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Abstract: Due to their small size and low energy demand, light electric vehicles (LEVs), such as
electric moped scooters, are considered as a space efficient and eco-friendly alternative for mobility
in cities. However, the growth of electric moped scooter sharing services raises the question of
how environmentally friendly this business model is, considering the entire lifecycle. Due to the
dynamic market and insufficient availability of public data on the business processes of sharing
services only a few studies on the impact of shared electric mopeds are available. Especially there
is a lack of research on the impacts of key operational logistic parameters of the sharing system.
This paper aims to fill this gap by conducting a life cycle assessment using the example of an electric
moped scooter manufactured and used in sharing services in Germany, based on different operating
scenarios. The results show that e-moped sharing has a similar environmental impact on global
warming potential, in terms of passenger kilometers, as public transport, especially if long product
lifetimes as well as efficient operation logistics are realized.

Keywords: shared mobility; electric moped scooter; life cycle assessment

1. Introduction

According to the International Energy Agency (IEA) transportation is responsible
for 24% of global greenhouse gas (GHG) emissions due to fuel combustion, causing
8.2 Gt CO;-eq. in the year 2018. Passenger road vehicles (cars, buses, two-wheelers) ac-
count for 44% of those emissions, which continue to rise slightly, despite efficiency gains in
vehicle technology, due to rising traffic volumes. Another reason is the increasing number
of larger vehicles sold, which not only have a high energy demand per passenger trans-
ported, but additionally occupy a lot of space in already crowded cities [1]. Light electric
vehicles (LEV), as a part of micromobility, offer numerous advantages for urban mobility
over conventional vehicles with internal combustion engines. For example, LEVs require
less energy for production and operation as well as less space than cars [2]. Thus, micro-
mobility and new ownership models such as sharing services with LEVs are emerging in
cities worldwide [3,4].

Due to the dynamic market development for micromobility, the corresponding terms,
its business models and associated transport modes have not yet been clearly defined.
The following terms are used in this paper: shared mobility describes “the shared use of
a vehicle [...] that enables users to have short-term access to transportation modes on an
‘as-needed’ basis [5]”.

Micromobility is defined as the use of low speed, small, lightweight vehicles with
a mass of less than 350 kg and a design speed up to 45 km/h [6]. The vehicles are typically
electric powered [7]. They require battery capacities from 0.4 kWh to 10 kWh, resulting
in drive ranges of 20-160 km [8]. LEV is often used synonymously, covering different
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types of vehicles in the field of micromobility, such as electric stand-up scooters, driven
in a standing position; electric bicycles; electric moped scooters; or light four wheeled
vehicles [2].

Electric moped scooters (e-moped) are, according to the respective guidelines of the
European Union, two-wheeled motor vehicles with design-related top speed of up to
45 km/h and displacement up to 50 cm® or up to 4 kW for electric motors [9]. Since its
inception in 2012, the e-moped sharing market has been growing year by year. The number
of shared e-mopeds available worldwide increased by 164% in 2019 compared to 2018 [10]
and by 58% in 2020 compared to 2019 [11]. In this study, e-moped sharing is defined as the
shared use of electric moped scooters, where operators enable customers to rent scooters
for short term directly through a smartphone application. Within these sharing services,
providers ensure the e-mopeds are maintained and repaired as well as that their batteries
are swapped and charged.

In a short time, new business models have developed on the basis of LEV, such as the e-
moped, according to their mobility as a service approach. The dynamic development of the
market led to questions about the environmental impact of e- moped sharing. In particular,
the operational logistics of moped sharing services, such as the use of diesel vans to deliver
batteries for swapping the e-moped batteries, remains highly questionable. In order to
identify effective options against climate change, however, CO, emissions from different
modes of transport must be assessed in conjunction with usage scenarios considering
the whole service and not only the vehicle itself. However, there is a lack of current and
well-founded data on the CO, emissions of e-mopeds that include reliable data on the
product and operating concepts of shared mobility. In addition, the concepts of use may
differ in the outcome.

Existing research focuses on life cycle assessments (LCA) of e-mopeds as a product
by comparing it to alternative electric two wheelers [8] or to other transport modes [12].
Two existing LCA on e-mopeds focus on regional analysis on the effects of the private use
of e-mopeds in Austria [13] and Switzerland [14].

Considering e-mobility in general, LCA studies on electric vehicles and their batteries
on a product level are well established. Current studies provide a review of LCA studies
of electric vehicles [15] as well as electric vehicles and their batteries [16] whereas other
studies compare the impact of internal combustion engines and battery electric vehicles [17].
LCA studies on lithium-ion vehicle batteries are available [18,19] as well as LCA evaluating
the effect of energy density on the impact of lithium-ion and lithium-sulfur batteries [20].
Life cycle assessments studying whole sharing services are more rare and focus on the
energy use and greenhouse gas emissions of car sharing services in general [21] or on case
studies of car sharing in specific cities [22]. Considering micromobility services, the LCA of
shared stand-up scooters is well established. Existing studies evaluate the environmental
impact of sharing services with stand-up scooters using case studies in the U.S. [23] and
Berlin [24] or compare the use of shared stand-up scooters to private use and substituted
transport modes [25]. Other LCA studies consider further techno-economical aspects [26]
or the reliability of stand-up scooters [27] next to their environmental impact. A further
study, of Gebhardt et al., analyzes the impact of shared stand-up scooters on the whole
transport system [28] whereas the German Energy Agency evaluated scenarios regarding
the future development of stand-up scooter sharing [29].

The environmental impact of e-mopeds in shared use has so far been considered only
rudimentarily. Wortmann et al. analyzed e-moped sharing in Berlin based on a multi-agent
transport simulation framework. However, indirect emissions of the sharing services,
such as emissions caused by vehicles used for battery swapping were not considered [30].
De Bortoli recently conducted an LCA of shared micromobility and personal alternatives,
including e-moped sharing. This study includes indirect emissions from the sharing service,
but uses existing LCA models of e-mopeds from databases, so no distinct LCA of the e-
moped product is implemented [31]. Overall, there is a gap in research regarding the LCA
of e-moped sharing services based on a realistic use case of the production and use phase.
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Furthermore, there is a need to further research different usage and operation scenarios of
e-moped sharing considering potential future developments.

In order to realistically model the impact of e-mopeds in sharing services, empirical
data on the usage patterns are required. Current literature [32] suggests some usage
patterns of micromobility modes like e-bike and stand-up scooter sharing are relatively
well understood. There are studies analyzing usage patterns of free floating bike sharing in
Singapore based on data generated from GPS sensors [33,34], in Shanghai, China based on
data mining [35], or based on data scraping from public available API of sharing software
in Nanchang, China [36]. Other studies focus on the usage patterns of shared stand-up
scooters based on data sets of sharing providers, e.g., in Indianapolis, U.S. [37] as well
as in Washington D.C. and in Austin, U.S. [38], whereas the analysis of stand-up scooter
sharing in Taiwan, of Eccarius and Lu, is based on a survey [39]. Moreover, there are two
studies comparing usage patterns of stand-up scooters and bike sharing in Washington D.C.
based on data scraping [40,41]. However, there is a lack of empirical usage data for newer
additions to the mobility sharing portfolio, such as e-moped sharing. Existing research
concentrates mainly on the private use of mopeds, e.g., in the city of Munich, Germany [42]
and in Australia [43]. Analyses of e-moped sharing are based on user surveys for data
acquisition [44] or state market research as a data source [10,45].

Results of these analyses are needed, as most countries must achieve significant CO,
savings in the transport sector. Germany, for example, has recently set a target to reduce
CO;, emissions in the transport sector from 146 million tons of CO, in 2020 to 85 million tons
of COy in 2030 [46]. The addition of e-mopeds to micromobility services could contribute
to those goals both cost effectively and rapidly.

This study examines whether e-moped sharing is eco-friendly compared to alternative
transport modes and how the environmental impact can be further reduced. The paper aims
to obtain the most accurate data possible that covers the entire usage concept, including
product specifications. On the one hand, concrete data on the product is used based on the
manufacturer’s bill of material and, on the other hand, data from a sharing provider on the
use phase, offering a holistic view.

This paper uses the LCA methodology to quantify the impact of e-scooter sharing
on the impact category global warming potential (GWP 100), as well as additional impact
categories that we present in the Appendix A. The paper not only conducts a product
LCA but considers the usage patterns and operation logistics of sharing services. There-
fore, we develop five different usage scenarios of e-moped sharing services for the use
case of a German city based on the data set of a sharing provider as well as a literature
review. The results help to implement a hot spot analysis, meaning the identification of
the main triggers for negative environmental impacts, and to make recommendations for
local authorities, manufacturers and sharing providers to reduce these impacts. Finally,
we consider the results in the context of the entire transport system by comparing them
with the environmental impact of alternative transport modes. The results offer govern-
ments a better assessment of the CO, saving potentials of e-moped sharing systems and at
the same time allow to decide on measures to better exploit the potentials. A schematic
representation of the paper structure can be found in Figure 1.
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Figure 1. Schematic representation of the structure of the paper.

2. Materials and Methods

LCA is an instrument for quantifying the environmental impact of technical systems
(e.g., product systems) or services throughout their entire life cycle. Hence, it considers all
life phases, from raw material extraction (cradle), production, transport, and use to end of
life (grave), as shown in Figure 2. Regarding LCA of transport modes, this encompasses,
particularly [47]:

e the manufacture of the vehicle, raw materials and components (cradle to gate), includ-
ing the manufacture of the vehicle itself (gate to gate),

e the use phase of the vehicle (well-to-wheel), including the generation provision of the
drive energy (well-to-tank) and the conversion into kinetic energy to operate of the
vehicle (tank-to-wheel),

e and the treatment or recycling of the vehicle and its components to recover raw
materials (end-of-life).

In accordance with the ISO standards 14040/44, the present LCA consists of four
phases: goal and scope definition, life cycle inventory, impact assessment, and interpreta-
tion [48,49].

Cradle-to-Grave - Life Cycle Assessment

[ |

Cradle-to-Gate Well-to-Wheel

1
Vehicle Fuel/ Electricity Vehicle
Production J§ Production Demand Emissions
| J |

[ J
Gate-to-Gate Well-to-Tank Tank -to-Wheel

Figure 2. Phases of a cradle to grave Life Cycle Assessment of vehicles. Own representation based on [10].

2.1. Goal and Scope Definition

The goal of this study is to examine the life cycle environmental impact of e-moped
sharing. The study analyzes the e-moped model Kumpan 1954 i of the manufacturer
e-bility GmbH as a case study, which is shown in Figure 3.

The main technical characteristics of the analyzed e-moped are shown in Table 1.
The characteristics are compared with market values derived from a comprehensive dataset
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by Weiss et al. 2020 [50] as well as values used within other LCA studies on e-moped
sharing [30,31].
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Figure 3. Technical drawing of the e-moped Kumpan 1954 i provided by e-bility GmbH.

Weiss et al., 2020 analyze the technical characteristics of 428 different electric vehicles.
None of the vehicle categories defined by the authors correspond to the specific character-
istics of electric mopeds. Therefore, we used the provided dataset to identify e-mopeds
with a power of 0.8-4.0 kW and a mass of 62-130 kg (without driver) and calculated subset
median values for the different technical characteristics. The technical characteristics of
the analyzed scooters can be found in Table A1 of Appendix A. Regarding the values for
real world range and energy consumption, it should be noted that Weiss et al., 2020 only

collected data on one e-moped model.

Table 1. Technical specifications of different e-mopeds.

. - . Weiss et al., Wortmann et al., de Bortoli, Kumpan,
Technical Characteristics Unit 2020 [50] 2021 [30] 2021 [31] 1954 Rli) [51]
Vehicle mass (including 1 battery) kg 95.5 104.4 112.0 102.0
Power kW 22 2.0 n.a. 4.0
Battery capacity (1 battery) kWh 1.850 1.500 2.000 1.479
Certified range km 861 1102 601 1863
Real world range km 701 90 2 n.a. 1253
Certified energy consumption kWh/100 km 2.663 1 3.4003 3.300 ! 2.385°3
Real world energy consumption kWh/100 km 6.000 ! n.a. n.a. 3.550 3

! When using one battery. 2 When using two batteries. > When using three batteries.

The system boundaries of the study are shown in Figure 4. It includes impacts caused
by production of primary and secondary materials, component production, materials trans-
port, use and end of life. The functional unit is one passenger-kilometer (pkm) travelled.
We use the CML method in the version of 2016 as method of impact assessment [52].
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Figure 4. System boundary diagram for the Life Cycle Assessment on shared electric moped scooters.

34.7%

2.2. Inventory Data for the Manufacturing and Transport of the e-Moped

A bill of materials (BoM) provided by the OEM e-bility GmbH served as a data base
for the inventory analysis of the production of the e-moped Kumpan 1954 i (cradle to gate).
By dismantling individual components of the e-moped we were able to validate the BoM,
and characterize and inventory all components. In detail, the following components were
dismantled: battery housing, bodywork, brake discs, electric motor, electronics (e.g., cables,
control unit, charger, rear and front light), footboards, frame, seat and tires. The battery
cells and battery management system could not be dismantled.

We, hence, listed all the e-moped components and identified the components” mate-
rials (see Table A2 of the Appendix A). Each material was then matched with a dataset
within the GaBi software of Sphera Solutions GmbH [53,54]. The major materials and
components of the e-moped include steel, aluminum, a battery pack, an electric motor,
and plastic, which in total account for 93 % of the total moped mass of 102 kg, as shown
in Figure 5.

6.1% 10.9%

B Aluminum
9.6% B Battery Pack
B Cables
/FO'?’% m Glass
, | 0.1%
Motor
14.2% Printed wired circuit board
B Plastics
1.1% » Steel
Tyres

23.0%

Figure 5. Share by weight of materials/components of the Kumpan 1954 i.

The components of the e-moped are produced in different countries. For the modelling
of the production, the average electricity grid mix of the respective country is used. The an-
alyzed battery has a cathode material LINiMnCoO, (NMC). A GaBi dataset is used for
its impact assessment [55]. The battery cells are produced in South Korea (electricity mix:
0.627 kg CO,-eq./kWh) [53,54]. To evaluate the impact of the location of battery cell pro-
duction, an additional scenario was modelled using the Swedish (0.042 kg CO;-eq./kWh)
electricity mix [53,54]. We choose Sweden for a comparison scenario because there is
a particularly large difference in terms of the emission factor of the electricity mix and
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because the company Northvolt is currently building production capacity for battery cells
in Sweden [56]. The battery pack and e-moped are assembled in Germany. The energy con-
sumption for assembling is assumed to be 3.9 kWh based on calculations of e-bility GmbH.

Most components are produced in China, Germany, South Korea, Spain, and Slovenia.
It is assumed that the components are transported from South Korea and China to Germany
by container ship (utilization: 70%, 5000 to 200,000 dwt payload capacity) and that all other
transport journeys are made by road transport (Euro 4 truck, more than 32 t gross weight,
24.7 t payload capacity, utilization: 61%).

2.3. Inventory Data for the Use Phase and End-of-Life

For the use phase we need to consider not only the usage of the e-mopeds itself and
its energy demand but also service trips to recharge them. Typically, these service trips
are completed by service employees collecting the discharged batteries in the business
area of the sharing service using vans, recharging them centrally, and then redistributing
the charged batteries. For the use phase (well-to-wheel) data were collected from three
different sources. First, we analyze usage data for a specific German city provided by an e-
moped sharing provider to examine the average daily driven distance per e-moped and the
average number of rentals per e-moped and day provider, as visualized in Figures 6 and 7.
Second, we conduct a literature review to validate the results of analysis of the data set
provided by the sharing provider. Third, we obtain additional data regarding:

e the lifetime of battery, vehicle, and tires;
e the utilization rate;
e the electricity grid mix used for charging of the e-moped;
e the energy demand and the range of the e-moped;
e the type of service vehicles used for battery swapping;
e and the frequency of battery swapping.
a) b)
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Figure 6. Distributions of ride duration and distance, shown in subfigures (a,b), respectively, based on a data set provided

by a German e-moped sharing provider.
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Figure 7. Number of active rentals by hour of day and weekday. Major ticks are located at midnight,
minor at 18:00.

According to the dataset provided by the e-moped sharing provider, we calculate an
average distance of 18.1 km per day based on an average distance per ride of 4.9 km and an
average number of trips per day, per e-moped. We determine an average ride time per trip
of 16.7 min. The literature review (cf. Table 2) shows average distances of 4.0-5.0 km per
ride [45] and average ride times of 10-20 min per trip [10,44,45] for e-mopeds in shared use,
which corresponds well to the values we have determined. However, the values determined
by Howe et al. regarding the frequency of rentals differ significantly, with 6 rentals per
day, resulting in an average distance of 24.0-30.0 km per day and e-moped [45]. The data
determined by Hardt et al. are unsuitable for a comparison, as they consider the private
use of e-mopeds.

Table 2. Usage data of e-moped sharing.

. Howe et al., Howe et al., Aguilera-Garcia  Hardt et al.,
Parameter Provided Data Set 2018 [45] 2019 [10] et al., 2020 [44] 2019 [42]
Data collection source/method Dataset Of sharing n.a Public data and Online survey Travel diary
provider market research
Location Spec1f1c. German Global average  Global average Spain Spec1f1c.
city German city
Use Case Sharing Sharing Sharing Sharing Private
Research period [days] 61 na. na. 90 56
Season Summer n.a. n.a. Spring n.a.
Average distance per ride [km] 49 4.0-5.0 n.a. n.a. 10.6
Average number of trips per day 37 6.0 8.0 na 21
per e-moped [#]
Average distance per e-moped 18.1 24.0-30.0 na. na. 23
per day [km]
Average ride time per trip [min.] 16.7 15-20 15-20 10-15 n.a.
Average fleet availability [%] - n.a. 60-80 n.a. n.a.

Overall, the current empirical research on usage patterns of e-moped sharing services
is very limited. Due to the lack of data and because we are considering a specific e-moped
model in our LCA, we use the calculated data for the use case of a specific German city
based on the dataset of the sharing provider in the further analysis. Moreover, the analyzed
e-moped model is used in this city, which means we achieve a consistent data basis overall.

Our assumptions on the lifetime of the vehicle and battery were based on the manu-
facturer’s specification. According to this, the moped has a lifetime of 50,000 km, while the
battery has a service life of 40,000 km. Within the sharing service, discharged batteries are
collected for charging and swapped for charged batteries. Doubtless, more batteries than
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vehicles are in use in real operations, because batteries are charged (centrally) at the same
time and other batteries need to be used in the vehicle. However, in our analysis, we con-
sider the whole lifecycle. The interviewed sharing provider states that the batteries are not
used specifically for one vehicle, but by several vehicles in the sharing fleet. Since batteries
can be used in other vehicles of the fleet after the end of the vehicle’s life, the battery life
is independent of the vehicle life. This would mean that 1.25 batteries would be needed
over the lifetime of a scooter. To validate this assumption, we compared it with the results
of other LCA studies on e-mopeds in private and shared use. The results can be found
in Table 3.

Table 3. Literature review on lifetime of battery and e-mopeds.

Austrian Energy

Parameter Wortmann et al., 2021 [30] de Bortoli, 2021 [31] Agency, 2015 [13] Hofmann et al., 2013 [14]
Use case Sharing Sharing Private Private
Lifetime Vehicle 61,826 km 48,000 km 10,000 km 50,000 km
Lifetime battery 1500 charge cycles 24,000 km 5,000 km 50,000 km

It is evident that in the literature, similar assumptions were made for the vehicle
lifetime ranging between 48,000 km and 61,826 km [14,30,31]. Only the assumption of
the Austrian Energy Agency deviates strongly, with 10,000 km [13]. Regarding battery
life, the assumptions diverge further. The Austrian Energy Agency assumes a battery life
of only 5000 km [13], de Bortoli, 2021, of 24,000 km [31]. However, the assumptions of
Wortmann et al., 2021 [30] and Hofmann et al., 2013 [14] (1500 charging cycles, respectively;
50,000 km per battery) clearly exceed our assumptions. If the battery of the Kumpan,
1954 Ri is charged every two days (based on the assumption of a daily distance of 18.1 km
per moped and a range of 43 km per battery), this would correspond to a battery lifetime
of 54,300 km. Overall, our assumption of a battery lifetime of 40,000 km seems reasonable,
even when taking possible battery degradation due to freezing temperatures in winter
into account.

An overview of our basic assumptions for the use phase are shown in Table 4.

Table 4. Basic assumptions for the usage phase.

Parameter Value
Average distance per day [km] 18.1
Lifetime of the battery [km] 40,000
Lifetime of a tire set [km] 15,000
Utilization rate [person] 1.3

For end-of-life the e-moped is shredded. No credits are accounted. The energy
consumption for this is 15 kWh [53,54].

2.4. Scenarios for the Use Phase

E-moped sharing is a relatively new business. Therefore, limited reliable usage and op-
erational data for e-moped sharing services are available, as outlined in Sections 1 and 2.3.
To take these uncertainties into account, five scenarios for the use phase were created.
The five scenarios differ in terms of the total distance travelled over the lifetime, the emis-
sion factor of the electricity grid mix used for charging the e-moped, the vehicle used
for swapping the batteries, the range of the e-moped and, depending on this, the energy
demand as well as the frequency of battery swapping, as shown in Table 5.
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Table 5. Parameter specification of the scenario analysis.

g g Longer Range Battery
Short Elfet.lme (—66% Battery Solar Power for Swapping with
Parameter Base Case (—40% Kilo- . . .
metrage) Swapping Charging E-Vans (incl.
Frequency) Solar Power)
E-moped lifetime [km] 50,000 30,000 50,000 50,000 50,000
Electricity mix Germa'n grid Germa'n grid German grid mix Solar power Solar power
mix mix
Emission factor electricity mix
[kg CO,-eq./KWH] 0.452 0.452 0.452 0.067 0.067
Range [km] 43 43 125 43 43
Energy demand [kWh/km] 0.034 0.034 0.035 0.034 0.034
Service Vehlde. for battery Diesel Diesel Diesel Diesel Electric
swapping
Frequency of battery swapping 2 days 2 days 6 days 2 days 2 days
Daily served e-mopeds per van 50 50 50 50 50
Daily distance per van [km] 75 75 25 75 75
Daily distance for swapping per 15 15 05 15 15

e-moped [km]

2.4.1. Scenario 1: Base Case

The manufacturer of the analyzed e-moped estimates a kilometrage of 5000 km over
the e-moped’s lifetime. Based on a battery lifetime of 40,000 km, 1.25 batteries are required
over the e-moped lifetime. This assumes that the batteries will be used for other vehicles in
the fleet after the end of the moped’s lifetime. Furthermore, we expect four sets of tires are
needed. Using one battery with a capacity of 1.47 kWh, the analyzed e-moped has a realistic
range of 43 km, resulting in an energy demand of 0.034 kWh per km. The environmental
impacts for charging are modelled according to the emission factor of the German electricity
grid mix of 2019 (0.452 kg CO;-eq./kWh) [53,54]. It is assumed the batteries are swapped
with diesel vans (Euro 4, 3.5 t). The van has a GWP of 386 g CO;-eq./km considering its
entire lifecycle [53,54]. With an e-moped range of 43 km and average daily distance of
18.1 km, the batteries need to be swapped every other day. It is assumed a van travels
75 km daily to supply 50 e-mopeds. Hence the daily distance of the service vehicle is
1.5 km per e-moped.

2.4.2. Scenario 2: Shorter Lifetime (—40% Kilometrage)

The manufacturer of the analyzed e-moped states it has a lifetime of 50,000 km.
However, since there are other models with a shorter lifetime and since, especially in
sharing services, accidents by inexperienced users and vandalism must be considered,
we tested a scenario with a lifetime of 30,000 km. As a result, only 0.75 batteries and two
sets of tires are required over the lifetime of a e-moped.

2.4.3. Scenario 3: Longer Range (—66% Battery Swapping Frequency)

The analyzed e-moped can be equipped with up to three batteries. In order to consider
the effects of a different number of batteries, we analyze the use of three batteries in this
scenario, extending its range to 125 km. Considering one battery’s capacity of 1.47 kWh,
this results in an energy demand of 0.035 kWh per km. The longer range affects the
battery swapping process: it is assumed the batteries only need to be swapped every
six days (—66% battery swapping frequency), thereby reducing the distance of the vans
per e-moped and day to 0.5 km. The use of two batteries is implemented in practice as
well and would have a corresponding effect on the number of service trips (—33% battery
swapping frequency).
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Longer Range (-66% Battery Swapping Frequency)

Battery Swapping with E-Vans (incl. Solar Power)

Shorter Lifetime (-40% Kilometrage)

2.4.4. Scenario 4: Solar Power for Charging

To evaluate the impact of the electricity mix used to charge the e-mopeds, it is assumed
the e-mopeds are charged with solar power in this scenario. The environmental impact
is modelled according to the country-specific conditions of German electricity from solar.
The GWP is 0.067 kg CO,-eq./kWh.

2.4.5. Scenario 5: Battery Swapping with E-Vans (incl. Solar Power)

It is assumed batteries are swapped with an electric van. The production and the
transport of the van were modelled [53,54,57] and included in the assessment, considering
a lifetime of the van of 150,000 km [58]. The analyzed e-van has a range of 160 km and
a battery capacity of 56 kWh [59] resulting in an energy demand of 0.35 kWh per km.
The impact of the electricity demand of the e-van is modelled according to the German
electricity from solar [53,54], resulting in a GWP of 55 g CO,-eq. per kilometer travelled
considering the van’s entire lifecycle.

3. Results

Figure 8 shows the life cycle environmental impacts of e-mopeds in shared use related
to one passenger-kilometer travelled for each scenario. Numerical data for Figure 7 are
given in the Tables A3 and A4 of Appendix A. Numerical data for additional impact cate-
gories for scenario 1 can be found in Table A5 of Appendix A. In the base case, the average
GWP is 51 g CO»-eq./pkm, with 28% from production, <1% from transport and 71% from
use phase. In the use phase, 32% of the GWP is caused by the emissions resulting from
the electricity produced to fulfill the energy demand of the e-mopeds. A total of 68% of
the emissions within the use phase are caused by the direct and emissions of the battery
swapping vehicles. End-of-life accounts for only <1% of the GWP. If the lifetime is reduced
by 40% to 30.000 km (scenario 2), the GWP increases by 14%. The share of the production
phase in the GWP increases to 37%. This is due to the fact that the emissions of the pro-
duction phase are distributed over a lower kilometrage, thus increasing the emissions per
passenger-kilometer.

Base Case

Solar Power for Charging

10 20 30 40 50 60
g CO,eq./pkm

o

m Production Transport Charging Battery swapping m End-of-Life

Figure 8. Life cycle environmental impacts for electric moped scooters in shared use under alternative scenarios for global

warming potential.

Within scenario 3, the GWP decreases by 32% compared to scenario 1. The share of
the use phase drops to 59%. The assumed usage of three batteries results in a longer range
of the e-moped. Due to the longer range, the batteries need to be swapped less frequently.
It is assumed that only one third of the service vehicle’s trips are required to swap the
battery, so that the service vehicle’s emissions are also lower per passenger-kilometer of the
e-moped. In addition, this improvement outweighs the slightly increased energy demand
of the e-moped when using three batteries.
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By using solar power for charging (scenario 4), the GWP is reduced by 20%. The to-
tal share of the use phase drops to 64%. The GWP of the energy demand decreases to
2 g COyz-eq./pkm. This reduction is achieved because solar energy has a much lower
emission factor (0.067 g CO,-eq/kWh) than the electricity grid (0.452 g CO,-eq./kWh) mix
assumed in scenario 1-3. If, in addition, electric vans are used for battery swapping trips
and these vans are charged with solar power, as assumed in scenario 5, the GWP drops by
61% to 20 g COz-eq./pkm compared to scenario 1. The reduction can be achieved because
the emission factor of the electric service vehicle (55 g CO,-eq./km) is significantly lower
than the emission factor of diesel vans (386 g CO;-eq./km).

Figure 9 shows the GWP of the production of one e-moped. Numerical data regarding
the production of the e-moped with one battery is given in Table A6 of Appendix A.
Including the production of one battery pack, the GWP is 801 kg CO,-eq. The production of
aluminum components accounts for 25%, steel for 12%, the battery pack for 18%, the motor
for 24%, plastic components for 10% and the assembly for less than1%. The share of
aluminum in the GWP is particularly high, considering its share in the e-moped’s weight of
only 11%. The high emissions of aluminum components are attributable to the high energy
intensity of aluminum production. Considering the production of three battery packs—
corresponding to a fully equipped e-moped—the GWP increases by 36%. This indicates the
battery pack should be used over its full kilometrage, beyond the lifetime of the e-moped.

Assembly
Others

Motor
Tires

I Battery Pack

B Plastic
M Steel
B Aluminum
Production of e-moped Production of e-moped
with 1 battery pack with 3 battery packs

Figure 9. Global warming potential of the production of one e-moped scooter with one battery pack compared to three

battery packs.

Figure 10 focuses on the GWP of the production of one battery pack of the Kumpan
1954 Ri. As the figure shows, battery cells account for the largest share (73%) of the GWP
of the battery pack. For our analysis, we assumed the battery cells are produced in South
Korea with the South Korean electricity mix, as it is the case for the Kumpan 1954 Ri battery.
By using the Swedish electricity mix with its lower GWP of 0.042 kg CO,-eq./kWh, the
GWP of battery cell production could decrease by 17%. Numerical data for Figure 10 are
given in Table A7 of Appendix A.
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Figure 10. (a) Share of components in the global warming potential of battery production and (b) global warming potential
of battery pack production using different electricity grid mixes.

To put the environmental impact of e-moped sharing into perspective, it is necessary
to compare it with alternative transport modes. Therefore, we compared the results of our
study with previous studies of the LCA global warming potential of different transport
modes As shown in Figure 11, e-moped sharing has lower global warming potential than
private ICE mopeds, as calculated by Weiss et al. [8], as well as ICE cars and public transport
buses, as calculated by the German Environmental Agency [60], even in the worst case.

Bicycle
Electric Bicycle [N
Electric Bus S A0asss

ElectricTram I
ICE Bus

1
Private ICEMoped G
Private ICE Passenger Car |
Electric Stand-up Scooter Sharing W 27000
Electric Moped Sharing Wi
50 100 150 200 250

o

g CO, eq./pkm

Figure 11. Comparison of the Global Warming Potential of electric moped scooters in shared use to alternative modes of
transport based on passenger-kilometer. Data for private bicycle, electric bicycle and mopeds with internal combustion
engine (ICE) are based on [8], bus (ICE), tram and private car (ICE) are based on [60], electric bus are based on [61], data for
stand-up electric scooter sharing are based on [24].

Our analysis of e-moped sharing shows results in a similar range of emissions per
passenger kilometer (20-58 g CO;-eq./pkm) to electric buses (27-52 g CO;-eq./pkm),
as calculated by Helmers et al., 2020 [61]. This comparison is particularly relevant when
considering that sharing systems compete, in particular, with public transport and that
the share of electrified buses in public transport is likely to increase in the future due to
local regulations.

Shared e-mopeds also have a lower GWP than shared stand-up scooters, which were
analyzed in a previous study [24]. The study on shared stand-up scooters also analyzed
different scenarios regarding lifetime, battery swapping and charging. The best case
assumes a lifetime of 24 months and the use of cargo bikes for battery swapping However,
unlike our current study, it assumes the scooter are charged using the German electricity
mix. This results in a higher GWP than in our worst case, even in the best case of [24].
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The environmental impact of e-moped sharing should also be evaluated considering
substitution rates: according to a study by Hofmann et al. [14], e-mopeds substitute mostly,
namely, in 81% of cases, trips that would previously have been covered by private cars,
conventional scooters or public transport. That means e-scooter sharing is most likely
to substitute transport modes with a similar or higher GWP in relation to passenger-
kilometers.

4. Conclusions

In this study, we determined that the GWP of shared e-mopeds is 20 g CO,-eq./pkm
in the best case, when the e-mopeds are charged with solar power and the batteries are
swapped with an electric van. Our worst case, i.e., assuming a 40% shorter e-moped
lifetime, battery swapping with diesel vans, and charging with the German electricity
mix, results in a GWP of 58 g CO;-eq./pkm. In the base case, the GWP is dominated by
the use phase, especially by the electricity mix to charge the e-mopeds, the frequency of
battery swapping and the type of vehicle used for swapping. In addition to the use phase,
the production of the e-mopeds, especially of the aluminum parts and the battery pack,
is an important influencing factor.

Previous studies on private e-scooters determined a GWP of 32.0 g CO,-eq./pkm [14],
59.6 g COy-eq./pkm [13] and 74.0 g CO,-eq./pkm [8] for e-mopeds in private use, which cor-
relates quite well with the worst case of this study, assuming a shorter lifetime (58 g CO;-
eq./pkm), but also our base case (51 g CO;-eq./pkm) and scenario 3 (35 g CO;-eq./pkm).
Wortmann et al. determined quite low values, of 18.7-36.7 g CO;-eq./pkm, in their LCA
on e-moped sharing [30] compared to our results. These differences occur because the
authors did not consider indirect emissions from service vehicles in their study. De Bortoli
estimated a slightly higher GWP for shared e-mopeds within the pessimistic scenario of
around 70 g CO;-eq./pkm [31]. However, this is also based on a lower vehicle lifetime
compared to our worst case (scenario 2) of 20,000 km. The base case of the study is quite
similar to our scenario 3, resulting in a GWP of around 35 g CO,-eq./pkm. Whereas de
Bortoli assumed a lifetime of 48,000 km and a servicing distance of 20 m per passenger-
kilometer of the e-moped, we assumed a lifetime of 50,000 km and a servicing distance of
26 m per passenger-kilometer of the e-moped.

Overall, our paper shows e-mopeds not only offer an effective solution to the urban
challenge of space constraints; they can also reduce the GWP of the overall transport
system, as e-mopeds are likely to substitute transport modes with a higher GWP, as shown
by Hofmann et al. [14]. The stated high substitution rate of passenger cars by e-mopeds—
especially compared to substitution rates of stand-up scooters—seems realistic, since in
European countries the license required to drive e-mopeds (driving license class AM) is
already included in the license required to drive passenger cars (driving license class B).
Comparing the sharing of motor and stand-up e-mopeds, the question arises why the GWP
of stand-up e-scooters is significantly higher even though both use similar business models.
The results of this study and our previous study [24] show that the significantly shorter
lifetime of stand-up scooters is an important driver for their higher environmental impact.
Furthermore, unlike stand-up scooters, e-mopeds can be used by more than one person,
further reducing the environmental impact per passenger-kilometer.

To further decrease the GWP of e-mopeds, it is recommended to reduce the impact of
aluminum as it accounts for a disproportionately high share of the emissions of production
(25%) compared to its weight share (11%). This could be achieved by substituting aluminum
with alternative materials, by using secondary aluminum, or by using renewable energies
in the production. Additionally, we suggest using renewable energy sources to power the
battery cell production. Furthermore, manufacturers should adapt production materials
and e-moped design to improve its lifetime. Sharing providers should use batteries beyond
the e-moped’s lifetime or develop second life use cases for batteries to reduce the share
of battery production in the e-moped’s GWP. Furthermore, sharing providers should
use renewable energy for e-moped charging, reduce the frequency of battery swapping,
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and swap batteries with electric vehicles. An effective measure for local authorities to
ensure that e-moped sharing is integrated into urban transport in an environmentally
friendly way could be a directive not to use diesel vehicles for battery swapping, as GWP
could be reduced by 61% if diesel vans are substituted by electric vans charged with
solar energy.

Overall, e-moped sharing is an environmentally friendly transport mode compared
with alternative transport modes, such as cars or public transport, if a long lifetime, efficient
battery swapping and charging with renewable energies are achieved. Local authorities,
sharing providers and manufacturers can use this study to the explore life cycle impacts of
e-moped sharing. Through additional research on usage patterns and operating systems in
sharing services, it could be possible to make even more precise statements on the impact of
the use phase. However, it should be noted that the results are specific to the moped models
analyzed and the use case of a German city. This requires the autonomous collection of
further empirical data on usage patterns in e-moped sharing services, independently from
sharing providers. A suitable method for this is, e.g., data scraping, as it has already been
used in some studies on shared stand-up scooters [40]. Additionally, further research could
examine the different impacts of private and shared use of e-moped in greater detail.

Since the focus of our work is on the environmental impact, other sustainability
criteria, such as road safeties, were not considered. So far, there are no studies available
on the road safety of electric moped sharing services, but since an increased visibility of
traffic accident reports for free float sharing systems with electric stand-up scooters has
been recorded [62], the situation should be investigated with regards to the road safety of
e-moped sharing services in future research. However, there are significant differences in
hazard assessment due to the difference in the two modes of transportation.

Finally, it is also necessary to further analyze the influence of e-moped sharing on the
urban transportation in further studies by analyzing substitution rates, e.g., by conducting
observations and interviews.
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Appendix A
Table Al. Technical characteristics of different e-moped models according to [50].
Mass, Rated Certified Real World Batte Drive Drive
Brand, Model Excluding Power Energy Energy Ca acri'f Range, Range,
Driver Consumption Consumption pacity Certified = Real World
Unit kg kW kWh/100 km  kWh/100 km kWh km km
Avan Motors, Trend E 62 0.8 2.09 n.a. 2.3 110.2 n.a.
Avan Motors, Xero+ 62 0.8 2.09 n.a. 2.3 110.2 n.a.
NIU, N1S 95 24 2.13 n.a. 1.7 80.0 n.a.
NIU, NGT 99 3 2.10 n.a. 2.1 100.0 n.a.
Nova Motors, eRetro 75 2 4.00 na. 12 30.0 na.
Star
Nova Motors,
Motorroller Bendi 111 0.8 4.00 n.a. 1.2 30.0 n.a.
Okinawa, Ridge 96 0.8 1.56 n.a. 14 92.6 n.a.
Piaggio, Vespa Elettrica 130 4 4.20 6 4.2 100.0 70
Trinity, E-Roller 90 3 3.20 n.a. 1.3 40.6 n.a.
Trinity, E-Roller 105 4 4.50 n.a. 2 44.4 n.a.
Median value 95.5 2.2 2.66 6 1.9 86.3 70

Table A2. List of the e—scooter materials.

Materials/Assemblies Quantity Unit
Acrylonitrile butadiene styrene [ABS] 1.01 x 10! kg
Aluminum 1.85 x 10! kg
Cast iron 2.30 x 1072 kg
Chrome 3.84 x 1073 kg
Copper cable 1-wire 9.38 x 107! kg
Copper cable 3-wire 212 x 107! kg
Copper cable 5-wire 410 x 1072 kg
Float flat glass 9.00 x 102 kg
Glass lamp bulbs (soda-lime) 2.20 x 1072 kg
Knit te x tile fabric 269 x 1071 kg
NMC-battery Cell 6.44 x 10° kg
Polycarbonate [PC] 2.10 x 10! kg
Polyethylene foam [PE] 8.65 x 107! kg
Polymethylmethacrylate [PMMA] 1.46 x 1071 kg
Polypropylene [PP] 1.23 x 101 kg
Polytetrafluoroethylene [PTFE] 3.19 x 107! kg
Printed wiring board HASL 2-layer 429 x 1071 sqm
Styrene-butadiene-rubber [SBR] 8.95 x 10° kg
Stainless steel 1.76 x 100 kg
Steel 4.08 x 10! kg

Zinc 1.47 x 1072 kg
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Table A3. Evaluation of the contribution of the life cycle phases for the different prolonged lifetime scenarios on the global
warming potential impact category per passenger-kilometer. Unit: g CO,-eq./pkm. The emission factors of electricity for
charging with the German grid mix and solar power are 4.52 X 102 respectively 6.72 x 10! gCOy-eq./kWh.

Scenario Production Transport Charging Battery Swapping  End-of-Life

Base Case 1.44 x 10! 1.39 x 1074 1.18 x 10! 2.46 x 10 741 x 107°

Shorter Lifetime (—40% Kilometrage) 2.13 x 10! 2.31 x 107* 1.18 x 10! 2.46 x 10! 1.24 x 10~*

Longer Range (—66% Battery 1.44 x 10! 1.39 x 10~4 1.22 x 10! 8.20 x 10° 7.41 x 1075
Swapping Frequency)

Solar Power for Charging 1.44 x 10! 1.39 x 1074 1.74 x 10° 2.46 x 10! 741 x 107°

Battery Swapping with E-Vans (incl. = /) 1 139 x 104 1.74 x 10° 3.51 x 107 741 x 1075

Solar Power)

Table A4. Evaluation of the contribution of the life cycle phases for the different prolonged lifetime scenarios on the primary
energy demand impact category per passenger-kilometer. Unit: MJ/pkm. The primary energy demand of electricity for
charging with the German grid mix and solar power are 6.53 X 100 respectively 9.36 x 10~ MJ/kWh.

Scenario Production Transport Charging Battery Swapping  End-of-Life

Base Case 2.25 x 1071 1.97 x 1073 1.71 x 1071 3.56 x 1071 1.38 x 1078

Shorter Lifetime (—40% Kilometrage) ~ 3.00 x 10! 329 x 1073 1.71 x 1071 3.56 x 1071 230 x 1078

Longer Range (—66% Battery 2.25 x 10”1 1.97 x 1073 1.76 x 1071 1.19 x 1071 1.38 x 108
Swapping Frequency)

Solar Power for Charging 2.25 x 107! 1.97 x 1073 2.45 x 1072 5.89 x 1072 1.38 x 108

Battery Swapping with E-Vans (incl. =, ;o ;-1 197 x 1073 245 x 102 5.89 x 102 1.38 x 10-8

Solar Power)

Table A5. Impact assessment results for the electric moped scooter sharing in scenario 1 “Base Case” for five impact
categories per passenger-kilometer.

Battery

Impact Category Unit Production Transport Charging Swapping End-of-Life
Acidification Potential g SOy-eq./pkm 6.59 x 1072 341 x 1073 228 x 1072 246 x 1072 7.82 x 107!
Eutrophication Potential & zh‘;sl’i‘;te' 433x10°% 397 x107%  363x103  426x1073 574 x 102
Global Warming Potential g COqz.-ch)l./pkm 142 x 100 1.39 x 107! 1.36 x 10! 2.46 x 10! 741 x 107°
P}g’rt:;ll‘s;“llfc‘?tlegtzl;’f‘e g Ethene-eq./pkm 510 x 1073  131x107% 175x1073 —164x 1073 526 x 1076
Primary Energy Demand M]/pkm 223 x10°1 197 x1073  175x1073 356 x 10! 138 x 108

(non-renewable)

Table A6. Impact assessment results for the material and manufacturing phase of one moped scooter with one battery for
the analyzed materials and assemblies for five impact categories.

. . Acidification Eutrophication Global Warming Photochemlfal Primary Energy

Materials/Assemblies . . . Ozone Creation Demand
Potential Potential Potential .
Potential (Non-Renewable)
Unit kg SOs-eq. kg Phosphat-eq. kg COy-eq. kg Ethene-eq. MJ

Motor 1.12 x 10° 6.241 x 02 1.91 x 102 8.67 x 1072 1.93 x 10°
Battery 1.09 x 10° 5.48 x 1072 1.46 x 107 5.87 x 1072 2.16 x 103
Aluminum 9.76x 101 6.28 x 1072 1.98 x 102 7.45 x 1072 2.03 x 103
Tires 3.35 x 1072 517 x 1073 2.90 x 10! 6.34 x 1073 9.34 x 102
Plastic 1.60 x 1071 2.31 x 1072 8.37 x 10! 1.98 x 1072 2.38 x 103
Steel 259 x 101 2.16 x 1072 9.39 x 10! 3.03 x 1072 9.86 x 102
Other 2.65 x 1071 2.18 x 1072 5.69 x 10! 2.11 x 1072 7.19 x 102

Assembly 4.00 x 1073 7.48 x 1074 2.85 x 10° 2.81 x 1074 4.12 x 10!
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Table A7. Global warming potential of battery pack production using different electricity grid mixes.
Unit: kg CO;-eq.

Assemblies/Life Phase Sweden Korea
Battery cells 8.16 x 10! 1.04 x 102
Transport 3.93 x 107! 1.30 x 10°
Battery Case 3.66 x 10! 3.69 x 10!
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