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The study investigates the environmental impacts of electric city buses based on the storage technologies applied
and the degree of electrification within the Finnish context. Lithium iron phosphate (LFP) and electrochemical
recuperator (ECR) were selected as storage technologies. ECR can be an alternative to the lithium-ion battery;
however, little is known regarding its environmental performance when applied to electrify city buses. The study
focused on diesel buses, battery electric buses (BEB) and plug-in hybrid buses. Life cycle assessment (LCA) was
used to assess the potential environmental impacts between storage technologies and the degree of electrifica-
tion. Primary data from the industry was used to assess the impacts of manufacturing ECR. The results showed
that manufacturing a kWh of ECR generated a global warming potential (GWP) of 178 kg CO2-eq, higher than
LFP. However, its application indicated that ECR performed better. The impacts of using ECR and LFP in BEB
were 385 g COz-eq/km and 441 g COz-eq/km, respectively. The hybrid system generated 652 g CO2-eq/km and
670 g CO2-eq/km for ECR and LFP, respectively. The study also showed no consistent pattern between the degree
of electrification and environmental benefits. Scenario analysis revealed that BEB provided the best GWP when
assessed using a Finnish and Norwegian electricity mix, while the hybrid system performed the best when Polish
electricity was applied. This study demonstrated that storage technologies, degree of electrification, fuel con-
sumption, and electricity sources affect environmental performance. Careful assessment is needed before
deciding to electrify the city's transport system.

in the EU. In 2020, 77% of GHG emissions in the transport sector
accounted for road transport, whose trajectory showed a steady increase

1. Introduction

The transportation sector is one of the primary sources of greenhouse
gases emission (GHG). Globally, it was reported that 23% of GHG
emissions were from the transport sector, with 70% of it generated by
road vehicles, while 1%, 11%, and 12% were generated by rail, ship-
ping, and aviation, respectively (Jaramillo et al., 2022). In the European
Union (EU), the emissions from transportation consistently increased
between 2013 and 2019 due to the growth of passenger and inland
freight transports, followed by a 13.6% decrease during the COVID-19
restriction (European Environment Agency, 2022b). In 2021, the car-
bon emission from the transport sector bounced back following the lift of
pandemic restrictions, as indicated by around 8% growth compared to
the 2020 level (European Environment Agency, 2022b; IEA, 2022).
Road transport comprises the highest proportion of transport emissions

of about 28% between 1990 and 2019 (European Environment Agency,
2022a, 2022b).

Intercity and intracity road transportation are in the spotlight to
mitigate climate change since built environment properties can affect
the impacts of transportation (Arioli et al., 2020; Lim et al., 2019). On
top of it, the electrification of vehicles is expected to play a more
important role in reducing GHG emissions from road transport (Zhao
et al., 2021b). Driving electric vehicles (EV) does not generate tailpipe
emissions. However, the total emission of EV, hybrid electric vehicles
(HEV) and plug-in hybrid electric vehicles (PHEV) is affected by the
electricity sources used to power the vehicles (Onat and Kucukvar,
2022). Consequently, quantifying the impacts and benefits of tran-
sitioning toward electric vehicles requires a comprehensive tool that
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vehicle; HT, Human toxicity; LCA, Life cycle assessment; LFP, Lithium iron phosphate; LTO, Lithium titanium oxide; MAETP, Marine aquatic ecotoxicity; NMC,
Lithium nickel manganese cobalt; ODP, Ozone layer depletion; PHEV, Plug-in hybrid electric vehicles (PHEV); SR, Sensitivity ratio.
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applies a lifecycle perspective so that upstream emissions from elec-
tricity production can be incorporated. Life cycle assessment (LCA) is
still the most suitable tool to assess a wide range of environmental im-
pacts from products or activities covering all the inputs and outputs
throughout their life cycle (Baumann and Tillman, 2004). The tool was
developed initially in the 60s, and its implementation has become more
popular, especially in the United States, China, Italy, Spain, and Ger-
many (He and Yu, 2020). By considering the inputs and outputs from
multiple life stages, the impacts caused by upstream activities can be
assessed.

Most LCA studies concerning electric mobility focus on private ve-
hicles (Jakub et al., 2022). However, a growing number of studies are
investigating the environmental impacts of heavy-duty road vehicles,
such as electrifying city buses (e.g., Gustafsson et al., 2021; Huber et al.,
2022). Public transport plays a key role in increasing trip efficiency,
reducing traffic congestion, and improving overall air quality (Dillman
et al.,, 2021; Wimbadi et al., 2021). It was also reported that it emits
substantially lower GWP than private vehicles (European Environment
Agency, 2022a). To improve its environmental performance, the gov-
ernment started setting a target to electrify city buses, where 90% of
them in Europe are still powered by diesel (Glotz-Richter and Koch,
2016). In the city of Helsinki, 11% of the bus fleet is electrified to ach-
ieve a 30% electrification target by 2025 (Todorov, 2021). Norway has
an ambitious plan to achieve zero tailpipe emissions and biogas by 2025,
while Denmark and the Netherlands set the target by 2030 (Ager-Wick
Ellingsen et al., 2022; Wappelhorst and Rodriguez, 2021). The situation
shows the importance of understanding the potential impacts and ben-
efits of electrizing the bus fleet.

In recent years, many LCA studies on electric public mobility started
to grow, focusing on different types of batteries and levels of electrifi-
cation. Most studies examined the use of lithium iron phosphate (LFP)
batteries to power battery electric buses (BEB) and hybrid buses where
the battery capacity for BEB ranges from 60 to 324 kWh (Ager-Wick
Ellingsen et al., 2022; Garcia Sanchez et al., 2013; Harris et al., 2018).
Other studies applied lithium manganese oxide (LMO) (Bi et al., 2015),
lithium titanium oxide (LTO), and lithium nickel manganese cobalt
(NMC) (Ager-Wick Ellingsen et al., 2022; Harris et al., 2018). Some LCA
studies also investigated the impacts of hybrid or plug-in hybrid city bus
where it needs a smaller battery capacity of around 7-19 kWh combined
with a different type of fuel such as diesel or vegetable oil (Garcia
Sanchez et al., 2013; Lajunen and Lipman, 2016; Nordelof et al., 2019).
These studies applied different assumptions for the depth-of-discharge
(DoD) and charging cycles that affected the battery lifespan. Conse-
quently, each study has a different frequency in changing the battery,
from no replacement up to 5 times replacement during bus operation for
10-12 years. Furthermore, these studies also applied varying sources of
electricity, such as Sweden, Norway, Spain, the EU average, the United
States, and the United Kingdom resulted in varying degrees of envi-
ronmental impact.

While there are a growing number of LCA studies concerning the
impacts of an electrifying city bus, plenty of relevant aspects are still yet
to be studied. Most studies only studied certain storage technologies,
mainly batteries, such as LFP, LTO, LMO, and NMC. At the same time,
recent studies investigated the potential of using different technology,
such as ultracapacitors, to power city buses or implementing it as a
hybrid system paired with batteries (inci et al., 2021; f.ebkowski, 2019;
Lemian and Bode, 2022). On a practical level, an ultracapacitor has been
used in a city bus in Italy, Serbia, Bulgaria, and Israel (Chariot Motors,
2021; Sustainable Bus, 2021, 2022). However, studies about the envi-
ronmental impacts of storage technologies other than batteries are still
rare. The search results on Scopus at the beginning of June 2023 using
combining keywords “life cycle assessment” AND “capacitor” resulted in
29 documents, whilst a combination of “life cycle assessment” AND
“battery” yields more than 1000 results. It indicates the need to expand
the study about environmental impact assessment of various storage
technologies.
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Moreover, as far as the author's knowledge, LCA studies regarding
capacitor-like technology to electrify public transportation have not
been done. Hence, this study fills the gap by assessing the environmental
impacts of electrifying city buses using ultracapacitor-like technology
within the Finnish context. The results would be compared with main-
stream battery technology such as LFP, providing knowledge about the
environmental impacts of various energy storage system. The
ultracapacitor-like technology is represented by an electrochemical
recuperator (ECR) manufactured by a Finnish company, underlining the
significance of this study that uses primary data input to manufacture
the ECR. The ECR technology can also be considered a hybrid of battery
and supercapacitor, as it can store electrical energy electrostatically and
electrochemically. The aim of the study was attained by focusing on
these specific goals: i). investigating the environmental impacts of
electrified city bus which equipped with different storage technologies
such as ECR and LFP, ii) examining how the degree of electrification is
affecting the environmental impacts, iii) assessing the effect of the
electricity mix used to charge the bus on the environmental impacts, iv)
identifying the most critical input parameters. The main novelty of the
study was in the assessment of ECR and its application on city buses,
including the specific case covering the Finnish context.

2. Materials and method
2.1. Electrochemical recuperator (ECR)

This section describes the energy storage system studied called the
electrochemical recuperator (ECR), developed and manufactured by a
Finnish-based company. The information was obtained from the com-
pany's documentation and interview with the company's representative.
The description has been proofread; hence, it adheres to the company
confidentiality. The technology can efficiently store energy both elec-
trostatically and electrochemically by combining the advantages of both
methods: a high number of high-power charging cycles (typical for
electric double-layer capacitors EDLC) and good energy storage capa-
bility (typical for batteries in the high-power segment). Unlike hybrid
supercapacitors, these batteries demonstrate electrochemical reactions
at the surfaces of both electrodes. ECR cells consist of two carbon elec-
trodes built in a bipolar design. The electrodes are so thin that each cell
has a thickness of about 0.5 mm, allowing the highest possible discharge
performance. The technology uses aqueous electrolytes, radically
simplifying the manufacturing process and making it both low-carbon
and low-CAPEX. Moreover, the ultimate safety of water-based electro-
lytes ensures simplicity of the recycling chain, whereas the bipolar
design of the modules ensures simplicity of the recycling process as it
allows for fast and exact separation of all cell components.

ECRs typically demonstrate relatively high specific power (up to 10
kW/kg) and battery-like specific energy (up to 30 Wh/kg, depending on
an electrochemistry, use-case and design). Unlike traditional batteries,
they can be charged very quickly, and unlike supercapacitors, they can
accumulate substantial energy with a smaller footprint. It means they
can provide massive bursts of energy to the system and efficiently absorb
bursts of energy (e.g. the energy recuperated by a vehicle in every
breaking event or by a crane from every event of lowering the weight).
ECRs do not use metals such as nickel, cobalt, or lead for their electrode.
It allows 100% depth-of-discharge (DoD) with a long lifespan of up to 1
million fast charge-discharge cycles, even at low ambient temperatures.
The manufacturing is relatively less energy intensive because it does not
require any drying process. The bipolar design offers a large cross-
section for internal current in the whole device and uniform current
density on the electrodes, contributing to extreme high-power capabil-
ities, low heat generation and high cycle life. Typical use cases include
hybrid powertrains for heavy-duty vehicles and stationary fast energy
storage.
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2.2. Goal and scope definition

The main goal of this study was to compare the environmental im-
pacts and benefits of different energy storage technologies used in the
12-m city bus with the main focus on the global warming potential
(GWP). The assessment was conducted following the standards for LCA
covered by ISO 14040 and 14,044 (1SO, 2006a, 2006b). The comparison
among the degree of electrification was also scrutinized along with
different electricity mixes that powered the batteries. Electricity mixes
affect its production system, influencing the emissions generated by
electric vehicles (Gustafsson et al., 2021). The LCA was conducted on
hypothetical cases covering different types of buses. These are battery
electric buses (BEB) run by ECR and LFP, hybrid buses with a panto-
graph charging system (which is referred to in this document as ‘hybrid
bus’) employing ECR and LFP, and conventional buses run by diesel
(Table 1). Although the ECR is specially designed for the hybrid appli-
cation, the hypothetical case included a fully electric system to inves-
tigate whether there is a consistent correlation between the
environmental benefits versus the degree of electrification (e.g.,
whether BEB always provides higher benefits than hybrid). The LFP was
chosen to represent the more mainstream energy storage system since its
characteristics fall between NMC and LTO, especially concerning its
energy density and lifetime, and offers versatile technology (Ellingsen
et al., 2016). The BEB was powered by 200 kWh of LFP and 4.3 kWh of
ECR, whereas the hybrid bus used 19 kWh LFP and 0.75 kWh ECR
(Kempower, 2020; t.ebkowski, 2019; Nordelof et al., 2019). A panto-
graph charging system was assumed since it became more popular, and
bus companies incorporated this technology into their electric bus
(Volvo, 2020). Technological performances such as charging cycles,
depth-of-discharge (DoD) and charging efficiency were considered due
to their impacts on battery lifespan (Ager-Wick Ellingsen et al., 2022;
Gohlich et al., 2018). Battery replacement was also integrated into the
analysis so that the impacts could be captured. The functional unit (FU)
was “the extraction of raw materials, manufacturing and use of the
electricity storage system for 1 km of driving during 12 years of bus
lifespan”, and thus the LCIA results will be presented “per km” driving
for 12 years of bus lifespan, considering its suitability in representing
bus mobility.

The study focused on battery cells, considering the data availability
of ECR and the importance of cells as the main technology of an energy
storage system. The vehicle and the charging infrastructure were not
included in the study. The system boundaries were specified as material
extraction, component production, cell manufacturing and battery use
in the city bus (Fig. 1). In the use phase, the inputs considered were
energy consumption (electricity and diesel) and battery replacement if
necessary. The average Finnish electricity mix was used in the baseline
analysis in the production and use phase.

2.3. Life cycle inventory

Foreground and background data were collected to perform LCA.
The data regarding ECR component production and cell manufacturing
were obtained from the company that develops and manufactures the
ECR as described in Section 2.1, using the baseline year 2022. Infor-
mation regarding the GWP of LFP batteries on the production level was
taken from Ager-Wick Ellingsen et al. (2022). Besides, the background
system was complemented by Ecoinvent database version 3.8 (Ecoin-
vent, 2021). When the Finnish context was unavailable in the database,

Table 1
Hypothetical cases assessed by LCA.

Electrification Storage system BEB Hybrid Conventional (full diesel)
ECR X X

LFP X X

None X
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the European was applied, followed by the global context. Due to pro-
prietary reasons, the detailed data cannot be disclosed; nevertheless, the
material input can still be categorized into different components.
Table 2 shows the components of LFP (Ager-Wick Ellingsen et al., 2022)
and ECR cells.

The inventory data for the use phase was mainly obtained from
literature supplemented by expert judgment. A comparison was con-
ducted based on the degree of electrification and storage technology,
where the LFP battery was compared to ECR because it is widely used
and has decent properties. The battery has a relatively high charging
cycle of up to 4000 times for DoD of 80% with a specific energy of 150
Wh/kg-cells (Ager-Wick Ellingsen et al., 2022; Saft, 2015). Meanwhile,
the ECR used in this application has a low specific energy of 12.7 Wh/kg-
cells with 100% charge-discharge capability for up to 1 million cycles.
The ECR operating temperature ranges between —40 °C to 60 °C;
meanwhile, the LFP technology taken from Nordelof et al. (2019) was
based on Volvo electric buses tested in extreme cold and heat in Nordic
countries and Spain. Nevertheless, both storage systems were equipped
with automatic systems to control temperature where the average
operating temperature is around 23 °C. The air density was assumed to
be 1.225 kg/m*> and relative humidity ranges between 65 and 90%
(Finnish Meteorological Institute, 2022). The inventory of the use phase
can be found in Table 3, whereas the complete reference of each data is
provided in the supplementary material Table 1.

The table presents information regarding the storage technology on
the cell level since it was the focus of the study. The basis of the bus
weight was the same, and the difference was from the weight of the
storage technology installed. However, the pack's weight was applied for
bus weight calculation to represent the actual situation. The pack-to-cell
ratio of the storage system can range around 1.24-1.6 (Ager-Wick
Ellingsen et al., 2022; Wieczorek et al., 2019), and a conservative esti-
mation of 1.6 was applied in this study. The ECR was paired with a small
capacity LFP of 10 kWh for the BEB as an emergency backup. It was
estimated that the use of auxiliary LFP was about 0.2% of distance
driving. The property differences between LFP and ECR, including ultra-
fast charging for ECR, affect the sizing and replacement frequency. A few
seconds of charging at the bus stop is sufficient, making it possible to
install a small capacity of ECR. A Replacement may be necessary when
the batteries reach their end-of-life cycle. This study showed the need for
LFP battery replacement due to its life cycle. The replacement time was
estimated by calculating the total cycle needed during 12 years of bus
lifespan compared to the batteries' maximum charging cycle. LFP
replacement was done once for the BEB and six times for the hybrid bus,
respectively. In contrast, the ECR did not require replacement in the BEB
and hybrid applications. Unlike ultracapacitors, the application of ECR
will not require DC/DC converters.

The baseline of electricity needed per km driving of a bus with LFP
and ECR were assumed to be similar (Ager-Wick Ellingsen et al., 2022;
Nordelof et al., 2019). The difference was accounted for by the bus
weight; hence, an adjustment was made where every 10% of mass
vehicle reduction correlates to a 4.5% electricity decrease (Bi et al.,
2015). On average, the bus covers 65,000 km per year, resulting in a
total of 780,000 km during the bus lifespan.

2.4. Life cycle impact assessment

The impact assessment followed the CML baseline (CML Leiden
University, 2016). The University of Leiden developed the impact
assessment method, and it is divided into baseline and non-baseline. The
baseline impacts were applied since it covers LCA's most common
impact categories; hence, it is broad enough but will not overwhelm
those unfamiliar with LCA. The CML-baseline impact categories include
abiotic depletion, abiotic depletion fossil fuels (ADFF), acidification,
eutrophication, freshwater aquatic ecotoxicity (FAETP), global warming
potential (GWP), human toxicity (HT), marine aquatic ecotoxicity
(MAETP), ozone layer depletion (ODP), photochemical oxidation. All
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Fig. 1. System boundaries of the LCA on ECR cells.

Components of ECR and LFP cells.

these impacts would be included in the ECR manufacturing stage, while
GWP was the main emphasis in the subsequent stage, including
comparing cases, scenarios, and sensitivity analysis. GWP was the focal

Inputs and outputs ECR LEP Unit point due to the urgency to reduce fossil fuel consumption through bus
Inputs electrification.
Cathode 3 451.2 Gram Attributional and comparative approaches were applied in this
Anode 2 336.9 Gram study, where the impact accounting was conducted, and different cases
Separator 1 44.5 Gram d.c ibuti lysi 1 d . . h
Current collectors 8 (Included in anode and cathode) Gram Were_ compare? . .ontrl ution analysis W_as employed to .1nvest1gate t €
Electrolyte 9 61.4 Gram relative contribution of each process or input to the environmental im-
Sealant 4.5 - Gram pacts. The modelling used OpenLCA software version 1.11 (OpenLCA,
Pouch - 3 Gram 2022). No normalization was applied since the core of the work was to
Tabs 3.41 Gram uantify environmental impacts and compare cases without the need to
Water - 8100 Gram a y . . P . P . i
Electricity 0.00375 3.9 KWh evaluate relative magnitude with reference situations.
Heat - 2.3 kWh
Outputs
Cells 27.48 900.5 Gram 2.5. Sensitivity and scenario analysis
Liquid waste 0.018 8100 Gram
Sensitivity and scenario analysis were employed to address the un-
certainty issue. The global sensitivity analysis can provide insight on
how the results change due to varying the input parameters, while
Table 3
Data of bus alternatives in the use stage.
Item Unit BEB Hybrid Conventional
LFP ECR LFP ECR Diesel bus
Bus weight kg 13,400 11,921 11,465 11,359 12,500
LFP cell installed kg 1329.1 66.7 126.3 - -
LFP capacity installed kWh 200 10 19 - -
LFP specific energy kWh/kg 0.150 0.150 0.150 - -
ECR cell installed kg - 337.6 - 58.9 -
ECR capacity installed kWh - 4.3 - 0.75 -
ECR specific energy kWh/kg - 0.0127 - 0.0127 -
LFP DoD % 80 80 80 - -
LFP charging cycle times 4000 4000 4000 - -
ECR DoD % - 100 - 100 -
ECR charging cycle times - 1,000,000 - 1,000,000 -
Auxiliary use of LFP % of distance - 0.2 - - -
Electricity consumption kWh/km 1.430 1.423 0.530 0.530 -
Mileage km/year 65,000 65,000 65,000 65,000 65,000
Bus lifespan years 12 12 12 12 12
Charging efficiency % 95 95 95 95 -
Diesel consumption 1/km - - 0.19 0.19 0.45
LFP replacement times 1 0 6 - -
ECR replacement - 0 - 0 -
Total distance km 780,000 780,000 780,000 780,000 780,000
LFP cycles Cycles in 12 years 6971 277 27,197 - -
ECR cycles Cycles in 12 years - 257,591 - 550,970 -
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scenario analysis deals with the background system (Faraca et al., 2019).

2.5.1. Sensitivity analysis

Sensitivity analysis examines how outputs vary due to input
parameter changes (Bisinella et al., 2016). This paper applied the “one-
at-a-time” method, where each input parameter during the
manufacturing and use phase was increased by 10% while keeping the
rest at their baseline value. The sensitivity ratio (SR) was then calculated
to offer insight into the model sensitivity against each parameter. If a
parameter has an SR of 5, it indicates that a 10% increase of a certain
parameter will increase the final result by 50%. SR can be calculated
using formula (1):

J
Aresult
) initial result 01,- X;
SR =~ ) N €b)
Aparameter dx,- Zj
initial parameter
J

2.5.2. Scenario analysis

How the model behaves was tested using scenario analysis. It was
applied at the use phase of ECR, since the ECR is the main focus of the
study, by assuming that the buses are operated in countries other than
baseline, namely Norway and Poland. Scenario analysis employed the
same data as the baseline, presented in Table 3; however, the electricity
mix that powers the bus was adjusted according to respective countries.
Distinct geographic locations have different average electricity mixes, so
the effect of those differences can be evaluated. The data and impacts of
the electricity mix in each country were obtained from Ecoinvent 3.8.
The GWP results from scenario analysis were compared to the baseline
situation where the effect of electricity mixes to operate electric buses
was assessed. When the electric bus was found to be inferior to diesel,
additional analysis was applied to investigate a possible electricity
source composition to benefit from the electric bus.

3. Results
3.1. Impacts of ECR production

The CML-baseline impacts of ECR manufacturing were assessed per
kWh capacity (Table 4). Every kWh of ECR equals 78.5 kg or 2857 cells
due to its lower specific energy compared to mainstream battery tech-
nologies. Manufacturing ECR cells generated a GWP of 178 kg CO2-eq
per kWh of stored capacity. Contribution analysis showed that current
collectors and sealant were the highest emitters, accounting for about
42% and 20% of total GWP, respectively. Fig. 2 reveals contribution
analysis from each cell component with regards to GWP.

The impact contributions of material input did not always align with
their weight and were subjected more to the material type. The pro-
portion of the material inputs for the current collector and electrolyte
was about 29% and 33%, respectively. Nevertheless, only current col-
lectors showed a high impact; meanwhile, electrolytes generated one of

Table 4

Environmental impacts of manufacturing 1 kWh ECR.
Impact categories Value Unit
Abiotic depletion 0.0018 kg Sb-eq
Abiotic depletion (fossil fuels) 2785 MJ
Acidification 0.9707 kg SOz-eq
Eutrophication 0.7290 kg PO4-eq
Freshwater aquatic ecotoxicity 134 kg 1,4-dB-eq
Global warming potential 178 kg COz-eq
Human toxicity 164 kg 1,4-dB-eq
Marine aquatic ecotoxicity 224,514 kg 1,4-dB-eq
Ozone layer depletion 3.74E-05 kg CFC-11-eq
Photochemical oxidation 0.0607 kg CoHy-eq
Terrestrial ecotoxicity 0.3130 kg 1,4-DB-eq
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Fig. 2. GWP of the ECR based on the component inputs.

the lowest contributions toward GWP. A complete contribution analysis
of each impact category can be found in the supplementary material
Fig. 1.

3.2. GWP of ECR and LFP

The impact of storage technology in the BEB with ECR refers to the
impacts caused by ECR and the small LFP installed as a power backup.
Technology comparison was carried out between ECR, LFP, and diesel
bus, as shown in Fig. 3. For the LFP, the impact from manufacturing the
product per kWh was taken from Ager-Wick Ellingsen et al. (2022) while
adjusting the result so that the boundaries were comparable with the
ECR. Both ECR and LFP showed environmental benefits when compared
to a diesel bus. Diesel buses caused about 1.2 kg CO2-eq per km driving.
Operating BEB and hybrid instead of diesel buses could reduce GWP by
around 63-68% (with ECR application) and 44-46% (with LFP appli-
cation). The benefits were also affected by the degree of electrification,
where BEB was 1.7 and 1.5 times better than hybrid buses when
applying ECR and LFP technologies, respectively.

When the overall GWP were compared, the bus that applied ECR
(0.385 kg COz-eq/km) performed 14.5% better than LFP (0.441 kg COo-
eq/km). Whereas in the hybrid bus, the ECR application (0.652 kg CO»-
eq/km) provided a 3% improvement to LFP (0.670 kg COz-eq/km).
These differences were observed based on the overall outcomes, which
were dominated by the impact of energy consumption during the use
phase (e.g., electricity and diesel consumption). A clearer comparison
would be obtained when the focus was on the impact of the battery
technologies per km driving during the bus lifespan. The GWP due to
storage technologies per km driving for the BEB with ECR was 0.0024 kg
CO9-eq. (0.62% of total impact); meanwhile, BEB with LFP generated
0.0565 kg COz-eq. (12.8% of total impact). These results showed that
the impact generated by LFP was 23 times higher than ECR. In the
hybrid system, the GWP per km of bus applying ECR and LFP were
0.00017 kg COz-eq. (0.03% of total impact) and 0.01878 kg CO-eq.
(2.8% of total impact), respectively. It indicated that GWP generated by
LFP was about 110 times higher than ECR in the hybrid application.

The GWP of applying LFP was higher than ECR since LFP had fewer
charging cycles. Deeper discharge in the LFP battery will cause the
battery to wear off quicker than a shallow cycle (Gohlich et al., 2018;
Saft, 2015). With a relatively high DoD of 80%, the LFP battery was
assumed to last for about 4000 cycles; hence, battery replacement was
needed in both BEB and hybrid. The calculation showed that BEB
required one battery replacement, whereas hybrid systems needed six
times replacement. On the contrary, the ECR could withstand 1 million
cycles with DoD 100%, so replacement is unnecessary throughout the
bus lifespan.
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Fig. 3. GWP of BEB, hybrid, and diesel bus using ERC and LFP technologies.

3.3. Sensitivity analysis

Each parameter in the manufacturing and use stage was increased by
10% to assess its sensitivity to the model by calculating the sensitivity
ratio (SR). The SR of the input parameters in the manufacturing stage
ranged from around zero to 0.0013. Meanwhile, the parameters in the
use phase resulted in SR between —0.94 and 1. It implied that changing
some parameters in the use stages affected the overall results more
significantly than in the manufacturing process. A change in the most
sensitive parameter during the manufacturing stage would increase the
overall GWP by about 0.013%. Fig. 4 shows the sensitivity ratio of seven
input parameters in the manufacturing stages for both BEB and hybrid
systems.

The BEB was more sensitive to the change in the material inputs
compared to the hybrid bus. The most sensitive parameter was the
current collector, while increasing the use of electrolyte did not affect
the overall GWP (SR = 0). In the hybrid system, the only material input
resulting in a change in the GWP was the current collector (SR =
0.000153). For BEB, the SR ranged between 0.00026 and 0.0013. The
ECR materials were less influential in hybrid since their role in powering
the bus was divided with diesel.

Fig. 5 provides information regarding the SR of parameters in the use
stage for both BEB and hybrid. The most sensitive parameters for the
BEB were electricity consumption, charging efficiency, and bus weight,
as shown by SR of 1, —0.94, and 0.04, respectively. A 10% increase in
the electricity needed to drive per km would raise the overall GWP value
by 10% up to 0.423 kg CO»-eq per km. Charging efficiency was increased
from 95% to 100% since changing its value by 10% would result in ef-
ficiency above 100%. Negative SR was found when charging efficiency
was increased since the energy consumed by the charging process and
the energy saved by the battery were the same. The third most sensitive

e |
= BEB
Electrolyte
Current collector S ——
Separator  pu——
Cathode  p————
]

Anode

(=}

0.00025 0.0005 0.00075 0.001 0.00125 0.0015
Sensitivity ratio (SR)

Fig. 4. SR of manufacturing input against GWP.

parameter was bus weight because the electricity consumed to run the
bus was affected by its weight.

Differences and similarities were found in the hybrid system. The
sensitivity of electricity consumption and charging efficiency showed
similar trends. However, they were not as sensitive as in the BEB.
Changing the hybrid system's electricity consumption and charging ef-
ficiency resulted in SR of 0.22 and — 0.11, respectively. The most sen-
sitive parameter in the hybrid system was diesel consumption, where a
10% increase in diesel would raise overall GWP by about 8% (SR =
0.78).

3.4. Scenario analysis

Fig. 6 showed the results of scenario analysis when the BEB and
hybrid bus were assessed using Norwegian and Polish contexts. The
scenario analysis focused on the electricity mix since the baseline
analysis shows a significant impact from energy sources in the use phase
compared to the production stage. This analysis demonstrated that the
benefit of the electrifying bus depends on the electricity sources and did
not always perform better than the conventional diesel-powered bus.

The same pattern was found in both BEB and hybrid systems, where
Norway showed the best performance, followed by Finland and Poland.
Using BEB in Norway was shown to be 11 and 42 times better than
Finland and Poland, respectively. It is attributed to the GWP per kWh of
electricity produced in each country. Norway, Finland, and Poland emit
about 25 g of CO-eq/kWh, 250 g of CO3-eq/kWh, and 990 g of CO»-eq/
kWh, respectively (Ecoinvent, 2021). Running a fully electrified bus in
Poland demonstrated an inferior performance, as shown by 23% higher
GWP than a diesel bus, whereas Norway and Finland obtained benefits,
as shown by a GWP reduction of —68% and — 97%, respectively. The
hybrid system provided different insights where the performance of
three countries offered benefits than a diesel bus. The benefits of the
hybrid system in Finland and Norway were lower than BEB, as indicated
by GWP reductions of —46% and — 57%. Contrary to the BEB, the hybrid
bus provided climate benefits to Poland, as displayed by a reduction of
—12% compared to a diesel bus. Hybrid system attempts to maximize
vehicle performance through propulsion configurations such as series,
parallel, and power-split configurations (Pei et al., 2018). It determines
fuel consumption that affects the vehicle's emissions. It is known that
estimating fuel consumption in the hybrid system can be challenging
due to the vehicle's operations and driving cycle (Sun et al., 2021). In
this study, the data for fuel consumption in the hybrid system was for
Volvo 7900, which used parallel configuration and showed an efficient
fuel consumption of 19 1/100 km (Nordelof et al., 2019). The empiric
value of the Volvo bus in this study was relatively efficient compared to,
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Fig. 6. Scenario analysis of BEB and hybrid in different geographic locations.

for example, a study done by Zhang et al. (2019), who applied a power-
split configuration for a 12-m bus. Their results showed fuel consump-
tion between 24 and 28 1/100 km with an average of 26.3 1/100 km. If
the average fuel consumption from Zhang et al. (2019) were applied, the
GWP would be higher than diesel buses, making diesel the more
favourable option in Poland.

The calculation was also done to assess Poland's electricity compo-
sition, which would not result in worse performance from BEB than a
diesel bus. Ecoinvent 3.8. shows that about 81% of total electricity
sources in Poland are hard coal (45.7%), lignite (27.3%) and wind tur-
bine (7.7%). The adjustment focused on the highest fossil fuel and
renewable sources while maintaining the rest as the baseline. The
breakeven point of the GWP from BEB and diesel bus occurred when
hard coal use decreased to 33%, and the wind energy was doubled to
15.2%, resulting in GWP of 1.203 kg CO,-eq/km for BEB where the
impact from diesel bus was 1.206 CO2-eq/km.

4. Discussions
4.1. Overadll results

The study focused on determining the environmental impacts of
different storage technologies to electrify city buses, comparing the
degree of electrification, and assessing the effect of background system
and input parameters. Comparing the findings across different LCA
studies is often not straightforward since there are differences in
boundaries, assumptions, methods, system model, background system,

etc. Nevertheless, comparing previous studies is crucial to confirm this
study's outputs. On the manufacturing level, where the boundaries cover
cradle-to-gate, a more straightforward comparison can be made, with
attention paid to the level of battery manufacturing (cell, module, or
pack), FU, and geographical location.

In manufacturing, ECR cells emitted about 178 kg CO2-eq/kWh ca-
pacity. The impact caused by materials accounted for about 98.5%, and
about 1.5% of the GWP was from electricity consumption. Ellingsen
et al. (2017) summarized the GWP per kWh of cell materials ranging
from 22 to 110 kg CO-eq. ECR has a significantly higher impact per
kWh cell manufactured due to its low specific energy. On the other hand,
studies showed that the energy consumption to manufacture 1 kWh cell
ranged widely from 2.7 to 1060 MJ, whereas the ECR cell required
38.58 MJ/kWh. It was also reported that 50% of the impact of cell
manufacturing was attributed to energy consumption, whereas others
showed energy consumption resulted in 0.9-2.3 kg CO2-eq/kWh (Dunn
et al., 2012; Ellingsen et al., 2014; Kim et al., 2016). This study showed
that electricity consumption was insignificant, as indicated by the 2.7 kg
CO2-eq/kWh emission. The impact of energy consumption during cell
production is caused by the quantity consumed and the production lo-
cations, which reflect the mix of electricity sources. Currently, most
battery cell manufacturers are in the United States, China, Japan and
South Korea (Aichberger and Jungmeier, 2020).

The average GWP of 55 studies on lithium-ion battery packs per kWh
was about 187 kg COg-eq. (Zhao et al., 2021a). Among others, 63% of
the impacts were generated from cell manufacturing, equaling 119 kg
CO2-eq/kWh (Ager-Wick Ellingsen et al., 2022; Zhao et al., 2021a). On a
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more specific level, Ager-Wick Ellingsen et al. (2022) analyzed three
different battery technologies: LTO, LFP, and NMC. The outcomes of
their study were adjusted by excluding the impact of factory infra-
structure; hence, the boundaries are comparable with this study, which
showed GWP per kWh of cells were 277 kg CO,-eq (LTO), 108 kg CO5-eq
(LEP), and 70 kg COz-eq. (NMCQC).

ECR generated higher GWP per stored kWh in cell manufacturing
than LFP and NMC, while the climate-related impact from LTO was
higher than ECR. The impacts could be attributed to the specific energy
of different storage technologies. The specific energy of LTO, LFP, and
NMC per kg cell was 85 Wh, 150 Wh, and 245 Wh, whereas ECR specific
energy was about 12.7 Wh/kg cells. It indicated that the cell materials or
utilities such as electricity or gas in the LTO production caused a high
impact. On the contrary, the ECR is water-based and does not incorpo-
rate metal, including cobalt, nickel, or lead, in its electrode.

Besides its manufacturing stage, the battery was assessed based on its
specific application. When the impacts covered the raw material ex-
tractions up to the use phase, higher uncertainties were found due to the
introduction of more parameters. These parameters included distance
travel, bus lifespan, bus weight, DoD, battery life cycle, electricity
consumption, etc. The GWP per km driving for BEB using the ECR was
2.4 g CO2eq/km. By adjusting the battery pack impact into cell level, the
GWP per km driving of LTO, LFP, and NMC applied in BEB with
pantograph system were 90.3 g COz-eq, 36.6 g CO2-eq, and 24.4 g CO2-
eq, respectively (Ager-Wick Ellingsen et al., 2022). LTO had the highest
impact among these three technologies due to its lowest energy specific.
Comparable results were found where the adjusted GWP per km driving
was gram 30 CO3-eq (Nordelof et al., 2019), 23 g CO»-eq (de Souza et al.,
2018) and 22 g COz-eq (Bi et al., 2015). For the plug-in system, previous
studies showed a GWP of 10 g CO3-eq/km (Nordelof et al., 2019) and 15
g CO2-eq/km (de Souza et al., 2018). Meanwhile, this study generated
0.17 g CO2-eq/km of ECR cell use in the hybrid pantograph system. ECR
offered significant benefits, although it had substantially lower specific
energy. The ECR applied in BEB and hybrid had a lower negative impact
due to its high DoD and charging cycles. Therefore, battery replacement
was not required, and a few thousand hundred cycles were still left after
the end of the bus lifespan.

Electricity mix played a major role in affecting the GWP of electric
bus deployment. Using the Finnish context, the GWP of BEB due to
electricity consumption was 382 g COs-eq/km driving. The result
aligned with previous studies that used different electricity back-
grounds. It was reported that the GWP per km driving ranged between
470 and 570 g COz-eq for a mix of Norwegian and Hungarian (Ager-
Wick Ellingsen et al., 2022). The impact of the study using Swedish and
European electricity mix was around 170- and 505-g CO»-eq, respec-
tively (Nordelof et al., 2019). The Spanish mix showed higher GWP,
accounting for about 700 g of COs-eq (Garcia Sanchez et al., 2013). An
even higher result was obtained from this study when applying a Polish
electricity mix where the GWP was around 1487 g CO»-eq. In the hybrid
system, GWP per km driving was 652 g COz-eq. In comparison, a pre-
vious study showed that the hybrid system emitted GWP of 576 g CO2-eq
(Sweden), 832 g COz-eq. (EU), and 912 g COy-eq (The United States)
(Nordelof et al., 2019).

The end of life (EoL) management of the battery was excluded. It is
often found that this aspect of the life cycle has a relatively minuscule
impact when compared to other stages (e.g., Ager-Wick Ellingsen et al.,
2022; Grazieschi et al., 2023; Nordelof et al., 2019). In the case of bat-
teries used to electrify public buses, most environmental impacts tend to
be concentrated in the use stage where the electricity is generated.
Having adjusted the FU, a study by Nordelof et al. (2019) showed that
EoL management of the bus and battery of both hybrid and BEB systems
were about 16-18 g CO2-eq/km. It can be translated into an estimation
of 0.5 g CO2-eq/km and 2 g CO2-eq/km for BEB and PHEV, respectively.
Similarity was found in another study where EoL management of 200
kWh LFP was about 3 g CO2 eq/km (Ager-Wick Ellingsen et al., 2022).
Rough estimations based on studies mentioned above indicated that EoL
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management of LFP battery cells of BEB in this study would be about
2.5% of total GWP, whereas the EoL management of batteries used in the
other bus types was about 0.3% or less, causing inconsequential change
to the overall results.

Although including end-of-life management in the LCA system
boundary is essential for a comprehensive assessment, it is unlikely to
alter the overall results significantly. To drive meaningful improvements
in the environmental performance of battery technologies, a more sub-
stantial focus should remain on reducing the environmental impacts in
the earlier stages of the life cycle since battery replacement is often
needed, optimizing battery life and efficiency, as well as clean electricity
sources.

4.2. The effect of methods, assumption, and technology applications

This study applied an attributional system model using average value
and common methods that can facilitate comparison across studies. The
use of average value had a drawback that was anticipated by applying
sensitivity analysis. The results of SR offered insights showing that not
all parameters are equally influential. The differences in the value used
or assumptions indicated the importance of transparency in LCA.
Disclosing the methods, assumptions, and parameters could improve the
accountability of the study.

Meanwhile, the results from scenario analysis where the bus was
operated in Finland, Norway, and Poland emphasized how generaliza-
tions should be made carefully. Norway and Finland are in the Nordic
region, where the energy mix is relatively clean, and the demographic
can be similar. Poland has a much different energy mix, so generalizing
should be done cautiously. The situation shows the importance of case-
per-case analysis to understand whether certain cases contribute posi-
tively toward sustainability. A similar sentiment was voiced by Korho-
nen et al. (2018), who emphasized the importance of careful analysis in
each case or project.

This study also showed the importance of selecting a proper energy
storage system for maximum benefit. The application of ECR for city
buses is apt considering the short distance to travel between each bus
stop, mainly between 200 and 600 m (Na and Isma, 2013; Nordelof
etal., 2019), added by some buffer capacity to anticipate congestion and
traffic lights. Consequently, the ECR in the BEB is equipped with a small
LFP battery as a power backup. Using ECR in the city bus is especially
appropriate with a pantograph charging system that allows the bus to
charge at each stop (Volvo, 2020), at which the ECR can be fully charged
in seconds. ECR with lower installed capacity makes the system lighter,
so it consumes less energy per km driving or makes more room for
passengers. Its high charging cycle numbers make battery replacement
unnecessary and can be transferred when the bus is decommissioned.

4.3. Practical implications

Transitioning from diesel to electric buses carries practical implica-
tions, particularly for public transportation agencies and related stake-
holders. These implications will have a profound impact on
management practices and decision-making processes. The transition
requires substantial capital to procure electric buses, charging infra-
structure, and related technology. It is reported that the front-end cost of
electric buses is high and can be a barrier to transitioning, although the
operational costs are lower in the long run compared to diesel buses
(Johnson et al., 2020). More stakeholders are involved in the procure-
ment and operation of electric buses than conventional ones. The
transportation agency, bus operator, bus manufacturers, the operators of
the bus and the charging infrastructures, municipality, electricity pro-
viders, and grid owner should collaborate. The collaboration model may
be adjusted depending on the stakeholder's experience handling the
electric bus system and where the chargers are located (e.g., along the
route or at the depot) (Borén and Grauers, 2019). A strategy for phasing
out diesel buses and integrating electric buses into the existing fleet is
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also needed. Generally, it takes at least 18 months from the beginning of
transitioning until the buses are in service (Volvo, 2021). This strategy
encompasses decisions on the quantity and types of electric buses to
purchase, considering route requirements, passenger demand, and
environmental goals (U.S. Department of Transportation, 2023). The
selection of reputable electric bus manufacturers and charging infra-
structure providers is critical for long-term success, emphasizing the
importance of supplier vetting and relationships.

Moreover, standardization in terms of bus models and charging
equipment can significantly streamline maintenance operations,
reducing complexity and operational costs. Future expansion of the
electric bus fleet and associated infrastructure, as well as potential
technology upgrades, should be considered in long-term planning to
sustain the benefits of the transition. The transition to electric buses
requires effective managerial strategies, forward-thinking approaches,
and the ability to adapt to changing technologies and regulations.
Responsible parties must carefully plan, execute, and monitor the
transition to ensure the success of the electric bus fleet while delivering
environmental, economic, and operational goals.

5. Conclusions

This research examined the influence of different energy storage
systems, specifically LFP and ECR, on the environmental impacts of a
pantograph city bus. The effect of the electrification degree of the city
bus was also examined. The study implies the importance of choosing an
appropriate energy storage system based on the application. Electric city
buses with a pantograph charging system require energy to power the
bus between bus stops. The study suggests that ECR offers a good solu-
tion for this specific application. Its small pack makes it lighter, and a
high charging cycle increases the lifespan while equipped with frequent
fast charging technology. Meanwhile, there is no consistent pattern
between the degree of electrification and the environmental benefits
because of the fuel consumption rate in hybrid systems and the variety in
the electricity mix, which causes different environmental impacts.
Hence, climate change impact reduction through electrifying city buses
begins with decarbonizing electricity generation. The results presented
here depend on the assumptions made in the present study and might
not be universally applicable.

Therefore, research emphasized cautious handling of generaliza-
tions, noting that while they may be applicable on a trend level, ad-
justments are often needed when using the actual value of the results.
The adjustments are needed because of the study's focus on cells, the
background system representing the Finnish context, and the technol-
ogy's suitability for the city bus with the pantograph charging model. It
also stressed the importance of evaluating green projects individually to
validate their environmental benefits.

Data availability posed the main limitation of this study. While pri-
mary data informed the manufacturing stage of ECR, the LFP
manufacturing and usage phases relied heavily on secondary data, with
relevant values selected. Notably, information on various lithium bat-
teries was more accessible than for ECR or ultracapacitor-like systems.
Consequently, some LFP battery information was adapted for ECR with
adjustments. For instance, the electricity consumption per km was
influenced solely by bus weight, neglecting different battery technolo-
gies. Therefore, the study incorporated scenario and sensitivity analysis,
highlighting the key parameters to account for variability and data un-
certainty. Understanding these variations can aid decision-makers and
stakeholders in making informed choices for electrifying public trans-
port, including bus types, energy storage systems, and charging models.
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