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1 Life cycle assessment and economic analysis of the electric motorcycle in the city of
2 Barcelona and the impact on air pollution

3

4  Abstract

5 Inthis work, the evaluation of the life cycle of the service provided by a medium-power motorcycle
6 in a Spanish urban environment was carried out, comparing two motorcycles, a battery electric
7 vehicle (BEV)is compared with an internal combustion engine vehicle (ICEV). The economic study
8  of the total costs of ownership is also carried out considering the environmental costs associated
9  with each type of vehicle. A comprehensive inventory is compiled for both vehicles (motorcycles)
10  that describes the most relevant components and includes two types of batteries for the BEV. A

11  sensitivity analysis of the most impactful parameters is also considered.

12 The results indicate that the ICEV contributes approximately 5 times more in the global warming
13 potential impact category mainly due to the consumption of fossil fuels. The BEV also impacts
14  some categories in the manufacturing stage, a fact that is strongly related to the battery.
15  Sensitivity analysis indicates that the total distance travelled plays an important role, but the
16  electricity mix is probably the most relevant factor in terms of climate change impact category. The
17 economic analysis reported lower environmental externality costs for the BEV, making it more
18  affordable than the ICEV and highlighting the benefit in terms of air pollution. The BEV is
19  presented as a suitable option vehicle from environmental and economic point of view and one

20  of the actors to accelerate the transition towards a more sustainable urban mobility model.

21 Keywords: battery electric vehicle; internal combustion engine; lithium-ion battery; externality

22 cost; air pollution

23 1. Introduction

24  Transportation accounts for about 25% of total global CO2 emissions from fuel combustion

25 (International Energy Agency, 2020a). A current emerging trend is electrifying mobility, and in only
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the last five years, the total number of electric vehicles has increased by a factor of 10
(International Energy Agency, 2020b). In part, the reason for such growth is that the electric
traction vehicle is assumed to have a lower environmental impact compared to a conventional
one. The literature on life cycle assessments (LCA) of electric traction vehicles is rather dense,
particularly for cars. There are many studies evaluating the impact in a certain country
(Petrauskieng, Skvarnavitiuté, and Dvarioniené, 2020), for example, at the European level, in
Switzerland (Bauer et al., 2015), in Poland and the Czech Republic based on heavy fuels
(Burchart-Korol et al., 2018), in Norway (Hawkins et al., 2013), in Italy (Del Pero et al., 2018)
and in Sweden (Nordeldf etal., 2014). The country selection is indeed relevant due to substantially
diverse electricity mixes (Burchart-Korol et al., 2020). Most of these studies concluded that the
impact of climate change measured in kg CO2eq./km is favourable for battery electric vehicles
(BEV) compared to internal combustion engine vehicles (ICEV). At the Spanish level, only the
study carried out by Sanchez et al. (2013) evaluated the electricity mix to compare the greenhouse
gas emissions of buses, some electric, others not, circulating in Madrid (Spain) and recently Puig-
Samper Naranjo et al. (2021) reported a comparative LCA of electric, hybrid, petrol, and diesel medium

passenger vehicles (European C-class) operated in Spain.

It is evident that the urban mobility model must be redefined considering the current levels of air
pollution in large cities. The electrification of transport has been proposed in cities such as Barcelona
and Madrid, which would represent a substantial improvement in air quality. To achieve this, all vehicle
categories must be partially electrified, including motorcycles (Soret, Guevara, and Baldasano, 2014).
Two-wheel vehicles are presented as an attractive option, since they require less area per vehicle and
are usually the fastest urban mode of transportation (Cherry, 2007; Kopp, 2011). Furthermore, they
have been experiencing promising growth and typically have lower operating costs and fuel
consumption than passenger cars (Cox and Mutel, 2018). When evaluating the impact of two-
wheelers, an important concept is the tank-to-wheel efficiency, which shows how much energy is

reaching the wheels compared to how much energy has been delivered to the vehicle. On the other
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hand, the well-to-tank efficiency represents how much energy needs to be delivered to the vehicle
compared to the associated primary energy. Hwang and Chang (2010) showed that electric scooters
with lithium-ion batteries have a lower well-to-tank efficiency than internal combustion scooters.
However, the overall well-to-wheel efficiency increases, sometimes even tripling (Weber et al., 2019).
From an economic perspective, the configuration of the powertrain plays an important role. In that
sense, electric two-wheelers are also a superior option, since they end up being less expensive than
hybrid and conventional options (P. D. Walker and Roser, 2015).

Another technology that has been considered is hydrogen. Mellino et al. (2017) concluded that
lithium-ion battery electric bikes have less impact than hydrogen bikes in the production stage,
but the opposite behaviour in the use stage. In this regard, Cox and Mutel (2018) evaluated
several technologies from an environmental perspective. The authors conducted a
comprehensive analysis of BEV, ICEV and fuel cell motorcycles taking into account a standard
urban cycle. Overall, the ICEV and fuel cell motorcycles were found to have a substantially greater
climate change impact compared to the BEV. Despite the clear advantages that the BEV
presents, a worrying aspect among the aforementioned works is the environmental
consequences linked to the manufacturing of batteries. These are usually of the lithium-ion type
due to their high energy and power density combined with high efficiencies (Nikolaidis and
Poullikkas, 2017); however, there are different chemistries for lithium-ion batteries depending on
the composition of the cathode. Marques et al. (2019) compared the LCA of electric cars with a
service life of 200,000 km that employ either lithium iron phosphate (LiFePQ4) or lithium-ion
manganese oxide (LiMn204). The LiFePOs reported better technical characteristics but the
environmental impacts were higher. Zhao and You (2019) contrasted the environmental impact of a
LiMn204 with alithium nickel manganese cobalt oxide (LiNixCo,Mn;0O5) battery, both installed in a
midsize electric vehicle which covered a total distance of 200,000 km. The former showed a greater
impact on climate change from the cradle-to-gate approach, but when considering a cradle-to-grave

approach, both batteries had a similar impact. Although batteries account for a considerable part of



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

the total cost of the electric vehicle, not many studies have performed an economic analysis. Tseng
et al. (2013) compared four compact electric and hybrid family cars with a conventional one while
looking for total cost. The authors concluded that with tax credits alone, electric and hybrid
vehicles are a superior option from a purely economic perspective. Regarding storage
technologies, few studies have focused on updated and complete life cycle cost analysis for
lithium-ion batteries applied to electric vehicles, and only Simpson and G. R. Walker (2002)
conducted an analysis of the ultracapacitors used as a complement to batteries.

The influence of driving patterns on the environment has been considered relevant in the analysis of
electric vehicles. Karabasoglu and Michalek (2013) simulated realistic driving cycles with conventional
and electric vehicles. The authors concluded that electric vehicles were less cycle-dependent, while
conventional vehicles emitted more and involved higher costs on urban roads than on highways.
Marques et al. (2019) evaluated three driving profiles: light, moderate and intensive. The total impact
was highly variable depending on the profile. For example, the light profile’s global warming potential was
about half as intensive. The authors also conducted a sensitivity analysis to assess the impact of the number
of batteries or the source of electricity generation, which was found to be one of the categories with the highest
impact. For this purpose, the World Harmonized Test Cycle (WMTC) is a useful tool for evaluating the impact
of motorcycles under a realistic riding pattern. The data can be extracted from the European Commission

(2014).

Barcelona is one of the European cities with the highest population density, of the order of 16,000
inhabitants per km2 (City Population, 2021). In addition, currently, Barcelona is one of the European
cities with the most motorcycles and mopeds on its streets. Over half a million were registered in 2019
(UNESPA, 2019), a factor partly due to its large population, and partly because of its being home to
Spain's second-largest metropolitan area, where motorcycles are more practical than cars. Urban
transportation is considered to play a key role in the air quality of Barcelona (Tobias et al., 2020).
Recently, it was reported that Barcelona had exceedingly high NO2 values that did not comply with

the European legislation (European Commission, 2019). City authorities report vehicle density at
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around 6,000 per km2, double that of Madrid and triple that of London (Superblocks, 2019) highlighting
the deleterious impact on air quality and public health. The cost of air pollution as recently valued by
the World Bank in terms of total welfare losses for Spain in 2013 is estimated at 49,331 million dollars,

which represents 3.4% of GDP (Baldasano, 2020).

Consequently, Barcelona and other large urban conurbations have been forced to apply action plans
to improve their air quality by reducing traffic activity and emissions (Rodriguez-Rey et al., 2021). To
improve the air quality, the Metropolitan Area of Barcelona has established the so-called
environmental labels. These labels identify how environmentally friendly a given vehicle is. This way,
certain vehicles such as old diesel cars are not allowed to access a marked zone. Other European
cities such as London have relied on low emission zones as well. Despite not causing a notorious
reduction on air pollution, it was observed that owners tended to switch to smaller vehicles (Ellison et
al., 2013). There has been a recent increase in motorcycles demand in Europe. In the case of Spain,
the registrations have grown by 8.7% in 2021 compared to the same period in 2020 (The Motorcycle
Industry in Europe, 2021). The rise in electric motorcycles demand is even more significant. Grouping
the markets of France, Germany, Italy, Spain and the UK, about 18620 electric motorcycles were
registered in 2020, while in 2019 the registrations were 12263. Out of these five countries, Spain was
where the most registrations were made, since in 2020, 6142 new electric motorcycles were

registered.

In accordance with the above, a life cycle analysis focused on electric motorcycles in Barcelona allow
to assess the environmental benefits of these vehicles, which show a clear upward trend both in the
market and in user preference, as well as their potential contribution to reduce air pollution. Therefore,
the objective of this study is to develop an exhaustive life cycle inventory and to evaluate the
environmental performance of the service provided by a battery electric vehicle (BEV) using the Muvi
motorcycle produced by Torrot (Barcelona, Spain) as a reference. It is compared to an internal
combustion engine vehicle (ICEV) that offers the same service, the Burgman 125 (Suzuki). The

analysis provides key and revealing information about the comparison between these two
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motorcycles, not only from an environmental point of view, but also from an economic point of view.
On the other hand, the batteries for the BEV have also been analysed from the perspective of life cycle
assessment. Its production is another relevant factor when considering the total impact of the vehicle. The
BEV motorcycle uses lithium, nickel, manganese and cobalt oxide technology, although lithium and
manganese oxide can also be an alternative for this type of vehicle. The environmental impacts of these
two types of batteries are compared to determine which is the most appropriate option for urban mobility.
Finally, the influence of the electric mix on the global impact of the electric motorcycle was evaluated

through a sensitivity analysis.

2. METHODOLOGY

This section covers the aspects most strongly related to the data involved in the LCA of all the
scenarios evaluated. First, a general picture of the systems is presented along with the goals and the
scope of this study. Then, considerations on the life cycle analysis are presented, such as the software
and the methods used, and the comments and assumptions taken into account to compile the life

cycle inventory (LCI). Finally, the approach used for the economic analysis is also described.
2.1 Goal and scope definition

The objective of this study was to evaluate the environmental performance of a BEV and compare it
with an ICEV and to evaluate the impact that the type of battery has on the electric motorcycle. The
study aims to answer the following questions i) what are and where are the potential environmental
impacts of BEVs, ICEVs operated in Barcelona (Spain)? ; i) what is the impact of the type of battery
used in the BEV?; iii) what is the impact of the Spanish electrical mix? and of the other parameters
evaluated with the sensitivity analysis?; iv) what is the total cost of ownership for each vehicle? and
what would the cost be considering the environmental externalities?. For comparing the environmental
performance of both vehicles, a functional unit of 80,000 km is defined, which accounts for the distance

travelled by each motorcycle across its lifetime; this falls into the range of distances considered by
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Cox and Mutel (2018) and it matches the second battery replacement foreseen by the BEV
manufacturer (Torrot, 2020). The scope of this analysis represents a cradle-to-grave approach and

encompasses all environmentally relevant processes from resource extraction to disposal.

The analysis is based on four stages: the definition of the system along with the scope and the goal,
the LCI, the impact assessment (or life cycle impact assessment (LCIA)), and finally the interpretation
of the results (ISO 14040, 2006 and ISO 14044, 2006). It is assumed that the motorcycles are used
in daily commutes to work in a Spanish urban environment, specifically in the city of Barcelona. As for
the ICEV motorcycle, it is a more powerful motorcycle than the BEV (8.8 kW (Suzuki, 2020) against 3
kW (Torrot 2020)). However, it must be taken into account that the peak power of an electric motor
occupies a wider range of speeds than an internal combustion engine. This justifies the comparison
between the BEV manufactured by Torrot (Torrot, 2020) and a 125cc motorcycle (Suzuki). Regarding
the impact of the battery on the BEV, two batteries are considered: a lithium nickel manganese cobalt
oxide (LiNiCoMn) battery (the currently installed battery) and a lithium-ion manganese oxide (LiMnO)
battery. Then, accordingly, three scenarios were compiled as follows: i) BEV with the LiNiCoMn
battery, ii) BEV with the LiMnO battery, and iii) ICEV. The three scenarios are depicted in Figure 1.
Emphasis is placed on the battery that powers the BEV, and therefore its associated stages are

explicitly depicted.
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Figure 1. General scheme of the stages to be considered for the life cycle analysis of BEV and ICEV

motorcycles (adapted from Petrauskiené et al. (2020) and Sophaa and Setiowatia (2017)).

The processes follow the structure defined in Figure 1, where the full service provided by the
motorcycles is the combination of the manufacturing, usage (including maintenance) and
disposal. These processes were conformed with the data gathered in the LCI. In the case of
manufacturing, it was further divided into units (components), such as transmission, power train,
etc. This nested hierarchy facilitates the attribution of the impact to each element in the

motorcycle.

On the other hand, the production of the batteries and the converter for the power electronics of
the BEV is carried out in China, the manufacturing of the components in Europe, and the final
assembly in Spain. Thus, suppliers were specified according to their location in the world with the
maximum possible accuracy. This is key, as varying the combination of electricity can translate
into substantial changes in the overall results. Regarding emissions during operation, it has been
assumed that they occur in an area of high population density, which is considered representative

of a city like Barcelona.
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The three scenarios were modelled using the open software OpenLCA and the Ecoinvent 3.6 cut-off
database. It was considered that the cut-off option suited the project better than the allocation at the
point of substitution (APOS) according to the boundaries of the system. To evaluate the impacts, the
Ecoinvent 3.5 LCIA method database was integrated into the former one. The impacts were evaluated
with the ReCiPe Midpoint (H), a hierarchical option, which is the default mode in scientific models
(Golsteijn, 2012). When computing the results, the physical allocation option was chosen. Indicators
such as the climate change impact, photochemical oxidant formation and human toxicity are some of

the most meaningful ones for this analysis.
2.2 Inventory analysis

There are few studies focusing on motorcycles for this type of analysis; consequently, the inventories
for both motorcycles have been gathered from specific data from the manufacturers, partially adapted
from the literature and particularly prepared for this study. A realistic driving cycle was considered;
thatis, instead of assuming that the motorcycles travel at constant speed, a standard urban cycle such

as the WMTC was used (European Commission, 2014).

The inventories of both motorbikes are compiled in Table S1 (Supplementary Material) and
contain all the inputs and elements that constitute the unit processes depicted in Figure 1. A brief

description of the components considered for both type of vehicles are listed in Table 1.

Table 1. Description of the main components included in the inventory for the BEV and the ICEV.



208

cover and the saddle; relatively light, it is

generally composed of plastics

Component BEV ICEV

Frame The structure of the motorbike, constituted by the | Formed by the components that shape the motorbike,
chassis and the central stand; it is the heaviest such as the chassis, the footrest, and the gasoline
part as it is mainly made of steel tank. Covered by paint and a zinc coat

Transmission A system of pulleys that transmits the power from | The mechanism includes the clutch, a shaft, bearings,
the motor to the rear wheel etc. It transmits a certain speed and torque to the

wheels
Body Placed on top of the frame, it corresponds to the | The external and most visible part of the motorbike,

mainly constituted by the saddle and the windscreen

Electric parts

Electrically powered components such as the
front and rear lights, displays, integrated circuits.

It includes the power converter (modelled apart).

Includes a tiny starter battery, powered by an alternator
that feeds a starter motor. There is a rectifier to adapt
the voltages, and also the lights in the head and the tail

of the motorbike

voltage and current waveforms are adapted by

the converter

Accumulation Acts as an energy reservoir of about 3 kWh. The | The system with a radiator and a fan to lower the
system original battery is a LiNiCoMn (scenario 1), the temperature of the internal combustion engine

study also considers the LiMnO technology

(scenario 2) as an alternative. Both batteries are

modelled in detail
Power train Encompasses a permanent magnet motor whose | With the engine as its central component (divided into

the valves, the piston, the crankshatt...), it incorporates
the injection system, the air filter, pumps, and the

catalytic converter

Front/rear train

They embody secondary components such as
the handlebar, the fork, the mirrors and the shock

absorbers

As in the BEV, the mirrors, the belt tensor, shock

absorbers, and the handlebar are under this category

Others

Screws, washers, accessories and small parts
with low impact. They are usually placed inside

the former categories

Such as screws, connectors, cables, contactors...

These are auxiliary elements with a minor influence
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In terms of manufacturing, the motorcycles are generally composed of the following components:
the body, the frame, the wheels, the front and rear train, the transmission, the electric parts, the
battery (in the case of the BEV), and the power train. Critical components when comparing the two
vehicles are mainly the engines, and in the case of the BEV, the accumulation system and the
converter demand. The engines were modelled from the detailed description reported in the study

by Notter et al. (2010), while the converter and the battery cathode were modelled in detail.

The BEV inventory was developed to a greater extent from the information provided directly by the
manufacturer (Torrot). However, since Torrot only assembles the parts, the data did not cover all stages of
the life cycle. In this regard, two local teams participating in competitive projects in the field of electric
mobility, e-Ride (e-Ride, 2021) and ETSEIB Motorsport (ETSEIB Motorsport, 2021), were contacted.
When this information was not enough, the data were gathered in the literature and adapted
according to the characteristics of each vehicle, as has been reported in similar studies by Sophaa
and Setiowatia (2017), Cox and Mutel (2018) and Strgmman (2011). The most significant remarks

and assumptions in the inventory are summarised in Table S2 (Supplementary Material).
2.3 Economic analysis and impact on air pollution

In addition to the environmental study, a preliminary cost analysis was carried out in order to
compare the economic viability of the two vehicles (BEV and ICEV). On the one hand, the costs
related to the phases represented in Figure 1 were considered, which have to do with the
acquisition, the energy to power the motorcycles, the maintenance operations and the waste
disposal. The economic cost of both motorbikes was considered by calculating the total cost of

ownership (TCO) (Eq. 1) as described by Ajanovic and Haas, (2016):
TCO = a——+ PFI + 2 (1)

where TCO is given in €/km and stands for a representative measure of the cost per km travelled,
IC is the initial investment cost in €, skm symbolizes the yearly travelled kilometers, a is the capital
recovery factor, Ps is the energy price in € /MJ, Fl is the specific energy consumption expressed

11
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in MJ/km, and Cosm is the operation and maintenance cost per year (€/year). As described by
Papavinasam, (2013), the capital recovery factor a allows to compute an equivalent annual cost;

it is defined according to Eq. 2:

o ia+)”
T o@+n-1

where n is the assumed years of service and i represents the interest rate.

However, to establish a fair comparison framework, the externality costs of the various midpoint
impact categories must also be taken into account, as suggested in the study by De Bruyn et al.
(2018). This implies the conversion of each particular impact to an associated cost in monetary

terms (€), which does not represent a cost of ownership but an environmental cost.

The recent COVID-19 pandemic has demonstrated the positive impact on urban air pollution,
especially during the lockdown. In Barcelona, NO2 concentrations decreased by approximately
50%, while PM10 decreased by approximately 30%. However, the values continue to be higher
than the mentioned limit of 20 pg/m3 (Tobias et al., 2020). In this regard and given that the
operation stage is the most relevant stage in terms of air pollution, a sensitivity analysis was
carried out focused on the variation of the input parameters most strongly related to this stage:

the distance and the mix of electricity used to charge the battery.

3. RESULTS AND DISCUSSION
This section has the following structure: first, the results of the comparison of the BEV and ICEV
in the city of Barcelona are presented in terms of LCA analysis. The BEV motorcycle is evaluated
in terms of its battery by comparing LiNiCoMn and LiMnO batteries. A sensitivity analysisis carried
out to validate the robustness of the inventory and also draw some conclusions about the
environmental performance of each vehicle. Finally, an economic study and potential

implications for EV promotion and impact on air pollution are also discussed.
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3.1. Results of the LCA of the BEV and ICEV

The results of the midpoint impact categories for both types of motorcycles (scenario 1 (LiNiCoMn) vs
scenario 3) are summarized in Table 2. The results indicate that in some categories the ICEV reported
a substantially greater impact than the BEV, but in other categories the result is the opposite. For
example, for the eutrophication of fresh water, which depends mainly on the manufacturing stage
(Bastos et al., 2019), the BEV has a greater impact due to the manufacturing of batteries. This stage

alone has practically the same impact as the total reported by the ICEV.

The particulate matter formation of the BEV is about 70% of the ICEV. In overall terms, these results
agree with those reported by Cox and Mutel (2018), although the electricity mix and the age of the
motorcycle are two factors that play a major role according to the authors. Although the functional
units in Cox and Mutel (2018) differ from the present study, in general, the trends and differences of
the related impacts between conventional and electric motorcycles are maintained.

Table 2. Results on the environmental impact categories evaluated for the BEV and ICEV.

Category Units BEV ICEV
Freshwater eutrophication (FEP) kg P-Eq 1.08 0.52
Natural land transformation (NLTP) m2 0.27 2.56
Freshwater ecotoxicity (FETPinf) kg 1,4-DCB-Eq 359.58 120.22
Urban land occupation (ULOP) m2a 12.60 15.24
Fossil depletion (FDP) kg oil-Eq 453.18 2607.86
Particulate matter formation (PMFP) kg PM10-Eq 4.80 7.09
Climate change (GWP100) kg CO2-Eq 1439.74 7746.18
Photochemical oxidant formation (POFP) kg NMVOC 7.06 79.84
Human toxicity (HTPinf) kg 1,4-DCB-Eq 1791.78 12102.70
Metal depletion (MDP) kg Fe-Eq 14.15 1.57
Water depletion (WDP) m3 8.52 4.61
Terrestrial acidification (TAP100) kg SO2-Eq 12.10 18.84
lonizing radiation (IRP HE) kg U235-Eq 570.22 556.83
Marine eutrophication (MEP) kg N-Eq 2.27 4.99

13
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Ozone depletion (ODPInf) kg CFC-11-Eq 0.00131 0.00126

Agricultural land occupation (ALOP) m2a 92.40 70.31
Marine ecotoxicity (METPinf) kg 1,4-DCB-Eq 318.22 218.22
Terrestrial ecotoxicity (TETPinf) kg 1,4-DCB-Eq 0.29 17.88

The analysis of the climate change category for the two vehicles in the manufacturing, maintenance
and disposal stages is shown in Figure 2. Although the ICEV has almost double the weight of the
BEV, the impact in the manufacturing stage is not strictly proportional. This can be explained mainly
by the batteries and the electric motor, components that, due to the type and quantity of materials

used, contribute substantially to the global warming potential.

h = Disposal
39 . = Operation
BEV o G50 = Maintenance
I— _ = Manufacturing
| 506 -
= 40
- ] 6670
ICEV | 402
] 634
L
0 200 400 600 500 1000

Global warming potential (kg CO2-eq.)

Figure 2. Global warming potential for both BEV and ICEV motorcycles.

The operation stage is where most of the impact takes place due to the direct emissions coming
from the fuel throughout the life cycle of the ICEV, these being 10 times higher than for the BEV.
Similar results have been reported for cars, in which the operational stage can contribute around

80% of the total global warming potential (Nordel6f et al., 2014; Hawkins et al., 2013).

It is important to note that the source of the electricity used to charge the battery plays an
important role. The impact of an electric motorcycle can thus be more than double if it is powered
by electricity produced only from coal plants as opposed to only from wind power plants (Cox and
Mutel, 2018). Coal plants in Spain operate with an emission factor close to 1000 gCO2-eq./kWh,

while the current electricity mix in Spain emits around 200 gCO2-eq./kWh as of 2019 (Grupo Red
14
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Eléctrica, 2020). Furthermore, it is assumed that both motorcycles are designed for the same
purpose; however, the ICEV weighs almost as much as two BEVs. If similar motorcycles had
been chosen in terms of mass, as studied by Leuenberger et al. (2010), similar results could be

achieved in the manufacturing process.

The results on the climate change category for the BEV are in agreement with those found in the
literature. Cox and Mutel (2018) considered a medium power motorcycle with a total distance
travelled of 46,000 km. The authors followed a cradle-to-grave approach, including the
manufacturing, operating and disposal stages, with an estimated impact of around 20 g CO2/km.
In this study, the BEV amounts to 1450 kg CO.-eq. for a total distance of 80,000 km. This
translates into 18 g CO2-eq./km. The ICEV results follow the same trend, causing a total impact of
7746 kg CO2-eq., which, expressed in km, represents 97 kg CO2-eq./km. Cox and Mutel (2018)
studied medium-power motorcycles equipped with internal combustion engines in the power range of

a 125-cc model, considering a total distance of 69,000 km, which translates into 110 g CO2-eq./km.

However, it may be convenient to study the impact of global warming potential in detail in order to find
the influence of all the components of the BEV, and especially the battery. The contribution of the
global warming potential from each component in the BEV is compiled in Table S3 (Supplementary
Material). The frame includes the chassis, an important component in terms of weight that, according
to the results obtained (Table S3), has a significant impact on the global warming potential. The power
train is also relevant due to the inclusion of the brushless motor with its permanent magnets, which
have a remarkable impact. The converter, considered within the electric parts, has a total impact of
9.49 kg CO2-eq., that is, around a third of the impact linked to this subcategory. The battery causes a
significant impact not only in the manufacturing stage but also in the maintenance stage, which must
be replaced at 40,000 km. Consequently, the LiNiCoMn battery ends up being responsible for
approximately 18% of the total climate change category. The results for other midpoint categories are

depicted in Figure 3.

The operation is an important stage for global warming potential, as previously discussed and observed in
15



317  Figure 2. In the case of the BEV, manufacturing and maintenance are also relevant stages for other impact

318  categories.

1003 — T T R m—
’_\80* ] | ] 5
S ] .

g 60| RININIRIIRIE i einl= .
E — - |

o — — |

S s || | ]

[ —1 | |

(@]
O
I — L |
0 O o O = A ¥ Ww ¥ o o o= A A 9 - O A
SEoFbifEiebzLiszge
o
<% m I:T:EE 2280.0-%535
319 o L = CoE
80| — — - —
g — L
5 60 N =
=
o]
T 40| | L |
[
[e) — j ||
g -
20| S e T |
9SS QR FgUEFIFgUYO K FLEYESZF QO
LL o
T ST EYEER®223z28R ¢f§ 33
320 o s = R

||:| Manufacturing O Maintenance DOpCl‘ation .l)isposal |

321  Figure 3. Midpoint impact categories (in relative terms) for both motorcycles: a) BEV (LiNiCoMn) and b)

322  ICEV. Agricultural land occupation (ALOP); Climate change (GWP100); Fossil depletion (FDP); Freshwater ecotoxicity

323 (FETPInf); Freshwater eutrophication (FEP); Human toxicity (HTPinf); lonizing radiation (IRP HE); Marine ecotoxicity
324  (METPIinf); Marine eutrophication (MEP); Metal depletion (MDP); Natural land transformation (NLTP); Ozone depletion
325 (ODPinf); Particulate matter formation (PMFP); Photochemical oxidant formation (POFP); Terrestrial acidification
326  (TAP100); Terrestrial ecotoxicity (TETPinf); Urban land occupation (ULOP); Water depletion (WDP).

327

328  These results agree with those reported by Sanfélix et al. (2015), in which the operation stage is relevant

329  inmost of the impact categories for ICEVs and in some for BEVs. In the case of the ICEV, the most impactful
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stage becomes the operation, as already seen in Figure 2 for the GWP. The effect of the operation stage
follows a similar trend in proportion to the gasoline cars studied by Bekel and Pauliuk (2019). In impact
categories like water depletion, metal depletion, and freshwater ecotoxicity, to name a few, manufacturing
was a much more relevant stage. There is not a single cause that explains this, but in the case of the BEV,
the mentioned impacts are mainly due to the battery cells; in the ICEV, for the most part they are attributed
to the electricity consumption and to the treatment of the metals found in the frame and the glider.
Maintenance has a notable influence on these impacts, but in general, it does not play a significant role.

A relevant category worth mentioning is the formation of photochemical oxidants. These are secondary
pollutants that result from the interaction between sunlight, hydrocarbons, and nitrogen oxides. They can
cause serious problems in the ecosystem and in human health (Rani et al., 2011). As can be seen in Table
2, the results in this category are approximately 10 times higher for the ICEV than for the BEV due to
emissions related to the consumption of fossil fuels, and this represents one of the most important benefits

of the electrification of urban mobility, on which similar results were reported by Cox and Mutel (2018).

3.2. LCA comparison results for LiNiCoMN and LiMNo batteries of the BEV

A more detailed analysis of the batteries (scenario 1 vs scenario 2) can provide information on the
contributing components in the midpoint impact categories. Tables S4 and S5 (Supplementary Material)
summarize a comparison of the climate change impact category of both batteries. Figure 4 shows some of

the impact categories to which the batteries become a relevant contributor.

21.25 = TETPinf

LiMnO - ] 30.6 = HTPinf
] 24.51 = FEP

131.32 |= FETPinf

27.94

LiNiCoMn | 29.5
| 21.24
] 27.92
10 20 30 40 50
Contribution (%) of the battery in the selected midpoint impact categories

o

Figure 4. Percentage contribution of both batteries in relevant midpoint impact categories: terrestrial
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ecotoxicity (TETPinf), marine ecotoxicity (METPinf), human toxicity (HTPinf), freshwater eutrophication
(FEP) and freshwater ecotoxicity (FETPinf).

Comparing the two BEVs, the one that incorporates the LiMnO battery has greater impacts in almost all
categories. This is largely associated with its energy density, which implies the requirement for a heavier
battery to provide the same autonomy. The cathode and the anode are the dominant elements in both
inventories in terms of mass. Since the impacts are closely linked to each of these, the increase in mass
imposed by the LiMnO battery translates directly into more significant impacts. The only exception is the
terrestrial ecotoxicity midpoint impact category, where, due to the LiNiCoMn positive electrode, the
contribution surpasses the LiMnO battery.

In the case of the LiNiCoM battery, the cathode is its most relevant component. Some studies in the
literature addressing the impact of batteries indicate that the Battery Management System (BMS) accounted
for around 10% of the impact in the battery's climate change category (Zhao and You, 2019), while around
70% of the total global warming potential of the battery is associated with the cell (Ellingsen et al., 2014).
In this study, 78% of the BEV battery impact is associated with the cell and approximately 13% with the
BMS. As for the LiMNo battery, the cathode has much less impact than that of the LiNiCoMn battery.
Although LiMnO s a heavier battery to achieve the same amount of power, the composition of the cathode
makes it less impactful. As stated above, this is the key piece of the battery. Despite using the inventory
reported by Majeau-Bettez et al. (2011), the results do not differ from those obtained by Notter et al. (2010)
using a different inventory. They found a relative contribution of 36.2% in the case of the cathode and 14.5%
for the anode of batteries in electric cars.

The results indicate that the LiMnO battery does not produce an environmental improvement compared to
the LiNiCoMn battery. Battery manufacturing has a slightly lower impact, while maintenance and disposal
have a slightly higher impact. In this sense, the LiNiCoMn battery seems a good choice because it offers
higher energy densities. In absolute terms, Zhao and You (2019) reached the conclusion that a complete
battery pack of 250 kg causes around 2000 and 2500 kg CO2-eq. By scaling these mass values to match

the BEV batteries, values around 120 and 150 kg CO2-eq. are estimated, similar to the results reported in
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Tables S4 and S5.

3.3. Sensitivity analysis

Given that the operation stage of BEVs is affected according to the source of electricity and is
also the one with the greatest impact on the environmental behaviour of ICEVs, the parameters
most closely related to this stage are evaluated: the distance and the mix of electricity used to
charge the battery. Table 3 presents the limits of the baseline (B), lower (L) and upper (U) levels
of the analysis. Furthermore, the influence of the battery mass is also considered as it constitutes
one of the sources of uncertainty in the inventory. In this case, a change of £15% from the original
mass of the battery is evaluated.

Table 3. Levels of the baseline (B), lower (L) and upper (U) limits for sensitivity analysis.

BEV LiNiCoMn BEV LiMnO ICEV
Case L B U L B U L B U
Distance (-103km) 50 80 100 50 80 100 50 80 100
Electricity mix CA ES CN CA ES CN - -

Battery mass (kg) 11.22 13.20 15.18 15.98 18.80 21.62
CA: Canada; ES: Spain; CH: China.

3.3.1. Distance

A service life of 100,000 km for a motorcycle can be considered a rather optimistic scenario; however, it
will serve as a reference to assess whether the differences observed in the operating stage are magnified.
Exceeding 80,000 km implies that, according to the assumptions made in this study, a third

battery will be needed in the case of the BEV. The results for this analysis are shown in Figure

5.
19
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Figure 5. Influence of distance variation on the impact of global warming potential according to the baseline

case (Table 3) for BEV (LiMnO and LiNiCoMn) and ICEV.

A substantial increase in the total impact of global warming potential is observed in the case of the
BEV LiMnO battery for 100,000 km. This is because the maintenance and disposal stages for this
type of battery increase the impact compared to that of the LiNiCoMn, as the battery has to be replaced
twice (for a total of 100,000 km) and not once (as in the case of 50,000 km). The variation of the total
life distance in the case of the ICEV is linear since there are no battery replacements as in the case
of the BEVs.

3.3.2. Electricity mix

The variation of the electricity mix does not influence the ICEV; therefore, the results of the sensitivity
analysis for the variation of the source of electricity generation to charge the batteries only show the

results of the BEVs (Figure 6).

= High-carbon case
= Low-carbon case

| 97

BEV LiNiCoMn
—13]

194

BEV LiMnO
—12]

L |
—40 =20 0 20 40 60 80 100
Global warming potential variation (%)

Figure 6. Influence of electricity mix variation on the impact of global warming potential according to the

baseline case (Table 3) for BEVs (LiMnO and LiNiCoMn).

Three scenarios are considered: i) low-carbon case — Canada is chosen as a reference, as
approximately 80% of electricity comes from low-carbon sources; i) high-carbon case — China with
30% of electricity coming from low carbon sources is the reference in this case (Ritchie, 2021); and
iii) base line case — Spain.

It is evident that the origin of the electricity plays a relevant role in view of the results shown in
20
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Figure 6. The increase in the impact on global warming potential is greater than 90% for the two
BEVs in the high-carbon case. This suggests that one way to reduce the greenhouse gases
emissions in the case of Spain would be to increase the amount of renewable generation, perhaps
even at the individual level as a form of distributed generation. Similar conclusions can be drawn
from the literature. For example, Burchart-Korol et al. (2020) found that the impact of battery
charging varies by more than a factor of ten when the vehicle is charged in France or Poland. In
the case of Canada, Bicer and Dincer (2018) obtained a result of 0.160 kg CO2-eq./km, while
with the Chinese electricity mix, Wu et al. (2018) reported 0.283 kg CO2-eq./km. Thus, there is a
difference of around >80% taking the Canadian mix as a reference. Despite also considering a
cradle-to-grave approach, the functional units in these studies were the service provided by
automobiles. Thus, the results reported in this study are not directly comparable, but the results
obtained confirm that the impact of the electricity mix is relevant. In fact, considering the low-
carbon case, the terrestrial acidification decreases by about 18% and the particulate matter
formation is reduced by 15% when compared to the Spanish mix. These two impact categories

are quite significant in terms of the impact on air pollution and urban mobility.

3.3.3. Mass of batteries

The variation in the impact of global warming potential when their mass is reduced or increased by
15% is shown in Figure S2. As expected, no significant changes were observed when varying the
mass of the battery. Taking into account that batteries contribute 15 to 20% of the total impact,
by increasing the mass by 15%, their contribution to the impact of global warming potential is
increased by approximately 3%. The sensitivity analysis performed is similar to that reported by
Zhao and You (2019), in which the input parameters are varied by the same LiMnO and LiNiCoMn
relationship. The results obtained indicate that the model appears to be robust since the variations

are in the expected order of magnitude.
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3.4. Economic analysis

This section discusses the impact of the recent paradigm shift on mobility from an economic point
of view, taking as examples the two motorcycles, the Muvi (BEV) and the Burgman 125 (ICEV).
The data to compute the costs, along with the final TCO according to the Eq. 1 are presented in Table
S6. Assumptions considered are as follows: i) the price of the electricity, considering off-peak hours,
has been considered to be 0.13 €/kWh (Bassols, 2021); ii) it is estimated that BEV consumes around
0.0247 kWh/km according to the WMTC cycle; iii) the ICEV consumes about 3 L/100km (Suzuki,
2020), and the cost of gasoline has been considered to remain constant at 1.2 €/L (Diesel Gasolina,
2021); iv) the estimated maintenance cost for the BEV is 100 €, whereas for the ICEV it is 120 €
(estimations made based on Cox and Mutel, 2018); v) the cost of the battery replacement is around
500 €/kWh (Walker and Roser, 2015), which results in an approximated annualized cost of 150 €/year
as the BEV includes a 3 kWh battery; and vi) the purchasing cost of the BEV and the ICEV are 4600
€ and 4000 €, respectively (ElectroMotos, 2020; Suzuki, 2020).

The Suzuki Burgman 125 is a mid-power motorcycle (about 9 kW) (Suzuki, 2020), while the Muvi
offers a lower nominal power of 3 kW.

The results indicate that the BEV is a competitive alternative to a traditional ICEV. Despite a
higher investment cost, due to lower costs of energy, operation and maintenance, it results in a
roughly 20% cheaper vehicle. In the literature, the only study that deliberately considers the cost
of motorcycles is Cox and Mutel (2018). They estimated the total cost of ownership, and
concluded that the lowest is linked to medium-power motorcycles, since they present a convenient
balance between energy costs and acquisition costs.

Apart from the direct cost, environmental impacts can be externalised using the values from De
Bruyn et al. (2018). The methodology proposes a representative factor for each midpoint impact
category that transforms the impact as such into an economic cost. Externality costs have been
added in the Coam term in Eq. 1. In case of the BEV, these externality costs present some variability;

as a reference, the mean value has been taken. Results obtained are listed in Table 4.
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Table 4. Externality costs (€) of the midpoint impact categories evaluated for BEVs and ICEV.

Category BEV BEV LiMnO ICEV
LiNiCoMn
Freshwater eutrophication (FEP) 2.01 2.35 0.97
Natural land transformation (NLTP) 0.00 0.00 0.00
Freshwater ecotoxicity (FETPinf) 12.98 15.83 4.34
Urban land occupation (ULOP) 1.07 1.15 1.29
Fossil depletion (FDP) 0.00 0.00 0.00
Particulate matter formation (PMFP) 188.18 198.50 277.98
Climate change (GWP100) 81.49 84.28 438.43
Photochemical oxidant formation (POFP) 8.12 8.51 91.82
Human toxicity (HTPinf) 177.57 209.33 1199.38
Terrestrial acidification (TAP100) 60.16 61.28 93.64
lonising radiation (IRP HE) 26.29 26.52 25.67
Marine eutrophication (MEP) 7.05 7.46 15.52
Ozone depletion (ODPinf) 0.04 0.01 0.04
Agricultural land occupation (ALOP) 7.81 8.10 5.94
Marine ecotoxicity (METPinf) 11.49 14.00 7.88
Terrestrial ecotoxicity (TETPinf) 2.53 2.75 155.40
Total 586.8 640.0 2318.3

The overall cost analysis adds the acquisition cost, the operational one, the cost associated with the
maintenance and replacement of batteries, and the total externality cost from Table 4. The externality costs
of the various midpoint categories make it clear that the Burgman 125 (ICEV) costs more than the Muvi
(BEV). TCO do not differ much for both vehicles (0.1166 vs 0.1447 €/km), but when considering the costs
of externalities (the total in Table 4), there is no doubt that the Muvi (BEV) is the most appropriate option
from the perspective of environmental costs, being approximately 25% cheaper. Moreover, having a low-

carbon electricity mix would reduce the externality costs by an additional 19%.
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3.5. Implications for EV promotion and technological development

The energy efficiency of BEVSs is higher than that of other EV's (Helmers and Marx, 2012), and their battery
capacity is greater, leading to potentially greater implications for electricity grids when recharged at peak
hours and peak locations (Hardman et al., 2018, Moon et al., 2018, Wolbertus et al., 2018). Moreover, with
rising EV demand, it will be important to understand the spatial patterns of EV adoption to minimize the
risks associated with spatial accumulation of EV drivers and EV-related peak energy demand (Nicolson et
al., 2017), such as transmission congestion (Hu et al., 2017), and important voltage drops (Hoogsteen et
al., 2015). Increasing BEV battery capacities could have mixed impacts on the life cycle emissions rate of
grid-tied BEVs and the GHG abatement from a transition away from gasoline-powered vehicles as has
been reported in this tudy. Ambrose et al. (2020) concluded that larger battery systems and low utilization
do not exceed expected reductions in emissions from electricity used for vehicle charging in US. These
trends could be exacerbated by increasing BEV market shares for larger vehicles.

The charging of battery electric vehicles could have a big impact on the daily demand for electric power,
and the peak hour of electricity consumption would become unmanageable. In particular, the Spanish grid
is vulnerable due to the government's intention to achieve an increasing share of renewable energy by
shutting down nuclear and fossil fuel plants. Fernandez (2021) evaluated different scenarios for the Spanish
electricity grid using a stochastic model, the author concluded that the most appropriate strategy lies in the
development of a charging network in the workplace, which allows a slow charge of the batteries during
working hours. This strategy is less commercially attractive, but represents the best option from the
perspective of low emissions and electric grid reinforcement.

Globally, the adoption of electric vehicles (EV) currently relies heavily on strong EV policies (oriented on
the demand side) (Mlnzel et al., 2019). These robust policies include a broad spectrum of road space
privileges. Furthermore, these policies are clearly related to consumer preference. Briickmann et al. (2021)
evaluated EV adoption in regions without strong polices, author reported that EV adoption is predicted by
technology affinity, high income, green party preferences, and living in one’s own house. However, these

findings represent fundamental patterns of individuals in the adoption of new mobility and energy
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technologies, especially when far-reaching policies are lacking. In this regard, cost of acquisition is still one
of a main drivers for shifting to electro mobility, then, appropriate communication on the real cost of each
technology is necessary.

3.6. Consequences on urban air pollution

Road transport is regarded as the main contributor to air pollution (Belis et al., 2013; Soret,
Guevara, and Baldasano, 2014). In 2018 the European Environmental Agency (EEA) attributed
417,000 premature deaths to fine particulate matter in Europe as a whole. In fact, in only four
countries (Estonia, Finland, Iceland, and Ireland) were the concentrations of particulate matter
within the air quality guidelines proposed by the WHO (European Commission, 2020). It should

be noted that some improvements have been made during these past years. Forinstance, annual

and daily PM10 concentrations have decreased by 10-20% over the last decade (European

Environmental Agency, 2020). Certainly, the effects of air pollution on the local population cannot
be ignored. Spain, and in particular Barcelona, is no exception to the rule. For instance, NO-
geometric mean values around 42 ug/m?3 were recorded, as reported by Gibergans et al. (2020).
In the metropolitan area it was quantified that reducing PM10 levels to 20 pug/m? according to the
WHO guidelines would mean approximately 3500 fewer deaths, 31,100 fewer cases of bronchitis
in children, and a total of 54,000 fewer asthma attacks, all annually (Pérez, Sunyer, and Kunzli
2009). According to the authors, this could translate into a monetary benefit of 6400 million euros
per year.

Taking into account the results of the sensitivity analysis carried out, if the low-carbon electricity
mix is adopted, the impact category of photochemical oxidation formation could be reduced by
about 16%. A recent study evaluated the long-term PM reduction, authors found that current
electric vehicle promotion policies in South Korea have limited effectiveness in reducing PM
emissions due to the weak substitution ratio between diesel vehicles and BEVs, implying that the
substitution ratio between different types of vehicles must be carefully investigated when

designing environmental policies for the road transport sector (Choi and Koo, 2021).
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According to the results obtained in this study, BEVs represent a 30% reduction in the PM10
category. These values are positive in the sense that they can lead to a significant improvement
in air quality. Furthermore, the differences in the human toxicity category suggest that the impact
of the ICEV is approximately 5 times more damaging to humans than that of the BEVs. As
mentioned above, BEVs have a non-zero impact. However, opting for electric mobility offers the
possibility of further controlling emissions at their source. On the contrary, conventional motorcycles
cause dispersed and uncontrollable emissions in the densely populated areas, which, despite the
installation of catalysts, remain considerable if the air quality guidelines proposed by the WHO are
considered. The solution is based not only on the promotion of electric mobility, but also on the
definition of a new model of urban mobility. Therefore, combining electric mobility with promotion of
freight and passenger modal split towards less polluting systems, the adoption of technical and
regulatory constraints (e.g., standards and prohibitions) and appropriate financial means (e.g., taxes,
charges and tolls) can significantly improve air quality (Cavallaro et al., 2018). In this sense, BEVs
may be one of the alternatives with the potential to be more widely adopted in urban mobility.

The present study covers the LCA of two motorcycles, such as the Muvi and the Burgman 125, but a
broader range of motorcycles could be considered. At the same time, several urban cycles could be taken
into account. They could be adapted to a scenario where, for example, road congestion can be introduced,
which is not uncommon in Barcelona. Varying the number of kilometers driven per year, perhaps extending
80,000 km over the course of more than a decade, can have some significant impacts on cost analysis.
This situation would be unfavorable for the BEV as it would take longer to offset the investment costs and,
therefore, the economic advantage over the ICEV would be diminished. It should also be noted that the
cost of battery replacement will tend to drop over time, which could somehow compensate for this

disadvantage.
4. CONCLUSIONS
In this study, a comparative analysis of the life cycle of two medium-power motorcycles in a Spanish

urban environment was carried out, as well as the economic study of the total costs of ownership

26



561

562

563

564

565

566

567

568

569

570

571

572

573

574

975

576

577

578

579

580

581

582

583

584

585

586

considering the environmental costs associated with each type of vehicle. In addition, two types of
batteries were also considered to evaluate the environmental performance in terms of urban mobility
and the potential deployment of BEVs in the city of Barcelona, Spain. The results indicate that the
BEV is a promising option in environmental terms, since its global warming potential associated with
the duration of the life cycle is approximately one fifth of that of the ICEV. The differences are mainly
due to the operational stage, where the combustion of fossil fuels has a significant impact. In the
other stages of the life cycle (manufacturing, maintenance and disposal) the differences are smaller.
Sensitivity analysis indicates that the total distance travelled plays an important role, but the
electricity mix is probably the most relevant factor in terms of climate change. This confirms the
benefits of the energy transition, mainly based on renewable energy and low-carbon technologies;
the environmental impact of the BEV would be further reduced with a low-carbon energy mix
compared to the current one in Spain.

Air pollution continues to be an issue of concern in Spain and, more specifically, in large cities such
as Barcelona and Madrid. The adoption of BEVs can be considered as one of the elements of a new
mobility model to mitigate urban air pollution. It should be noted, for example, that the results of
photochemical oxidation formation were 30% lower than for the ICEV.

The battery comparison shows that LiNiCoMn batteries are still a good choice for BEVs compared to
LiMnOs. LiNiCoMn batteries are mainly used in electric vehicles due to their energy density; however,
the results did not differ much between the two types of batteries and were in agreement with those
reported in the literature. Regarding the economic analysis, the ownership costs are similar for the two
motorcycles. However, by externalising environmental costs, the BEV was demonstrated to be more
competitive than the ICEV, especially due to the external cost of impact categories such as particulate
matter formation, climate change, and human toxicity.

Finally, it can be concluded that electric mobility must play a fundamental role in the transformation to
a more sustainable urban mobility model, especially in cities like Barcelona, a fact that is based on

environmental, economic and social criteria, if the impact on air pollution is taken into account, as has
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been discussed in this study.
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