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Abstract

Background The environmental impact of electric scooters has been the subject of critical debate in the scien-
tific community for the past 5 years. The data published so far are very inhomogeneous and partly methodologi-
cally incomplete. Most of the data available in the literature suffer from an average bias of 34%, because end-of-life
(EOL) impacts have not been modelled, reported or specified. In addition, the average lifetime mileage of shared
fleets of e-scooters, as they are operated in cities around the world, has recently turned out to be much lower
than expected. This casts the scooters in an unfavourable light for the necessary mobility transition. Data on impact
categories other than the global warming potential (GWP) are scarce. This paper aims to quantify the strengths
and weaknesses of e-scooters in terms of their contribution to sustainable transport by more specifically defin-

ing and extending the life cycle assessment (LCA) modelling conditions: the modelling is based on two genuine
material inventories obtained by dismantling two different e-scooters, one based on a traditional aluminium frame
and another, for the first time, based on plastic material.

Results This study provides complete inventory data to facilitate further LCA modelling of electric kick scooters. The
plastic scooter had a 26% lower lifetime GWP than the aluminium vehicle. A favourable choice of electric motor prom-
ises a further reduction in GWP. In addition to GWP, the scooter’s life cycles were assessed across seven other impact
categories and showed no critical environmental or health impacts compared to a passenger car. On the other hand,
only the resource extraction impact revealed clear advantages for electric scooters compared to passenger cars.

Conclusions Under certain conditions, scooters can still be an important element of the desired mobility transition.
To assure a lifetime long enough is the crucial factor to make the electric scooter a favourable or even competitive
vehicle in a future sustainable mobility system. A scooter mileage of more than 5400 km is required to achieve lower
CO,eq/pkm emissions compared to passenger cars, which seems unlikely in today’s standard use case of shared
scooter fleets. In contrast, a widespread use of e-scooters as a commuting tool is modelled to be able to save 4%

of greenhouse gas (GHG) emissions across the German mobility sector.
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Introduction

The European Union has declared a "New Deal" to
achieve zero carbon emissions by 2050, which explicitly
includes the mobility sector [1]. Reaching zero emissions
will require enormous efforts. The mobility sector repre-
sents the biggest challenge on the road to zero emissions,
or the risk of failure, as it is the only sector in Europe that
has so far refused to reduce carbon emissions [2].

Micro-mobility is emerging in this situation as a hope
to accompany urban mobility into a period of increased
sustainability by reducing urban problems such as con-
gestion, lack of space in traffic areas and emissions
[3] through the provision of downsized vehicles. SAE
[4] defines powered micro-mobility vehicles as (a)
fully or partially powered by an engine, (b) with a curb
weight <500 1b (227 kg), and (c) with a top speed <30
mph (48 km/h).

This research focuses on electric scooters as an impor-
tant vehicle in the reign of micro-mobility. However, the
term "scooter” is not specific. In an extended classifica-
tion scheme for micro-mobility vehicles that we have
developed, scooters can be found under types 1a, 1b and
3 (Table 1).

This paper focuses on electric vehicles with handlebars,
specifically those that are started by kicking/pushing with
the foot (hereafter referred to as "e-scooters"), which are
included in Group 1b of Table 1. In Switzerland, which
provides the main boundary conditions for the LCA
modelling, e-scooters are called "Trottinett" (electric and
abbreviated: eTrotti).

There is a risk of confounding data from literature
sources that do not specifically describe the type of
scooter being studied. For example, Chang et al. [6] and
Nayak et al. [7] discuss the technological advancement
and emissions of ‘e-scooters; but this refers to traditional
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'step-through scooters’ with a seat (vehicle type No. 3,
Table 1). New electrified bike-like tricycles (vehicle type
2b, Table 1) have also been modelled for their life cycle
emissions (e.g., [8]). However, kick scooters can also have
three wheels. The variety of vehicles available today is
enormous. Vehicles can change type category (Table 1)
due to minor technical variations, also related to different
local legislation: for example, a software change can turn
a kick-scooter into a step-through scooter (vehicle type
3). Some heavier kick-scooters can easily be fitted with a
seat (thus converting them to type 3, Table 1).

In large cities with more than 200,000 inhabitants in
Northern America, there were up to 2000 e-scooters in
operation per year between 2018 and 2020 according to
Badia and Jenelius [9]. The European fleets appear to be
larger. Li et al. [10] quantified the fleet sizes in 30 Euro-
pean cities in 2021: on average, there are 4254 scooters
per city. Berlin tops the list with 22,948 e-scooters [10].
Extrapolating the number of electric scooters for Europe’s
300 largest conurbations [11] gives a figure of over one
million. These figures are based entirely on research into
shared fleet scooters and not on private scooter use.

Electric scooters as a vision for sustainable transport

Qualitatively, micro-mobility has been associated with
a range of positive and negative implications [12]. Kick
e-scooters are smartly designed vehicles, because they are
light and need little space when driving. In this context,
promoting micro-mobility makes sense fundamentally,
which is why push and pull strategies need to be devel-
oped to increase the uptake of small electric vehicles [13].
E-scooters are seen as vehicles that meet the "last mile"
mobility demand [14]. The distances travelled by shared
e-scooters are short, averaging 1.81 km, while 13.1 min
are spent with a speed of 8.31 km/h, on average [9].

Table 1 Completed electrified vehicle classification scheme (extended, based on [4, 5])

Vehicle Vehicle types Vehicle subtypes
type No
0 electrified boards or skates without a han- Oa powered skates (two, separated)
dlebar 0b hover-board, e-board, unicycles (1-2 wheels)
Oc skateboard (4 or more wheels)
1 electrified vehicles with a handlebar Ta stand-up scooter (e.g., a Segway HT/PT
and without a seat from 2001)
1b kick scooter (here: “e-scooter”)
2 bicycle similar vehicles that can be operated  2a e-bike
alternatively without the electric engine b bike-like three- and four-wheelers
3 electrified larger two- and three-wheelers step-through scooters, mopeds, motorcycles, and larger three-wheelers (e.g., electri-
fied Tuk Tuks). — under micro-mobility definition with a top speed <30 mph (48 km/h)
and a curb weight <500 Ib (227 kg)
4-6 light four-wheelers, passenger cars, Light commercial vehicles, heavy-duty trucks (for more details, see [5])

Vehicle types 0-3 are covered by the definition of micromobility. This study focuses on subtype 1b
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Many studies have attempted to identify possible mode
shifts through e-scooter applications such as scooter
sharing. However, the reports are inconclusive and show
high variability in user behaviour (reviewed in [15, 16]).
Nevertheless, likely scenarios for e-scooter uptake have
been suggested. For example, Gebhardt et al. [17] found
that 13% of daily car trips, or 2% of car kilometres in Ger-
many, are suitable for substitution.

E-scooters are very light (on average only 20 kg with-
out the rider), which makes them easy to transport and
results in high energy efficiency in the use phase—energy
consumption of electric vehicles depends mainly on the
vehicle weight in all vehicle classes [5]. At 1.46+0.42
kWh/100 km, electric stand-up and kick scooters con-
sume 92% less energy in the use phase than electric cars
[5]. Therefore, if e-scooters can replace cars on the "last
mile", high energy savings can be realised. However, of
the 10,487 e-scooter users surveyed in three French and
two US cities, only 18% would have used a car instead of
an e-scooter for their trip, while the others would have
used further environmentally friendly modes of transport
if e-scooters had not been available (reviewed in [18]).

Problems associated with shared scooter fleets

In many cities, however, discarded e-scooters block
pedestrian routes and are often sabotaged and thrown
into rivers, for example. In the city of Zurich, with a
population of around 435,000 in 2020, 137 e-scooters
were found in the river Limmat in 2020, after another 37
e-scooters were removed from the Limmat in 2019, when
sharing platforms started offering their first e-scooters
in Zurich [19]. With 2350 e-scooters in Zurich in 2020,
around 7% were destroyed by being disposed of in the
city’s river in this way [20]. A further analysis of compa-
rable figures published in the press showed that in the
German city of Cologne (1.1 million inhabitants), around
900 e-scooters were found in or removed from rivers and
ponds in 2020 and 2021 alone [21], which means that
around 14% of the 6472 e-scooters ([10], figure for 2021)
in Cologne were destroyed in this way, in addition to an
unknown number of defective e-scooters that were dis-
posed of elsewhere in both of the above cities.

Provoking deterioration, as for example, fleet opera-
tors often do not remove e-scooters from the streets
during the night, even in winter nights with freezing
temperatures.

E-scooters also come with elevated safety risks followed
by partly heavy injures among scooter or other road users
[22, 23]. Felipe-Falgas et al. [24] studied the environmen-
tal impact of shared e-bikes, e-scooters and e-mopeds in
Barcelona. The results were very heterogeneous: some
vehicles increased greenhouse gas (GHG) and particulate
matter (PM) emissions, while others reduced them. All
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reduced NO, emissions compared to passenger car use
[25]. Felipe-Falgas et al. [25] also suggested that the eco-
design of micro-mobility vehicles needs to be improved
and that they need to be strategically used and deployed
as part of a holistic transport policy.

Comparative life cycle global warming potential (GWP)

of electric scooters

In contrast to electric passenger cars [26], the GWP
of electricity has a comparatively small influence on
the total life cycle GWP of e-scooters (in the following
referred to as life cycle GWP), according to Moreau et al.
[27]. Severengiz et al. [28], on the other hand, reported a
clear advantage for the life cycle GWP when the scoot-
ers are charged with electricity from wind power instead
of the average German net electricity mix. The collection
and distribution of scooters by fleet operators (e.g., with
diesel vans or cargo bikes) has been attributed with vary-
ing impacts on lifetime GWP [29, 30].

However, given the low energy consumption in the use
phase, the question arises whether e-scooters are still
superior when considering the impacts over the whole
life cycle. Specific to electrified vehicles, significant parts
of life cycle impacts may belong to the supply chain, such
as battery production [26].

Reported life cycle GWP of e-scooters so far shows
large variations within the studies published (Fig. 1). This
is most of all due to different assumptions when it comes
to the lifespan of these vehicles. Whereas mostly tem-
poral lifespans of scooters in terms of months and years
are communicated, the LCA analysis behind is based on
lifetime mileage assumptions as the vehicles are aging
mainly by mileage. Accordingly, the mileages underly-
ing the modelling of the respective literature sources are
displayed here in addition (Fig. 1). Fleet operators do not
report mileages, making it impossible this way to com-
pare their data. Overall, however, they appear to be simi-
lar to the scientific results published up to 2022 (Fig. 1).
Operational mileages have a huge influence on the GWP
in terms of per g CO,eq/pkm: extending the base case of
284 days of use (equivalent to 1400 km), as specified by
Moreau et al. [23], to 2.5 years (equivalent to 11,520 km)
would decrease the GWP from 131 to below 50 g CO,eq/
pkm (Fig. 1). Severengiz et al. [30, 31] also pointed to a
strong influence of lifespan, quantifying impacts for a
“6-24 months” use, translated into a kilometre lifespan
of 1150-5150 (Fig. 1). Based on even more extended
assumptions, only 40 g CO,eq/pkm would result from a
lifespan of 5 years but, respectively, 829 g CO,eq/pkm in
case the scooter is discarded after already 1 month, due
to Moreau et al. [27]. However, these authors did not
know statistically, how long a scooter survives in a fleet.



Baumgartner and Helmers Environmental Sciences Europe (2024) 36:96 Page 4 of 18
electric bicycle —-— ‘
alternative electric bus —
mobility conventional bus + train :_
modes electric passenger car I
combustion engine car ‘ I

this study electric with plastic frame losonem BF00km T o> 540

kick scooters with aluminium frame 777 —— ----e-ooooeeoo{oeeeeeeeeee > 640

fleet operators data
. *Hollingsworth et al. (2019) 7,240km o — 1,810 km
electric *Cazzola & Crist (2020) -
kick *de Bortoli & Christoforou (2020) 10,000 km E— 1, 800 km | 2,900km
scooters *Kazmeier et al. (2020) 10,000 km * 2,117 km
literature *Moreau et al. (2020) 11,520 km — 1,400 l‘<m
*Severengiz et al. (2021) 5,150 km m—— 1,150 km
Finke et al. (2022) 5,700 km - p—3 800 km ‘ D25 km 90 km
*) EOL impacts not modelled, Reis et al. (2023) PZIZ77777777 777777,
specified, or no credits considered ?00 km ‘
r — T — T —— 800 1,700
g COzeq/pkm o 50 100 150 200

Fig. 1 Compilation of life cycle GWP of e-scooters and further passenger traffic modes in g CO,eq per passenger kilometre (pkm) (in red: lifetime
mileages of the e-scooters modelled in the respective study). EOL: end-of-life treatment. Electric bicycle data compiled from Weiss et al. [32], Mellino
etal. [33], Moreau et al. [27], and Huang et al. [34]. Electric bus data from Helmers et al. [35]. Combustion engine car, lower estimate: mini-size

car, higher estimate: mid-size car. Cars modelled with 1.57 persons/car, end-of-life (EOL) modelling based on avoided burden approach [35]. The
lower estimates for an electric passenger car are based on a mini-class BEV (battery electric vehicle) operating a 14-kWh battery plus a secondary
battery use. The higher estimates for electric passenger cars are based on a mid-range car (52 kWh battery), and without a secondary battery use.
All electric cars are charged with reasonable green electricity mix during the use phase (130.6 g CO,eq/kWh, [35]). Conventional city bus data
reviewed in Helmers et al. [35]. E-scooter fleet operator’s data from VOI (35 g CO,eq/pkm, [36]), BIRD (97 g CO,eq/pkm, [37]), and LIME, respectively:
165 g CO,eq/pkm [38], but related mileages were not reported (light blue column). Dotted red lines: extrapolation of the modelling of this study

to the mileages reported by Reis et al. [39]. Dashed column at the bottom: extrapolation of modelling results from Reis et al. [39] to the mileage

assumptions from previous studies

The problem is that a prolonged use about 1-2 years
would require a high level of repair activity: economi-
cally, it seems rather unlikely that fleet operators invest
a lot of efforts in repairs: when ordering thousands of
items from e-scooter manufacturers, fleet operators
receive a scooter for about 50% of the typical consumer
prices between €200 and €1000 (according to an over-
view on Amazon Germany in December 2023). On top of
that, while a private owner receives a 24-month warranty,
this is excluded in rental applications. Almost any repair
could exceed the replacement cost of 100-500 € for the
fleet operator. All this points to (much) shorter periods
of use in reality than the up to 24 months (corresponding
to 10,000 km of mileage) suggested in reports published
between 2019 and 2022 (Fig. 1).

More recently published LCA data can partly be
understood as a variation of the above modelling condi-
tions: for example, Ishaq et al. [40] applied the material
inventory of Hollingsworth et al. [29] but increased the
e-scooter mileage by 1.5 times and, unlike Hollingsworth
et al. [29], consider up to "50% use of the recycled alu-
minium". As would be expected, this significantly reduces
the life cycle GWP of the e-scooter from 88 g CO,eq/pkm
[29] to 21 g CO,eq/pkm [40]. Extending the lifetime of an
e-scooter also depends on whether the battery is replace-
able or not [30]. In the early years, scooter batteries were

not swappable, so the entire vehicle was wasted after bat-
tery failure (the first e-scooter with swappable battery has
been introduced in 2019, see Intelligent transport [41].
Finke et al. [42] added the impacts of swappable batteries
and self-service battery swapping stations, but also found
system-wide emissions of 60—110 g CO,eq/pkm, which is
in the order of magnitude of the previous results (Fig. 1).

Moreau et al. [27] reported that in their base case appli-
cation (284 days of scooter use, corresponding to 1400
km of driving, resulting in 131 g CO,eq/pkm), the GWP
of transport activity increases due to the use of e-scooters
(Fig. 1). However, Moreau et al. [27] also modelled up
to 8 times higher mileages for shared e-scooters (Fig. 1),
which seems doubtful given the often poor treatment,
such as the fact that many shared e-scooters are left out-
side for long periods.

These doubts turned out to be justified when the study
of Reis et al. [39] was published, changing the picture.
Reis et al. [39] for the first time were able to apply real-
world mileage/lifetime experiences from an e-scooter
fleet in Lisbon (Portugal). Vandalism and high defect
rates resulted in an average lifetime of only 1.5 months
in Lisbon. Combined with an average mileage of 2—5 km/
day, this ended up in a lifetime mileage of only 90-225
km and a resulting footprint of 800-1700 g CO,eq/pkm
(Fig. 1). Reis et al. [39] extrapolated their modelling to
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higher mileages published by earlier authors (Fig. 1), this
way resulting in a minimum impact of 112 g CO,eq/pkm
(Fig. 1). On the other hand, less favourable assumptions
increased emissions to 5300 g CO,eq/pkm for the Lisbon
scooter fleet [39]. Although Reis et al. [39] emphasised
that the Lisbon application case is an unusually rough
one (due to the many steep hills in the city), the question
arises whether the previously published impacts (Fig. 1)
may have been (much) too optimistic due to the lack of
reliable scooter survival data.

All e-scooters modelled so far have been based on an
aluminium chassis. Ishaq et al. [40] theoretically dis-
cussed several alternative materials. Knowing that alu-
minium has a high GWDP, some fleet operators argue to
use up to 99% recycled aluminium [36]. However, remov-
ing recycled aluminium for the benefit of e-scooters will
result in a shortage of this material at another place.
Therefore, this is not a general solution to achieve lower
impacts.

The electric scooter industry relies heavily on alumin-
ium as a chassis material: a review of electric scooters
(subtype 1b, see Table 1) offered on the Amazon Ger-
many platform on 23 March 2024 found that 76 out of
84 different electric scooters had an aluminium frame
(scooters for adults considered only). A further 3 had a
steel frame and for 5 of the 84 scooters offered, the frame
material was not specified. None of the scooters offered
had a plastic frame. All electric scooters offered had only
2 wheels.

Surprisingly, literature sources often did not specify the
end-of-life (EOL) choice applied during LCA modelling
[29, 43, 44], did not consider recycling credits [31, 45, 46],
or excluded EOL treatment from modelling [23], making
these sources difficult to use for comparison. Reis et al.
[39], in contrast, modelled EOL choices as a particular
sensitivity. E-scooter fleet operators have also considered
recycling credits (e.g., [36]) during LCA modelling. How-
ever, due to the lack of reported lifetime mileage, their
data [36-38] cannot be seriously compared and are dis-
played for information only, see Fig. 1.

Purpose of this study

In conclusion, the reported life cycle GWP of e-scooter
passenger km travelled, exhibits very heterogenic results.
Reported emissions are mostly similar to those of con-
ventional (combustion engine based) transport modes
such as cars and buses, and in some cases even higher
than those of passenger cars (Fig. 1). Electric bicycles, for
example, look more favourable with only 14-26 g CO,eq/
pkm (Fig. 1). The recent publication of Reis et al. [39],
however, shifted the impact of shared e-scooters very
much into an unfavourable region of up to 1700 g CO,eq/
pkm and more. This situation is very unsatisfactory,
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which is why this study investigates measures and factors
that enable a reduction in the lifetime emissions of the
scooters by applying a cradle-to-grave LCA.

Firstly, missing credits due to recycling indicate a pos-
sible overestimation of impacts to date: six out of eight
LCA reports do not specify or quantify EOL (Fig. 1). This
modelling is designed to carefully assess EOL credits to
change the picture.

Another approach to reduce the impact of e-scooters
may be the choice of the main material. So far, there
are no published LCA data on e-scooters with a chas-
sis material other than aluminium, so the optimisation
potential in changing the main material is unknown. This
paper therefore compares the life cycle impacts of two
different electric scooters with chassis made of different
materials (plastic and aluminium).

This study also aims to determine a minimum mileage
for the scooters to be advantageous in terms of the GWP
compared to passenger cars.

In addition, data on life cycle impacts of e-scooters
other than related to the GWP are very scarce. This study
therefore attempts to enrich this knowledge by evaluat-
ing the impacts of the two e-scooters in about 7 more
midpoint and endpoint-related environmental impact
categories in order to reveal potential burden shifting.
Another new feature of this study is that the impacts of
e-scooters are compared directly with those of passenger
cars across all impact categories analysed.

This modelling will result in GWP impacts for e-scoot-
ers that are valid for a shared fleet application and are
therefore compatible with existing literature data. How-
ever, as there is still uncertainty about the life expectancy
of e-scooters in a shared fleet, this study prefers to deter-
mine the potential benefits in terms of reduced GWP of
a private e-scooter application for commuting purposes.

Methodology of the life cycle assessment (LCA)

As this study follows the main principles and steps (with-
out critical review) of ISO 14040 [47], it is also based on
the structure of goal and scope, life cycle inventory (LCI)
analysis, impact assessment and interpretation including
transparent documentation.

Goal and scope

Two different e-scooters are assessed and compared
in terms of their environmental impact: an alumin-
ium-based e-scooter (Al e-scooter) and a plastic-based
e-scooter (plastic e-scooter), which differ mainly in terms
of the frame material (aluminium and plastic) and the
collection and distribution during their use phases. The
plastic e-scooter can drive autonomously via a telematics
system and three wheels. More detailed information on
the e-scooters in this study can be found in the respective
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Chapter 2.2 and in the Additional file 1. More details on
autonomous e-scooters can be found in the literature
([48-50]).

System boundary for both e-scooters

The system boundary of the LCA covers a cradle-to-grave
life cycle with a system extension for recycling of the two
main materials (aluminium and plastic) for both e-scoot-
ers, as shown in Fig. 2. It includes the production and
transport of materials and components, the use of the
e-scooters including transport, collection and distribu-
tion, charging and maintenance, and the end of life (EOL)
including recycling or other waste treatment options for
the materials used. Although the bill of materials (BOM)
was based on own weighting for the Al e-scooter and on
a manufacturer’s BOM for the plastic e-scooter, no solid
data was available on the final assembly of the e-scooters
and its production effort (see “limitations of this study”
below). Therefore, this stage was excluded from this
study.

Functional unit for both e-scooters
The functional unit (FU) of this study is the dis-
tance travelled by a passenger with a reference flow
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of one passenger-kilometre (pkm) for both e-scoot-
ers, in accordance with the standard FU for passenger
transportation.

Lifetime and mileage scenarios

This study analyses three different lifetimes: 6, 12, and
24 months (6M, 12M and 24M) based on the lifetimes
reported in the literature (see the lifetime discussion in
the introduction). The average travel distance per day
and e-scooter is 15 km according to the producer and
operator of the shared plastic e-scooter. This information
is based on usage data in Singapore where the company
Floatility operated a fleet of shared scooters with 6 trips/
day, 2.5 km/trip [51, 52]. Assuming 360 days of operation
and 5 days of out of service due to maintenance within
a fleet operation, this daily travel distance results in
2700 km travelled for 6M, 5700 km for 12M, and 10,400
km for 24M lifetime for both e-scooters. For comparison,
the much shorter average mileage reported by Reis et al.
[39] was modelled in addition (Fig. 1).

Impact assessment methods
Two different impact assessment methods were chosen
for comparing the life cycle impacts of both e-scooters:

| |
| |
] Primary materials Production materials and |
| ¥ — components i
| Li-lon Battery Emissions {
| Motor & controller Solid waste |
: Transportation Wiring :
| fuel, vehicles & ) Aluminium, copper, steel I
! . Plastics, rubber PR (I
I infrastructure \_ J | |
I 1 1
: E-scooters B
| -
| . . 4 1 c
| Electricity Use Phase -
o o o | 1
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l T ati _ Emissions 1 £ |
I ransportation ep- Charging . ¢ 8
! ; . 2 Solid waste oo
i fuel, vehicles Collection and Distribution LA
I H 1
| & infrastructure Maintainence : .
| .
| Used e-scooters |
I
: 4 ,
| |
.. & I
: Electricity End-of-Life Emissions I
: Heat  m=p Recycling Solid waste :
" Infrastructure Disposal: incineration, Landfill Secondary material I
1 I
|
I N .
| |

Fig. 2 System boundary for the life cycle assessment of the Al and plastic e-scooter’s life cycles, including relevant life cycle stages, related

processes, input and output materials, and emissions
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1. “IPCC 2013 Global Warming Potential (GWP) 100a
v1.03", which presents results in kg CO,eq/pkm [53].

2. “ReCiPe 2016 Endpoint (H) v1.03 / World (2010)
H/A” with its subcategories and corresponding units
in brackets [54]:

a. Human Health (DALY/pkm),
b. Ecosystems (Species*yr/pkm),
c. Resources (USD2013/pkm).

To compare with e-scooters from literature and pas-
senger cars (ICEV=internal combustion engine vehi-
cle, BEV =battery electric vehicles) midpoint indicators
from “ReCiPe 2016 Midoint (H) v1.03/World (2010) H”
and “ILCD 2011 Midpoint+v1.10/EC-JRC Global, equal
weighting” were additionally selected [54, 55]:

+ Fine particulate matter formation (kg PM, seq/pkm)
from ReCiPe,

o Terrestrial acidification (kg SO,eq/pkm) from ReC-
iPe,

o Human carcinogenic and non-carcinogenic toxicity
were combined by addition to “human toxicity” (kg
1.4-DCB/pkm) from ReCiPe,

o Photochemical ozone formation (kg NMVOCeq/
pkm) was taken from ILCD.

Life cycle inventory (LCl)

The life cycle inventory was modelled using SimaPro
v9.1.1.1 [56] and ecoinvent v3.5 [57]. For modelling
the processes, unit (U) processes and the Allocation-
at-point-of-substitution (APOS) model was chosen to
account for potential recycling options in the EOL phase.
The LCI is described in the following sections, the details
are provided in Additional file 1: Tables S1-S3. The LCA
model was compiled for Switzerland as a use case.

Production phase

The Al scooter’s chassis is made primarily of aluminium
and is not easily dismantled or repaired. In contrast, the
plastic e-scooter’s main material is polyamide PA6, com-
mercially known as Ultramid® B3, and is designed to be
modular for facilitating repair. Furthermore, the plastic
e-scooter has three wheels for improved stability and the
ability to drive autonomously to a central loading and
maintenance station.

The life cycle inventory (LCI) for the Al e-scooter was
based on dismantling and weighing its materials and
components. This was done for the specific e-scooter
VMAX R25, which weighs 16.31 kg, within a pre-study
[58, 59]. The LCI for the plastic e-scooter was based on
the Floatility efloater, weighing 17.23 kg. Material and
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component data were obtained directly from the pro-
ducer and operator [51, 52].

The materials and components for both e-scooters
were modelled, including the respective processing data
for each material from ecoinvent 3.5 for the LCI. While
detailed data was available for the main production loca-
tions of single materials and components for the plastic
e-scooters (Singapore, Japan, Thailand, Indonesia and
China), global (GLO) or rest of world (RoW) market
data sets from ecoinvent 3.5 were mainly used for the Al
e-scooter modelling in order to account for the average
transportation of materials and components. However,
for certain materials and components of the Al e-scooter,
production was assumed to take place in China. As a
results, Chinese data sets were used and modelled where
applicable and appropriate.

Detailed information on materials, components,
weights, transportation distances and assumptions as
well as corresponding ecoinvent processes for both
e-scooters, can be found in Additional file 1: Tables
S$1-S9.

Use phase

The use phase of both e-scooters includes transporta-
tion to their destination in Europe, electricity demand
for charging and efforts for collection, distribution and
maintenance.

The Al e-scooter is assumed to be transported from
China, while most of the plastic e-scooter components
are shipped from Jakarta, Indonesia to Europe. Only a
few parts are transported from Poland or Germany to the
assembly location in Hamburg, Germany. Transportation
within Europe is done by lorry.

The Al e-scooter has an electricity consumption of
1.576 kWh/100 km, based on its 20.1 km range and a
Li-Ion battery capacity of 316.8 Wh [58]. The range of
the Al e-scooter was evaluated by measuring the aver-
age of three test drives without standard conditions
in a pre-study [58]. Standardised drive conditions for
e-scooters have not yet been defined [5] but are the
subject of recent research [60]. The plastic e-scooter
has a similar electricity consumption of 1.4 kWh/100
km (range: 20 km) (data source: Floatility GmbH
[51, 52]). The electricity consumption during the use
phase was modelled using a Swiss electricity mix with
105 g CO,eq/kWh [57]. Please refer to Tables S3 and
S7 in the Additional file 1 for further process details.
According to Severengiz et al. [30], a transportation
distance of 1 km per day per e-scooter is assumed for
collection and distribution by vans. The lifetime (in
months) and related mileages are based on the dis-
tance travelled for collection and distribution per day
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as well as on the e-scooter’s own operating distance of
15 km per day.

As the plastic e-scooter is capable of autonomous
driving, the collection and distribution of the plastic
e-scooter to a charging station is assumed to be per-
formed without a collection by vans. Therefore, only the
additional electricity demand for the autonomous driv-
ing is accounted for in the LCI. For this, the electricity
demand of 1.4 kWh/100 km was considered as well as
the assumption that the e-scooter needs to travel 2 km
to the next charging station autonomously per 20 km
of battery range, which leads to an electricity demand
for collection of 1.4 Wh/pkm, equivalent to only 0.15 g
CO,eq/pkm based on the above Swiss electricity mix.

A simplified approach was chosen for maintenance
efforts on plastic e-scooters, with 1% of the e-scooter
itself requiring maintenance and replacement within
6 months. For lifetimes of 12 and 24 months, mainte-
nance was assumed to increase linearly.

The maintenance efforts for the Al e-scooter were
modelled using different approaches for different mate-
rials. The assumptions can be found in Additional
file 1: Table S7. The LCI of the e-scooter’s use phase is
reported in Additional file 1: Table S3.

End-of-Life (EOL) phase

The LCI modelling for the EOL of both e-scooters was
based on assumptions or a specific disposal scenario.
The only information provided by the producer was
that the main chassis material (Ultramid B3®) of the
plastic e-scooter is recycled [51].

For both e-scooters, a recycling rate of 90% has been
assumed for their main materials, aluminium and plas-
tic (Ultramid B3®). Both recycled materials were mod-
elled using the avoided burden approach. Therefore, a
credit with primary material was given according to the
recycling rate of the main materials for both e-scooters.
The remaining 10% is modelled to be landfilled (refer to
Additional file 1: Tables S5 and S8). The recycling rates
and EOL treatment options for all other components
and materials were adopted from available ecoinvent
processes applied. Additional details for the LCI of the
EOL can be found in Table S5 for the plastic e-scooter
and Additional file 1: Table S8.

Results and discussion

Comparison of the Al and the plastic e-scooter, influence

of lifetime mileage and EOL choice

Figure 3 depicts the life cycle impacts of both the
aluminium and plastic e-scooters, covering a wide
range of operating life cycles, as is usual in published
reports. The impacts related to pkm decrease inversely
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proportional to mileages, as already described (Fig. 1).
The high dependence of the impacts on the lifetime
mileages of the e-scooters is due to the dominance of
production relative to the use phase impacts as shown
in Fig. 3. Although we refrain to recommend a shared
fleet application of e-scooters in the conclusion, we
have also modelled the GWP (IPCC, 100a) for the very
low lifetime mileage reported by Reis et al. [39] as one
central estimate from a fleet application in Lisbon: 225
km. This highlights the impact of mileage as a sensi-
tivity and allows for evaluation of the comparability
of Reis’ modelling with ours. Reis et al. [39] reported
a GWP of approximately 800 g CO,eq/pkm, while our
modelling resulted in a GWP of 640 g CO,eq/pkm for
the Al e-scooter and 540 g CO, eq/pkm for the plas-
tic scooter, respectively, based on a lifetime mileage of
225 km (see Fig. 1). Although Reis et al. [39] considered
various variables, this suggest that both LCA mod-
els are comparable. This confirms that e-scooters with
such a short lifetime are far from being competitive
with alternative mobility modes (Fig. 1).

The Lifetime mileages of e-scooters also strongly affect
the impacts on human health, ecosystem, and resources,
the comprising endpoints of the ReCiPe LCIA methodol-
ogy (Fig. 3). Results from these three endpoint impacts
were so far reported by de Bortoli [43] only, but without
specifying which EOL method was used.

Figure 3 shows that EOL modelling has a significant
impact: the credits received when e-scooters materials
are returned to the supply chain are high; ranging from
26% to 41% of the life cycle impacts during produc-
tion plus use phase, as shown in Fig. 3. Recycling yields
high credits, particularly for the GWP of the e-scooters
(Fig. 3A): material recycling compensated for 34.1-40.6%
of the GWP of the Al scooter, and 26.5-29.0% of the
GWP of the plastic scooter (6—24 months of use each),
for production plus use phase. Based on the medium
usage time/mileage (12 months, or 5400 km of mile-
age), recycling compensates for 38.2% of the production
and use phase GWP of the Al scooter, and 28.1% of the
production and use phase GWP of the plastic scooter,
respectively. These recycling compensations correspond
with the findings of Reis et al. [39], who report of 40-52%
compensation through recycling credits, depending on
the specific EOL scenario. Reis et al. [39] included mul-
tiple materials compared to one main material for the
avoided burden approach, resulting in a slightly higher
compensation compared to the findings of this study.

The plastic e-scooter generally exhibits smaller use
phase impacts as shown in Fig. 3 due to its self-driving
capability. This capability has been incorporated into the
construction of this e-scooter by Floatility [51], but it is
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not specific to the chassis material, whether it is made of
aluminium or plastic.

The plastic scooter, despite having three wheels instead
of two generally has lower lifetime impacts than its alu-
minium chassis counterpart (Fig. 3). The only excep-
tion is the 6 months human health impact of the plastic
e-scooter, which is 2.7% higher than that of the alumin-
ium e-scooter (Fig. 3). The GWP impact of the plas-
tic e-scooter is 24.9% lower than that of the aluminium
e-scooter, based on the medium and most probable oper-
ation length of 12M (5.400 km). The Al scooter causes
38.2 g CO,eq/pkm, while the floatility scooter emits 28.1
g CO,eq/pkm, respectively, resulting in a 26% reduc-
tion (each modelled for a 12-month=5.400 km-applica-
tion). Similarly, the human health impact, the ecosystem
impact, and the resources impact of the plastic e-scooter
are 1.7%, 16.4% and 12.9% lower, respectively, compared
to the Al e-scooter (Fig. 3).

Life cycle impacts inventory breakdown

Figure 4 analyses which inventory components of both
the plastic and the aluminium scooter are dominating the
lifetime impacts, which were in total depicted in Fig. 3.
As shown in Fig. 3, GWP, followed by three endpoint
evaluations were modelled: summarized human health
and ecosystem impacts, and resources impacts (mineral
and fossil resource scarcity).

The plastic scooter’s material inventory is known in
more detail. However, not all parts could be depicted
in the cake charts. The remaining’ parts (7.6-11.4% in
Fig. 4) consist of Cellasto® foam, brake cable, Ultramid®
B3WG13 plastic, Elastollan® (Thermoplastic Polyure-
thane), a copper solenoid, a magnet, cables, transpor-
tation from the factory, maintenance and repair, and
partly the throttle (Fig. 4). The impact of the aluminium
e-scooter is dominated by the chassis material alumin-
ium across all four impact categories, accounting for
50.5-67.9% (Fig. 4). Although the plastic scooter also
contains aluminium, its impact is only around 3.4-7.7%
(Fig. 4). The plastic material of the scooter chassis (Ultra-
mid®, made by BASEF), the battery, the motor, and rubber
account for half of the impacts during the production and
use phase of the plastic scooter (Fig. 4). In terms of abso-
lute numbers, the production of the Al chassis results
in 2.3 times more CO,eq emissions than the Ultramid®
chassis, 5.6 times more impact on human health, 4.1
times more impact on the ecosystem, and removes 1.5
times more resources. Therefore, to reduce the impact of
the production phase of e-scooters, the first step should
be to replace the Al chassis with plastic materials, which
is much more environmentally efficient. The choice of
electric motor has a another significant impact on the
environment. Depending on the country modelled for
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production and use phases (Sweden or USA), there may
be up to 23% optimization potential [61]. Similarly, the
type of battery selected can also affect environmental
friendliness, although differences in impacts from vary-
ing battery chemistries appear to be small [62, 63].

The power consumption impact of the two e-scoot-
ers has already been optimised, as modelled here: Our
model utilized relatively ‘green’ Swiss electricity with
105 g CO,eq/kWh (electricity, low voltage {CH} market
for APOS, U), minimizing the use phase impacts (Fig. 3)
and share of the electricity impacts (Fig. 4). Regarding the
use of scooters in Germany (as shown in the private use
case model below), German customers have the option to
purchase renewable electricity, which has a carbon foot-
print comparable to that of Switzerland [35].

The two different e-scooters modelled have a very
similar electricity consumption of 1.4-1.5 kWh/100
km. However, the collection & redistribution impact
of around 2 g CO,eq/pkm for the Al e-scooter is added
to the electricity consumption impact (for the plastic
scooter this amounts to 0.15 g CO,eq/pkm only). The
respective percentages of the two e-scooters (electricity
vs. electricity & collection) are still quite similar, with a
difference of only up to 1.4 percentage points, except for
the resource impact (Fig. 4).

Analysis of further impact categories
Figure 5 displays the life cycle impacts of e-scooters,
excluding GWP. The following questions are posed:

— Closing knowledge gaps regarding further impacts:
are e-scooters critical in selected impact categories as
it is typical for electric cars compared to combustion
engine cars (e.g., [35])?

— Is there congruence with previously published
e-scooter impact data? These, however, are very
scarce so far. In addition, impact categories often
have different units, which prevents a direct compar-
ison.

— How do e-scooters perform in further impact catego-
ries compared to passenger cars?

— Are there any differences between the two chassis
materials (aluminium and plastic)?

The life cycle impacts of the two e-scooters (plas-
tic+ aluminium) were modelled and compared to those
of passenger cars (Fig. 5). In a previous study compar-
ing electric and combustion engine passenger cars,
both technologies showed similar impacts on particu-
late matter formation and terrestrial acidification [35].
However, the BEV had a lower impact on photochemi-
cal oxidant formation and a higher potential for human
toxicity [35]. When comparing the environmental



Baumgartner and Helmers Environmental Sciences Europe (2024) 36:96

plastic e-scooter

Page 11 0f 18

aluminium e-scooter

transportion 1.9% | | cables 1.0% | | rubber 0.9%
components remaining 7.6%
transport 2.1%
teel 2.7%
Global
. motor 5.6%
Warming
potential
aluminium
67.9%
ion 1.7% | Rubber 0.6%
'I‘ihlpﬁﬂaﬁ@\l\\ ‘_] ‘::l er
[cables 3.2% _ PE-HD 0.5%
Human
health
aluminium
54.1%
bles 2.2% .
components Ecosyste ms
transport 3.0% 4
maintenance 4.8
shciond aluminium
collection 6.2%
61.5%
battery 7.0%
rubber 2.6%
Resou rces steel 2.6%
components -
transport 3.1% transportation 4.7%
controller 3.3%
m aluminium
aluminium 3.4
50.5%
maintenance 9.3%
_aﬂery 6.2%
electricity &
collection 9.7%

Fig. 4 Share of specific materials and stages of the total global warming potential and three endpoint impact categories (modelling based on 12
months of use equivalent to 5400 km of mileage, EOL credits not considered), shared fleet application. Ultramid®: plastic material from BASF. PC:

polycarbonate; PE: polyethylene. HD: high density



Baumgartner and Helmers Environmental Sciences Europe (2024) 36:96 Page 12 of 18

BEV Dirnaichner et al. (2022) USD 2000* i
ICEV Dirnaichner et al. (2022) USD 2000* D i
e-scooter de Bortoli (2021) USD = 10E-3 $/pkm
this plastic e-scooter USD 2013
study  Alescooter USD2013  mmm _
BEV Dirnaichner et al. (2022 BEV)* ecosystem damage
ICEV Dirnaichner et al. (2022 ICEV)*
e-scooter de Bortoli (2021)

10E-10 species/y pkm

this plastic e-scooter
study Ale-scooter  mmm
BEV Dirnaichner etal. (2022)* '
ICEV Dirnaichner et al. (2022)* human health
e-scooter de Bortoli (2021) 10E-7 DALY/pkm
this plastice-scooter mm
study Ale-scooter mm
Iﬁ?\; acidification
e-scooter Hollingsworth et al. (2019) 10E-4 kg SO,eq/pkm
this plastic e-scooter -
study Al e-scooter -
BEV E— particulate matter
ICEV I
e-scooter VOI (EY 2020b)* 10€-5 kg PM, seq/pkm
e-scooter Moreau et al. (2020) E 1
e-scooter Hollingsworth et al. (2019) I ]
this  Plastic e-scooter I
study Al e-scooter | _
lzg photochemical oxidant formation

10E-4 kg NMVOCeq/pk
e-scooter VOI (EY 2020b)* 8 eq/pkm

this  plastice-scooter ®

study Ale-scooter  mm
BEV o s
ICEV  m hu:nan toxicity )
this Plastic e-scooter = 10E-1 kg 1.4-DCBeq/pkm
study Ale-scooter =
0 10 20 30 40

Fig. 5 Further life cycle impact categories of the two electric scooters modelled in this study (Al e-scooter: aluminium scooter, and the plastic
e-scooter, respectively) in comparison with literature data and passenger cars (ICEV: internal combustion engine vehicle; BEV: battery electric
vehicles). Results for three endpoint categories (resources, ecosystem damage, human health) presented followed by results from four midpoint
categories. Dark colours: this study, light colours: comparative literature and passenger car figures. Results are shown in passenger kilometre (pkm).
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in per pkm). Comparative data for passenger car impacts (specified as “BEV’, battery electric vehicle, and “ICEV": internal combustion engine
vehicle) were taken from Helmers et al. [35, 64], the minimum each based on a mini size car (SMART), the maximum based on a midsize car (VW
Caddy), respectively, modelled with use phase electricity of 130 g CO,eq/kWh, for all other modelling and inventory parameters see Helmers

etal. [35, 64]. Passenger car human toxicity data based on ReCiPe 2016 Midpoint (H) V1.03 / World (2010) H modelling. Human carcinogenic

and non-carcinogenic toxicity summarized. ICEV human toxicity minimum and maximum based on small-to-large-sized petrol cars. BEV human
toxicity impacts based on the global standardized electric car (result: 0.44 kg 1.4-DCB/pkm shown enlarged). All passenger car pkm data calculated
based on 1.57 persons/car (data sources see [35]). Further passenger car endpoint data were taken from Dirnaichner et al. [65]. Smallest columns
are based on single data points each [36, 65]. PM,, data for passenger cars (BEV, ICEV) taken from Helmers et al. [35, 64], and converted to PM, s
based on the factor 0.599 taken from Gronlund et al. [66]. Fleet operators' data taken from EY [36]
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impacts of operating a passenger car to that of an
e-scooter, it is revealed that the results for both types
of vehicles are in the same order of magnitude or even
similar in 4 of the impact categories modelled, namely
ecosystem damage, human health, acidification poten-
tial, and photochemical ozone formation (Fig. 5). This
may come as a surprise, as scooters are much lighter
than cars. However, this is consistent with the GWP
analysis (Fig. 1). According to Helmers et al. [35], pas-
senger cars are typically modelled for lifetime mileages
of 100,000 to 200,000 km, which can result in more
favourable impacts per passenger-kilometre. Never-
theless, the human toxicity impacts of both e-scooters
(averaged) are 43% lower than caused by the battery
electric passenger car. Reis et al. [39], as for example,
also quantified human health impacts (in another unit);
however, did not compare them with passenger cars
directly.

As expected, e-scooters consume significantly less
resources than passenger cars. On average, the alu-
minium and plastic e-scooters consume only 20% of
the resources per passenger kilometre (pkm) compared
to an Internal Combustion Engine Vehicle (ICEV),
and 24% of the resources consumed by a Battery Elec-
tric Vehicle (BEV) per pkm (Fig. 5). In contrast to the
observed advantage in human toxicity, our modelling
reveals that e-scooters emit 45% more PM, ; on average
than passenger cars (Fig. 5).

Only three scientific literature reports so far deliver
e-scooter LCA data in additional environmental impact
categories and quantify them in units compatible with
the ReCiPe characterisation method (see Fig. 5). When
considering the impacts on ecosystem damage, human
health, acidification potential, and particulate matter
emissions, the data reported by de Bortoli [43], Holl-
ingsworth et al. [29], and Moreau et al. [27] appear as
outliers in the overall picture (see Fig. 5). Once again,
this is probably due to the neglect of EOL impacts: Hol-
lingsworth et al. [29] did not specify the end-of-life
(EOL) choice applied in modelling, de Bortoli [43] did
not consider recycling credits and Moreau et al. [27]
excluded EOL treatment from modelling, which may
have led to an overestimation of the reported results.
However, the resource extraction impact reported by de
Bortoli et al. [43] does not appear as an outlier (Fig. 5).

In terms of material comparison between aluminium
and plastic, both modelled e-scooters showed similar
impacts on resource consumption, ecosystem damage,
human health, and acidification (see Fig. 5). However,
the e-scooter with an aluminium chassis had significantly
higher impacts on photochemical oxidation formation
compared to the plastic counterpart, while the plastic
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e-scooter had higher impacts on human toxicity costs
(see Fig. 5).

For the first time, this overview presents a direct com-
parison of the environmental impacts of passenger cars
and e-scooters across a wider range of impact catego-
ries. To sum up these results: although e-scooters are not
outperforming passenger cars in terms of environmen-
tal impacts currently, it is important to consider the
resources saved by using e-scooters (Fig. 5). Therefore,
they should not be dismissed as a viable mobility option.

Modelling GWP advantages during a personal e-scooter
use for commuting purposes

As the fleet use of e-scooters has apparently not yet
achieved proven environmental benefits, this remains to
be examined for private use. Such an examination is car-
ried out below.

Taking Germany as an example due to better data avail-
ability, statistics reveal 16.9 million employees in 2021
who commuted an average of 16.9 km each workday [67,
68]. In 2020, 68% of employees commuted to work by
car, despite over 90% of German residents living within
600—-1200 m of a bus or train stop with at least 20 daily
departures [69]. For our modelling, we have expanded
this distance to approximately 2 km to a bus or metro sta-
tion for both the individuals’ residence and their work-
place in another city location. This distance, as already
much shorter distances, are too long to walk (four times
a day, as shown in Fig. 6), and thus provoking car use
for the total distance to and from the workplace. How-
ever, with an e-scooter, these individuals could switch
to a mixed e-scooter/public transport service scheme
(Fig. 6). The commuter could use an e-scooter for the
4% 2 km/day to reach the bus/train station and then carry
the e-scooter (almost all models offered on the mar-
ket are collapsible) while travelling in the bus or metro
train (Fig. 6). After leaving the bus or metro station, the
commuter could cover the last 2 km to reach the work-
place by scooter again. In order to simplify the modelling
of CO,eq-emissions, it is assumed that both alternative
routes are of equal length (summed kilometres).

When relying solely on a car for commuting, an indi-
vidual emits 8.3 kg CO,eq/workday when driving an
ICEV, or 3.5 kg CO,eq/workday when driving a BEV
(upper column, Fig. 6). The mixed e-scooter/public trans-
port-mode (green/blue columns in Fig. 6) emits approxi-
mately 1.5 kg CO,eq/workday (4x2x0.0321 kg CO,eq/
km+2x12.9%0.049 kg CO,eq/km), providing an 82%
reduction in emissions compared to driving an ICEV, or a
57% reduction compared to driving a BEV.

After excluding Sundays and Saturdays, 30 vacation
days and 20 days for illness and business trips, a total
number of workdays per year is 211. The commuter may
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Fig. 6 E-scooter enabling the use of public transport

during commuting based on an average German workplace distance.
E-scooter applied to reach a bus stop or a metro station in about 2
km of distance from home (green column), followed by a bus/metro
trip (blue column), followed by 2 km travelled with the scooter

to the workplace (green column). Data based on full life cycle impacts
and taken from Fig. 1 (averaged for the Al and plastic e-scooter).

Other than in Fig. 1, car occupancy here set to 1 person/car. GWP/
pkm for public transport (bus + train) averaged for conventional

bus +train and electric bus (Fig. 1). BEV: battery electric vehicle. ICEV:
internal combustion engine vehicle

not prefer to use the scooter on extremely cold and rainy
days. According to DWD [70], Germany has experienced
a long-term trend with increasing winter temperatures,
resulting in only 17 icy days in 2022 geographically aver-
aged (icy days=days with constant temperatures below
the freezing point). The decision of whether or not to
use the scooter on a (partly) rainy day, which statisti-
cally occurs every third day, is subjective. Additionally,
the decision may depend on the distance to be travelled.
Assuming, in total, for 155 workdays the e-scooter may
be a suitable option, while on the remaining 56 days the
car would still be preferred. The average commuter own-
ing a combustion engine car, which is still the vast major-
ity, would emit 1.75 t CO4eq/year based on 100% car use.
However, if switching to the mixed scooter/public trans-
port for 155 days and keeping the car for only 56 days,
the average commuter would emit only 0.70 t CO,eq/
year. This results in a 60% reduction in CO,eq emissions.
On the other hand, a commuter already owning an elec-
tric car would emit 0.74 t CO,eq/year with a 100% car
use. However, if this commuter would take the scooter/
public transport on 155 days and use the BEV on 56 days,
0.43 t CO,eq/year would be emitted only for travelling to
work, equivalent to a 42% reduction in emissions.

In Germany, an adult emits an average of 11.2 t CO,eq/
year for all expenditures [71], number for the year 2016).
The modelled e-scooter commuting application can save
2.8% of the average personal annual GHG emissions if the
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commuter owns an electric car, and 9.4% if a combustion
engine car is used, which is the most probable situation.
Savings of this magnitude should not be underestimated:
in Germany, the mobility system has failed to deliver the
desired climate-relevant emission reductions, with emis-
sions remaining at a high level of 143.9 Mio t CO,eq/year
recently ([72], number for the year 2023). Assuming that
half of the 68% of the 16.9 million employees who cur-
rently commute to work by car in Germany [24], switch
to the e-scooter/public transport application described
above, and given that these commuters own combus-
tion engine cars, a saving of 6.0 Mio t CO,eq/year can be
achieved (0.5X0.68%x16.9 millionx0.6x1.75 t CO,eq/
year). Accordingly, the use of e-scooters in the described
model could result in a significant 4.2% reduction of
GHG emissions throughout the German mobility system.
Passenger transport alone emits 122.8 Mio t of CO,eq/
year in Germany ([73], number for 2019). In relation to
this, the use of scooters in commuting could save 4.9% of
emissions. This modelling does not aim to deliver exact
emission saving figures, but rather to indicate the poten-
tial magnitude of a GHG emission reduction by e-scooter
use.

To achieve lifetime emissions of a low 32 g CO,eq/pkm
(averaged for the Al and the plastic scooter), a mileage
of 5400 km is required, as this modelling has revealed.
The e-scooter commuting application described above
comes with an estimated mileage of 1240 km/year. To
reach the 5400 km mileage, the private e-scooter use case
described would require 4.4 years of continuous use. The
feasibility of achieving this mileage needs to be critically
discussed. Fortunately, in private use, there will likely be
no losses due to vandalism or inappropriate battery treat-
ment. Additionally, unlike fleet operators, private users
receive a 2-year warranty, which can be extended to 3
years (e.g., [74]), or the e-scooter can be leased instead.
Based on these circumstances, it seems realistic to make
a mileage of 5400 years within 4.4 years possible and
attain the suggested CO,eq savings.

Limitations of this study and further research

Although the LCI for the LCA model was based on
measured material data for the aluminium e-scooter
and primary data from the producing company for the
plastic e-scooter, the final assembly stage is missing for
both e-scooter models due to a lack of solid data. It is
assumed that the impact of the final assembly stage for
both e-scooter models would be similar, making the
comparison of the two models still valid. However, when
comparing with other studies, it is important to carefully
consider the system boundary of those studies. Although
the assembly stage was included in Hollingsworth et al.
[29] and Severengiz et al. [30], it only accounted for
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approximately 1% of the total GWDP, so it may be negli-
gible. However, it still had a greater proportion than
certain components and materials of the corresponding
e-scooter in Hollingsworth et al. [29].

In addition, recent technological advancements in
autonomous electric kick-scooters for fleet operators
also involve the transfer and processing of data through
cloud services and artificial intelligence (AI). An exam-
ple of this is the Segway® T60 kick scooter (Segway [75]).
This study does not cover data processing and storage.
However, for future studies, particularly those involving
fleet operations with autonomous e-scooters, it is recom-
mended that the carbon footprint of data processing and
storage by artificial intelligence and cloud services should
be included in LCI modelling [76—78].

The decarbonizing potential of e-scooters in commut-
ing was modelled based on a static use case to quantify
possible savings. A more dynamic model that considers
trip length, weather conditions, and other influencing
factors would enhance the significance of this potential.

Conclusions and outlook

As there are large fleets of shared e-scooters operating in
major cities around the world, scientific LCA modelling
has focused on this application, resulting in very incon-
sistent GWP in CO,eq/pkm and often no benefit com-
pared to competing mobility modes. This study found
that most of the scientific data published to date suffer
from high modelling uncertainties, e.g., whether they
include recycling and raw material substitution credits,
deliberately exclude them or do not model EOL impacts
at all. This results in a relatively high bias in the literature
data in the range of 26-41%, as shown by the data pre-
sented here.

After considering those EOL credits however, e-scoot-
ers appear in a slightly better light given a proper recy-
cling strategy is followed at the EOL stage. In principle
they can halve the CO,eq/pkm impact of electric pas-
senger cars and of conventional buses and trains. In addi-
tion, autonomous e-scooters could reduce the impact of
collection and distribution within fleets. However, this
would require a three-wheeled design. Unfortunately,
our internet search of the world’s leading scooter rental
companies (Veo, USA; Bolt, Europe, Africa and South
America; Voi, Europe; Lyft, USA; Tier, Europe; Bird, 450
cities worldwide; and Lime, USA) did not reveal a sin-
gle scooter that deviated from the standard two-wheel
design. However, autonomous scooters, such as the Seg-
way® T60 kick scooter, have been developed specifically
for fleet operators and may be of interest to them in the
future to reduce losses due to vandalism and to collection
and distribution costs, both economically and environ-
mentally (Segway [75]).
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CO,eq emission benefits depend heavily on the mile-
age the scooters are driven before they are recycled or
disposed of. Fleet operators currently argue for 2 years of
use (equivalent to 5,400 km of mileage), and so far, LCA
modellers have followed this perception. Given the poor
maintenance conditions observed in many e-scooter
fleets, the high number of scooters lost to vandalism,
and the very low cost to fleet operators of simply replac-
ing old scooters with new ones, there have always been
questions about how realistic such lifetime expectations
are. Traditional assumptions about the average lifetime
of e-scooters in shared fleets were then turned on their
head by Reis et al. [39]: in a shared e-scooter fleet in Lis-
bon, these authors found average lifetime mileages of
only between 90 and 225 km.

We therefore refrain from recommending a shared
fleet application for e-scooters but focus on a private
application where a mileage of 5400 km in 4.4 years of
use seems realistically achievable. This mileage can be
seen as a minimum that needs to be guaranteed by the
right circumstances for e-scooters to be competitive
with other modes of transport in terms of environmental
performance.

Given the precarious situation in many countries where
the mobility system refuses to systematically reduce
CO,eq emissions, all options must be on the table to
bring about change. As modelled here, e-scooters for pri-
vate commuting, for example, can deliver a 4% reduction
in GHG emissions across the German mobility system.
Another positive conclusion from this research is that by
switching from the traditional aluminium frame material
to plastic, a 26% reduction in lifecycle GHG emissions
can be achieved. Optimising the type and material of the
electric motor promises a further 23% saving [61].

Finally, e-scooters do not emit noise or exhaust when
used in urban areas. In addition, they are fun for young
people, give them an idea of a new kind of mobility in
contrast to car ownership, and can therefore be a step-
ping stone towards sustainable mobility. However, this
may require a redistribution of road space, away from
cars and towards more space for pedestrians, bicy-
cles and e-scooters. When it comes to the use of such
micro-mobility vehicles in shared fleets, new regulations
will need to ensure a much longer average lifetime and
appropriate recycling strategies before environmental
benefits can be realised. Fleet operators must be forced
to systematically monitor vehicles and protect them from
destruction and loss. Until legislation addresses this and
prevents the current waste of materials, it will be diffi-
cult to demonstrate the environmental benefits of shared
scooters in commercial fleets.

Ultimately, an autonomous 3-wheeled e-scooter based
on climate-friendly materials, such as the Floatility
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vehicle modelled here, can have the most positive life
cycle impact and also increase the social acceptance of
this mode of transport: It is safer to ride and it would not
block pedestrian walkways, because it can move away by
itself.

Abbreviations
Al Aluminium

APOS Allocation at point of substitution

BASF Badische Anilin- & Sodafabrik

BEV Battery electric vehicle

CH Switzerland

CN China

CO,eq Carbon Dioxide equivalents

CcO, Carbon Dioxide emissions

DALY Disability-adjusted Life Years

DCB Dichlorobenzene

€ Euro

EOL End-of-life

e-scooter  Electric scooter

FU Functional unit

g Gram

GHG Greenhouse gas

GLO Global

GWP Global warming potential

H Hierarchist

HD High density

HT Human toxicity

ICEV Internal combustion engine vehicle

ILCD International Reference Life Cycle Data System

IPCC International Panel on Climate Change

ISO International Organization for Standardization

kg Kilogram

km Kilometre

km/h Kilometre per hour

kw Kilowatt

kWh Kilowatt-hour

Ib Pound

LCA Life Cycle Assessment

Lal Life Cycle Inventory

M Month

M Metre

Mio Million

my Metre and year as functional unit for roads in ecoinvent
processes

NMVOCeq  Non-methane volatile organic compounds equivalents

No. Numero; number

NO, Nitrogen oxides

P Piece as a functional unit for products in ecoinvent processes

PAG6 Polyamid 6

PC Polycarbonate

PE Polyethylene

Pkm Passenger kilometre

PM2.5eq Fine Particulate matter (2.5 um) equivalent

ReCiPe Method for LCl assessment developed by three Dutch scientific
institutions

RER Europe (scope)

RowW Rest of World (scope)

SAE Society of Automotive Engineers

SO.eq Sulfur Dioxide equivalent

T Ton

U Unit

USA United States of America

usb United States Dollar

yrory Year
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