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Abstract

Purpose The paper aims to promote the transition to low/zero emission of the local public transport, particularly, urban
buses are taken into account.

Method The life cycle assessment of electric and biomethane-fuelled urban buses is performed by exploiting SimaPro
commercial software (v.9.1.1.). Attention is focused on powertrains. Both midpoint and endpoint analyses are performed.
Referring to environmental impact, the best compressed biomethane gas (CBG) powertrain was compared to the best electric
one. Additionally, the worst-case scenario has been considered for both CBG and electric powertrains.

Results CBG powertrain outperforms the electric one if overall greenhouse gas emissions are considered. However, the
electric powertrain seems promising for human health and ecosystem.

Conclusions The environmental performance of the two powertrains is good. Both of the two technologies have strength and
weak points that anyhow make them good candidates for a clean local public transport of the future. The analysis performed
in the paper suggests a future investigation on hybrid electric-CBG powertrain. Actually, such a solution could benefit from

both the strengths of the biomethane and the electric powertrain.

Keywords Urban buses - Biomethane - Environmental performance

1 Introduction

Many of the 17 Sustainable Development Goals of the
United Nations (2020) foster — directly or indirectly — a
cleaner transport system. Precisely, Goal 13 “Take urgent
action to combat climate change and its impacts” is fully
relevant for the research presented in this paper. Other rel-
evant goals are Goal 7 (energy for all), Goal 9 (sustainable
industrialization and innovation), Goal 10 (make cities sus-
tainable), Goal 12 (sustainable consumption), Goal 14 (sus-
tainable oceans and seas), and Goal 15 (protect terrestrial
ecosystems).

The European Union and its Member States in recent
years have also pledged to reduce the greenhouse gas (GHG)

Communicated by Xin Sun.

P< Giampiero Mastinu
gianpiero.mastinu@polimi.it

Department of Mechanical Engineering, Politecnico di

Milano, Via privata Giuseppe La Masa, 1, 20156 Milan,
Italy

Published online: 12 January 2022

levels with the Paris Agreement (UNFCCC 2016) and the
Green New Deal (European Commission 2019). These ini-
tiatives have urged the creations and further development
of policies that directly target urban buses for a cleaner and
more sustainable sector. The European Commission (2020)
has clearly stated an agenda to reduce to zero the emission
of the transport sector by 2050. Actually, the second goal
of the Agenda states: “By 2050, nearly all cars, vans, buses
as well as new heavy-duty vehicles will be zero-emission.”
Another similar agenda was published in the USA by EPA
(2016) which stated a substantial reduction of greenhouse
gas emissions from commercial trucks and buses by 2027.

The local public transport sector will acquire in the
future a greater importance (Spielmann et al. 2005). Actu-
ally, according to PWC (2016), one of the mega-trends of
the global economy is “accelerating urbanization.” Due to
urbanization, an increase of urban traffic is expected; this
will have a dramatic effect; in fact, nearly 80% of the surface
traffic in the world occurs within cities.

According to Ciuffo and Raposo (2020), we are wit-
nessing a revolution of local transport, where the main
drivers are represented by low-carbon technologies and
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connectivity, automation, and shared mobility. This techno-
logical development will lead to a higher sustainability of
transport (Papadimitriou and Mellios 2020). Public transport
is a non-negligible factor when it comes to lowering the
impact of greenhouse gases (GHG) and particulate matter
(PM) especially in urban areas (Ciuffo and Raposo 2020).

To assess the overall environmental impact of an urban
bus, it is not enough performing a well-to-wheel (WTW)
analysis of the emissions due to operating conditions. The
impact on the environment is to be fulfilled by performing
a life cycle analysis (LCA) that takes into account all emis-
sions through a cradle-to-grave approach. The problem of
LCA is that it is reputed more difficult to be acknowledged
than WTW (Joint Research Centre 2020). JEC (collabora-
tion between JRC-Eucar -Concawe) periodically publishes
a well-to-wheel report on the greenhouse gas (GHG) emis-
sions, energy use, and powertrain configurations in Europe
(Prussi et al. 2020), comparing actual consumption and
emission scenarios with future projections relative to 2030
(Joint Research Centre 2020). The focus on WTW emissions
is mainly on the CO,, as discussed by Johnson (2010).

LCA has been applied to compare different automotive
technologies since many decades ago. A recent query of the
SAE Mobilus database has provided 633 entries related to
the application of LCA to automotive technology. For sake
of space, the results of the query are not reported in this
paper. A remarkable result of the query is that no papers
were written on the LCA of buses fuelled with biomethane.

An additional query focused on the Journal of LCA pro-
vided a number of papers on the comparison of different
types of buses (Bouter et al. 2020; Velandia Vargas et al.
2019; Duan et al. 2017; Ercan and Tatari 2015; Choi and
Song 2014). Again, no reference was made to buses fuelled
with biomethane.

To cover the experienced gap, this paper focuses on the
comparison between compressed biomethane (CBG)-fuelled
urban buses and electric ones. The comparison seems quite
reasonable in view of a reduction of emissions in the local
public transport. Attention is devoted to powertrains only.

The use of alternative fuels such as biofuels in urban pub-
lic transport seems extremely relevant. The role of biometh-
ane in the transport sector, from road to naval applications,
has been widely studied as discussed by various organiza-
tions like the EU (Grigoratos et al. 2015), UITP (2020a,
b) and companies like Ricardo (Kollamthodi et al. 2016).
As for biomethane urban buses, the benefits of using com-
pressed biomethane gas (CBG) in cities has been investi-
gated and compared to the use of fossil methane (Fearghal
and Caulfield 2010). The research focused mainly on the
analysis of the renewable methane production and on the
optimal production configuration.

The production of biomethane is still a technology
under development. A complete LCA for the anaerobic
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digestion shows the impact, possibilities, and limits of this
technology (Timonen et al. 2019). The biogas deployment
emissions are analysed in a 2-part comprehensive review
that shows how differently particulates and CO, emissions
vary depending on different parameters such as digestion
scenarios, biogas utilization, and waste stream scenarios
(Poeschl et al. 2011, 2012). In this framework, also, the
chosen methodological approach, attributional or conse-
quential, affects the results of the analysis depending on
the allocation of products and subsystems for biomethane
energy production (Rehl et al. 2012).

As for heavy duty vehicles in the class M3 for public
transport, different research papers have been analysed.
None of the following papers considered CBG buses.

Nordeldfa et al. (2019) studied the LCA of city buses
powered by electric motor or diesel engine. As expected,
the results are deeply affected by the electricity produc-
tion process. Another comparative LCA of electric and
diesel city buses was performed by Mendoza et al. (2018).
Different future scenarios were examined. Different emis-
sion mitigation scenarios were considered, with the devel-
opment of emerging technologies as possible variables.
Concerns on the long term influence on LCA results were
addressed by Mendoza et al. (2018), Beltran et al. (2020).
Bouter et al. (2020) addressed the environmental trade-
offs in road passenger transportation between conven-
tional buses and electrified buses using LCA methodology.
Velandia Vargas et al. (2019) evaluated what would be the
environmental impact of manufacturing BEVs and battery
electric buses (BEBs) in Brazilian southeast. A conven-
tional bus was used for comparison with electric buses.
Cox et al. (2017) analysed by LCA different powertrain
technologies of urban buses; unfortunately, the biometh-
ane-fuelled buses were not considered. Duan et al. (2017)
analysed the carbon footprint in the public transport sector
in the Shenzen area. Despite a lot of efforts to promote
electric buses in Shenzhen, their effectiveness seems rather
limited. Referring to the New York area, Ercan and Tatari
(2015) presented total air pollutant emissions and water
withdrawal impacts through the lifetime of a transit bus
with different fuel options. Choi and Song (2014) analysed
CNG bus emission in Korea.

An example of a site-dependent LCA for urban transpor-
tation was discussed in a study by the Energy and Resources
Institute of New Delhi, where the Metro rail and the Bus and
Rapid Transit Systems (BRTS) were compared (Ghate and
Qamar 2020). In the LCA literature, the end-of-life frame-
work for city buses is also investigated as described in the
review by Schwarz et al. (2019) to avoid resource short-falls
of the needed resources in the production of alternative pro-
pulsion systems. Finally, Russell (2019) states correctly that
for a comparative LCA, the evaluation of emissions must be
carefully performed through the most appropriate method.
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For electric vehicles, many LCA studies show their
environmental performance. In the case of plug-in vehi-
cles, many studies have been performed for light vehicles,
comparing their environmental profile with a standard
internal combustion engine (ICE) vehicle (Silvestri et al.
2019).

Just a paper was found dealing with CBG buses. Shanmugam
et al. (2019) assessed the benefit of introducing biomethane-
fuelled buses in Mumbai, with successful effects. An in-
depth comparison between different types of powertrains was
missing.

All the mentioned LCAs tackle very complex prod-
ucts, such complexity must be carefully interpreted and
analysed. In the paper, a special care will be devoted to
complexity, but the focus will be on product and process
only. Mathe (2014) and Spielmann et al. (2005) focused
the attention on social life cycle assessment (SLCA), in
particular in the transport sector. We do believe that SLCA
is relevant but out of the scope of this paper.

The LCI on which the paper is based is reported in the
public repository of the Politecnico di Milano (See the
“Data” section).

Considering the GHG emissions, the best CBG power-
train will be compared with the best electric powertrain.
This seems a rigorous way to compare two different com-
plex systems (Mastinu et al. 2006). A brief justification of
the comparison method is given in the paper.

The paper is structured into three main parts.

Firstly, all the hypothesis and assumptions of the study
are listed for comparing electric and biomethane-fuelled
urban buses.

As a second step, in the inventory analysis, the bill of
materials (BOM) for the two powertrains under compari-
son are defined. All the components are briefly described
with their use application in the powertrain. All data
for fuel production, emissions, and maintenance are

categorized into the possible scenarios. These values are
the input value for the LCA.

Then at the LCIA level, the ReCiPe interpretation method
for the results is introduced, and results are displayed and
discussed. An additional sensitivity analysis to check the
effect of maintenance on the vehicle is performed.

Finally, in the conclusion, all results are summarized with
possible future developments of the study.

2 Goal and scope definition

According to the EN ISO 14040 2006 LCA procedure, the
goal and scope definition are hereafter given.

The functional unit of the study is a 12-m-long urban bus,
with a service life of 14 years. The daily travelled distance is
150 km; 53 days are the working days per year; 630,000 km
is the travelled distance of the whole bus life. The data make
reference to the average life of an urban bus in Italy. Both
buses are considered to be operating at maximum passen-
ger capacity. The data from Italy about operating life of the
vehicle is in line with European traffic data (UITP 2019).

In Fig. 1, the cradle-to-gate and cradle-to-grave life spans
are depicted.

The paper adopts the following hypotheses.

e Only the powertrain is considered. All of other parts of
the urban bus are not considered in the LCA. Actually,
the electric and biomethane-fuelled urban bus bodies are
composed by (nearly) the same parts.

e No assembly and transport of components is considered;
in other words, the environmental impact due to the pro-
duction of components in different sites of the world is
neglected.

e No LCA analysis is performed referring to fuelling
infrastructure; i.e., the environmental impact related to

i Component Vehicle :
: materlal >> anufacturlng>>manufacturing : Vehicle use
1 | extraction '
: ' and End of life
“““““““““““““““““““““““““““““““ ' Disposal
Cradle-to-gate
Fuel energy
Fuel use
cycle
Cradle-to-grave

Fig. 1 Cradle-to-gate and cradle-to-grave for a road vehicle such as an urban bus

@ Springer



The International Journal of Life Cycle Assessment

the manufacturing, usage, and maintenance of charg-
ing stations for electric vehicles is neglected. The same
approach has been followed for fuel stations of conven-
tional buses.

e The end of life for both buses is bare disposal. This is a
worst-case scenario.

3 Inventory analysis (LCI)

In the following sections, the cradle-to-grave analysis of the
product is approached by initially dividing it into a cradle-
to-gate part, considering the finished vehicles after their
production (electric and CNG cases), the use of the vehicle,
by taking into account the needed fuel for transit, and the
maintenance of the product.

3.1 Bill of materials

All the datasets were integrated with Ecoinvent 3.6 dataset.
The inventory analysis is based on the bill of materials of the
two different powertrains under comparison.

Figure 2 shows a sample of the BOM for the internal
combustion engine (ICE) bus. The BOMs have been gener-
ated from real and literature information of components/pro-
cesses. (STARK Automotive 2020), (ZF 2019), (Mercedes-
Benz 2019), (Iveco Bus 2020a, b), (Faber cylinders 2020).

Table 1 Percentages of waste material for production processes

Process Output (%) Scrape
material
(%)
Turning (axles) 95 5
Turning (gears) 80 20
Milling 98 2
Surface finishing (grinding) 100 0
Drilling 98 2
Sheet metal cutting 60 40
Die casting 98 2
Injection moulding 100 0
Forging 100 0

The data for the parts’ quantity and mass is taken from lit-
erature and from known design of the urban buses (STARK
Automotive 2020). It was not possible to obtain foreground
data for all production processes of the parts, and thus, the
transformations and machining of the components were
hypothesized as in Table 1. The definition of the bill of mate-
rials (BOM) for the two powertrains is close to the real case,
the most relevant components were considered, together
with minor components, such as screws, seals, washers, and
nuts.

The powertrain of the CBG vehicle is made up of six main
systems: ICE engine, engine cooling system, transmission,

System Components Subcomponents | Quantity Material and processes (ecoinvent data)
Three-phase Stator Outer case 4 kg Aluminium, primary, ingot {GLO}| production | Cut-off, S
asynchronous electric 4kg Casting, aluminium, lost-wax {GLO}| casting, aluminium, lost-
motor wax | Cut-off, S
Windings and | 55 kg Copper {GLO}| production, primary | Cut-off, S
coils 55 kg Wire drawing, copper {GLO}| processing | Cut-off, S
55kg Metal working, average for copper product manufacturing
{GLO}| processing | Cut-off, S
Structure 37.31kg Silicon, multi-si, casted {GLO}| market for silicon, multi-Si,
laminae casted | Cut-off, S
37.31kg Silicon, multi-Si, casted {GLO}| production | Cut-off, S
Resin structure | 0.97 kg Polyester resin, unsaturated {GLO}| production | Cut-off, S
Resin slots 42 kg Polyester resin, unsaturated {GLO}| production | Cut-off, S
Rotor Structure 41.08 kg Silicon, multi-si, casted {GLO}| market for silicon, multi-Si,
laminae casted | Cut-off, S
41.08 kg Silicon, multi-Si, casted {GLO}| production | Cut-off, S
Resin structure | 7.1 kg Polyester resin, unsaturated {GLO}| production | Cut-off, S
Bearings 0.32kg Steel, chromium steel 18/8 {GLO}| steel production,
converter, chromium steel 18/8 | Cut-off, S
Bearings 0.14 kg Chromium steel removed by milling, dressing {GLO}|
chromium steel milling, dressing | Cut-off, S

Fig.2 Part of the inventory analysis of the electric motor of the urban bus under consideration. The full inventory data can be retrieved from the
public repository of the Politecnico di Milano, see the “Data” section at the end of the paper
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air intake system, CNG tanks, and exhaust system. The most
complex system is for sure the ICE engine that has a number
of subsystems identifiable with engine block, head, injection
system, starter electric motor, permanent magnet alterna-
tor. Overall, the CBG powertrain has 319 parts for the 89
different components (screws and similar minor pieces are
considered all together in homogenous sets).

L

Fig.3 Powertrain of the CBG urban bus

L

The electric powertrain is composed by a smaller num-
ber of components (44 different parts for about 150 total
components), that are divided into three-phase asynchro-
nous motor and inverter (ZF 2020), battery pack (Argonne
National Laboratory 2012), engine and battery cooling sys-
tems, transmission, and wiring (again, screws and similar
parts are considered all together). We have not included an
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Fig.4 Powertrain of the electric urban bus
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Table 2 Avoided emissions

. Product Emissions in kton for 181 million Emissions in kg for 1 ton of Emissions in g for
from Fhe upeycling of manure tons of manure manure kg 1 of biomethane
into biomethane

NH3 326.5 1.8038 49.3
vocC 291.1 1.6082 43.9
TPM 338.2 1.8685 52.1
PMI0 215.5 1.1906 325
PM2.5 32 0.1768 4.83

on-board battery charger because we did want to consider
the best electric vehicle in terms of LCA impact. This is
achieved by limiting the number of components.

A schematization of the two powertrains can be found in
Figs. 3 and 4.

Figure 3 shows the powertrain of the CBG urban bus.
Figure 4 shows the powertrain of the electric urban bus.

3.2 Bus mission

The needed energy for the mission of the two buses (well-
to-wheel) is evaluated as shown below.

The chosen scenario considers a fully renewable mix both
for electricity and biomethane production from manure.

Considering a methane consumption of 0.53 kg/km
(Mastinu et al. 2020; CLM 2021), the overall use of meth-
ane during the life cycle (630,000 km) of the CBG urban bus
totals to 333.9 tonnes of methane. It is estimated that Italy
has a potential production of 8 billion Nm? of biomethane
from all feedstocks (CIB et al. 2016). This of course shows
the potential of biogas and biomethane production in Italy.
This is also true for Europe, where IEA study for Bioenergy
Task (IEA 2020) shows how Sweden and Germany take the
lead worldwide for commercial biogas upgrading plants
with respectively 55 and 96 plants (Giuntoli et al. 2017). In
the framework of circular economy, this potential could be
fully exploited. Therefore, for the assessment, the feedstock

chosen for biomethane production lands on cattle and pig
manure. The production of biomethane also accounts for
avoided emissions in the environment that are shown in
Table 2 (National Collaborating Centre for Environmental
Health 2011; Agostini 2006).

The production of biomethane from manure shows an
allocation problem relative to the production of the fer-
tilizer from the residual digestate. Fertilizer production
was included to avoid the allocation problem; this was
possible by using the consequential approach. This co-
product is considered within in the boundaries of this
LCA study as represented in Fig. 5. The data for fertilizer
production is given in the “Data” section. For the biom-
ethane extraction, the work by Duan et al. (2020). was
taken as reference.

For the estimation of the needed electricity for the mis-
sion of the bus, an average value of 1.25 kWh/km was con-
sidered (Mastinu et al. 2020; CLM 2021). Thus, a grand total
of 787,500 kWh per bus is needed in its entire life cycle.

The choice on renewable energy landed on low voltage
electricity production. Field solar panels were considered.
Plants with a total capacity of 570 kWp in an open ground
installation were taken into account. The slanted roofs were
not considered as a feasible solution for the production of
photovoltaic energy.

Note that both data for fuel consumption (electric and
CBQG) are in line with SORT data (UITP, and a study on real
data consumption values by Gis et al. (2017).

Fo- 5 Flow chart ‘Ef‘he prom- Digestate Fertilizer
ethane production (anaerobic
digsstion) : Treatment —>

Manure Biogas : Biomethane

— > Digestion > Bloga_s f————

upgrading
Electricity Heat Electricity
(grid) (small biogas (grid)
boiler)
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For the CBG vehicle, local combustion is considered
in the tank-to-wheel emissions. The data set presented by
ISPRA in 2018, related to emissions of a CBG bus in an
urban environment, is considered. These data represent the
average emissions of the category of enhanced environmen-
tally friendly vehicles (EEV). In order to make these data
compliant to the Euro VI standards, the emission values that
are regulated by the standard are set to the maximum value
allowed, while all other pollutants are left unchanged. Four
sets of data are considered for the combustion of the biom-
ethane to verify possible errors and variabilities of records;
this is discussed in the consistency check of the data.

As for maintenance, the electric bus requires two additional
battery packs in order to have a constant efficiency in its use,
totalling to three in its life cycle. The CBG bus on the other
hand has the battery for the auxiliaries replaced. This is in
compliance with today’s technology for powertrain batteries
since the average life for a battery pack for an electric vehicle is
around 200 thousand kilometres. Considering the 630,000 km
estimated, two additional battery packs during maintenance
were added, totalling to three battery packs for the electric bus
life cycle (Zhang et al. 2021; Dai et al. 2019) (Tables 3 and 4).

Table 5 depicts the described scenarios related to power-
train energy supply, emissions, and maintenance of the two
different types of buses.

4 Impact assessment (LCIA)
The method used for the evaluation of the output given by

the Inventory Analysis is the ReCiPe method (PRé Sustain-
ability 2016; PRé Consultant 2020; PRé Various authors

Table 3 Emissions for an EEV urban bus in air (Copert, Emisia 2020)

Substance Emissions
in air (g/
km)

Carbon monoxide (CO) 0.944

Volatile organic compounds (VOC) 0.9634

Non-methane volatile organic compounds (NMVOC) 0.0166

Nitrogen dioxide (NO,) 0.1573

Particulates 2.5 pm (PM2.5) 0.0658

Particulates 10 pm (PM10) 0.1212

Methane 0.98

Carbon dioxide (CO,) 1105

Lead 0.1318

Cadmium 0.0037

Copper 1.6347

Chromium 0.063

Nickel 0.0296

Selenium 0.0039

Zinc 0.5964

Table 4 Emissions for an EEV

L Susbtance Emissions in
urban bus in soil (Copert) soil (mg/km)
Cadmium 0.0005
Lead 131.8
Copper 1.0924
Chromiun 0.0496
Nickel 0.0074
Selenium 0.0007
Zinc 0.2826

2020). In the assessment, both 18 midpoint impact factors
and 3 endpoint factors, damage oriented, are considered. The
midpoint impact factors are presented in percentage form for
allowing a comparison. Since the analyses are performed
with simplified models of buses, a comparison is proper than
the assessment of bare values of midpoint impact factors.
The hierarchical perspective is chosen in the evaluation as
it is considered to be the most realistic and neutral approach.

4.1 Comparison methodology of different
powertrains

We will compare different powertrains in terms of environ-
mental impact, and we will explain below the methodology
we adopted. There are many factors that may be used to
define the performance of a bus in terms of environmental
impact. Mid-point analysis provides actually a set of indices.
A multi-criteria approach based on Pareto-optimality theory
should be followed to compare two different powertrains
(Mastinu et al. 2006). Applying Pareto theory to our case,
a simple and rigorous way for a comparison is taking into
account a single objective like GHG emission and compares
the best CBG powertrain versus the best electric powertrain.
In this case, two so called “Pareto-optimal solutions” are
compared. Comparing optimal solutions is the only way that
Pareto theory allows for a rigorous comparison (see Mastinu
et al. 2006 for a rigorous comparison among different com-
plex systems).

4.2 Cradle-to-gate of CBG powertrain: midpoint
analysis

In the initial analysis of the products for the cradle-to-gate
system boundaries, it is possible to identify the most rel-
evant processes and parts for the finished product that is
yet to be registered for on-road use. By inspection of Fig. 5
for the CBG powertrain, the motor, the CBG tanks, and the
automatic gearbox have the most impact on the environment
across all impact categories. This is coherent with the fact
that these subsystems are very complex with a high number
of components and overall have the highest mass (Fig. 6).
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Table 5 Different scenarios for
the comparative LCA

Powertrain

Electric

CBG

Fuel

Emissions

Maintenance

Photovoltaic electricity (open ground)
Abrasive emissions

3 battery packs/lifecycle

Biomethane from manure

Combustion (Copert cycle
EEV) + abrasive emissions

Low maintenance (auxiliary battery)

4.3 Cradle-to-gate of electric powertrain: midpoint
analysis

The results for the electric powertrain (Fig. 7) show how the
battery pack system has the greatest influence among almost
all midpoint categories, followed by the electric motor. The
cooling system, the transmission, and the wiring system have
a much smaller influence on the impact categories. This was
expected since the battery accounts for 87% of the overall
weight of the considered electric powertrain. In particular
in the battery cell, the greatest impact is that of the copper
and the lithium manganese oxide solution. On the electric
motor, stator and rotor have the greatest impact on all indica-
tors. Here, the silicon production and the copper production

Il Air intake
O ice

[l Engine cooling
[ Exhaust

100

50

oo
=
£
©
s
©
el
e,
(U]

Stratospheric ozone depletion
lonizing radiation, human
Ozone formation, Ecosystem
Fine PM formation
Ozone Formation, human
Terrestrial acidification
Freshwater eutrophication

] Automatic gearbox

for the windings and connector have the most impact on all
environmental factors.

It is important to point out that the choice of the elec-
tric motor greatly affects the results. Several LCA papers
(see e.g. Auer and Meinke 2018) state that just chang-
ing the electric motor efficiency — without changing the
motor type — can affect LCIA. This is even more evident
when changing motor type, for example, from asynchro-
nous motor to a permanent magnet motor. The problem
is mainly related to the environment impact of perma-
nent magnets. In the study, an asynchronous three-phase
motor is chosen; however, permanent magnet motors are
often used. This second case results in a greater impact
on all categories due to the usage of rare earths (such

B Transmission

[ CNG tanks

Marine eutrophication

Terrestrial ecotoxicity
Freshwater ecotoxicity
Marine ecotoxicity

Human carcinogenic toxicity
Human non-carc. tox.

Land use

Mineral resouce scarcity
Fossil resouce scarcity
Water consumption

Fig. 6 Midpoint analysis CBG urban bus — cradle to gate. Percent values. See the “Data” section for accessing the originating values
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Fig. 7 Midpoint analysis electric urban bus — cradle to gate. Percent values. See the “Data” section for accessing the originating values

as neodymium) whose treatment processes are critical
for the production of permanent magnets. We will go on
considering the asynchronous motor since it is the most
common design choice of manufacturers.

4.4 Comparison of electric and CBG powertrains —
cradle to gate: midpoint analysis

When comparing the two powertrains, the electric power-
train turns out to have a greater impact in all scenarios but
one (human carcinogenic potential, the sixth index from
the right in Fig. 8). In particular, in terms of percentage,
terrestrial acidification, terrestrial ecotoxicity, and water
consumption, the CBG bus impact is only 10-15% of the
electrical one.

Passing onto the endpoint evaluation of the damage on
human health, the ecosystem, and resources, the results are
consistent with the midpoint evaluation. The energy required
to run in the urban transit is taken from UITP 2021.

4.5 Cradle-to-grave of CBG powertrain: midpoint
analysis

In the midpoint characterization of the CBG powertrain
(Fig. 9), fuel utilization and maintenance display how
biomethane production generally has the highest impact on
all indicators for the considered system. We consider the
production of biomethane from manure. In particular, the
methane purification nearly represents 100% of the emis-
sions for global warming, stratospheric ozone depletion, ion-
izing radiation, terrestrial acidification, land use and water
consumption. Overall the production of biomethane requires
a relevant energy input and thus impacts negatively across
all indicators. The main indicator that benefits from manure
treatment is global warming. However, if normalization is
applied to the midpoint impact, it can be seen that the global
warming indicator has a much lower impact when compared
to ecotoxicity or human health problems. The main indi-
cator that benefits from manure treatment is global warm-
ing, with a negative value that is nearly 90% of the actual
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Fig. 8 Midpoint analysis comparison of CBG and electric powertrain — cradle to gate. Percent values. See the “Data” section for accessing the

originating values

total emissions. However, if normalization is applied to the
midpoint impact, it can be seen that the global warming
indicator is very small when compared to ecotoxicity or
human health problems. This result does not indicate that the
avoided emissions are irrelevant, but rather that the global
warming impact is less critical than other problems for this
particular system.

4.6 Cradle-to-grave of electric powertrain:
midpoint analysis

The characterization of the electric powertrain with the elec-
tricity consumption and maintenance shows that the battery
pack and the electricity production have the most relevant
impact on the product. From the results, the overall impact is
shared in a 50-50% proportion between the powertrain and
the electricity production on all indicators (Fig. 10).

4.7 Comparison of electric and CBG powertrains —
cradle to grave: midpoint analysis

When considering the whole life cycle of the two power-
trains, the results are not as polarizing as in the previous

@ Springer

cradle-to-gate approach. The results show that among all
midpoint impact categories, the methane bus (blue) per-
forms very badly on some critical sectors like particulate
matter emissions or human non carcinogenic toxicity, but
outperforms the electric vehicle (orange) on the global
warming emissions or water and marine ecotoxicity and
mineral resources. On some categories (stratospheric ozone
depletion, ionizing radiation, fine pm formation, terrestrial
acidification, human non-carcinogenic impact), the CBG
powertrain is definitely more impactful when compared to
the electric one. These categories are all related to emissions
generated by the combustion or production of the methane.
This is unmistakeable since in the cradle-to-gate analysis
the CBG behaved in a better way compared to the electric
one. The particulate emissions are particularly bad for the
methane bus; here, the CBG has an order of magnitude of
difference when comparing the kg PM2.5 eq values. This
good performance of the biomethane driven bus is coher-
ent with well-to-wheel (WTW) studies (CIB et al. 2016)
that found that for a 100% renewable biomethane from
manure, its impact is comparable to that of an electric vehi-
cle that uses photovoltaic energy as in the figure below. The
result is not comparable in values with the cradle-to-grave
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comparison but supports the results in the global warming
category, where the effect of biomethane production from
manure is beneficial. The large gap in the GHG emission is
related to the cradle-to-gate and maintenance of the electric
vehicle (Fig. 11).

4.8 Comparison of electric and CBG powertrains —
cradle to grave: sensitivity analysis referring
to maintenance

Different levels of maintenance for the two vehicles during
the life cycle are considered for a sensitivity analysis of the
two products. The choice for the assessment on maintenance
was made to evaluate a critical aspect of the life cycle in
the case of public transport. The light maintenance of the
CBG vehicle represents a common case, considering just a
replacement of the on-board battery system for the auxiliary
electronics. The heavy maintenance accounts the remote sce-
nario where a change of all the CBG tanks is required. For
the electric powertrain, maintenance levels are represented
by the number of battery packs used in the life cycle of the

powertrain. In the best case, no batteries were substituted.
This scenario could represent an optimistic case where an
improvement in the technology could allow no replacement
on the battery pack. The actual scenario is the one where,
in the most demanding scenario, the life of a battery pack
is of about 5/6 years, thus needing three sets of modules for
its entire lifetime.

The low maintenance CBG has the best index for the
global warming indicator even compared to the most opti-
mistic case for the electric bus (one battery pack), while
the other three electric scenarios are more than double.
The actual scenario for the electric vehicle (three battery
packs) has almost the worst impact. The change in mainte-
nance of the CBG bus affects the most categories such as
global warming, ozone formation, marine eutrophication,
and fossil resources. The electric powertrain has a nega-
tive effect on indexes that are related to ecotoxicity, land
use, freshwater eutrophication, and mineral resources. The
land use is related to the occupation of soil by the pho-
tovoltaic on ground installation of the solar panels. The
mineral resource scarcity is tied to the production of the
batteries (Fig. 12).
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5 Discussion on interpretation of results

In the presented midpoint assessment, the technology neutral
approach was applied. For both of the two vehicles, the best-
case scenario compliant to today’s technology was consid-
ered. Referring to GHG emissions, the aim was to compare
the best electric powertrain versus the best CBG one. For the
electric bus, no permanent magnets were considered, and for
the CBG bus, the EURO VI emission standards were met.
The electric energy supply was fully provided by renewable
resources. We have resorted to Pareto theory to justify the
comparison of the buses.

We aimed to reveal the most critical aspects in terms of
environmental impact of the two technologies. Our contribu-
tion is to be intended as a preliminary evaluation and com-
parison of the two types of buses. For a more in-depth study,
actual BOMs and real-life data must be gathered and consid-
ered. This document is still not sufficient to obtain any kind
of environmental label. Nonetheless, although quantitatively
approximated, our results may give sound qualitative informa-
tion on environmental impact of the two buses. The soundness
of the results is based on midpoint analysis that provides reli-
able information. The known drawback of midpoint analysis is
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that a synthesis is required, which may be not always an easy
task. Except for the fine PM formation, the performance of
CBG and electric bus are comparable, even if CBG bus seems
better than the other one for global warming.

After the midpoint analysis, an endpoint analysis has
been performed. The best CBG and the best electric power-
train are compared. Additionally, the worst CBG and worst
electric bus are compared as well. The worst cases are con-
structed as follows. The worst CBG refers to biomethane
production starting from a bad known electricity mix. The
worst electric bus refers to electricity mix obtained from the
mentioned bad electricity mix (University of Oxford 2019).

For what concerns human health and ecosystem, the
electric urban bus has a better profile when compared to
the biomethane one. This is not the case if resources are
considered. Such results come from the SimaPro software
computation and deserve a special critique. A generalization
stating that electric buses are definitely better than CBM
should be avoided. A number of reasons are as follows:

Firstreason. We neglected a number of factors ranging from
the whole bus body analysis, to the environmental impact
due to the production of components in different sites of the
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world. Additionally, no infrastructure is considered, i.e., the Second reason. In our analysis, the crucial economic aspect of
environmental impact of the creation of fuelling or charging life cycle cost is not considered. Additionally, the social aspects
stations is not taken into account. The recycle of batteries  that would impact the supply chain and thus the employment/
and other parts of the buses is not considered as well. unemployment and welfare of the workers are not considered.
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Fig. 12 Midpoint analysis comparison — cradle to grave. Percent values. See the “Data” section for accessing the originating values
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This could be analysed in a social life cycle assessment which
is out of the scope of this paper. Geopolitical aspects concern-
ing the access to resources are not considered.

Third reason. Sensitivity to weather conditions was not
considered.

Fourth reason. A design change in any of the subsystems of
the two buses would mean a substantial change of their end-
point environmental performance. For example, if permanent
magnet motors would be used or the electricity mix would be
changed, the endpoint performance of the electric bus would
change considerably. The same would occur for the CBM if the
electricity to produce biomethane would be from fossil fuels.

Fifthreason. The endpoint analysis refers to a synthesis that
obviously has some bias coming from the data processing.
We do not get into details here on how the SimaPro soft-
ware computes the endpoint indices; we leave the interested
reader the analysis.

Both the midpoint and endpoint analyses have been pro-
duced in terms of comparative assessment because the models
used are relatively simple. In this case, a comparison seems
proper than an evaluation based on bare values coming from
computations.

In the Appendix, a well-to-wheel analysis is reported for a
more complete overview of the comparison between the buses.

6 Conclusion

The aim of this paper was to provide preliminary but as com-
plete as possible information on the environmental impact of
two types of urban buses, namely, electric and biomethane
fuelled. We focused on the bus powertrain only.

LCA has been adopted to compare the two technologies
since it allows a more comprehensive study compared to the
old well to wheel analysis.

The focus was mostly on midpoint analysis. The best
CBG powertrain was compared to the best electric one.

Referring to cradle-to-gate performance, CBG powertrain
outperforms the electric one.

Referring to cradle-to-grave performance, a more com-
plex situation is to be considered, actually.

e methane production (biogas upgrading) is the most criti-
cal aspect for CBG.

e focus on batteries is fundamental for further abatement of
emissions on all indicators for electric (notwithstanding the
power mix that we considered here as full photovoltaic).
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e electric powertrain (with full renewable power mix)
has a good overall performance; CBG is competitive
although locally slightly pollutant.

We also performed an endpoint analysis. In such an
analysis, we considered both the best and the worst pow-
ertrains belonging to the two technologies. Despite the
endpoint analysis is difficult to be interpreted and cannot
be reliably considered, the electric powertrain performs
better that the other referring to human health and ecosys-
tem. The opposite occurs for resources.

Finally, we would conclude that when the technology
for electric buses will be fully developed, they could be
a good solution for the environment. If tailpipe emissions
are not considered — but overall emissions are — CBG
bus is better than the electric one for what concerns global
warming.

The analysis performed in the paper suggests a fur-
ther investigation. Both in the transient and in the future,
a reasonable solution could be a hybrid electric-CBG
bus. This solution may benefit from both of electric and
CBG technology. Local emissions could be kept near to
zero when the hybrid bus would run electric in down-
town areas. The sensitivity to weather conditions and a
reduced charging infrastructure could be attained. The
very low global warming potential of CBG could be fully
exploited.

Appendix 1 Well to wheel comparison
of photovoltaic electric bus versus anaerobic
biomethane gas-fuelled bus

Midpoint analysis

The LCA analysis has been compared to a well to wheel
analysis. Overall, the CBG bus is more impactful than
electric bus on all categories but two. The avoided methane
emissions from manure are beneficial for global warming
emission of the CBG bus. Additionally, land use is better
for CBG bus because the photovoltaic electricity produc-
tion is prone to open field occupation. By comparing the
results in Fig. 13 with the cradle to grave in Fig. 11, we
see that both vehicle production and maintenance affect
various impact factors. Indicators for ecotoxicity, eutrophi-
cation, and ozone formation change drastically when the
whole life cycle is evaluated. The same can be said for
mineral resource scarcity and water consumption due to
the production of the battery modules.
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