute to other unpaid activities.

In this work, the emission reduction potential of teleworking is computed and compared for different
representative countries. Relating constraints and regional specificities of occupation structure and
telework supporting digital and power infrastructure, commuting vehicle mode use and related emis-
sion factors, residential energy consumption differences are discussed. The following key insights are
derived.
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A higher fraction of teleworkable jobs and supporting infrastructure are present in countries
with higher GDP. However, the pandemic changed and accelerated technological and cultural
shifts to support teleworking worldwide.

Maximum commute-related emission reduction potential from teleworking therefore also ex-
ists in developed countries given their higher fraction of teleworkable jobs and emission in-
tensity of vehicle mode used for commute (which would not be used). The range of emission
reduction potential varies from 7%-6% for Germany and the USA and 2%-5% for India and
South Africa. The relatively higher reduction potential regions also coincide with higher heat-
ing and cooling demands, due to which the net benefit decreases based on season. Building
demand and floor area per teleworker individually heated or cooled have a major impact, and
parallel sector transformation would improve the potential of this mitigation option.

While the mitigation potential in developing countries seems quite low today, it might change
in the future due to changes in the economic structure and changing mobility habits. There-
fore, it is important to anticipate such developments already today.

Care should be taken to avoid rebound effects (such as relocation of residences) and to avoid addi-
tional activities that would nullify the benefit of reduced commuting in terms of emissions.

Reducing travel to work must be complemented with a lifestyle that supports reduction so
that the overall effect is not offset. This extends to dwelling size and consumption, domestic
activities and services used and substituting additional activities undertaken.

Urban sprawl reduction policies must go hand in hand with teleworking to avoid shifts to lower
density areas, which would increase personal transport for other purposes given that personal
transport budgets are not altered.

Teleworking enables better work life balance with reduced time spent commuting and can reduce
gender gaps in unpaid work and employment opportunities. Apart from the emissions perspective,
teleworking and forms of hybrid working should still be encouraged when appropriate for better living
and working conditions for all.
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3 Shift: Light Electric Vehicles as a mitigation Option

The work carried out for this measure is part of the submitted article in Annex 3. A brief overview of
the methodology and findings of the work are discussed here.

Light electric vehicles (LEVs) considered in this work range from e-scooters, e-bikes, and e-mopeds to
quadricycles. Their lower mass-to-payload ratio in comparison to cars results in higher efficiency and
much lower emissions. As seen in Figure 7, the LCA-based emissions for even the largest (and highest
trip requirement satisfying) LEV are one third that of a battery electric SUV.
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In this paper, we discuss the increasing popularity of LEVs across all global regions along with trends
of increasing travel demand and car ownership in developing countries, SUV market shares (both con-
ventional and battery electric drivetrains) and urbanization. Given that current emission regulations
are based on tailpipe emissions, battery electric SUV sales are unhindered and are unchecked.

The potential of LEVs to substitute car and two- and three-wheeler passenger trips and thus to reduce
GHG emissions is computed for the year 2030. The maximum tailpipe (direct) emission reduction po-

tential of LEVs was found to be 50% for Germany and 34% for the USA with respect to total passenger

car-based emissions in 2030 in the country. This is computed through a bottom-up approach using
national travel surveys where in any trip that can be potentially substituted by an LEV which can satisfy
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trip characteristics of trip length, accompaniments, trip purpose, driver, weather and accompaniments
age and whether it is done with the least emitting LEV. Where national travel surveys were not availa-
ble, an assumption of 50% maximum mileage substitution of cars by electric microcars is assumed (as
is in Germany solely on the basis of trip characteristics) for South Africa and India. The maximum tail-
pipe (direct) emission reduction potential of LEVs was found to be 46% and 40% for India and South

Africa, respectively. This was considering current plans of electrifying its predominantly 2 W and 3 W

fleet of India, which would lead to a 15% emission reduction potential in 2030.

The realization of this theoretical potential is contingent on many factors covered in the study, such as
vehicular costs, which are especially relevant for developing countries, charging infrastructure, safety-
and security-related experiences and associated physical infrastructure for smaller LEVs. The aspect of
gender is especially important for LEVs given how certain modes are more conducive for care and
safety (against harassment). These are discussed in detail in Annex 3 with appropriate indicators to
highlight the regional specificities.

The major conclusions drawn from the work were as follows:

LEVs offer great potential to substitute cars and two-wheeler trips and thus reduce GHG emis-
sions given that a large proportion of daily travel needs fit within the ranges and provisions of
LEVs. The reduction potential is higher for car-dependent countries with shorter travel dis-
tances. While maintaining modal splits in developing countries is important, especially for ur-
ban living conditions, and avoiding a lock-in, a major shift is needed for developed countries
to ensure fair per capita emission reduction shares and responsibilities. The current SUV trend
is negating efficiency improvements and electrification, which must be immediately addressed
for mid-range length daily trips with smaller and electric cars.

LEVs should ideally complement public transport and other nonmotorized transport to avoid
rebound effects. Data-based consumer requirements and travel needs, infrastructure, finan-
cial instruments and land use planning are crucial to achieving sustainability goals while satis-
fying travel needs.

LEVs in a shared and digitally enabled environment could further reduce space consumption
and emissions and improve inclusivity.

Gaps found that require further research and inclusion in policy:

Discussion of lighter vehicles is largely missing in international policy forums. Since fleet tar-
gets are based on tailpipe emissions and not on LCA-based emissions or energy efficiency, no
incentive exists for smaller electric vehicles for manufacturers.

Regulatory provisions currently lag in terms of definitions, testing, safety standards and flexi-
bility to adapt to newer LEV types.

Large-scale experiments using LEVs need to occur for the right momentum to increase user
acceptance.

Further push pull measures based on vehicle weight, space and LCA emissions need to be
tested to encourage a shift towards LEVs.

Rebound effects such as LEVs replacing nonmotorized transport such as walking and cycling
where suitable should not occur and discouraged through interventions.
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4 Electrification of passenger cars as mitigation option

Transport greenhouse gas (GHG) emissions can be mitigated by 3 main measures: reducing vehicle
travel (avoid), shifting transport to more sustainable modes such as light electric vehicles (LEVs) and
improving vehicle efficiency, for example, to electric vehicles (improve). The potential of teleworking
for avoiding vehicle travel has already been studied earlier in this paper. A potential of 5% or 7% GHG
reduction exists in the USA and Germany, respectively. Then, the potential of shifting transport from
passenger cars to LEVs was studied. In this case, the potential is much higher. However, the acceptance
of LEVs still faces social apprehension and is still subject to institutional and attitudinal constraints. In
this work, the last measure discussed to reduce GHG emissions from passenger transport is the im-
provement of vehicle efficiency. The rapid development of electric vehicle (EV) technology, infrastruc-
ture deployment in different world regions and increased consumer acceptance indicate the major
role that electrification will play globally for the passenger car segment in the near future (Patrick Plotz,
2022).

The Paris Agreement could be achieved by fast electrification of the passenger car sector, but most of
the decarbonization targets put forward by countries are currently not binding or not enough to con-
tribute to fast decarbonization (Patrick Plotz et al., 2019). The European Union (EU) has become the
first major region globally to establish a 100% reduction binding target for CO; tailpipe emissions from
all newly registered cars starting in 2035. Smaller regions, such as British Columbia in Canada (by 2040)
and the State of Washington, Oregon, California, Vermont, Massachusetts and New York in the United
States (by 2035), have also adopted binding targets, permitting only EVs (both battery electric vehicles,
BEVSs; and plug-in hybrid electric vehicles, PHEVs) and fuel-cell electric vehicles (FCEVs) for new regis-
trations (Dornoff, 2023). In other major regions, such as China, targets have been proposed, with aims
to achieve 20% EV sales by 2025 and 50% by 2030. However, a 100% zero-emission vehicle sales target
has not yet been proposed (73).

Binding targets contribute to a faster intake of alternative powertrains because CO, reduction targets
set a clear signal to manufacturers and boost investments and innovation (Axsen et al., 2022). This is
relevant because EVs are a nonmature technology, and there are different barriers seen by customers,
such as lack of infrastructure, range, charging time, and upfront costs (Deloitte), which have im-
proved markedly owing to policy targets. To improve customer adoption, the actions of different stake-
holders, such as governments, car manufacturers and infrastructure operators, are needed (ACEA,
2022b).

In combination with demand-side oriented measures, there are different policy measures that govern-
ments can set to accelerate EV uptake and to reduce GHG emissions, such as yearly CO, emission
standards, ZEV mandates, or bans on ICE vehicle new registrations. These measures set a clear path
on the expected EV adoption. For example, they have had a strong effect on the boost of EV uptake in
the EU in the period 2020-2022 (Transport & Environment, 2021a).

Apart from the uptake of EVs for decarbonizing the passenger car sector, the fleet electrification sav-
ings potential in a region depends on vehicle fleet renewal, which in turn depends on the survival rates
of all the vehicles registered (new and used). It is important to see that even banning sales of new EV
sales as different regions of the world have set (Feinauer et al., 2023), reaching a zero-emission fleet
will differ significantly from region to region and will depend on the import used market and on the sur-
vivability of the vehicles (Alarfaj et al., 2020). The CO; emissions reduction potential with current CO,
emission reduction targets is quantified and studied in different countries across the EU. Additionally,
there is a risk that after banning ICE vehicles for new registrations, used ICE vehicles are held for longer
periods (Held et al., 2021a). Circulation bans, scrappage schemes or heavy taxation of used vehicles
are different measures to accelerate stock fleet turnover and have an electrified fleet faster. This work
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tries to quantify the effect of such policies, which would reduce the emission intensity of the existing
fleet and push newer EVs into the stock.

To analyse how governments globally can accelerate EV uptake and reduce GHG emissions, an over-
view of the opportunities and constraints of EVs from the demand-side perspective is carried out based
on customer surveys and a literature review. Then, different policy measures for the new vehicle mar-
ket and for the used car market are analysed that can accelerate GHG reduction potential based on a
literature review. Finally, a forecast of emissions in the EU is carried out in a reference scenario and
evaluated with different policy measures to reduce GHG emissions.

4.2 Methodology

4.2.1 Chosen approach and scientific concept

The following report is based on a methodology that focuses on the emission reduction potential from
the electrification of the passenger car fleetl. New vehicle registrations, used vehicle registrations, the
survival probability, the mileage distribution and the pollutants for each vehicle type play an enormous
role in obtaining accurate estimates. The methodology was based on a combination of models (cf. Fig-
ure 8), an econometric model, a utility maximization model (Méring Martinez et al., 2023), a statistical
model (Held et al., 2021a) and a bottom-up approach model, which all together allow us to forecast
the stock and emissions of the passenger car sector in different regions. The methodology has been
applied at the EU level. The study tries to quantify the fleet structure and emissions based on different
characteristics (age, powertrain, pollutants, mileage and country of the vehicles). It allows us to quan-
tify the stock structure and emissions reduction potential when different policies such as CO,emission
standards and circulation bans are applied. Using this model, insights to policymakers can be trans-
ferred. Such analysis can better inform policy makers of the range of benefits and constraints of differ-
ent policies and which policy mix can be optimal to reduce overall GHG emissions.

(SsP2)

GDP share
historical

New registrations Population " " . A
historical new vehicles in
share (SSP2) share (SSP2) registrations use by age
historical historical

Share of new
registrations by
powertrain in
EU countries

Forecast of Forecast of ¢
absolute number of number of new Forz.ecast'o Do
new registrations registrations in regl.st(atlons by :
in the EU Teannintn powertrain in EU countries

Share of absolute new
registrations in EU countries

CSP values

Emission factors (EU)
Yearly mileage

1 Zero-emissions in the passenger car sector can be achieved both with BEV and FCEV. However, FCEV are highly unlike to be competitive with
BEV and are expected to play a minimum role in the future Patrick Plotz (2022).
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4.2.2 Data

The methodology presented can be applied for any world region if there is data availability. We mainly
focus on studying at a quantitative level the emissions reduction potential of the EU Member States.

4.2.3 Econometric model

4.2.3.1 Fixed effect model with lagged dependent variable

The econometric model uses two independent variables: economic indicators and one dependent var-
iable. The model gives the share of new passenger car registrations in each EU country. The three
variables are:

® GDP share with respect to the EU (independent variable)
® Population share with respect to the EU (independent variable)

® New registrations share with respect to the EU (dependent variable)

The results of the forecast of the dependent variable depend on the forecast of the independent vari-
ables. The forecast of the economic indicators comes from the Shared Socioeconomic Pathways Data-
base (IASA, 2018). Specifically, we focus on scenario SSP2 (“Middle of the road”). The SSP2 sce-
nario does not shift markedly from historical patterns and assumes a moderate growth trajectory and
moderate convergence between developing and advanced countries at a global level (Crespo Cuar-
esma). The econometric model is calibrated with historical data of the economic indicators, GDP and
population from 1996 to 2021. 1996 is selected based on the oldest year of data availability for the 27
EU countries. The new registration data are extracted from (ACEA, 2021b, 2022a).

4.2.3.2 Forecast of absolute EU registrations

The stock of a country changes yearly based on yearly registrations and yearly deregistrations. A higher
number of registrations, with a constant number of deregistrations, car efficiency in terms of CO; emis-
sions, and mileage implies higher emissions. The forecast of absolute EU registrations comes from 2
different sources, which we consider and can be modelled under 2 different scenarios (CAM, 2021;
Deloitte, 2023).

Scenario 2020 2025 2030 2035 2050
Deloitte EU 27 (Deloitte,
2023) 9.73 11.04 11.11 10.84 10.84
CAM: 2030 recovery (CAM,
2021) 9.73 10.66 13.01 13.01 13.01

There is a significant amount of difference in the registrations forecast in both scenarios by 2035. The
CAM scenario assumes that sales recover values prior to COVID-19 by 2030. From 2023 until 2035 (the
period where new vehicles registered can still be nonzero emissions), there are 1.2 million more vehi-
cles newly registered under CAM or, in relative terms, 9.3% more new vehicles registered than in the
Deloitte scenario. As discussed, selecting one or the other scenario will have effects on the total
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amount of emissions obtained in the model. We focus only on forecasting stock and emissions under
the CAM scenario.

4.2.4

The model uses the forecast of new registrations by type of powertrain for all EU countries coming
from (Moring Martinez et al., 2023). The forecast shows significantly different trajectories to achieve
the net-zero emissions target set by the EU in 2035 (European Commision, 2022). For example, in 2030,
Eastern countries will have approximately 30% BEV sales, Southern countries will have approximately
50% BEV sales, Central European countries will have approximately 70% BEV sales and Scandinavian
countries will have close to 100% BEV sales. The forecast of (Moring Martinez et al., 2023) is up to
2035.

4.2.5

CSP represents the likelihood of a car from a particular year remaining in a country's vehicle fleet,
considering factors such as scrappage and exportation to other countries. To obtain CSP curves, data
on the age distribution of vehicles in stock and new vehicle registrations are needed. For 2016, a sub-
stantial dataset was compiled by (Held et al., 2021a) to calculate CSP curves. We update CSP values for
2021, drawing from a combination of sources, including (Held et al., 2021a) and new data sources.

It is important to note that the quality and resolution of vehicle stock data by age can vary significantly
from one country to another, which can impact the accuracy of our distribution fitting and the R? values
obtained in our simulations. The age distribution data for vehicle stock primarily come from national
statistical offices and other official sources such as Ministries. Similarly, data on new vehicle registra-
tions are sourced mainly from national statistical offices. In cases where such data were not available,
we refer to (ACEA, 2021b, 2022a; Held et al., 2021a).

We obtain CSP curves for 2021, and we observe that the survival rate of the vehicle fleet changes over
time, as previously discussed in (Cabrera Serrenho & Allwood, 2016; Held et al., 2021a; Oguchi & Fuse,
2015). One key parameter of interest is the Weibull average lifespan, denoted as A, which directly
correlates with the average age of the vehicle fleet. Figure 9 illustrates that in all countries, the Weibull
average lifespan (1) has increased from 2008 to 2021, except for Denmark, where it has remained
almost constant. Furthermore, from 2016 to 2021, most countries experienced a significant or moder-
ate increase, except for Finland, which saw a significant reduction, and Denmark, where it remained
constant. Figure 2 underscores the trend of increasing average lifespans (thus increasing the average
age of vehicle fleets) in recent years. This trend has a negative impact on GHG reduction efforts, acting
in the opposite direction."
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4.2.6 Stock model

The stock model calculation depends on a model that combines different inputs already described in
the previous sections.

4.2.7 Emissions model

The emission model uses the stock model results and two external inputs, yearly mileage and emission
factors.

The average yearly mileage is obtained for 2019 due to the lack of homogenous data for more recent
years. The data sources used are national statistical offices, namely, OECD (OECD, 2023), Eurostat (Eu-
rostat, 2023e, 2023f) and Enerdata (Enerdata, 2020). There is a large discrepancy in the average annual
distance travelled by car between countries. It ranges from less than 7500 km in the Czech Republic,
less than 9000 km in Italy and Poland to more than 12000 km in France and Germany and to more than
16000 km in Ireland. The average yearly mileage has a linear effect in the emission calculation. In this
study, we do not focus on how yearly mileage and travel demand will develop in the future?.

Finally, the emission factors are obtained from HBEFA (Infras, 2022). The emission factors are not avail-
able for all EU countries. Average emissions factors for the EU are available, and they are selected. The
emission factors depend on the powertrain type and Euro-class, which can be related to the year of
introduction and hence the year of the first registration of the vehicle. Emission factors are available
for CO, and for different pollutants, such as NO, and PM.

Emission factors and fuel efficiency have improved for most pollutants, with each tightening Euro-
class and year (Infras, 2022). However, CO, emission factors have increased primarily due to the in-
crease in SUV vehicles with higher mass and fuel consumption. An average Euro 6d diesel vehicle in
the EU emits more in 2021 as an average Euro 3 diesel vehicle in 2001 (184 g/km of CO2 in 2001 vs.
188 g/km in 2021). To reduce emissions, we need to improve the current vehicle fleet structure. Apart
from electrifying the fleet, it is important to promote the registration of smaller and less powerful
passenger cars (P. Pl6tz et al., 2021; Transport & Environment, 2021a), including shifts to LEVs where
possible.

2 |n Europe travel demand is expected to stabilize in future years Seum and Eisenmann (2020b).
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Before applying a quantitative analysis in the EU for analysing the effect of specific policies for reducing
GHG, the current understanding of opportunities and constraints for electrifying passenger car
fleets across the world is analytically and qualitatively examined through a systematic literature re-
view. The growth of EVs is shaped by both demand-side factors (consumer-driven) and government
policies (policy-driven) (Demeulenaere, 2019; Freeman, 1996; Kemp & Soete, 1992). The evolution of
battery technology due to advances in lithium-ion batteries has strengthened the competitiveness of
EVs against traditional internal combustion engine (ICE) cars (Hasselwander et al., 2023; Korthauer,
2013). However, due to its maturity, ICE technology currently holds advantages in line with consumer
preferences (Tschoke et al., 2019), such as purchase price, a widespread infrastructure, rapid refuel-
ling and absence of range anxiety.

A faster electrification of the passenger car fleet and transformation of the energy sector will contrib-
ute to the reduction of GHG emissions and local pollution. Therefore, different regions of the world
and specific countries have put in place targets (Feinauer et al., 2023), policies (Axsen et al., 2022;
Dornoff, 2023; ({EU}) 2019/631, 2021) and investments; i.e., purchase incentives for EVs (Minzel et
al.,, 2019) and infrastructure investment or subsidies (Dimanchev et al., 2023; Kumar et al., 2021)
to speed up technology improvements and stimulate the demand side. The measures have contrib-
uted to enhanced vehicle specifications (e.g., extended range, lowered pretax prices), faster infra-
structure deployment, and lower gross prices after taxes and incentives. Collectively, these factors
have improved the competitiveness of EV technology, propelling higher regional and worldwide EV
adoption rates.

Conversely, policy-driven measures are also very effective. For example, policies such as the European
Commission’s objective to gradually decrease the allowed standard level of specific CO, emissions,
accompanied by steep penalties for noncompliance (European Commision, 2022), have driven signifi-
cant transformation. These CO; targets push EU countries to reduce emissions and car manufacturers
to invest more in improving EV technology. Although not currently used on a large scale, other policy
measures, such as circulation restrictions, scrappage schemes, or substantial levies on the purchase of
used vehicles, have the potential to significantly reduce emission levels. Some policy-driven measures
and regional variations in the EU are analysed qualitatively in Sections 4.4 and 4.5.

4.3.1

Different factors affect customers’ purchase decisions, which may differ across world regions. BEV in-
take presents significant differences across global regions, and customer preferences are good indica-
tors of the country environment (taxation, infrastructure, model availability and vehicle price) to un-
derstand the share of customers who feel ready to buy EV vehicles.

A customer survey that includes all TIER 1 countries® and two TIER 2 countries, Tirkiye and Japan, is
conducted by (Deloitte), and it is a good starting point for analysing the motivations and constraints
customers have when purchasing an EV.

BEV uptake has increased significantly in recent years globally but at very different levels across coun-
tries. In all global regions surveyed by (Deloitte), there has been an increase in BEV vehicles as cus-
tomer preferred options since 2019. In 2023, it remains under 10% in large economies such as India,
the USA and some EU countries such as Poland. In 2023, China experienced a significant increase with

3TIER 1 countries are composed by China, European Union, India, Indonesia, South Africa and United States. Southeast Asia includes Indonesia
among other countries
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respect to 2022, going above 25%, followed by Germany, a western country that is slightly above 15%.
It can be observed that the willingness to buy a BEV differs significantly across world regions. At this
point, it is important to know which are the main reasons because customers decide to buy BEV vehi-
cles. In Table 7, we can see the top reasons globally and in the EU for buying a BEV.

Top reasons for customers to choose
Top reasons for customers to choose

an EV in TIER 1 countries and 2 TIER Score . Score
. o an EV in the EU

2 countries (Tlrkiye and Japan)
Lower fuel costs 0.99 Lower fuel costs 1.00
Better driving experience 0.83 Government incentives/subsidies 0,73
Concern about climate change 0.53 Concern about climate change 0,71
Less maintenance 0.56 Less maintenance 0,61
Government incentives/subsidies 0.50 Better driving experience 0,54
Potential for extra taxes/levies ap- 0.33 Potential for extra taxes/levies ap- 0.45

plied to ICE vehicles ’ plied to ICE vehicles ’

Concern about personal health 0.38 Concern about personal health 0,34
Ability to use the vehicles as a bat- 0.39 Ability to use the vehicles as a bat- 0,14

tery/power source tery/power source

Peer pressure - Peer pressure -

Source: Data extracted from (Deloitte)

Lower fuel costs are the 1t reason to buy an EV globally and in the EU. This was already the main rea-
son in 2022 (Deloitte). However, this has increased in 2023, when customers are pressured by hyper-
inflationary conditions and look to lower their operating costs. Then, government subsidies play an
enormous role in EV customers in the EU as the 2~ reason for considering purchasing a BEV. Con-
versely, globally, subsidies are relegated to the 5% position. A better driving experience is the 2 reason
globally. In China, India, the USA and Southeast Asia are the 2~ most important reasons. The 3+ reason
is climate change both globally and in the EU. Environmental awareness plays an important role in
customers choosing an EV. In the 4+ position, less maintenance is the reason for selecting an EV glob-
ally and in the EU. Then, other reasons are less important for EV customers in selecting a BEV. It is
important to highlight concern about personal health. In Poland and China, this is the 3 and 4t reason,
respectively.

Operating costs

The primary benefit of an EV for customers is the reduced operating costs (cf. Table 7). In the US, a
customer can save $500 to $1000 a year (Graham & Brungard, 2021). Enhancing operating cost savings
and mitigating price uncertainty can be achieved through the implementation of a suitable domestic
energy generation system that minimizes reliance on fossil fuels.

Maintenance

The lower maintenance of EVs is the 3 reason globally and the 4t in the EU for selecting an EV vehicle
(cf. Table 7). Electric drivetrains have fewer moving parts, which translates to easier maintenance, in
addition to avoiding the replacement of parts. According to Arval, which has a dataset of more than
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200,000 vehicles on behalf of customers around the world, the service, maintenance and repair costs
of battery EVs are approximately 50% lower than those of equivalent ICE vehicles (Fleet logistics, 2022).

However, it is still uncertain for customers the lifetime of batteries, and the consequence of a failure
could cost more than 10.000€ (Graham & Brungard, 2021). As a result, the cost savings in maintenance
become less significant, and customers become more concerned about the probability of battery fail-
ure. It is important to mention that a recent study (Wassiliadis et al., 2022) shows that aging tests
demonstrated a reduced rate of aging compared to the figures reported in the literature. Overall, the
real-world cycles significantly exceed both the manufacturer's mileage and operating time warranty,
as well as the assumptions typically found in the literature. The analysis was conducted for VW ID3
under different driving conditions. It has only a capacity loss of 8% after 8 years and 160.000 km. The
same methodology can be used for analysing different models and reduce concerns about the battery
lifetime. Other options to remove battery failure uncertainty are battery as a service (Baas) models,
where customers have a battery subscription instead of battery ownership. This has been successfully
rolled out in China (Graham & Brungard, 2021).

The concern about climate change is the 3 reason in the EU and the 4t globally for selecting an EV
(cf. Table 7). Reducing anthropogenic GHG emissions is crucial to addressing climate change. Transpor-
tation, a major contributor, particularly stands out. It is responsible for roughly a quarter of energy-
related GHG emissions, with road transport alone accounting for a substantial 72% (Feinauer et al.,
2023). Passenger cars play a pivotal role here. The Paris Agreement outlines that transport should be
climate-neutral, aiming for net zero GHG emissions within just a few decades (Patrick Pl6tz, 2022).

The achievement of this objective has a twofold approach, as already described in Section 4.1. On the
one hand, technological changes and demand-side changes that stimulate the uptake of passenger
cars with alternative powertrains contribute to GHG emissions reduction. On the other hand, nontech-
nological changes, including a reduction in travel (due to, for example, remote work), a shift to more
sustainable modes of transport (such as rail and bikes), and a faster fleet stock turnover, can and
should also contribute to GHG emissions reductions in road transport.

While customers may place less emphasis on personal health and local pollution concerns (cf. Table
7), itis nevertheless crucial for governments to acknowledge the importance of clean air for people’s
health. Various pollutants, such as NOy, VOC, NH;, primary PM,s, and SO,, contribute to health issues
linked to vehicle emissions. Despite extensive environmental research, (Choma et al., 2020) empha-
sizes the insufficient focus in the literature on the health benefits of EVs.

In (Wassiliadis et al., 2022), the study assesses health benefits from adopting EVs in a large U.S. cities.
Electrification leads to large benefits, even if powered exclusively by fossil fuel plants. While the extent
of benefits varies across cities, they are consistently present in all cases. This suggests varying incen-
tives per city, targeting EV deployment towards maximum health advantages. The negative health ef-
fects of ICEV tailpipe emissions in densely populated areas justify an accelerated fleet turnover. To
conclude, electrification and fast fleet turnover offer significant health advantages for densely popu-
lated areas.

In (Wassiliadis et al., 2022), health benefits are quantified. The health benefits in the USA associated
with driving a BEV instead of an ICE 150,000 miles over a 15-year period amount to an average of
$8,600, with variations ranging from $5,100 in Rochester to $17,200 in New York. These results under-
line the substantial differences among cities and the substantial potential for justifying notable subsi-
dies for BEV registrations in urban areas by focusing on air pollution reduction and health improve-
ment. By adopting this approach, subsidies for densely populated cities worldwide could be directly
justified. In some cases, these subsidies could exceed €10,000, primarily based on the adverse health
effects of air pollution. It is worth noting that this calculation does not include other factors, such as
noise and additional environmental effects. In addition to urban EV subsidies, other measures, such as

33



Transport Sectoral Modelling - ‘Avoid-Shift-Improve’ measures

implementing bans on older vehicles or establishing low emission zones (Bigazzi & Rouleau, 2017) in
densely populated areas, are used in different cities and contribute to enhancing both public health
and air quality.

EVs bring about a notable improvement in noise and vibration levels experienced by vehicle users. The
enhanced comfort resulting from reduced vibration and noise enhances the driving experience and
contributes to driver well-being (Demeulenaere, 2019). Furthermore, taxi driver studies reveal that the
quieter driving experience of EVs promotes improved mental health, reducing stress and increasing
happiness (Graham & Brungard, 2021).

Beyond the advantages for vehicle users, the electrification of transportation holds significant benefits
for urban populations by mitigating traffic-related noise. The escalating threat of traffic noise to urban
dwellers arises due to close proximity to roads, high traffic volume, and congestion during peak hours
(Tsoi et al., 2023). Prolonged exposure to such noise has been linked to adverse health effects, includ-
ing sleep disturbances, cardiovascular diseases, and general annoyance (Fyhri & Aasvang, 2010;
Minzel et al., 2019; Ndrepepa & Twardella, 2011). In fact, recent research spanning 31 European coun-
tries underscores that millions of adults endure annoyance from road traffic noise, while nearly 60
million are subjected to noise levels that detrimentally affect health (Khomenko et al., 2022).

To alleviate this problem, traffic noise regulations and abatement measures are needed. Electric mo-
bility has emerged as a clear solution capable of directly addressing traffic noise at its source, the ve-
hicles (Milford et al., 2012). With the growing adoption of EVs in private cars and public transport
fleets, substantial potential exists for noise reduction in urban environments. Studies demonstrate
varying degrees of noise reduction: replacing conventional car fleets with hybrids or fully electric ve-
hicles can lead to reductions of approximately 2 to 4 dB (Campello-Vicente et al., 2017; Jabben et al.,
2012). Moreover, the implementation of EVs in passenger cars and buses has been projected to po-
tentially reduce preventable deaths and diseases by notable margins through reduced air and noise
pollution, underscoring the far-reaching positive impact of electrification on noise and public
health (Tsoi et al., 2023).

Once the main incentives for buying EV vehicles have been described, it is also important to know
which are currently the biggest concerns hindering EV adoption globally and in the EU (cf. Table 8). The
5t largest concerns are the same globally as in the EU. More than one-third of all the surveyed people
globally and in the EU are concerned about these 5 topics: public electric vehicle charging infrastruc-
ture, charging time, driving range, cost of the vehicle (and subsidies) and a lack of a charger at home.

In the EU and in other world regions, the main concerns are related to infrastructure, range of vehicles
and price. A more detailed analysis is performed on these topics.

EV intake is slow not only because of the high vehicle purchase cost but also due to the scarcity of
adequate charging infrastructure (Szumska, 2023). Public and private investments are needed for gen-
erating the maximum EV demand and market share in future years (Kumar et al., 2021). For example,
in the EU, to reach the 2030 target, a very fast EV charging infrastructure rollout (a 9-fold acceleration
versus 2021 levels) is needed for smooth customer adoption (ACEA, 2022b).

Both public and private electric charging infrastructure deployment is necessary. Charging point needs
will vary from country to country. Additionally, it will depend on the geographical territories inside
countries: cities, towns and rural areas. In the EU, cities are expected to need a higher rate of charger
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points per vehicle. This is because there are lower opportunities in cities to install private charging
points, thus obliging EV owners to rely more on public-charging infrastructure.

According to (ACEA, 2022b), for a quick and smooth transition to electric vehicles, it is crucial to deploy
the necessary public charging infrastructure at both the national and local levels. Timely deployment
is also crucial to avoid slowing down the adoption of electric vehicles. Additionally, it is important to
consider long-distance travel and address concerns regarding charging times. For private infrastruc-
ture, facilitating and accelerating the installation processes is important. Below is a list of the main
current infrastructure and charging time issues and concerns along with possible solutions:

Greatest concerns regarding BEV for

Greatest ding BEV f
customers to choose an EV in TIER 1 reatest concerns regarding o

TR A1 2 T 3 A ot e [Tt Score customers to choose an EV in EU Score
rkiye and Japan) countries
. plljrt: g?n?‘lrzirrls c\;ﬁ?éde charg- 45% Driving range 52%
Time required to charge 44% Cost/price premium 48%
Driving range 43% Time required to charge 47%
. . Lack of public electric vehicle charg-
0, 0,
Cost/price premium 40% T e 44%
Lack of a charger at home 37% Lack of a charger at home 38%
Ongoing charging and running costs 33% Ongoing charging and running costs 32%
Safety concerrr\\;}/ggc battery tech- 32% Cold weather performance 29%

Lack of sustainability (i.e., battery 28%

0,
Cold weather performance 31% manufacturing/recyciing)

Lack of sustainability (i.e., battery 29% Lack of alternate power source (e.g. 26%
manufacturing/recycling) ? solar) at home ?

Lack of alternate power source (e.g. 28% Safety concerns with battery tech- 259%
solar) at home ° nology °

Source: Data extracted from (Deloitte)

® Public charging
o Charger amount and infrastructure deployment: Lack of public electric vehicle charging
=  Solution: Deploy the necessary infrastructure needed. Different steps are needed:

- Define a CO, target reduction or number of EV vehicles in a certain year (Moring
Martinez et al., 2023).

- Forecast the expected number of EV vehicles in the future (Feinauer et al., 2023;
Rietmann et al., 2020).

- Define the number of chargers needed based, for example, on a criterion for the
number of vehicles per public charger point (Directive 2014/94/EU of the Euro-
pean Parliament and of the Council of 22 October 2014 on the deployment of al-
ternative fuels infrastructure Text with EEA relevance, 2014/12/11/2021).

35



Transport Sectoral Modelling - ‘Avoid-Shift-Improve’ measures

- Define and invest the necessary amount in public chargers to reach the targets.
Charger location: Lack of real-time information on charger location and availability

Solution: Implement real-time maps that centralize information from multiple oper-
ators onto one single platform for easy access.

Charger access: fully charged EVs occupying charging points or plug incompatibility.

Solution: Enforce adequate restrictions to avoid charger blockage and use time-
based tariffs.

Charging experience: Incompatible payment methods, accounts, and location safety and
comfort.

Solution: Standardize payment systems and enhance the transparency regard-
ing charging point locations and comfort.

Infrastructure deployment on time: Extended waiting periods for permit approvals, grid
connections, and hardware delivery impede progress (Kumar et al., 2021).

Solution: Streamline infrastructure planning by creating standardized approval pro-
cedures, minimizing stakeholder interactions, and providing clear guidelines.

Central coordination: Central coordination bodies inside a country and across countries
are vital to efficient rollout.

Solution: Monitor the progress of deployment, manage the allocation of funds and
ensure resource efficiency through coordinated efforts.

Smart charging: Current charging methods lack flexibility in managing peak demand and
incorporating renewable energy.

Solution: Implement smart charging for optimized vehicle charging, reducing peak
grid load, prioritizing renewable sources, and enabling cost savings through time-of-
use tariffs and vehicle-to-grid capabilities.

Charging at home (ACEA, 2022b)
No charger at home because it is not feasible or because the price is prohibitive (Deloitte).
Solution: Deployment of an efficient and widespread public charging infrastructure.
Charger installation feasibility in single and multifamily homes.
Solution: Strengthen EV-ready building codes and establish a "right to socket" policy.

Charger installation: Difficult to find a certified installer and to understand the installation
process.

Solution: Ensure clear guidelines about installation.

Home charging experience and transparency about the charging cost need to be im-
proved.

Solution: Enhance cost transparency for installation and charging. Additionally,
this can raise consumer awareness of off-peak benefits and lessen grid impact.

Long-distance travel and legal framework

Lack of charging point standardization.
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Solution: Ensure a legal framework across neighboring countries. AFID (Directive
2014/94/EU of the European Parliament and of the Council of 22 October 2014 on the
deployment of alternative fuels infrastructure Text with EEA relevance,
2014/12/11/2021) and AFIR (EAFO) applied in the EU.

The time needed for charging is too high in long-distance trips.

Solution: Deployment of fast chargers along main roads and corridors between coun-
tries

Lack of fast chargers and very high price. They are too expensive for private investors.

Solution: Public investments in fast chargers along the main roads of a country and for
connecting different countries. The EU set targets for the deployment of fast chargers
in TEN-T corridors in the whole EU.

Charging time
Time charging expectations are not met.

Solution 1: Level 3 and level 4 batteries can charge with fast chargers from 0 to 80%
in less than 30 minutes. However, fast and ultrafast chargers are expensive, reduce
battery life and can overload the grid (Khalid et al., 2022; Neaimeh et al., 2017).

Solution 2: Battery swapping. It allows the battery to be changed in less than 5
minutes. However, there is no standardization in the design and location of battery
packs in vehicles.

Solution 3: An increased battery range reduces the time charging requirements
(Aljazeera, 2023; Graham & Brungard, 2021; Yang et al., 2021).

Driving range is the biggest concern in the EU for the survey respondents and the third globally. Con-
sumer expectations regarding range remain above vehicles that are technically and economically fea-
sible. Thirty-nine percent of consumers globally and 47% of consumers in the EU expect vehicles with
a range higher than 500 km globally (Deloitte). Current EVs of the medium segment in the EU market
typically have a range between 300 and 450 km (Hecht et al., 2021). Passenger cars with a range above
500 km exist, but they have a prohibitive purchase price for most consumers.

The range anxiety problem can be solved in two different ways. On the one hand, is the option of
battery technology improvements. The largest single contributor to the cost of a PEV is the lithium-ion
battery pack. If battery prices continue to decrease, it will be economically feasible to offer vehicles
with ranges higher than 500 km. According to (Bajolle et al., 2022), there are different possible battery
price forecast scenarios. Two scenarios where the price stabilizes, one due to insufficient raw material
supply and the other because of a more disintegrated form of supply chains. The third scenario con-
siders the possibility of market disruption through novel technologies such as solid-state technology,
which could lead to sustained price decreases in the future. If the third scenario is accomplished, then
the range of vehicles could be increased in the future. On the other hand, t can reduce psychological
barriers. A study from the USA (Pearre et al., 2011) with 500 drivers found that drivers surpass 100
miles (approximately 161 km) less than 18 times a year and 150 miles (approximately 240 km) less than
9 times a year. Most of the current BEV models can cover 240 km. Additionally, drivers experienced
range as sufficient after 3 months of electric vehicle use (Franke & Krems, 2013). Then, there is no real
need to have ranges higher than 500 km. The optimal solution from an environmental and cost per-
spective would be to reduce customer psychological barriers and have vehicles with ranges from 200
km to 400 km rather than keep increasing range through increasing the battery.
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Purchase price

The second biggest concern in the EU is the cost of a vehicle, and the fourth biggest concern globally.
The market uptake of EVs is directly correlated with a country’s GDP per capita, showing that afforda-
bility remains a major barrier to consumers (ACEA, 2021a). We can observe in Figure 10 the significant
price difference between BEV vehicles and ICE options sold in Germany in 2021 before taxes and sub-
sidies. In the small and medium segments, BEV vehicles were on average 10000€ more expensive than
gasoline. Taxation schemes that favour EV vehicles against ICE vehicles have been used across Europe
to increase EV new registrations (Dimanchev et al., 2023; Kumar et al., 2021). One of the main rea-
sons that consumers choose EVs in the EU is the incentives (cf. Table 7) and taxation schemes. The
taxation schemes and subsidies vary widely across the world and across the EU and have a significant
impact on the final purchase price. For example, in EU-27+Norway, the taxation amount favouring pur-
chase price of BEVs changes substantially among countries, ranging from 5,000€ in Poland to 18,500€
in Norway (Moring Martinez et al., 2023).
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Source: Data of sales and models extracted from KBA and ADAC

Apart from taxation and subsidies, a decrease in the price of a BEV vehicle can come through battery
developments. As previously mentioned, the most significant cost factor for an EV is the lithium-ion
battery pack. While the cost of a vehicle could decrease with lower battery prices, there is no guaran-
tee. If consumers anticipate an improved range and increased power in EVs, the pace of price reduction
might diminish because productivity gains could be redirected toward enhancing performance rather
than reducing prices. Conversely, a shift towards smaller, less powerful electric vehicles would likely
drive a decline in prices, and as discussed, it would be more environmentally friendly.

4.3.1.3 Transport demand

All the previous factors influence the purchase of EV vehicles. However, it is important to mention
transport demand because it significantly influences the reduction of GHG emissions. This importance
persists despite having cleaner car fleets; a surge in transport demand has the potential to counteract
emission reduction efforts (Feinauer et al., 2023). Transport emissions are strongly related to transport
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demand. Currently, most of the transport demand comes from North America and Europe. How-
ever, according to (Seum & Eisenmann, 2020b), the landscape is projected to shift by 2050, with India
and China expected to increase its transport demand while North America and Europe stabilize.

4.3.2

Governments stimulate the demand side for EVs through various actions. They are responsible for the
deployment of public infrastructure, the taxation of internal combustion and electric cars, car subsidies
and private infrastructure subsidies. These are different demand-side oriented measures to encour-
age customers to choose EVs (Hardman, 2019; Hardman et al., 2018).

Additionally, there are policy-driven measures (or regulations) that can speed up the adoption of EVs
and push car manufacturers to develop competitive technologies (Axsen et al., 2022). These include
rules such as CO2 emission targets, ZEV mandates, bans on older vehicles and scrappage schemes.

A combination of consumer-oriented measures along with policy-driven measures can effectively ac-
celerate the transition to electric vehicle fleets. Consumer-oriented measures have already been de-
scribed in Section 4.3.1. In this chapter, different policy-driven measures are described, and in Sec-
tion 4.4, a quantitative analysis of selected policy-driven measures in the EU is performed.

Car bans have the potential to contribute to both climate change and air quality goals. Essentially,
the idea of a car ban involves banning vehicles with ICE, which run on diesel or petrol (Green, 2018).
Numerous regions have already legislated or declared intentions to ban ICE vehicles in 2023. The years
2022-2023 marked the introduction of significant policies in the EU and the US—the CO2 standards
and the Inflation Reduction Act (IRA), respectively. These policies are expected to profoundly influence
the transition towards zero-emission road transport (IEA, 2023a).

For passenger cars, approximately half of annual global sales are covered by targets for 2035 or earlier,
increasing only slightly to 55% by 2050 (cf. Figure 11). While the vast majority of this coverage comes
from China, the EU and the USA, there are promising increases in other markets. However, most bans
will not be effective for significantly reducing GHG because (Patrick Pl6tz, 2022):

many would still allow the sale or use of hybrid or gasoline vehicles (100% electrified sales)
all but a few are proposals, and not yet enacted or legislated

most bans merely state targets, without mechanisms of enforcement or other aspects of im-
plementation
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Source: Data and concept extracted from (IEA, 2023a). Only countries that have legislated or proposed
an ICE ban or 100% electrification target have been included.

As observed in Figure 11, the announced car bans differ significantly in their details, including spatial
coverage, technology coverage (which vehicles are banned) and year of implementation. Notably, only
a few ICE bans are backed by plans for legal enforcement, and these laws have been officially passed
in only a limited number of regions. The EU is the first and currently only major region where to intro-
duce a 100% CO2 emission reduction target for all cars and vans newly registered from 2035 onwards
(Dornoff, 2023).

An ICE car ban is not the only possible policy to support the transition to zero-emission vehicles. The
EU and other regions in the US, Canada and China rely also on ZEV mandates. Instead of banning fossil
fuel vehicles, this strategy involves gradually raising the market share of ZEVs (IEA, 2023a). An inter-
esting example is British Columbia, which announced a ZEV mandate that bans ICE vehicles by 2040
(Dornoff, 2023). ZEV mandates and CO, emissions standards help to decrease GHG and guide the path
towards electrification before reaching an ICE ban.

CO; emission standards

Binding CO, emission standards and ZEV mandates in 2025 and 2030 are set in the EU. These poli-
cies can send a strong signal for automakers to channel their efforts into ZEV innovation, bringing down
costs and improving product variety, availability, and quality in the long run (Axsen et al., 2022).

The existing light-duty vehicle CO2 emission performance standards, (EU) 2019/631, were revised and
amended and were adopted by the Council on March 28, 2023 (({EU}) 2019/631, 2021). Compared to
the current regulation, the 2030 reduction target for new cars increased from -37.5% to -55% with
respect to the 2021 baseline. In addition, a 100% reduction target was set for 2035, while the -15%
target for 2025 remained unchanged, with no new annual or intermediate targets introduced between
2025 and 2030 (Dornoff, 2023).

The zero- and low-emission vehicle (ZLEV) threshold for 2025-2029 was raised from 15% to 25% for
cars. This adjustment is a reaction to the fast-growing share of zero- and low-emission vehicles. How-
ever, the threshold adjustment is too small. In 2022, the ZLEV share in the EU was 22% (EAFO, 2022).
Considering the current EV share, the ZLEV is suboptimal, and Europe will see little push to increase
the supply of electric vehicles throughout the 2020s. This means that limited progress will be needed
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by carmakers up to 2029 (just before the entry into force of the 2030 target), undermining efforts to
ramp up e-mobility just as electric models become affordable and the transition to zero emissions
mobility needs to accelerate.

Another problem of the new legislation is the ZLEV credits. Considering that EU manufacturers in fu-
ture years can reach 30% ZLEV sales, CO, targets can increase from 93 g/km up to approximately 98
g/km (Dornoff, 2023). At the moment, ICE vehicles sold between 2025 and 2029 can be more
CO, intensive, with an increasing share of BEV sales and ZLEV credits magnifying this effect. This is not
optimal for reducing GHG, but it is optimal for manufacturers to increase their profits by increasing the
sale of SUV vehicles.

EU-wide CO2 standards serve as the optimal legal means to establish the trajectory toward achieving
100% zero-emission new passenger car registrations throughout the single market (Transport & Envi-
ronment, 2021a). As discussed, such a trajectory would provide clear guidance to the automotive mar-
ket on the investments while providing a specific timetable for industry and governments to prepare
supply chains, infrastructure and workforce transition.

Another point that is relevant is that the EU is a major region with countries following very diverse
decarbonization paths (Moring Martinez et al., 2023). Countries should be legally allowed to tighten
their CO,standards individually given the urgency of climate action.

According to (Transport & Environment, 2021a), ICE vehicles must be phased out in 2035 to ensure
that net-zero emissions stock is reached or is close to being reached in 2050. This is based on assuming
that 97% of the vehicles are retired when they are 20 years or older. According to the data collected
in this study, only 80% of the vehicles are retired when they are 20 years or older. Thus, additional
policies are needed to achieve deep decarbonization of the passenger car sector in 2050. A deeper
analysis of stock fleet turnover is carried out in Section 4.4.2.

In the EU, 5-year targets are given, and this is suboptimal compared to yearly targets from a climate
point of view. It is suboptimal because car manufacturers often prioritize their profit strategies, which
can involve recouping investments into high-emission SUVs, rather than making prompt investments
into cleaner technology. It would be more efficient to use annual CO, reduction targets, as is done by
the USA and China. For the EU, if annual targets are not possible to set between 2025 and 2030, at
least a binding target in 2027 or 2028 could be helpful to increase the manufacturer’s efforts and in-
vestment and ensure a more progressive and gradual emissions reduction (Transport & Environment,
2021a).

As mentioned before, exceeding the zero-low emission vehicle (ZLEV) benchmark threshold, achieved
through increased sales of EVs, allows car manufacturers to obtain a CO, bonus (Dornoff, 2023; Patrick
Pl6tz et al., 2022). This bonus can lead to a relaxation of their CO, reduction targets for the entire car
fleet by up to 5%, adjusting them from 93 g/km to 98 g/km in 2025. This is translated into the allowance
of more pollutant ICE vehicles as SUV on the road during the 2020s. ICE vehicles should be capped
separately from BEVs; in other words, they should have specific CO, targets for ICE vehicles. This would
ensure that not a higher number of high-polluting SUVs are sold between 2025 and 2029 to maximize
OEM benefits.
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The real-world fuel consumption of PHEVs in Europe is on average three to five times higher than WLTP
type-approval values (Patrick PI6tz et al., 2022). The PHEV count was 0.7 to reach the ZLEV threshold,
and the BEV count was 1. The reality indicates that PHEVs are significantly more polluting than the test
results. Then, the 0.7 coefficient for reaching the ZLEV threshold and obtaining super credits should be
drastically reduced or removed.

Stock fleet turnover has a large effect on the decarbonization of the passenger car fleet. The presence
of electric vehicles (EVs) within the passenger car stock is influenced by the turnover of vehicles, a
process constrained by both the adoption rate of new vehicle technology and the timing of vehicles
leaving the fleet (Alarfaj et al., 2020). Limitations in stock turnover, in conjunction with the timing of
new vehicle technology deployment, have implications for overall emissions and fuel efficiency (Keith
et al., 2019). Current data regarding passenger car survival curves indicate that the complete replace-
ment of the existing EU passenger car stock typically takes approximately 30 years to remove approx-
imately 95% of the stock. Vehicle age and survivability have increased from 2008 to 2021 (Held et al.,
2021a). Additionally, technological disruptions such as BEVs can significantly impact survivabil-
ity curves. Different policy measures, such as circulation bans or scrappage schemes, can be applied to
affect stock turnover rates externally and thus to reduce GHG and to ensure that net-zero emissions
are reached. Circulation bans are analysed at a quantitative level in Section 4.5.2.

As described before, there are several mitigation options to reduce GHG that can be applied in differ-
ent regions globally. At a quantitative level, we focus on different policy-driven effects and the ex-
pected outcome in the EU as a whole and at a regional level up to 2060. We study the effect of different
mitigation options. On the one hand, mitigation options have already been approved by the Euro-
pean Commission as the CO, emission standards and the ban of ICE vehicles in 2035 (European Com-
mision, 2022). On the other hand, other mitigation options have been used on some occasions in the
past but could be applied in a homogeneous way throughout the EU. For example, a ban on the circu-
lation of vehicles based on emission standards (Holman et al., 2015), scrappage schemes (Eurostat,
2020), and taxation on registrations of used passenger cars.

44.1

The allowed standard level of CO, emissions for new passenger cars is reduced progressively in 2021,
2025 and 2030, which is already influencing and benefiting EV uptake (Dornoff, 2023). The final stage
is the ban of ICE vehicles in 2035. Since then, the EC expects to be able to reduce emissions by 90% in
2050 compared to 1990 levels.

The 90% reduction of GHG in 2050 of the passenger car sector in the EU is not aligned with the Paris
Agreement. The Paris Agreement searches to limit global warming to 1.5°C. GHG emission budgets for
accomplishing the Paris Agreement are estimated for two different pathways (P. Pl6tz et al., 2021).
The first pathway involves achieving the 1.5°C warming target throughout the 21st century without
any overshooting. In contrast, the second pathway aims to stay within 1.5°C of global warming by 2100
but allows for a controlled amount of overshoot, ensuring that the peak temperature rise remains well
below 2°C.
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Table 9 EU CO; budget for the transport sector, road transport sector and passenger car sector in
2021 - 2100 consistent with long-term warming of 1.5°C.

Transport GHG Road GHG budget (in | Passenger cars GHG

FERITENE budget (in GT CO2) GT CO2) budget (in GT CO2)
For 1.5° no over-
shoot 10.2 9.7 6.01
For 1.5 ° with lim- 121 11.5 7.13

ited overshoot

Source: Budget data extracted from (P. Plétz et al., 2021)

Based on an analysis from (P. Pl6tz et al., 2021), we can extract that there are 7.13 gigatons (GTs) of
CO, budgets for passenger cars still available from 2021 in a 1.5° with limited overshoot scenario
(cf. Table 9). Compliance with the Paris Agreement budget and the EU 90% emissions reduction target
is discussed below.

We use the model described in Section 4.2.1 to forecast emissions up to 2060. The model consid-
ers the expected fleet structure development under a stated policies scenario for new registrations,
constant yearly mileage® and constant cumulative survival probability curves®. Under these considera-
tions, the forecast obtained for the EU is presented in Figure 12.
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Figure 12 Forecast of CO, emissions up to 2060 for EU-27+Norway.

Note: The methodology used for the forecast is described in Section 4.2

In Figure 12, we can see the expected CO,emission reduction in the passenger car sector in future
years in the EU. CO,fleet targets play an enormous role in CO, emission reduction in the EU. As dis-
cussed, manufacturers must sell more EVs to avoid paying penalties. To achieve this and be competi-
tive in the long term, manufacturers are prone to invest in EV dedicated plants, the development of
new battery cell technologies and other technology and production innovations. Then, they affect and
have already affected the customer side and indirectly the demand side. All these efforts by manufac-
turers accelerate technology readiness and, together with adequate infrastructure deployment
and a taxation model that benefits alternative powertrain vehicles over ICE, Europe is leading EV up-
take with China (IEA, 2023a).

Despite the CO,emission standards (and the 2035 ICE ban), the infrastructure deployment plans, the
taxation schemes in different EU countries favouring EVs, and the CO, emission reduction is falling
short of the 90% reduction target set for 2050. The CO, emissions in 2050 will be 77 million tonnes of

4 Different studies suggest that travel demand will stabilize in future years Seum and Eisenmann (2020a).

5 CSP curves are assumed constant. However, they have been increasing since 2008 (cf. Figure 9). The effect of older survivability curves should
be studied in the future.
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CO, which equals a 79.7% reduction with respect to 1990 levels®. It is also not accomplishing the Paris
Agreement. The GHG budget of 1.5° with limited overshoot is surpassed, with cumulative CO, emis-
sions of 8.80 Gt from 2021 to 2060 (it should not surpass 7.13 Gt).

The EU is currently the most ambitious region for decarbonizing the passenger car sector. Banning ICE
new passenger car registrations in 2035 is key and is pushing the CO, reduction of the EU up to 2050.
However, CO, emission standards should be strengthened to further accelerate EV intake, and the
2035 ban could be advanced in some years to reduce GHG and be closer to the budget of 1.5° with
limited overshoot.

Additionally, the used car market must be taken into consideration. Vehicle survivability and vehicle
stock turnover are also key factors for reaching net zero emission sales. Mitigation options such as
circulation bans, scrappage schemes or heavy taxation in used vehicles (for example, in the Nether-
lands, when importing a used vehicle, you must pay the BPM tax (Netherlands Tax Administration),
which is determined by the vehicle's CO2 emissions and age. Additionally, there is an annual MRB tax
for all vehicles (Netherlands Tax Administration), calculated based on the type of fuel the car uses.
These taxes serve as examples of how countries can impose significant taxation on used and polluting
vehicles) can boost the CO, emission reduction potential to reach the 90% reduction target and ap-
proach the Paris Agreement. We will focus on the effects of applying circulation bans.

Circulation bans are addressed because studies typically focus on the effects of CO2 emission stand-
ards and bans to nonzero emission vehicle effects to boost the decarbonization of the passenger car
sector. This has a direct effect on new vehicle registrations but not on stock fleet turnover. Conven-
tional models often assume constant stock fleet turnover rates for future predictions, yet the actual
average age of stock fleets has notably increased across EU countries with available data (cf. Section
4.2.5). Technological disruptions, such as Battery Electric Vehicles (BEVs), have the potential to alter
how long a vehicle remains in service. However, it remains uncertain whether Internal Combustion
Engine (ICE) vehicles will see extended usage after the 2035 ban.

The significance of this uncertainty becomes evident when considering the substantial presence of
older vehicles within the EU's existing stock. There are 51 million vehicles older than 20 years, consti-
tuting 20% of the total fleet, and 21 million vehicles older than 25 years, accounting for 8% of the total
fleet. Notably, Eastern European countries exhibit a significantly higher proportion of older vehicles in
their stock fleet, with 34% older than 20 years (19 million vehicles) and 16% older than 25 years (9
million vehicles). With the EU currently falling short of its 2050 goal for a 90% reduction in greenhouse
gas emissions (GHG) within the passenger car sector and struggling to meet commitments under the
Paris Agreement, the exploration of circulation bans as a complementary measure is necessary to
strengthen GHG reductions and align with established targets.

4.4.2

We study the CO, emission reduction potential of banning the circulation of ICE vehicles of different
ages and in different years’ (cf. Table 10). We can observe that banning old vehicles has a signifi-
cant impact on CO, emission reduction potential and could allow the EU to reach the 90% reduction
target for 2050. Without banning old vehicles, the EU 2050 90% reduction target would be reached in
2055. By banning vehicles older than 25 years in 2035, the CO, target is almost achieved in 2050 (88.3%
emissions reduction with respect to 1990 levels). It is achieved in 2051.

6 CO; emission for the passenger car sector were 380 million tonnes in 1990 (Source: EEA)

7 Banning the circulation of ICE vehicles means that such vehicles cannot operate within the EU territory. These vehicles may either be scrapped
or exported outside of the EU. However, this decision is outside the scope of this paper.

44



Transport Sectoral Modelling - ‘Avoid-Shift-Improve’ measures

Banning vehicles older than 25 years could be an optimal policy because it allows almost reaching the
2050 target by removing a reduced number of vehicles; 7.4% of the EU stock fleet vehicles if the ban
is applied in 2035 or 6.1% of the fleet vehicles if the ban is applied in 2040. Another important point to
mention is that the earlier the ban is applied, the higher the CO, emission reduction potential. For
example, by banning vehicles older than 25 years in 2035, almost 900 million tonnes of CO, are re-
duced, which is close to the 2 years of emissions at 2019 levels. In this case, the Paris agreement of
1.5° with limited overshoot is still not reached. 7.96 GT are emitted to the air. Nevertheless, significant
improvements are made, and in combination with the strengthening of CO, emission standards be-
tween 2025 and 2030, the Paris agreement could be reached.

Finally, if vehicles older than 20 years are banned, the CO, emission reduction potential increases no-
tably, and the 2050 reduction target is achieved in 2047. The Paris Agreement with limited overshoot
is achieved as well. However, the number of vehicles removed from the road in the EU would be 45
million, which is 17% of the whole EU fleet, and this can be negative from a social point of view.

. . . % of vehi- | COzemis-
. . CO, emissions CO; emissions Vehicles re- sions reduc-
. CO; emissions in L Year when . cles re- .
Circula- 2050 (in mil- reduction in e rep— reduction po- moved from moved tion at the
tion ban applied . 2050 vs 1990 20 : tential (in mil- the EU road year of ap-
lion tonnes) . 2050 is met . L from the L
(in %) lion tonnes) (in millions) EU road plication (in
%)

No ban 77.0 79.7% 2055 - - 0.0% -
ﬁgiiga(,"y‘g;:;;- 63.7 83.2% 2054 406.4 5.8 2.2% 5.5%
I e 44.6 88.3% 2051 895.2 19.6 7.4% 14.0%
Freme o et 12.6 96.7% 2047 1.688.6 45.0 17.0% 28.9%
T (e 63.7 83.2% 2054 323.3 5.1 1.8% 7.4%
5,‘,’3‘:°>'°;5“y(;’:r2;' 44.6 88.3% 2051 707.6 17.1 6.1% 17.2%
5@;‘1@33@;2;- 12.6 96.7% 2047 1.248.8 47.0 16.7% 42.0%
pr e 63.7 83.2% 2054 254.7 4.2 1.4% 9.5%
i,‘,’;;ibzas“y(;’:r';;' 44.6 88.3% 2051 520.7 18.4 6.1% 27.3%
R L 12.6 96.7% 2047 838.9 44.1 14.7% 56.0%
R ks 63.7 83.2% 2054 187.1 5.5 1.7% 17.2%
F i el 44.6 88.3% 2051 346.8 183 5.8% 42.1%
2050 ban (Vehi- 12.6 96.7% 2050 480.2 41.0 13.0% 83.6%

cles > 20 years)

Note: Specifically, CO, emissions are measured in 2050, CO percentage of emissions reduction with re-
spect to 1990 levels, year when the EU 2050 CO2 target is achieved, CO,emissions reduction potential
until net-zero emissions are reached, number of vehicles removed from the EU road by applying the cir-
culation ban and percentage of vehicles removed from the EU road.
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The EU presents significant socioeconomic differences among its member states. EV new registrations
and EV stocks vary significantly from country to country, and countries follow different paths (Moéring
Martinez et al., 2023). We group countries in Western-Eastern groups to be able to easily see these
differences®.

4.5.1

First, we show the stock-fleet average CO,emissions at the country level in different years (cf. Figure
13). We can observe significant differences in 2025 that still exist in 2050. For example, in 2025, Bul-
garia, Romania and Greece have average CO,emissions above 175 g/km, while Norway and Sweden
are slightly above 100 g/km. In 2035, Bulgaria, Romania and Poland are slightly below 150 g/km, while
Norway and Sweden are slightly below 50 g/km. In 2035, Germany and France are slightly below 100
g/km. In 2050, Norway, the Netherlands and Sweden have almost 0 g/km emissions, the EU-
27+Norway average is close to 25 g/km, and Greece, Poland and the Czech Republic remain above 50
g/km.

There are significant regional differences in the decarbonization of the passenger car fleet across EU
member states. In Figure 14, we can observe that in 2020, Eastern countries were responsible for ap-
proximately 100 million tonnes of CO,emissions, 20% of the total EU emissions, while Western coun-
tries were responsible for 400 million tonnes. In 2040, Eastern countries are responsible for 95 mil-
lion tonnes, more than 40% of the total EU emissions, while Western countries are responsible for only
111 million. In Figure 15, we can observe the stock-fleet average CO,emissions for Western and East-
ern countries as well as the EU-27 average. The average CO,emissions difference between Western
and Eastern China is relatively small in 2020, and it reaches a maximum difference of more than 50
g/km in 2040.

Western countries are leading the CO, emissions reduction first because they have higher EV uptakes,
but mainly because there are nonimporters of used vehicles. Eastern countries are high importers of
used vehicles. For example, two-thirds of Poland's vehicle registrations are imported used vehicles.
Poland is the world leader in imports of used vehicles, and in the last decade, the average age of im-
ported vehicles was between 9 and 11 years. Most used cars were imported from Germany (Kolsut,
2020).

The import of used vehicles significantly reduces the benefits of the ICE ban and slows down
CO, emission reduction in eastern countries. The Western-Eastern flows of used vehicles must be con-
sidered for reducing CO, emissions faster in the whole EU, and when applying different policies, the
outcome and the effects in the fleets will be significantly different.

8 Western EU countries are formed by Austria, Belgium, Germany, Denmark, Spain, Finland, France, Ireland, Italy, Luxembourg, Malta, Nether-
lands, Norway, Portugal and Sweden. Eastern countries are formed by Bulgaria, Cyprus, Czech Republic, Estonia, Croatia, Hungary, Lithua-
nia, Latvia, Poland, Romania, Slovakia and Slovenia.
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Figure 13 Forecast of the stock-fleet average CO, emissions (in g/km) for EU-27 countries and Nor-

way.
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4.5.2 Circulation bans

Banning ICE vehicles in 2035 older than a certain age has more CO, emission reduction potential than
doing so later®. Considering that 2035 could be an optimal year for reducing CO, emissions, we analyse

the regional differences in applying circulation bans in 2035 (cf. Figure 16).

Stock-fleet-average CO; emissions (in g/km)
= = =
~N wl ~ [=] N w
o v o w o w o

2030 2035 2040 2045 2050 2055 2060
Year

Eastern -
Eastern -
Eastern -
Eastern -
Western -
Western -
Western -
Western -

No ban

2035 ban (Vehicles > 30 years)
2035 ban (Vehicles > 25 years)
2035 ban (Vehicles > 20 years)
No ban

2035 ban (Vehicles > 30 years)
2035 ban (Vehicles > 25 years)
2035 ban (Vehicles > 20 years)

Figure 16 Effect on the stock-fleet average CO. emissions of circulation bans applied in 2035 for ve-
hicles older than 20, 25 or 30 years. Countries are grouped as Western and Eastern.

9 Year 2035 is considered the first year of implementation of the ban because, before 2035, ICE vehicles could still be replaced by new ICE

vehicles.
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We can see that the stock-fleet average CO, emission reduction is higher in Eastern countries than in
Western countries. For example, if vehicles older than 25 years are banned, Eastern countries present
a reduction of 7 g/km, while Western countries a reduction of 6 g/km in 2035. This reduction is almost
the same for both groups. However, in 2045, this ban reduction reduces the Eastern stock-fleet aver-
age CO, emissions by 13 g/km and only by 7 g/km for the Western CO, emissions fleet average. Once
the stronger effect in Eastern countries with respect to Western countries is clearly seen, it is im-
portant to analyse how many vehicles will be removed in each region (cf. Table 11).

. Vehicles % of vehi-
. CO; emis-
CO; emission . removed cles re-
. sions reduc-
. . . . sin 2050 ) from moved
Region Circulation ban applied . tion poten-
(in mil- tial {in mil the EUroa | from
lion tonnes) . d (in mil- the EU roa
lion tonnes) )
lions) d
Eastern No ban 50,7 - - -
Western No ban 26,3 - - -
Eastern 2035 ban (Vehicles > 30 years) 42,0 275,7 2,9 4%
Western 2035 ban (Vehicles > 30 years) 21,7 130,6 2,9 2%
Eastern 2035 ban (Vehicles > 25 years) 30,2 550,8 9,5 12%
Western 2035 ban (Vehicles > 25 years) 14,3 344,4 10,2 6%
Eastern 2035 ban (Vehicles > 20 years) 9,1 973,9 20,3 25%
Western 2035 ban (Vehicles > 20 years) 3,5 714,6 24,7 13%

The number of vehicles removed from the road that are not to circulate after 2035 if a ban for ICE
vehicles older than 25 years represents 12% of the share in Eastern countries and 6% of the share in
Western countries. This type of policy has a significant impact in Eastern countries because the average
age of the fleet is higher and the countries are high importers of used vehicles. Banning ICE vehicles of
a certain age can be applied, but regional effects, including measures to mitigate costs for lower in-
come groups, must be considered.

4.6 Conclusion

Electrification is often considered a significant step towards reaching net-zero emissions. In 2022 and
2023, a significant number of policies were applied in China, the EU and the USA. More than 55% of
sales are in countries with electrification targets from 2035 or earlier until 2050. Most of the targets,
however, are not binding. The EU is leading EV uptake with China. However, the EU is falling behind
the 90% reduction target set for 2050 and the Paris Agreement of 1.5° with limited overshoot. This
indicates that there is still significant room for improvement, and additional mitigation options are
needed.
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We study the constraints that different customers have in different world regions. Globally and in the
EU, the major constraints are infrastructure (public and private), charging time, range and purchase
price.

Regarding public infrastructure, it is important to set enough public charger infrastructure, reduce lead
times for deploying infrastructure on time, define a central coordination body, consider the customer
charger experience (charging location safety and comfort, and correct charging access), and deploy
fast chargers across main roads for long distance travel. Regarding private infrastructure, establish
“right to socket” policies and develop smart charging solutions. Regarding charging time, fast chargers
and future vehicle models with increased range can solve the problem for a specific group of custom-
ers. Another solution can be battery swapping. Regarding price, taxation schemes and subsidies as well
as further battery price reductions can boost EV intake.

From the policy perspective, CO, emission standards, ZEV mandates, and, ultimately, ICE bans send a
strong signal for automakers to channel their efforts into ZEV innovation, bringing down costs and
improving product variety, availability, and quality in the long run. The EU is the first major region
across the globe to set a 100% reduction binding target for all cars newly registered from 2035 on-
wards. In the EU, current CO, emission standards are not enough to reach the 2050 target and the Paris
Agreement. To get closer to the Paris Agreement targets, different measures the EU can take are an-
nual CO, emission standard targets, increasing the CO,emission standards, removing the
ZLEV supercredits and shifting the 100% reduction binding target before 2035.

Other measures to reduce GHG consist of focusing on vehicle stock turnover policies. Different
measures, such as banning ICE vehicles older than a certain age and scrappage schemes, can have a
significant impact on CO, emission reduction. Using our emissions model, we find that banning vehicles
older than 25 years in the EU can help save almost 0.9 GT and almost reach the EU 2050 90% GHG
reduction target, with no other policies needed. A combination of stock turnover policies with a
strengthening of CO, emissions standards should be carried out in the future to see which policy mixes
allow the Paris Agreement to be reached.

Finally, apart from GHG mitigation, we conclude that demand-side policies such as BEV incentives are
justified in densely populated areas because of the significant improvements in noise reduction and
health.
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5 Road freight to rail freight as a mitigation option

Freight transport accounted for 41% of total transport emissions in 2015, which was 2.5 Gt of COxq
annually, with a projected increase of 100-230% in the BAU scenarios in 2050. This was primarily arising
from emerging economies. (ETC, 2018; WRI, 2019) As hinted earlier, the freight sector is underrepre-
sented in first-generation NDCs, with only 30% mentioning the subsector, mostly with an intention to
shift to rail and shipping (IEA, 2017). This shows the enormous gap that remains in the level of com-
mitment to quantify targets for such an important and slow to decarbonize sector.

Today, alternative technologies based on hydrogen and battery electric drivetrains are being rapidly
tested and pushed for in national policies with increasing conduciveness. Along with this, digital-based
logistic and supply chain solutions are being planned for existing truck freight, which would improve
efficiency and thus decrease emissions. This includes optimized routing, loading, vehicle utilization,
decentralized delivery systems, etc.

Given that most future freight growth would be concentrated in economies such as India, Brazil, ASEAN
and African countries with rail conducive scales and distances (ETC, 2018) along with high fragmenta-
tion of truck ownership, railways offer an enormous potential for freight decarbonization in these
countries. (ETC, 2018) estimates a global contribution of 0.5 Gt CO, evasion through a modal shift of
35% freight demand with rail in 2050. In this work, we try to find hurdles to achieving (and increasing)
such a modal shift from road-based to rail-based freight transport by reviewing the current country
status and constraints and its plans to achieve the potential benefits and opportunities that rail freight
offers. As a consequence of the long-term investments and implications of rail, it is important to first
assess existing environments.

In the following section, we explain the general characteristics of rail-based freight, which shows the
high benefit of shifting to rail in terms of emissions and energy consumption, available technological
improvements in rail and the inherent large time and resource requirements for any rail-related trans-
formation.

Energy efficiency of rail freight against other freight modes

Rail is the most energy-efficient land-based freight transport mode. It is on average approximately four
to six times more efficient on a per ton-km basis than heavy truck transport (IEA, 2019b). The IEA
reports a range of ca. 2 toe/million ton-km (0.0837 MJ/ton-km) to 11.5 toe/million ton-km (0.481
MJ/ton-km) at an average of 3.75 toe/million ton-km (0.157 MJ/ton-km) in comparison to an average
of 30 toe/million ton-km (1.25 MJ/ton-km) for medium trucks (IEA, 2019a).

Electric traction enables high-capacity heavy freight trains to also operate on steep slopes and is very
energy efficient. Because of high costs, only high-capacity lines justify full-track electrification. For the
rest of the lines, cost-efficient decarbonized powertrain and fuel alternatives should be considered.

Rail can make use of its technological advantages, especially for bulky and containerized freight, while
small-scale and low-density-high-value goods are usually less suitable for rail freight and qualify more
for road and air freight transport.
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Increasing energy efficiency in rail freight:

The quantity of rail-prone bulk goods has declined in several high-income countries over the past years,
and containerized transport has gained importance, as shown in (ECM Ventures, 2022) for the EU 27.

Thus, measures to increase the energy efficiency of such intermodal trains have gained relevance.

Generally, higher capacity utilization through increased load factors will reduce specific energy con-
sumption and thus downstream emissions (in the case of diesel traction) and upstream emissions
(electric traction).

Additionally, enabling smoother train runs will reduce energy consumption stopping and consecutive
acceleration of heavy trains. This can be achieved through improvement of traffic management, e.g.,
through ERTMS implementation, and track upgrades such as the installation of passing/overtaking
tracks. Intelligent traffic and logistics management avoids detours and increases the load factor.

Furthermore, friction reduction of running gears and aerodynamic drag of wagons reduces energy de-
mand.

The use of electric locomotives with high-efficiency (low-loss) electric drivetrains uses regenerative
braking, which can retain some energy otherwise transferred in heat while mechanically braking.

Lifting up energy efficiency measures requires large funds in both rolling stock renewal and infrastruc-
ture upgrades. Realization periods can take a decade or considerably linger in the railway sector, es-
pecially when new signalling, train management and electrification upgrades are to be realized.

Decarbonization using electricity and alternative fuels

The rail energy demand is approximately 2% of the final energy use in transport but is 8% of the total
passenger-km and 7% of the total tonne-km. (IEA, 2019a)

In 2017, diesel use on rail worldwide was 29 MToe (1214 PJ), and electricity use was 290 TWh (1044
PJ). On a global level, freight rail accounts for 45% of total rail diesel consumption and 85% of total rail
electricity consumption. Most diesel in rail vehicles is used in North America and in China (at a decreas-
ing rate), whereas most electricity is consumed in China, Europe and Russia.

The share of electric traction in freight rail is highest in Japan, Russia and Europe (all above 80%) and
increasingly in China (nearly 70%), all figures from 2016.

The electrification of routes and terminal tracks enables the substitution of diesel locomotives by elec-

tric locomotives (mainline locomotives and shunting locomotives). Electric trains produce no GHG
emissions at the point of use; if the electricity generation is fully based on nonfossil fuels, the well-to-
wheel emissions are also zero. Electrification pays off economically for high-capacity routes and for
important transport detour corridors. As a downside of full track electrification, the realization dura-
tion of track electrification can take 10 years or longer and requires considerable funds.

In track sections or regions that do not justify full-line electrification from an economic point of view
(e.g., marshalling yards), independently powered freight locomotives based on batteries, hydrogen or
other carbon-neutral fuels will likely play a role in the future.
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Locomotives equipped with batteries can bridge nonelectrified track sections or operate only battery-
electric in marshalling yards being recharged only at night. There are battery locomotives in develop-
ment, especially for use in North America and South America, particularly in mining environments.
(BNSF, 2021), (Rollingstockworld.com, 2023)

Hydrogen and ammonia can be used as substitutes for diesel and NG locomotives on nonelectrified

routes. A couple of demonstration and large-scale implementation initiatives have emerged over the
past years.

Hydrogen has the advantage of producing no GHG emissions at the point of use while not being de-
pendent on cost-intensive wayside electrification. For deep decarbonization, green hydrogen is
needed. Hydrogen can be applied in fuel cells and in internal combustion engines. There are a couple
of development and demonstration projects underway worldwide. For shunting locomotives used in
marshaling yards, these are mainly retrofit projects that focus on the conversion of existing diesel to
hydrogen locomotives, for example, in Poland (PESA, 2022), Germany (Railvolution, 2022) and France
(Railpage.com.au, 2022a).

Hydrogen powertrain systems have also been developed and tested in mainline freight locomotives
worldwide, such as in Canada (Canadian Pacific, 2020), South Korea (Chang-won, 2021), Spain (Railway
Gazette International, 2022), Bolivia (Bnamericas, 2022) and Namibia (Railpage.com.au, 2022b). How-
ever, it is still a long way to go before these test and demonstration projects will be transferred to
widespread commercial operation.

Ammonia and methanol are further decarbonization options for freight trains, provided that the hy-
drogen for NH3 is produced using renewable power plants. Ammonia as fuel has the advantage that it
surpasses the energy density of hydrogen and thus enables higher ranges of locomotives. (Zhang et
al., 2023)

Hydrogen and ammonia require the construction of dedicated refueling stations and transport infra-
structure.

Biobased fuels such as hydrogenated vegetable oils (HVO) and renewable natural gas (RNG) are short-

term options to reduce CO, emissions. First generation bio fuels made from food crops result in “food
vs fuel dilemma’. The second generation largely avoids this problem. One fuel that has recently entered
commercial application is HVO. With it, 90% CO, reduction is reported to be possible. (RailTech.com,
2022), (Cohen et al., 2022)

Transport of freight by railways instead of roads, especially for long-distance and high-density routes,
is globally agreed upon as a more economical and sustainable solution to freight transport. However,

despite its recurrent mentions in country policy and planning globally, implementation and operational
issues have persisted. Rail freight infrastructure, given its long-term investment in the backdrop of
prevailing rail systems, high impact on land use and strategic matching of demand and supply sites,
needs detailed country- and region-specific planning and targeted investment, which is lacking in
emerging countries (Aritua et al., 2018). Given the enormous scope of analysis and economic invest-
ment needed to procure land, identify routes for modal shift and fulfil an ecosystem of services such
as intermodality and operational competitiveness with road freight, the study tries to focus on already
identified avenues by independent researchers and policy makers. Thus, as a part of the study, we first
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characterize the current state and the existing plans for rail freight transport in selected countries and
world regions. Due to the complexity involved in freight demand and supply by type, data collection,
and routing and thus being able to quantify future possibilities and emission reduction potential, it was
deemed appropriate to evaluate existing long-term national plans and research already done in the
freight transport sector. Comparison of the ambition level of existing plans and implementation must
be performed with respect to the regional context for utility and plausibility. A framework is developed
to compare the levels of rail freight status and potential by characterizing the existing rail infrastruc-
ture status and identifying its technical, operational, and institutional barriers to demonstrate the re-
gional challenges to this transformation.

A key driver for the shift to railways for long-distance and high-density lines is the economic advantage

(which furthers global competitiveness for trade and export) that rail usually provides above 300 km
(J. H. Havenga & Z Simpson, 2021; J Rodrigue, 2016), which would reduce the logistics cost of freight
transport for a country. The exact correlation of rail and road freight rates per tonne kilometer (tkm)
with distance varies with the operational, technical and intermodal infrastructure characteristics of
freight in a given region. As seen in Table 12, the logistic cost for India in comparison to its counterparts
is higher than for similar large area developing countries with long distance freight trips such as Brazil
and Russia (J. H. Havenga et al., 2016). An indicator of the presence of long-distance freight trips that

are to be undertaken to fulfil freight demand is the average distance between the origin and destina-
tion for goods represented by the lead distance. Economic viability for countries such as EU member
states where the average truck trip length is in the range of 140 km is low for rail and thus hinders rail
freight growth beyond the current status due to the inherent spatial distribution of supply and demand
centres. Longer distances, however, also translate to higher long-term investments, which are espe-
cially difficult in emerging or politically unstable countries.

Shift to rail is also driven by sustainability and reduction of air pollution. Trucks running on fossil fuels

pose a major threat to countries and their inhabitants given their high contribution to NOx and PM
emissions, especially in urban driving conditions. Heavy-duty vehicles contribute to 70% of NOx and
PM emissions, half of energy consumption and emissions in India despite constituting only 3% of the
total vehicle fleet (IEA, 2023b). Strong electrification and stock turnover measures are thus being
pushed in the freight sector for India along with modal shifts. In comparison, heavy duty vehicles ac-
count for 28% of the total transport emissions with 8% mileage share and 39% of NOx emissions (IFEU,
2014; Transport & Environment, 2021b). The emission intensity of rail freight on average is 15
gCO,/tkm with variations from 20 gCO,/tkm in Japan - 15 gCO,/tkm in the EU based on (UIC, 2017). In
comparison to the emission intensity of road freight in countries as shown in Table 12 with 112
gCO,/tkm for the EU and 169 gCO,/tkm for South Africa and, it translated into a 86%-92% reduction in
gC0O,/tkm based on and average 15 gCO,/tkm emission intensity for rail.

We further elaborate on the regional specificities that enable and hinder the shift to rail in the next
section by expanding on the opportunities and constraints for a freight modal shift from road to rail in
selected countries.
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5.3.1

Rail freight performance stagnates in the EU; in 2021, EU rail freight accounted for 399 billion tkm

compared to 381 billion tkm in 2011. The largest share of tonne km was by Germany at 31%, followed
by Poland and France for the EU. (Eurostat, 2022a)

Overall, the modal split of rail freight in total freight tonne-kilometres is low and, in addition, has de-
creased from 6.0% in 2011 to 5.4% in 2021 (including maritime, inland waterways, air and road freight).
If only land-based freight transport is considered, in 2021, rail had a share of 17% compared to roads
with 77.4% and inland waterways with 5.7%. (Eurostat, 2023b) Thus, road transport by trucks is by far
dominating land freight transport.

International and transit rail freight transport accounts for approximately 50% in the EU, with the re-
mainder being national transport. (Eurostat, 2022a)

The main transported goods on rail in terms of ton-kilometres are bulk goods such as ore, metals, coke

and petroleum goods, chemicals, coal and agricultural products, which together make up more than
50% of ton-kilometres. (Eurostat, 2022a) The importance of coal, gas and oil transport on rail, however,
has declined over the past years, and raw materials, chemicals and food decreased in tonnes trans-
ported. (ECM Ventures, 2022) The relevance and number of tonnes transported in containers, swap
bodies and trailers grew considerably. From 2003 to 2019, its share in transported tonnes increased
from 18% to 29% of total rail freight transport according to (ECM Ventures, 2022) using Eurostat data.

In 2016, the tonne-km share of electric freight trains was 80%, with the remainder being diesel-hauled
freight trains. (IEA, 2019a) Diesel consumption in rail freight was 1.7 Mtoe (71.2 PJ), and electricity
consumption was 2.2 Mtoe (92.1 PJ) in 2017. (IEA, 2019a) This underlines the considerably higher en-
ergy efficiency of electric rail freight over diesel rail freight.

Although an increase in rail freight at the cost of road transport is high on the political agenda both in
the EU and in most of the member states, there is a multitude of structural, operational, technical and

regulatory constraints that have hindered goods transport on rail from expanding clearly in Europe.

First, there is a constraint in physical tracks and terminal structures for additional freight trains on
many rail corridors. A large portion of rail freight traffic in the EU is transnational. Different electrifica-
tion systems in the countries and missing electrification of border sections hamper cost-efficient
freight train operation. (RailTech.com, 2020) Additionally, different gauge and track dimensions and a
shortage of rolling stock material certified for international transport impede cross-border rail traffic.
(European Union Agency for Railways, 2022). There are also few detour capabilities in the case of con-
structional works. Next, special technical solutions at the national level, especially in the field of rail
traffic management systems, block a transition to smooth interoperable transport. In that context, in
addition to slow and costly ERTMS in the EU roll-out, regulation is an issue. (ECM Ventures, 2022) Rail
traffic management procedures hinder freight transport, e.g., because of shared paths with passenger
trains and the inflexible planning procedures of infrastructure managers. (European Court of Auditors,
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2016) Finally, there are many regulatory issues, such as slow market liberalization, bureaucratic pro-
cedures, the requirement for multilingual locomotive drivers, country-specific locomotive acceptance
requirements and other points, together with fierce competition with comparatively less regulated
road freight transport.

There are initiatives and legislative actions with the aim of increasing rail freight at both the national
level and supranational EU level by various stakeholders.

Many EU member states have initiated plans and legislation to promote rail freight on a national scale,
but at different speeds. Just to give two examples of important European rail freight countries, the
German federal government committed in its coalition agreement in 2021 to increase the modal split
of rail in freight to 25% until 2030 (from current 18%), speeding up the implementation of the DAC
(digital automatic coupling), support of single-wagonload transport, additional sidings and electrifica-
tion. (Noll, 2021) Rail operator ‘Deutsche Bahn’ issued a “Strong Rail” masterplan aiming at increasing
freight volume on rails by 70% until 2030 by expanding terminal and network infrastructure, digitiza-
tion and additional rolling stock. (DB Cargo)

France announced plans to double the market share of rail from then 9% to 18% by 2030. (Guihery,
2021) In 2021, the rail freight share increased to 10% in France thanks to governmental support, but
with electricity prices increasing starkly in 2022/2023, the uptake of rail freight is in danger, and
transport is increasingly shifted to road transport. (Ashcroft, 2023) Many infrastructure enhancement
plans, however, are embedded into EU legislation and initiatives, which must be transposed to national
law by the member states.

On the EU level, the focus is on supranational legislation, standardization and corridor planning. In
2011, the European Commission formulated ambitious targets on transport, concerning rail freight,
among others, with the goal of 2030, 30% of road freight over 300 km should shift to other modes
such as rail or waterborne transport, and more than 50% by 2050’ and to ‘deliver a fully functional and
EU-wide core network of transport corridors, ensuring facilities for efficient transfer between
transport modes (TEN-T core network) by 2030, with a high-quality high-capacity network by 2050 and
a corresponding set of information services.” (EUROPEAN COMMISSION, 2011)

General activities at the EU level, helping to increase rail freight market share, include the harmoniza-
tion of legislative and regulative bodies (e.g., Technical Specifications of Interoperability, market entry
deregulation, implementation of the European Railway Agency). The European Commission has issued
four “railway packages” over recent years containing standards and regulations for a harmonized Eu-
ropean rail market. (EUROPEAN COMMISSION) All this is part of the ‘Single European Railway Area’
covering also fewer barriers to new market entrants, the ERTMS (European Rail Traffic Management
System) and harmonized railway certification procedures. (European Union Agency for Railways, 2023)
In that context, over recent years, the EU has set up dedicated rail freight corridors across EU states
implemented in the TEN-T (Trans-European Network — Transport). (EUROPEAN COMMISSION; Federal
Ministry for Digital and Transport, 2021),

Planning and implementation of infrastructure upgrades on track infrastructure, terminals and ERTMS
implementation is effective at the member state level, but the states partly receive EU funds.

Private sector entities, such as sea ports, also play a role in supporting rail freight development. In

particular, strengthening hinterland rail freight transport, such as the Hamburg port, by upgrading their
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rail infrastructure resulted in an increase in the hinterland Hamburg port rail market share from 30 to
51%. Other major ports have a much lower share of rail in hinterland operations, such as Antwerp with
only 8%, which is why there is a large potential for an increase in rail freight share across European sea
ports. (Chapuis et al., 2022)

DHL, a large logistics company, proposed focusing on a set of measures in rail freight, such as auto-
mated coupling and braking procedures, extension of the track network and its capacity, standardiza-
tion of cross-border processes, improvement of interfaces with other transport modes, e.g., through
intermodal terminals and acceleration of the uptake of ERTMS/ETCS. (DHL, 2023). Generally, rail sup-
port measures should aim to attract long-distance road freight to rail to substantially increase rail
freight market share. (Chapuis et al., 2022)

In a scenario study, (Bansch & Weidner, 2022) showed that in the EU 28 including Switzerland and
Norway, a 31% increase of rail transport volume (tonnes) and 72% in rail transport performance
(tonne-kilometers) could be possible until 2030 against 2015, provided considerable portions of mar-
ket segments transported with trucks today is shifted to freight rail. It is currently uncertain whether
such a substantial increase in rail freight and thus CO;, reduction will effectively materialize in the EU
within the coming years.

There are ambitious plans at the EU level and national levels for an increase in rail freight market share
at the cost of road freight until 2030 and beyond. However, it is highly uncertain if these targets can
be met because of a variety of blocking stones structurally and in terms of slow standardization and
harmonization processes and a lack of funding (e.g., the EU commission plans to reduce CEF (Connect-
ing Europe Facility) funds for TEN-T infrastructure projects (rail, ship, road) in 2024 compared to 2023.
(EUROPEAN COMMISSION, 2023; Hitten, 2023) However, there are many promising technical solu-
tions, such as the DAC and digital traffic management, that could substantially promote rail transport.
Additionally, there are some promising best-practice initiatives that boosted rail freight regionally,
such as in the Hamburg port hinterland corridor.

5.3.2

Indian Railways is the 4th largest railway network in the world, with 121,407 kilometers of total track
over a 67,368 km route with a 95% broad gauge network (Ministry of Railways, 2023). A total of 872
billion tkm per year was carried in 2022 by rail in comparison to 707 billion tonne kilometers (btkm) in
2019.

Rail freight accounts for 26% of the modal split today in 2022 in comparison to roads (RITES, 2020).
This has dropped from 80% in the year 1960 due to increased competitiveness by the road sector given
the growing demand and insufficient rail capacity. The NDC submitted in 2015 outlines the role of
increasing the rail freight share from 36% to target 45% by 2030 and 100% electrification by 2024
(Government of India, 2015).

The main transport goods by rail in India are coal, which constituted 31% of the total tonne kilometres,
followed by food grains (11%), cement (10%), iron ore (7%) and food grains (%) in 2021 (Ministry of
Railways, 2023). Approximately 70% of tonne km in India is bulk goods, which is more suitable for rail

freight, of which 40% is carried by trucks, which shows the high potential that exists for a shift to rail.
(RMI & NITI Aayog, 2021).
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Geographical constraints: In comparison to other major economies such as Europe with long coastlines

(15 m/km? coast to land mass area ratio) and China with economic activity concentrated near the
coasts, India’s upper region is landlocked (with 2 m/km? coast to land mass area ratio), which has sig-
nificant freight demand and movement, especially from mining and agriculture, and has thus relied on
road freight transport. The average freight distances are also higher in India, with 550 km in India in
comparison to 130 km in Europe (RMI & NITI Aayog, 2021). This is both an opportunity to shift long-
distance travel to rail given its economic suitability for long-distance travel and has historically been a
constraint in terms of infrastructure building and network expansion.

Since the 1960s, freight and passenger loading by railways have increased by 1344% and 1642%, re-
spectively. However, route kilometres have only grown by 23%, and track doubling has increased by
only 289% (DECARBONIZATION of TRANSPORT SECTOR in INDIA:). The shared rail infrastructure has
thus been unable to deal with the growing demand, leading to significant operational constraints.

Competing with passenger rail in terms of track sharing with lower priority has led to low scheduling
and reliability, with 65% capacity allocated to passenger transport in comparison to 29% in China
(Aritua et al., 2018). Higher last mile included costs, unreliability, lack of scheduling and tracking, and
inability to book portions of trains, leading to poor efficiency. This is expected to change by segregating
the movement of passengers and freight by rail using freight corridors.

On the other hand, there has been tremendous improvement in the electrification of rail networks in
the recent past. In 2023, 90% of the total broad-gauge route kilometres were electrified. Fifty percent
of the total electrification of routes has occurred in the past 5 years. (Central Organization for Railway

Electrification, 2023). The national policy aims to reach 100% electrification by 2024.

Emissions from railways and freight: Currently, the CO, emissions from the freight sector amount to
220 million tonnes of COzeq, of which road freight is responsible for 95%. Road freight carbon intensity
in India is 101-140 gCO,/tkm for road-based transport vs 11.5 gCO,/tkm for rail (RMI & NITI Aayog,
2021). Despite constituting 3% of the total vehicle stock, trucks were responsible for 53% of PM emis-
sions and pose a great threat to the air quality standards in India (RMI & NITI Aayog, 2022).

The projected freight activity from all modes is expected to grow from 3 trillion tkm in 2020 to 15.6
trillion tkm in 2050 with increasing GDP and consumption (RMI & NITI Aayog, 2021). A modal shift to
railways and an integrated logistic system is needed and recognized in India to decrease logistics costs,
improve export competitiveness and manufacturing within the country, reduce oil import dependence
and reduce emissions.

Logistics costs account for 14% of the economy in comparison to other countries, where it is 7% for
the USA and 10% for Europe (RMI & NITI Aayog, 2021). Only in 2019 has the National Logistics Policy
emerged to structure the logistics issue of India. Its goal is to reduce logistics costs in India by 5% of
GDP from the current 14%. As such, the logistics sector in India suffers from fragmentation and is
largely unorganized (Aritua et al., 2018). With interstate transport, this is further complicated by mul-
tiple authorities and regulations. To integrate railways as a competitive mode, a national, transparent
and technology-based system of logistics for all modes is needed, which is exactly what the National
Logistics Policy is hoping to achieve. (Logistics Division Ministry of Commerce and Industry, 2021).

The National Rail plan aims to have a 45% freight share by 2030, and its key strategy is the Dedicated
Freight Corridors (DFC), mentioned in its NDC, which segregates passenger traffic and freight traffic
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(P1B Delhi, 2022). The golden quadrilateral network connecting major metropolitan cities in India,
where the 5 DFCs are planned, accounts for 16% of the route length but 58% of the freight traffic with
an average corridor distance of 1420 km (Aritua et al., 2018). The eastern (1337 km) and western cor-
ridors (1506 km in total) have been constructed since 2014 and are at 86% and 90% financial comple-
tion in 2023, respectively, and are expected to be completed by 2024 (Dedicated Freight Corridor Cor-
poration of India Limited, 2023). The remaining 3 DFC corridors are planned to be operationalized
phasewise by 2031 and 2041. (Ministry of Railways, 2020). An exponential increase in investments was
made from 2016-2020, with 8500 bn INR of the total 1399 bn INR since 1995, which has been primarily
spent on the 2 DFCs alone (Aritua et al., 2018). The majority of the investments were from 2014 - 2016
for land acquisition (Dedicated Freight Corridor Corporation of India Limited, 2022). Historically, land
clearance has been a major hurdle for implementing DFCs with compensation and resettlement costs
for affected inhabitants. With the implementation of digital tools such as the GIS-based digital platform
Gati Shakti (launched in 2021) for national infrastructure projects, feasibility studies and approvals
have expedited and are expected to improve.

Technical improvements: The DFC planning phase started as early as 2006 with the first operational

trains and routes in 2020. The track has an axle load of 32.5 tonnes in comparison to the current 25
tonnes. Automatic signalling every 2 km is implemented to ensure 120 trains on each corridor with a
time gap of 12 mins. This allows the current average speed of trains on the DFCs commissioned to date
to be 50-60 kmph in comparison to 25 kmph by the old shared network with an average running speed
of 99 kmph (Dedicated Freight Corridor Corporation of India Limited, 2022).

Operational improvements: There is a growing shift in Indian policy now to create government fi-
nanced base enabling infrastructure and then shift operations and improvements to the private sector.
The objective of the Gati Shakti Multi Modal Cargo Terminal (GCT) policy released in Dec 2021 is to
boost investment from industry in the development of additional terminals for handling rail cargo and

goods sheds. Multiple schemes were introduced in 2020 to let private players invest and own rail wag-
ons either in a particular route or of a specialized type. (Ministry of Railways, 2022). Apart from this,
they are also expected to participate in multimodal infrastructure and logistics parks. Thirty-five mul-
timodal logistic parks (MMLPs) have been identified to support logistics plans. However, apart from 4,
there have been investment issues from private industry players.

Digitalization and a structured distribution system have been largely missing in both road and rail
modes, leading to large-scale inefficiencies such as overloading in railways and empty movement of
trucks on roads. This is reflected in low truck utilization and high empty running of trucks. The national
policy of PM Gati Shakti is thus in the process of establishing a unified platform for finding correct
intermodal solutions using data-based decisions for tracking, matching and site selection of multi-
modal parks. With 75% of the truck fleet by small owners with up to 5 trucks, consolidating them on
the same platform to improve the efficiency of the logistics problem will be a challenge.

Emission savings: In the absence of DFCs, in the eastern corridor, the annual emissions are expected

to increase from 2.7 to 6.2 million tonnes CO, from 2021 to 2040, and in the western corridor, they
are expected to increase from 6.42 to 26.8 million tonnes CO,. This is expected to decrease to 2.1 in
the eastern corridor and 3.83 million tonnes of CO; in the western corridor in 2040 in the presence of
the two DFCs. Cumulatively, in a 30-year period, emissions are expected to decrease from 582 to 124
million tonnes of CO; by the 2 DFCs (a 78% reduction) (Ernst & Young, 2011). It is expected from the
policy think tank NITI Aayog that by a modal shift to rail, 21% of the cumulative emissions from the

freight sector from 2020-2050 can be evaded. Optimized truck use would contribute to 14%, and im-
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provement of truck technology would further contribute to 16%, which would amount to a 52% reduc-
tion overall (RMI & NITI Aayog, 2021). With growing demand, improvement in conventional truck tech-
nology will have to be supplemented with ZETs (zero emission trucks). It is expected with supporting
policies that the penetration rate will be 87% by 2050, with 57% in truck stock (120). The upfront cost
for medium-duty trucks and heavy-duty trucks remains an enormous barrier for the majority, i.e., small
fleet owners in India.

5.3.3

South Africa has the 11% largest rail network with 22000 route km, which has played a major role
historically in the country’s development since first operating in 1860. 384 billion tkm was carried by
rail freight in 2019 (J. H. Havenga & Z Simpson, 2021). However, there has been a loss of share in its
domestic freight transport network to road freight due to both performance challenges and institu-
tional and technical barriers.

Mining, automotive sector, steel and other metals and FMCG are the main transported goods on
freight transport in South Africa, and due to spatial specificities of natural resource locations being in
the middle of the country and thus population and manufacturing sites, transport is over higher dis-

tances than similar countries by size. This is demonstrated in (J. H. Havenga & Z Simpson, 2021) where
GDP per tonne km is very low for South Africa in comparison to global standards.

Freight transport routes in South Africa can be categorized as bulk mining for export, corridor, rural
and metro types. The rail share has remained approximately the same since 2011 at 36% of the total
tonne km. However, excluding the bulk mining freight share, the general freight rail market share was
only 10% in 2019, with the corridor rail share decreasing from 18% in 2003 to 6% in 2019 (J. H. Havenga
& Z Simpson, 2021)

After the deregulation of road freight transport, which unprotected railways in 1989, road freight took
over in South Africa, and rail freight competitiveness was ignored and underinvested. As a result, over
the years, roads have become overcongested and damaged by heavy trucks. Limited funds for the
expansion and maintenance of roads are now an issue (Department of Transport, 2022b). Overloading
of trucks has resulted in deteriorating conditions of roads, with maximum loads per truck being 55%
higher than those in the USA and 40% higher than those in Germany. The implementation of regula-
tions related to weight, emissions and congestion charges has been identified to be poor and has led
to the current status (David Williams, 2021).

The monopolistic nature of the rail freight service in South Africa is identified by the government in its
National rail policy paper in 2022 (Department of Transport, 2022b) as institutional barriers that have

led to its reduced performance and competitiveness. Poor freight service provision and future vison
by Transnet has resulted in a loss-making organization, resulting in even lower investments and hence
reduced performance. Allowing and encouraging more private sector competition is thus high on the
agenda to tackle underinvestment, ageing, deteriorating and underutilized infrastructure and old tech-
nologies.

The crime and security with theft and vandalism of railway infrastructure has also degraded the relia-

bility and efficiency of rail freight, and incidents have increased by ~110% since 2013 in comparison to
2021, as identified in the rail policy paper. (Department of Transport, 2022a) Cable theft and metal
stripping for scrap markets have increased rapidly (especially during the COVID-19 lockdown) (David
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Williams, 2021). Hence, for South Africa, asset protection, maintenance and upgradation investment
are to be seen in the context of poverty, social inequality and unemployment amidst political turbu-
lence, state capture and colonial rule.

Thirty-five percent of the total route km are branch lines (of which only 56% are operational), and
almost the entire network is a narrow gauge. A narrow track gauge was constructed during colonial
rule and has not since been upgraded. The narrow gauge track carries 16 tonnes/axel compared to 31
tonnes/axle for general freight on broad gauge lines. (Department of Transport, 2022b) Lower axle
speed and load therefore have reduced the efficiency of rail performance.

Freight road vehicles contribute ~30 MtCO,¢q of the total 55 MtCO,¢q emitted from road transport
(which contributes to 90% of total transport-related emissions) (Climate transperancy, 2020b). As of
2021, 65% of the rail route km was operated by diesel-based traction (Transnet, 2021b). However,
electrified lines are also currently emission intensive. The electricity mix is currently one of the most
carbon intensive in the world, with 1059 g CO2.q/kWh in 2020. This is expected to decrease with in-
creasing solar capacities installed and natural gas-fired capacity. (Climate transperancy, 2020a)

The most recent development on rail freight is included in the National Transport Policy White Paper,
which identifies the technical and institutional challenges and the roles and responsibilities of institu-
tions as a basis to develop a National Rail Master Plan (currently ongoing). Investments for track gauge
expansion and conversion, stock, institutional and market structure reforms are focused on transform-
ing rail freight. The government also critically acknowledges the operations of their state-owned enti-
ties of energy and railways and suggests measures to improve their performance, accountability and
coordination (National Planning Comission South Africa, 2020).

The current National Rail Policy target aims to convert the national long-distance network by the gov-
ernment to standard gauges by 2050 to ensure competitiveness (Department of Transport, 2022a). It

suggests conducting feasibility and techno-economic studies of upgradation, extension and expansion
for this conversion. South Africa also faces the challenge of balancing rail connectivity to neighbouring
African countries (with narrow-gauge infrastructure) while increasing competitiveness. Job creation
through rail freight transformation is also an added opportunity that is focused on in the policy. The
national policy acknowledges the role of digital solutions for tracking, informing and warehouse man-
agement, which would improve transparency and reliability (Department of Transport, 2022a). Due to
low incentive towards planning by the monopolized state of rail freight, South Africa wants to diversify
its rail freight operations and let private players own and invest in the rolling stock and branch lines.
However, the varied gauge sizes currently make ownership of rolling stock and in-track infrastructure
subject to risk. (Department of Transport, 2022b)

In the past, the Green Transport Strategy in 2018 aimed to shift general freight transport from road to
rail by 30% (Department for Transport South Africa, 2018). However, it lacked a clear outline of how
this was to be achieved and was thus largely not successful. Despite multiple policies and development
plans that have been devised for transport and rail, implementation and mode-specific strategies with-
out a long-term vision have been the key hurdle for rail freight and other sectors (Department of
Transport, 2022a), (Jan Havenga & Z Simpson, 2021), (J. H. S. Havenga, 2014)

Independent researchers have identified potential shifts of 11 b tkm in export mining corridors, which
can be easily shifted, and 30 btkm in general freight corridors (Jan Havenga & Z Simpson, 2021). De-
tailed model outputs show that rail-friendly routes can and should have supported 47 btkm within the
freight corridors but only do so for 18 btkm. Demand in the general freight corridors up to 2050 is
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expected to be 77 bTkm, which would have to be planned for and heavily invested in. Palletized long-
distance freight, which is suitable for rail, is a major opportunity that has a 2% rail share today because
of the failure to develop intermodal solutions (Jan Havenga & Z Simpson, 2021). Research and reac-
tions to national policy recognize a lack of data-driven strategic planning and resource allocation.

5.3.4

Turkiye's railway system represents a notable but relatively modest portion of the country's transpor-
tation infrastructure, as indicated by the data from the 2021 annual report by the General Directorate
of Turkish State Railways (TCDD). Combining both conventional and high-speed train lines, the total
railway length in Tiirkiye amounts to 13,022 kilometers.

Over the observed period from 2004 to 2022, the tonne-kilometer values for Turkish railway freight
transportation have experienced substantial growth. Starting at a value of 9.4 billion tonnes and peak-
ing at 16.6 billion tonnes in 2022, these figures indicate a significant increase in the volume of goods
transported by rail in Tirkiye (TurkStat, 2023b). On the other hand, from 2000 to 2021, the domestic
freight ratios (% share of tonnes-km) of the railway in terms of domestic freight transport exhibited
limited change, with a minor decrease in share. In 2000, the railway accounted for a share of 5.3%,
which slightly declined to 4% in 2021. Conversely, during the same time period, the share of road
transport experienced growth, increasing from 87% to 92%. As a result, the shares of railway and mar-
itime transport have diminished in comparison (Ministery of Environment, Urbanisation and Climate
Change, 2023a).

Unlike most European countries, a large portion of Tlirkiye has mountainous geography. Especially in

eastern Tlrkiye, mountains create extra difficulties for the development of the regions there. The
western part of Tirkiye offers favourable geographical conditions for railway construction, coupled
with its proximity to the sea (Turgut Mehmet Burak). Moreover, the western part of Tlirkiye has higher
economic activity and wages. Given that there is a large altitude gap between the east and west of the
country, railway transportation could only be possible in a small portion of the cities in the east of the
country. On the other hand, in Istanbul, Ankara, and the Izmir triangle, there are many different rail-
ways with high-speed and electrified lines (TCDD Tasimacilik, 2023).

In 2022, the average freight transport distance in Tlrkiye was 416 kilometers, exceeding the average

distance of 259 kilometers observed in EU countries, with the exception of Greece, which had an av-
erage distance of 441 kilometers (General Directorate of Turkish State Railways, 2023). Since 2005, the
share of the transport and storage sector in GDP has remained stable, ranging between 8% and 10%
annually (TurkStat, 2023a).

In the analysis of freight production by material type in 2022, ore and metal residues constitute the

largest share at 35.4%, followed by produced minerals and construction materials at 20.8%. The vehicle
and machinery category holds a share of 15.4%, while solid mineral fuels account for 11.3%. Chemical
substances contribute 3.9%, and additional material groups, including timber and wood products,
foodstuffs, and iron and steel products, also play significant roles in freight distribution (TCDD
Tasimacilik, 2023).

As of 2021, maritime transport remains the dominant mode for both import and export activities, with

road transportation accounting for approximately 5.36% of imports. In contrast, the share of railway
transportation has remained less than 1% over the past decade. A significant landmark was reached
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on November 6, 2019, when Marmaray, a sub-Bosphorus rail tunnel, saw the successful passage of its
first freight train carrying 42 containers of electronic products from China to the Czech Republic in a
mere 18 days. Current initiatives are targeted at redirecting approximately 30% of the annual 5,000
block trains on the northern route from China-Russia (Siberia) to Europe through Tirkiye. Ambitious
goals have also been set for the Baku-Thilisi-Kars railway, aiming to elevate its freight-carrying capacity
to 20 million tons by the end of 2024. These developments form part of a broader strategy to leverage
Turkiye's railway network, with a target to increase its share in total freight transportation to 10% by
2023 (Utikad, 2022).

The implementation of electric lines covers approximately 47% of the railway network, accounting for
5,986 kilometres, while signalling has been implemented on 55% of the total network, corresponding
to 7,094 kilometres (General Directorate of Turkish State Railways, 2022). In terms of final energy con-

sumption, the transport sector accounted for a total of 29,940 thousand tons of petrol equivalent in
2021. Among the different transport types, motorways had the highest energy consumption, reaching
28,513 thousand tons of petrol equivalent. Railways, on the other hand, had a comparatively low en-
ergy consumption of 105 thousand tons of petrol equivalent (Ministry of Energy and Natural Re-
sources, 2022). As a result, railways are responsible for only 0.4% of greenhouse gas emissions from
transportation in 2021, with a total of 323 kiloton CO,eq (Ministery of Environment, Urbanisation and
Climate Change, 2023a, 2023b).

Enhancing the role of railways in both passenger and freight transportation is one of the top infrastruc-
ture priorities for Tiirkiye. With this purpose in mind, substantial attention has been devoted to the
extensive proliferation of railway transportation in various official documents, including the activity
reports formulated by the Ministry of Transportation and the government's comprehensive 30-year
master plan.

The 2053 transportation plan in Turkiye outlines several targets aimed at developing and improving
the railway transportation sector in the country (Ministry of Transport and Infrastructure). These ob-
jectives include:

e Increased Passenger and Freight Share: The plan aims to raise the share of railway transpor-
tation in both the passenger and freight sectors. The target is to increase the passenger
share from 1% to 6% and the freight share from 5% to 22%.

e Expansion of High-Speed Train Network: The plan sets a goal to expand the High-Speed Train
(HST) network by increasing the number of provinces with HST connections from 8 to 52.

e Growth in Passenger and Freight Transport: The plan targets significant growth in annual pas-
senger transport, with a goal to increase it from 19 million to 270 million. Additionally, the
plan aims to raise annual freight transport from 55 million to 448 million tons.

e Development of a Sustainable and Technologically Advanced Railway Sector: The plan em-
phasizes the importance of developing a sustainable, liberalized, economically profitable, and
technologically advanced railway sector.

To increase the total length of branch lines to To increase the rate of sig- To increase the length of
580 km in order to provide connectivity be- nalled lines to 90% from railway network to 28.590
tween logistics centers, plants, industry, indus-  65% km

trial zones and ports
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To manufacture rail system vehicles and sub- To increase the annual To increase the total num-

components with at least 80% domestic con- freight amount carried by ber of High Speed Train

tent TCDD Transport to 50 mil- (HST) and rapid train jour-

lion ton neys to 272

To increase the share of rail freight transport To increase the railway net-  To increase the overall

within inland transport to 11% work length to 21.130 km number of highspeed train
and rapid train sets to 120
from 31

e Ensuring Safety, Speed, Efficiency, and Effectiveness: The plan underscores the importance of
a railway infrastructure that prioritizes safety, speed, efficiency, and effectiveness. By imple-
menting advanced technologies and optimizing operational practices, the objective is to pro-
vide a reliable and seamless railway experience for passengers and efficient freight transpor-
tation for businesses.

e Promoting Renewable Energy Sources: As part of the government's commitment to sustaina-
bility, the plan aims to meet 35% of the railway sector's total energy needs from renewable
energy sources.

TCDD has released a comprehensive four-year strategic plan outlining the targets for railway transpor-
tation in Tiirkiye. Within this report, they have also assessed the achievements of their previous plan,
which encompassed multiple targets. The success rates for these targets varied significantly. Signaliza-
tion projects boasted a 95% success rate, while electrification projects achieved a commendable 93%
success rate. However, the target relating to the completion of new routes had a lower success rate of
44%. These findings highlight the varying degrees of accomplishment across different targets within
TCDD's previous plan (General Directorate of Turkish State Railways, 2019).

In addition to the inherent geographical challenges, the current economic situation in Tirkiye intro-
duces potential hurdles for infrastructure investments, particularly in the context of achieving railway
infrastructure targets. Tirkiye has recently faced significant economic difficulties resulting from a com-
bination of heterodox monetary policies pursued until recently, as well as external factors such as the
impact of the COVID-19 pandemic and a major earthquake in the eastern region in 2023 (The World
Bank, 2023b). These events have adversely affected the Turkish economy, leading to substantial dam-
age. Consequently, the realization of ambitious railway infrastructure goals may face formidable chal-
lenges in light of the prevailing economic circumstances in Turkiye.

Despite the prevailing economic turmoil, Tiirkiye remains a dynamic country characterized by a youth-
ful population and a growing economy with long-term potential. The government's strategic master
plans demonstrate a clear recognition of the railway's crucial role in stimulating economic growth.

Furthermore, Tlrkiye has the capacity to finance its infrastructure investments with assistance from
international organizations, such as the $350 million loan received from the World Bank in 2020, ena-
bling the country to support key projects, including railway infrastructure (The World Bank, 2020).
Thus, once the country's economy stabilizes, it can be anticipated that railway infrastructure develop-
ment will resume at an accelerated pace. The bilateral trade between the EU and China has witnessed
a notable surge, resulting in an increased demand for freight transportation between these regions. In
light of the geopolitical challenges and strained relations between the EU and Russia, Tirkiye has
emerged as a crucial player in ensuring the uninterrupted flow of trade. With its strategic location,
Turkiye serves as a pivotal hub for railway transportation, making it the preferred choice for facilitating
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the movement of goods. Therefore, it can be argued that recent global developments will exert a sig-

nificant influence on Tirkiye's endeavours to improve and expand its railway infrastructure.

Inputs from the country partners that were aggregated in the sectoral conversations for freight (held

by WP1) were also consulted to inform this work.

In this work, we characterized the current status and issues that hamper a shift from road to rail freight.

The driving forces for countries to shift to rail can be categorized as follows:

Reduce CO; emissions and air pollution

Increasing trade competitiveness reduces oil dependence in countries where rail freight
would be economically better than road freight for a significant proportion of freight de-
mand, such as India.

When comparing the regional perspectives, the key constraints to shifting to rail that emerged can be

summed up as follows:

Operational_efficiency issues: The operational efficiency of rail through technical solutions
such as signaling and digital solutions such as fleet planning, traffic management, warehouse
management and tracking are identified and worked on at the country level. Balancing public
and private ownership and operational models to improve efficiency and innovation and at
the same time ensuring access and equitable growth is a tedious and long-term process of-
ten slowed by national politics.

Infrastructure issues: Expanding and upgrading infrastructure for long distance-high density
routes involves high investments. Additionally, difficult terrain, the spatial distribution of
freight demand, old infrastructure and high land acquisition issues hamper the development
of rail infrastructure. Prioritizing investments in the backdrop of other needs of emerging
countries must be considered and requires support by access to international funding oppor-
tunities.

Lack of integration: A rail freight network must be situated in an integrated and multimodal
logistic system to be competitive and complementary to road transport. Integration through

logistic hubs and terminals and digital platforms needs to occur simultaneously with capacity
building. Data-driven, transparent and targeted investment and planning is key to handling
many of the constraints listed.

Politics and institutions: Long-term investments such as railway infrastructure require strong

political will and planning. Countries with political instability are unable to push for rail-based
freight in a timely manner and need to be supported externally. This can be done through
support in access to funds, technology transfer and cross-country rail networks, which can
stimulate further rail projects domestically.
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6 Transport Sector Conclusions and Insights

The study tries to quantify the emission reduction potential in transport and the hurdles in realizing
them by focusing on selected mitigation options under the “avoid-shift-improve” framework. The op-
tions were compared in selected countries to highlight contrasting mobility, social and infrastructural
related constraints that these mitigation options would have to overcome. The major conclusions are
as follows.

Avoid: Teleworking leads to an emission reduction potential of 7%-2% of passenger road

transport in 2030 in selected representative countries. Car-dependent and developed econo-

mies with a higher fraction of teleworkable jobs had a higher potential for reduction. However,
this potential is greatly influenced by domestic heating and cooling demands, and building
sector transformation must occur in parallel to achieve a substantial impact. Rebound effects
such as relocation, increased nonwork-related travel and consumption could diminish the net
effects. The infrastructure-related constraints of emerging countries, such as power supply, IT
connectivity and infrastructure, were discussed in this work and compared.

Shift: Light Electric Vehicles: Substituting car, two-wheeler and three-wheeler trips with light
electric vehicles has a maximum potential of 50-35% emission reduction potential of passen-
ger car, 2 W, 3 W based road transport in 2030 in selected representative countries. The work
expands on the constraints and experiences related to vehicle costs, physical road and charg-

ing infrastructure provisions for smaller LEVs and safety. The benefits in terms of autonomy
and constraints of LEVs relating to harassment across gender is also examined. Satiating in-
creasing car ownership demand per household with LEVs in developing countries such as India
with cost, space and charging infrastructure constraints will be a major challenge. Hence, pub-
lic transport complemented by shared LEVs needs to be pushed for in such dense areas. For
car-dependent developed countries such as the USA and European countries, a major shift in
industry, policy and mindset is needed to reverse ‘SUVisation’, which is not highlighted enough
in international discussions for any tangible change.

Shift: Road freight to rail freight: Rail freight has the potential to reduce GHG emissions per
tkm on by 86-92% where it can. In this work, we try to identify the constraints and plans se-
lected countries have to shift freight demand to rail. Given the long-term investments, includ-
ing tedious land acquisition that entail rail transformation, it has generally taken a seat back
despite global acceptance of rail freight as a crucial mitigation option. Data-based strategic
investment and planning, intermodality and key turn solutions are necessary to attract freight
back to rail.
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Improve: Electrification of passenger cars: Electrifying passenger cars is a vital step for reach-
ing net-zero emissions in the transportation sector. While significant progress has been made
in adopting electric vehicles (EVs) in key markets such as China, the EU, and the US, there is
still much to do. Globally, most ICE passenger car bans are still nonbinding. In the EU, the 2035
ICE ban is binding, but the EU's slow progress toward its 2050 emission reduction target and
the Paris Agreement's 1.5°C target show that more action is needed. Our study highlights from
a demand-side perspective the importance of addressing customer concerns such as infra-
structure, charging speed, range, and cost. From a policy perspective, stricter CO, emission
standards, zero emission vehicle (ZEV) mandates, and the phase-out of internal combustion
engine (ICE) vehicles boost electrification sales and drive innovation in battery electric vehi-
cles. Additionally, implementing policies such as banning older ICE vehicles and introducing
scrappage programs can significantly reduce greenhouse gas emissions. Our emissions model
suggests that banning vehicles older than 25 years in the EU could almost meet the 2050 GHG
reduction goal without extra policies. Removing vehicles older than 25 years in the EU has a

CO; reduction potential of 14% in 2035. More stringent CO; reduction targets in combination

with stock turnover policies will be needed in the EU to be able to achieve the Paris Agreement
objectives. Additionally, effects such as banning old vehicles will disproportionally affect
poorer groups, and thus, compensation programmes will be needed to improve social equity
and reduce hardships.

Major issues were found across the mitigation options

Data, Sharing, Collaboration: The overarching role of data and IT tools as an infrastructure and
for research, planning and policy is found across all mitigation options. Sharing, open data and
collaboration on base models and services across industry partners would help efficiency and
thus reduce emissions, especially in freight and urban passenger transport subsectors.

Sustainability and Growth: Emerging countries need to manage economic growth and em-
ployment, improve local living conditions and sustainability, and constrain resources and po-
litical stability. Mitigation options are thus seen from the lens of job creation, national econ-
omy and manufacturing sector improvement, import dependence and local air pollution.
Trade dependence also makes them laggards at adopting and preparing for newer technolo-
gies.

Consumption reduction and lifestyle: Global consumption trends need to be reduced along
with the implementation of these mitigation options to avoid rebound effects. Urbanization,
digital tools, and pricing for sustainable consumption and use can propel citizens to take own-
ership of their lifestyles. Per capita consumption needs to be highlighted to ensure fair shares
of responsibilities for climate change actions.

Such work should be a part of a broader collection of research that deep dives into mitigation
options not only quantifying the relative potential benefit of mitigation options but also the
challenges to realizing them for better global understanding and cooperation to fight against
climate change.
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