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Abstract: The transport sector is responsible for a significant amount of global carbon emissions, and
several policies are being implemented at different levels to reduce its impact. To properly assess
the effectiveness of planned measures, analysts often rely on average emission factors for different
transport modes. However, average values often hide significant variability that stems from factors
along the entire supply chain of transport modes. This review presents a comprehensive overview
of research on this topic, comparing emission factors for different passenger transport modes and
discussing the main drivers and parameters that affect their variability. The results are useful for
researchers and policymakers to properly understand the reliability of carbon intensity indicators
when evaluating the impact and effectiveness of sustainable transport policies.
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1. Introduction

Decreasing carbon emissions is one of the main goals of mobility strategies worldwide,
given the rising concerns associated with climate change [1]. The implementation of
effective policies to limit global warming requires effective and reliable estimation of the
carbon emissions associated with transport modes, solutions and scenarios [2]. However,
accurate assessment of these emissions often requires the measurement or calculation of
several parameters, which are often unavailable in real-world applications due to lack of
data or to time or resource limitations.

As a result, carbon emissions are often estimated by considering emission factors,
a reference value of emissions associated with specific quantities that are relatively easy
to measure. The use of emission factors is a common practice in multiple applications,
including research [3,4], policy assessments [5,6] and impact evaluations [7]. However,
while emission factors are an easy and quick method to estimate carbon emissions, it is
important to remember that the result only represents a preliminary estimation, since the
potential variability and uncertainty related to the parameters is not considered.

The proper choice of relevant emission factors for a specific application should take
into account the largest number of appropriate parameters, such as the relevant type of
vehicles, traffic conditions, load factors, etc. [5]. While researchers in this field are well
aware of such limitations [3], this is, unfortunately, not always the case in other applications.
We believe that raising awareness of the complexity of choosing a proper set of emission
factors and on the importance of including variability and uncertainty in the results is of
utmost importance to improve the effectiveness of innovative mobility strategies.

This paper presents a comprehensive review of the use of carbon emission factors
in transportation in order to help the readers understand the complexity associated with
emission factors. Such complexity includes multiple dimensions:

*  The type of emissions, either limited to carbon dioxide or also including other gases
using global warming potential (GWP) methods;
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¢ Theboundaries that are considered, which can include or exclude the various stages of
the transport systems, such as operation, fuel extraction, manufacture and distribution,
or vehicle and infrastructure manufacture and decommissioning;

* A large number of parameters and aspects that may affect the emission factors, such
as transport mode, vehicle characteristics, load factors, technology, average speed and
other relevant features of each trip.

Relevant references for the emission factors associated with the main transport modes
are discussed to provide the readers with median values as well as indications of the level
of uncertainty and variability associated with the main factors.

The results of this work may be of interest for different stakeholders, as emission
factors are widely used in applications and studies dealing with the climate emissions
of transportation and potential decarbonization solutions. The subject is also central for
policy-makers, as the sector is vital for the economy, and the use of reliable emission factors
is the basis for the design of effective transport decarbonization strategies at global, national
and local levels.

2. Methodologies for Calculation of CO, Emission Factors

GHGs are emitted at different stages of the supply chain of transport modes, as dis-
cussed below. The largest part of GHG emissions in transport consist of carbon dioxide,
although in some stages other gases may be emitted as well. These other gases (mostly
CHjy and N,O) are generally converted to CO,-equivalent units in terms of global warming
potential (GWP) to provide a single emission factor to account for climate impact.

2.1. Direct, Indirect and LCA Emissions

The main stages considered in a life-cycle perspective of the emissions of transport
modes are:

e Direct emissions (also called tailpipe emissions or tank-to-wheel (TTW)) are emitted
directly by the vehicle during its use and are related to fuel consumption, e.g., the
combustion of gasoline in an internal combustion engine. Thus, knowledge of the
amount of fuel consumed is sufficient to estimate emissions. Unfortunately, while
total fuel consumption is often available from energy statistics, its precise allocation to
different vehicle types is often missing [8]. Moreover, in many applications, emissions
need to be assessed for specific locations, times and transport modes. For this reason,
most analyses rely on CO, emission factors that are estimated based on distance
in addition to several parameters that are discussed below (including vehicle type,
fuel, size, etc.).

e Indirect emissions (or well-to-tank (WTT)) are associated with the fuel supply chain
(including extraction, transformation, transportation, storage, etc.) or, in the case of
electric vehicles, the emissions caused by the generation of electricity.

*  Manufacturing emissions are caused by the production of the vehicle, including the
manufacturing of batteries for electric vehicles, which, in some cases, represents the
largest fraction of total manufacturing emissions [9].

e End-of-life emissions stem from the possible recycling or reuse of components and
materials. This stage is often responsible for a minor fraction of the total emissions
over the lifetime of the vehicles, and end-of-life emissions are thus often calculated
together with the manufacturing emissions.

A study presenting a life-cycle assessment (LCA) of one or multiple transport modes
includes all the aforementioned stages. Many studies provide only direct emissions or, in
some cases, well-to-wheel (WTW) emissions, which is the combination of well-to-tank
(WTT) and tank-to-wheel (TTW) emissions.
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2.2. Additional Emissions Sources

In addition to the four stages previously described, some scholars include additional
emissions sources, especially for specific transport modes:

*  Services: in some cases, the impact of specific services that are needed for the operation
of transport modes are also considered. These services may include support operations
for shared mobility systems (such as relocating and charging e-bikes or e-scooters)
or the operation of airports or train stations.

¢ Infrastructure: important impacts stem from the construction and maintenance of
transport infrastructure such as roads and rails. However, these impacts are generally
overlooked on the basis that infrastructure is often shared by different transport modes
and over a very long lifetime, making emissions allocation very complex and uncertain.
Nevertheless, in some cases, infrastructure impacts are included in LCAs, such as for
high-speed rail projects, for which the infrastructure is not shared with other transport
modes.

2.3. Other Aspects

In this work, we consider several recent studies providing data on emission factors
for different passenger transport modes; we compare them with the aim of obtaining
average indicators of carbon intensity per passenger-km. We focus on works based on LCA
emission factors, which provide more complete figures of the real impacts associated with
each transport mode, but we also include WTW emission factors due to their diffusion in
the literature and transport emissions evaluations.

Most emission factors are calculated on a national basis, and they are always based
on average annual figures, although some scholars point out that some parameters may
show additional variability over time, such as the carbon intensity of electricity generation.
However, as described below, this additional layer of complexity is difficult to include given
the already large number of parameters and drivers that are considered when evaluating
emission factors for different transport modes.

From the same perspective, the use of average emission factors may not be appropriate
for some specific contexts where a marginal approach is needed. A common example is
estimation of the modal shift from private cars to public transport. In the short term, if no
additional buses are scheduled, additional passengers shifting modes avoid emissions from
cars without adding additional emissions from buses (the additional energy consumption
caused by the added weight of passengers being negligible). This phenomenon cannot be
correctly estimated with average emission factors, which would instead depict increased
emissions from buses. However, from a medium-term perspective, public transport sched-
ules will adapt to increased ridership, and the variations may be incorporated into average
emission factors with higher occupancy. Nevertheless, these aspects are seldom addressed
in the literature, and for such specific analyses a dedicated assessment is preferred over the
use of average emission factors.

The analyses and charts presented in this paper have been carried out using R envi-
ronment [10] and the tidyverse collection of R packages [11].

3. CO; Emission Factors by Transport Mode

Emission factors are often grouped by transport mode, despite the relevant differences
that exist within each mode in terms of technology, trip distances, energy source and other
aspects. This section presents a literature review of the main factors influencing emissions for
each transport mode. The results are based on analysis of multiple literature sources, including
research papers, reports from research institutions and industry analyses [5,6,12-53].

Through this literature review, a database with more than one thousand emission
factors for different transport modes and life-cycle stages has been constructed, and it
is available to the readers as Supplementary Materials. Around 29% of these records
represent total LCA impact, another 19% are WTW impact, while the remaining part
provides information on specific stages (e.g., manufacture, operation, fuel processing, etc.).
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The results of our analysis are summarized in Figure 1, showing boxplots of both LCA
and WTW emission factors for different transport modes. The chart is based on almost
500 different data points, and it aims to report median results while also highlighting the
variability of the emission factors for each transport mode.

Such variability is particularly relevant for emission factors of passenger cars, since the
number of available studies is much larger than for other transport modes. Moreover, as we
explain later, the wide range of results is a consequence of the large number of different
technologies that are available.

LCA and WTW emission factors for different transport modes
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Figure 1. Distribution of LCA emission factors by mode.

When comparing LCA and WTW emission factors in Figure 1, it is important to remem-
ber that some studies report both values, while in other cases, only WTW or LCA values
are available. For this reason, some of the distributions may not be directly comparable,
especially those relying on a limited number of studies.

The next sections report additional information on the emission factors of these six
groups of transport modes. A very limited number of studies include LCA emission factors
for ferries [6,50], which were thus excluded from this analysis, also due to their limited im-
portance for passenger transport (while their importance is significant for freight transport).

3.1. Cars

The car is the transport mode that is mostly addressed in the literature when com-
puting emission factors, both for its dominance in current global mobility demand and
for the wide range of available technologies. At the same time, as already presented in
Figure 1, the emission factors that are calculated for cars show significant variability due to
a number of factors that must be properly understood to choose the right indicator for each
specific context.

Figure 2 shows LCA emission factors for cars based on different technologies, differen-
tiated as fossil fuel-based (CNG, diesel, gasoline, hybrid and LPG), electricity-driven (BEVs
and FCEVs) or both (PHEV). While the boxplots show total LCA emissions, it is important
to remember that the impact of internal combustion engine (ICE) cars is mostly due to
direct (tailpipe) emissions, whereas electricity-driven vehicles have no direct emissions,
and their impact is mostly related to indirect emissions for the generation of electricity.

Figure 2 shows that median values for traditional fossil-based technologies are gen-
erally higher than those of electrified options, although in many cases, the ranges of the
values across technologies may overlap. Wider ranges are also seen for gasoline cars and
BEVs due to the fact that these two technologies are the ones that are most often compared
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in the LCA studies that were considered for this work (with 15% and 45%, respectively, of
the total data points in this chart).

LCA emission factors for cars based on technology
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Figure 2. Distribution of LCA emission factors for private cars.

The variability of fossil-based emission factors is due to hypotheses on vehicle and
engine size (with American studies usually considering larger vehicles than European
studies), occupancy, vehicle age, annual driving range and lifetime. As seen in the plot,
while the median value for gasoline cars is 235 g/pkm, the range spans from 169 to
462 g/pkm (—28% to +97% of the median). Diesel cars show both a lower median value
and lower variability thanks to fewer cases considered and due to the fact that American
cars, which are generally bigger, only run on gasoline, while diesel is mostly used in other
areas (including Europe).

The range for BEVs varies from 5 to 370 g/pkm, corresponding to —96% to +191%
of the median value of 138 g/km. In addition to aforementioned aspects, such signif-
icant variability for BEVs is strongly related to the electricity generation considered in
the analysis.

The chart also shows that PHEV cars have median values that are comparable to those
of BEVs (although the range is much narrower, 91 to 209 g/pkm); however, this figure is
based on only 18 data points, while BEV emission factors come from 99 data points. On the
one hand, the low LCA emissions of PHEVs can be explained by the lessened impact of
battery manufacturing, which is smaller than for BEVs; on the other hand, it can also be
caused by optimistic estimates of the range driven using electricity vs. fossil fuels. Recent
research [54] shows that real-world fuel consumption of PHEVs is often much higher than
the values expected from tests, suggesting users cover less distance on electricity and more
on traditional fuel than forecast. This aspect should be carefully considered when assessing
the potential benefits of PHEVs.

Finally, the median LCA emission factor from FCEVs is 176 g/pkm (range 64 to
269 g/km, based on eight data points), suggesting higher a impact than BEVs due to the
less-efficient supply chain for the generation and storage of hydrogen [55]. Further, while
the global stock of BEVs and PHEVs surpassed 16 million in 2021 [56], the global FCEV
fleet remains limited to around 50 thousands units.

In Figure 3, specific focus is presented on BEVs due to their importance in the literature
and their potential role for the decarbonization of transportation. The use of reliable
metrics to estimate their potential benefits is paramount for effective and reliable strategies
and policies. Figure 3 shows the effect of different electricity generation options on the
LCA emission factors of BEVs, together with the (minor) contribution of different years
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considered in the analysis (with a general decarbonization trend over the years that is
noticeable in studies).

LCA emission factors for BEVs with different electricity generation options
Electricity generation from specific technologies or country mixes
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Figure 3. Distribution of LCA emission factors for BEVs with different electricity generation options.

Nevertheless, it is interesting to note that the electricity mix and the year do not explain
the whole variability, which means there are still other factors at play (as mentioned above
for traditional cars). For BEVs, manufacturing of batteries is an important fraction of the
total life-cycle impact, and thus, the electricity mix considered for battery manufacturing
may represent an additional key parameter. Since batteries are often manufactured in
specific countries (mostly in China), this electricity mix seldom corresponds to that of the
country where the BEV is driven.

In addition to the parameters we have already discussed, a crucial point is vehicle
occupancy. While most of the considered studies are based on average occupancy levels for
passenger cars (generally in the range of 1.2-1.5), this parameter can have important varia-
tion in specific contexts, and it obviously has a significant contribution to the calculation of
emission factors per pkm. Data show that occupancy can vary based on the purpose of the
trip: while the average occupancy for British cars in 2020 was 1.49, commuting trips had
on average 1.14 occupants, while for holiday trips this value increased to 1.96 [57]. This
parameter is even more relevant when evaluating the specific effect of measures that aim to
increase vehicle occupancy, such as carpooling schemes. Proper assessment of the effect
of these schemes requires the possibility of separating the effect of vehicle occupancy on
emission factors [58].

Another aspect that is seldom addressed in the literature (making up only a few of the
studies in our analysis, especially [5]) is the role of taxi and ride-hailing services. In addition
to their potential effect on average vehicle occupancy (of course without considering the
driver), these solutions often show very high impact on deadweight loss, i.e., the distance
driven by empty cabs between trips. Different studies highlight that this increased driving
contributes significantly to congestion in large cities (together with a significant modal
shift from transit) [59,60]. In [5], the total LCA emission factors are 98-114% higher for
taxis and 53-70% higher for ride-hailing services compared to private cars. These figures
show the importance of using dedicated emission factors that are focused on these specific
transport modes for analyses.
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3.2. Two-Wheelers

The two-wheelers category includes a range of different modes, such as mopeds and
motorbikes, but also electric scooters, which are seeing increasing success in many cities
worldwide thanks to sharing schemes.

ICE mopeds show LCA emission factors of 73 to 92 g/pkm (average and median
of 83 g/pkm), while a single study [6] shows an LCA emission factor for motorbikes of
137 g/pkm due to their larger size. The largest contribution comes from direct emissions,
with a minor share from manufacturing and WTT. Emission factors are lower than those
presented for ICE cars in the previous section due to lower weights of two-wheelers, which
causes lower energy consumption both in operation and in manufacturing. As previously
mentioned, however, increasing the number of passengers in cars can lead to comparable
(or even lower, when at full-capacity) emission factors.

Private electric mopeds are considered in only three studies [5,6,37] and show LCA
emission factors of 21 to 41 g/pkm. When considering the contribution of each stage, these
studies provide mixed results: two studies suggest a larger impact of manufacturing over
operation, while the third study suggests the opposite.

Shared electric mopeds are also included in [5], with an LCA emission factor of
79 g/pkm. The higher impact compared to private mopeds is due to the additional emis-
sions from services (including trips for charging/relocation) and the shorter estimated
lifetime (in terms of total km driven over the life of the vehicle). This value is higher than
the results of another dedicated study [34], which reports an emission factor of 53 g/pkm
(with the largest part associated with battery swapping and charging), but comparable to
another work [37] that reports a value of 77 g/pkm.

An additional two-wheel transport mode that is gaining momentum in cities, and has
also been the focus of a number of research studies in recent years, is shared electric scooters.
Research on this mode [5,6,35,36] reports total LCA emission factors in the range 102 to
160 g/pkm, with a median value of 122 g/pkm (and an average value of 123 g/pkm). While
electricity consumption has a marginal impact, the production phase is the most critical (up
to 80% of the total emissions) due to the short lifetime of e-scooters, which can be both a
consequence of misuse by customers and low-quality materials. Another significant impact
is due to the relocation of scooters for charging; in fact, analyses of private e-scooters show
much lower impact, from 25 to 42 g/pkm of total LCA emissions. Operators of electric
scooter sharing systems are trying to improve this performance through better construction
quality and swappable batteries.

3.3. Bikes

Figures on emission factors of private bikes show a range of 5 to 17 g/km, with a
median value of 9 g/km and an average value of 10 g/km. Most of the impact is related
to manufacturing, with a minor share related to maintenance. Bike-sharing systems show
higher impact, with emission factors varying from 10 to 58 g/km (median of 46 g/km and
average of 38 g/km). Both the higher impacts and the variability are mostly related to the
services supporting bike-sharing system, such as bike relocation.

Electric bikes generally have higher emission factors, mainly due to more complex
manufacturing and only secondarily due to the impact of electricity consumption during
their operation. Private e-bikes show emission factors in the range of 21 to 34 g/km (median
22 g/km, average 25 g/km), with emissions related to their operation accounting for 14%
to 35% of the total. As seen with scooters, bike sharing increases the impact, as shared
e-bikes emit 53 to 83 g/km due to the significant impact of different services of the system,
since, in addition to relocation for optimizing the system, e-bikes also need to be charged.
In this case, services account for 30-58% of the total emissions, depending on the study.

Some authors also consider the effect of additional food consumption in active mo-
bility. Others even suggest that additional breathing leading to CO, emissions should
be considered, although it is clear that emissions from breathing are part of a natural
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closed cycle and are thus net zero emissions. However, the considerations related to food
consumption are still a debated topic and are affected by significant uncertainties.

A research report on cycling benefits published in 2011 and focused on the European
Union [61] estimated an impact of 16 gcope/km related to food consumption. This result is
based on the assumption that a cyclist consumes on average 11 kcal/km, and the average
diet in the EU leads to the emission of 1.44 gcope /keal.

A recent report [62] estimates that the potential impact of food consumption is
140 gcope /km (with an uncertainty interval (UI) between 60 and 280 g/km) by considering
additional energy expenditure to cycle one km to be between 25 and 40 kcal and assuming
energy expenditure is fully compensated for with increased energy intake based on the
average global diet. The report also remarks that the impact of food varies significantly
around the world based on different diets and the related GHG impact. Moreover, the au-
thors provide additional results based on the hypothesis that only 57% (UI 19-96%) of
additional energy expenditure is compensated for by additional food intake (based on other
studies), leading to emissions of 80 gcoge /km (UI 30-130 g/km) in developed countries.

However, Bell et al. [63] report the incidence of obesity for users switching from bikes
to motorized vehicles, suggesting they maintain their caloric intake even when reducing
exercise. This challenges the assumption of a one-to-one relationship between energy
requirements for cycling and caloric intake. Moreover, other scholars suggest that active
mobility often substitutes for other forms of physical activity (running, gym, etc.) that
would have been done, thus having marginal or null effects on food consumption by
the users.

Due to these significant unsolved elements, we believe that these emissions should
not be compared to the other emissions related to the different stages of transport modes.

3.4. Buses

The climate impact of buses depends on a number of aspects, including average
occupancy, powertrain technology and urban/intercity operation.

In the works considered for this analysis, traditional urban buses running on diesel
have emission factors in the range 55 to 112 g /pkm (average 87 g/pkm, median 93 g/pkm).
Long-distance buses and coaches show better performance, with emission factors in the
range of 33-38 g/pkm due to better occupancy and less frequent starts and stops compared
to urban buses.

Hybrid solutions provide some improvements, with hybrid diesel buses emitting
66-70 g/pkm and PHEV buses 38-68 g/pkm (also depending on the electricity mix).
The use of fuels other than diesel may show benefits in some cases, as selected studies show
hydrotreated vegetable oil (HVO) leading to 34 g/pkm [42], and LPG and LNG having
47 g/pkm and 63 g/pkm, respectively [43].

Electric buses show promising benefits, with emission factors from 16-72 g/pkm
(median 48 g/pkm, average 43 g/pkm), especially when operated in countries that have
low emission intensity for electricity generation (TTW emissions account for between 28%
and 82% of the total, depending on the electricity mix).

3.5. Rail

This section includes mostly electrified transport modes, although non-urban trains
may also include a share of diesel-powered vehicles in some locations. Compared to buses,
all these transport modes are much less standard in terms of length and capacity, which adds
a layer of complexity when comparing different systems. At the same time, the fact that
they mostly rely on electricity leads to lower emissions than for other transportation modes.

An additional point of uncertainty is the impact of infrastructure: while roads are
considered without taking into account the impact of construction and maintenance based
on the fact that their use is shared across several different modes, rail transport often has
dedicated infrastructure, which should be taken into account. However, this infrastructure
usually has a long lifetime, complicating the extrapolation of meaningful values.
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Few studies include different rail modes, and their results are not always comparable.
For instance, two studies focus on urban rail (i.e., trams and metro) considering the LCA [5,6],
with emission factors from 11 to 66 g/pkm (average 40 g/pkm, median 43 g/pkm), while
other studies present WTW values from 29 to 84 g/pkm (average 56 g/pkm, median
54 g/pkm) for the same modes [12-14]. Moreover, none of these studies specifically
address rail transport modes, which are instead included in broader comparisons of urban
mobility options.

Considering national and regional trains (excluding high-speed trains), WTW emission
factors are from 14 to 42 g/pkm (average 30 g/pkm, median 35 g/pkm), although one
specific study [12] reports values as low as 6 g/pkm and as high as 118 g/pkm, which
represent the boundaries for electricity-driven trains with very low carbon electricity mixes
and for diesel trains, respectively. LCA emission factors of national and regional trains,
obtained from five different studies [6,44,45,47,53], range from 6-100 g/pkm, with an
average value of 59 g/pkm and a median of 55 g/pkm. The lowest value is from a study
in Mumbai that shows a very high occupancy rate [44] and that may therefore be less
representative of the performance of this transport mode in other locations.

Finally, high-speed rail (HSR) is quite different compared to other rail transport modes
due to the dedicated infrastructure. Some studies considering high-speed rail report 13 to
94 g /pkm for LCA emission factors (average of 36 g/km), although they do not always
consider the impact of infrastructure. A specific analysis on the HSR infrastructure in
Spain [53] estimates its impact to be between 12 and 60 g/pkm depending on the region,
with a national value of 18 g/pkm. As previously mentioned, the choice of considering
the impact of infrastructure remains debated, especially when comparing HSR with road
transport modes.

3.6. Aviation

Airplanes are one of the worst transport modes, together with private cars, when
considering GHG emissions. It is true that emissions for cars are often higher, but it
also should be considered that their average occupancy is usually around 1.5 people
(corresponding to a 30% load factor), while planes often show average load factors of
80-85% of their maximum capacity.

Moreover, when considering aviation’s impact on climate change, it is important
to remember that the operation of airplanes at high altitude has different impacts on
global warming in addition to carbon dioxide emissions, including contrail cirrus and NOx
emissions. Recent research [64] confirms that aviation operations are currently warming
the climate at approximately three times the rate associated with aviation CO, emissions
alone. However, due to the uncertainty of these effects and to make aviation emissions
comparable across studies and with other modes, we excluded non-CO; climate impacts in
our analyses.

Recent LCA analyses of air transport, mostly focusing on narrow-body and wide-
body aircraft, report emission factors of 105 to 271 g/pkm (with a median of 160 g/pkm
and an average of 170 g/pkm). Other studies estimate WTW emission factors from 74
to 313 g/pkm (median 126 g/pkm, average 145 g/pkm). The higher maximum values
compared to LCA studies are related to allocating emissions across different classes based
on the space dedicated to passengers. As a result, business and first classes show very
high WTW emission factors, even higher than LCA emission factors calculated without
this allocation.

Considering aircraft operations, a crucial aspect is the occupancy rate, which had
been continuously increasing in the years leading up to the COVID-19 pandemic. Together
with technological improvements, this led to lower specific emissions [65]. However,
the pandemic had a disruptive impact on the sector, and it is still too early to draw a reliable
future outlook for the evolution of aviation. Nevertheless, as already discussed above,
while most reports for aviation focus on direct CO, emissions, it is crucial to remember that
these only account for a marginal share of the actual climate impact of traveling by plane.
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3.7. Other Transport Modes

The analysis has compared the transport modes that are most diffused, which are also
those most considered in the literature. However, there are other transport modes that may
be relevant for specific applications but that have not been included due to the limited
number of available studies.

The most notable example is passenger transport on ferries, either on maritime routes
or internal waterways. There are two studies that provide LCA analyses [6,50], with
LCA emission factors of 152 and 2044 g/pkm, respectively, for diesel ferries. Research
studies evaluate the advantages of electrifying passenger ferries [66], but this technology
is still limited to a few applications, and most LCA comparisons are focused on vessels,
without considering the number of passengers that are actually transported. Other stud-
ies [67,68] are limited to CO, emissions during the operational phase.

Other passenger transport modes may be relevant for some specific regions but are
not distributed globally and have not been included in this study. Some notable examples
are the use of three-wheelers in southeastern countries, also referred to as “tuk-tuks” [69],
or the use of cargo bikes to transport children [70].

4. Discussion

The results of this work display a comprehensive picture of the LCA and WTW
emission factors that are used to assess the carbon intensity of different transport modes.
The values that emerge from the literature show important variability of emission factors
across transport modes, but also within each mode. Such variability is driven by multiple
aspects, including vehicle type, energy source, technology, average speed and occupancy.
For this reason, an accurate choice of proper emission factors based on the conditions being
analyzed is paramount for reliably estimating transport emissions.

Moreover, the lack of a coherent framework on the perspective to be considered when
addressing mobility emissions emerges. Considering direct, WTW or LCA emissions may
lead to very different results, which may, in some cases, even lead to different policies.
In general, shifting towards a more comprehensive approach may benefit the applicability
and usefulness of emission factors; at the same time, attention must be paid to the reliability
of LCA hypotheses and calculations. In particular, although the LCA methodology is clearly
codified, there seems to be a lack of comparability regarding the inclusion of different stages:
some studies (such as [5,6]) include the impact associated with the infrastructure or services
needed to operate specific transport modes (such as shared mobility systems, airports and
rail infrastructure), while other studies neglect these altogether. A common evaluation
framework is needed to determine comparable and effective indicators.

In addition, LCA analyses highlight how different stages influence the emission
factors differently across transport modes; the impacts during the operation phase (i.e.,
direct emissions) are lower for lighter vehicles such as two-wheeler and electric bikes,
and they are the most significant factors for ICE cars, buses and rail modes (particularly
for urban and metro trains). On the other hand, emissions during manufacture constitute
a significant fraction of the overall emissions for electric vehicles in particular, whether it
is bikes or cars. In addition, the impact of infrastructure construction and maintenance
is less relevant for cars and buses; it is significant for two-wheelers and bikes (also non-
electric ones), and it can be a significant factor for the overall impact of high-speed trains in
particular [53]. Knowledge about the relevant impact of each stage within the total climate
impact of a transport mode is fundamental because it can help direct reduction efforts in
a more efficient way. This is particularly true for those modes in which direct emissions,
which are more often the focus of much attention, are less relevant than manufacturing or
infrastructure-related emissions.

In the current trend of transport electrification, particularly prominent in some coun-
tries and some modes, a conceptual shift of CO;, emissions from transport modes to the
power sector emerges. Thus, while many policies and regulation have historically focused
on transport emissions, it should be recommended to shift at least towards a WTW ap-
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proach to correctly allocate emissions, and to an LCA approach when possible. At the same
time, it is important to avoid double-counting of emissions across sectors; an LCA typically
includes emissions that are currently allocated to other sectors, such as industry.

The electricity mix is a crucial parameter to assess the carbon intensity of transport
modes, and several papers have shown its role through dedicated sensitivity analyses on
emission factors. The mix of technologies used for power generation shows significant
variations both over space and time. Current research generally uses annual country-level
electricity mixes, although in some cases, specific single technologies are considered for
comparison. However, daily and monthly variations of emission factors may be signif-
icant [71,72], and although recent research shows that the use of average annual values
is generally acceptable [73], increasing shares of variable renewables may increase the
volatility of electricity emission intensity. In addition, most studies consider average emis-
sion intensities, but in some cases it is better to use marginal emission factors, which are
seldom available.

Many decarbonization policies currently focus on electrifying transport [30,56], but
these solutions should be coupled with a deep decarbonization of the power sector. The re-
sults of this work highlight the variability of LCA impact of electrified transport modes,
emphasizing the fact that without a strong shift towards low-carbon power generation,
emission reductions compared to traditional fossil-fueled options remain limited.

One additional aspect that emerged clearly from the results is the role of sharing
systems and their impact on carbon emissions: when comparing non-shared vehicles
with shared alternatives, the former emits significantly less than the latter per passenger-
km across different modes [5]. This is mainly due to the additional services that are
implemented within a sharing system, in particular vehicle relocation, such as in (e-)bike
and e-scooter sharing systems. In one way, this conclusion might seem to suggest that
sharing systems should be discarded in favor of the equivalent non-shared mode, but we
believe this conclusion is misguided. In fact, the use of sharing systems not only substitutes
for the use of the same non-shared modes (e.g., shared e-scooter vs. non-shared e-scooter),
but they represent an alternative to several transport modes, including ones whose emission
factors are higher (e.g., shared e-scooter vs. private car). Therefore, the comparison should
be drawn between sharing systems and all the transport modes for which they might
substitute.

Finally, the importance of promoting active and collective mobility clearly emerges
from the analysis of emission factors. Active modes, even including electric bikes, show
very low or null emissions, making them particularly suitable to decrease mobility impact,
especially over short distances. On the other hand, since occupancy emerges as a critical
driver of many emission factors, optimized use of collective transport can further decrease
total emissions. From this perspective, an even more effective measure may be to increase
the average passengers carried by private cars [58].

While this study provides a good representation of emission factors presented in
the literature, its quality and comprehensiveness have been affected by some limitations.
The results of several research works have not been included due to the fact that they
were focused on different functional units, making them impossible to compare to other
modes. For example, many LCA analyses of urban buses or rail systems only provided
total emissions or emissions per vehicle, and without the allocation of emissions to pkm it
was not possible to exploit these results. Finally, several studies did not clearly report all
the hypotheses and parameters, complicating the analysis of methodological differences
and similarities in a coherent and systematic way.

5. Conclusions

Transport decarbonization strategies need to be based on a simple but reliable esti-
mation of their potential impact, which is often performed by emission factors coupled
with information on mobility demand and modal share. While emission factors for the
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main transport modes are widely available in the literature, significant variability is hidden
behind the average values that are generally used.

This work presents a comprehensive review of emission factors available in the litera-
ture, comparing them across transport modes, technologies, fuels and perspectives (mainly
WTW vs. LCA). Emission factors are generally computed per passenger-km and used with
data on mobility demand to estimate the total emissions of a transport mode.

The results of this work show the clear difference in GHG emissions when compar-
ing different transport modes, especially private motorized vehicles against active and
collective mobility solutions. At the same time, significant variability of emission factors
arises within most of the modes presented in this work. The most important drivers of this
variability are the technology used by the transport mode and the occupancy. For electri-
fied vehicles, the carbon intensity of the electricity consumed is often the most significant
parameter. Other aspects include the size of the vehicle, its age, driving cycles and weather
conditions, but they mostly have marginal impact, especially when considering average
vehicle fleets.

Given such variability, we recommend that average emission factors are selected
after a preliminary check of the main hypotheses related to the chosen value to verify if
these hypotheses are suitable to represent the specific conditions of the case study at hand.
Available data on the types of vehicles that are in use, such as private car fleet distribution
by powertrain, and on the average occupancy of transport modes can significantly improve
the quality of the results. In some cases, sensitivity analysis of some emission factors may
improve the reliability of the results and the policy choices that they support.

Supplementary Materials: The following supporting information can be downloaded at: https:
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in the paper.

Author Contributions: conceptualization: M.N., E.C. and M.].; methodology: M.N., E.C. and M.].;
formal analysis: M.N. and E.C.; data curation: E.C. and M.N.; writing—original draft preparation:
M.N. and E.C.; writing—review and editing: M.N. and M.]. All authors have read and agreed to the
published version of the manuscript.

Funding: This research did not receive any specific grant from funding agencies in the public,
commercial or not-for-profit sectors.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All the data presented in this study are available in the dataset included
in the Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

BEV  battery electric vehicle
CNG  compressed natural gas
FCEV fuel cell electric vehicle
GHG  greenhouse gas

GWP  global warming potential
HSR  high-speed rail

HVO  hydrotreated vegetable oil
ICE internal combustion engine
LCA  life-cycle assessment

LNG  liquefied natural gas
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LPG  liquefied petroleum gas
PHEV plugin hybrid electric vehicle
RES renewable energy source
TITW  tank-to-wheels

Ul uncertainty interval

WIT  well-to-tank

WTW  well-to-wheels
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