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Electric buses’ sustainability effects, noise, energy use, and costs

Dr. Sven Bor�en

Department of Strategic Sustainable Development, Blekinge Institute of Technology, Karlskrona, Sweden

ABSTRACT
Electric buses are growing in numbers in Sweden, which contributes to the development of a fos-
sil fuel free society and a reduction of emissions. Earlier studies of bus systems have identified a
need to further investigate societal costs, total cost of ownership, energy use on a yearly basis to
account for seasonal variations, and noise during acceleration. Addressing those needs was the
purpose of this study. Investigations were made in five cities in Sweden that have recently imple-
mented different electric buses in their respective public transport system. Based on results from
these investigations and earlier studies, new and developed models where designed and applied
on electric buses on route 1 in Karlskrona, as a representative example. It was found that there
were significant savings in societal costs and total cost of ownership when compared to diesel
and biogas powered buses, mainly due to decreased noise, no emissions in the use phase, and
decreased energy use.
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1. Introduction

Electric vehicles are identified as a key solution towards ful-
filling fossil-free public transport (Johansson et al., 2013;
Teske, Arthouros, Muth, Wronski, & Kr€uger, 2011; The
European Commission, 2011), and a stepping stone towards
full sustainability (Bor�en & Ny, 2016; Rob�ert, Bor�en, Ny, &
Broman, 2017). Several life-cycle assessment studies have also
found that life-cycle environmental impacts are lower from
electric buses than from buses with internal combustion
engines if they are powered by renewable electricity
(Edwards, Larive, Rickeard, & Weindorf, 2014; Hallberg et al.,
2013; Nordel€of, Messagie, Tillman, Ljunggren S€oderman, &
Van Mierlo, 2014; Nordel€of, Romare, & Tivander, 2017).
Moreover, municipalities that are planning for more dense
cities are considering electric buses as they are getting con-
cerned about emissions and the increasing noise in their cit-
ies, especially along bus routes. Noise from traffic can have
negative health effects, decreased dwelling prices, and might
cause great societal costs (Bångman, 2016). For example,
Babisch (2014) states that there is an 8% increase in risk of
cardiovascular diseases per increase of the weighted day-night
noise level of 10 dBA (within 52–77 dBA). Moreover, WHO
(2011) states that sleep disturbance and annoyance in Europe
is mostly caused by noise from road traffic, which is the main
cause to health effects that corresponds to more than one mil-
lion disability related life years. However, electric bus technol-
ogy is rather new and unfamiliar to most stakeholders in the
bus public transport sector. Many bus operators are positive
to electric buses as they are liked by passengers, and can have
lower maintenance costs and energy use (Bor�en, Nurhadi, &

Ny, 2016). The same study identified that some bus operators
are hesitant to include them in their fleet of fuel powered
buses because of uncertainties regarding energy use, charging
infrastructure, and initial costs for the new technology. To
provide a better knowledge base around such matters, previ-
ous base studies have included theoretical calculations of total
cost of ownership and real-life testing, which identified sus-
tainability effects, estimated preliminary costs, measured
exterior noise during constant speed, and measured energy
use (Bor�en et al., 2016; Nurhadi, Bor�en, & Ny, 2014b). The
latter study also identified a need for further investigations to
account for seasonal variations of energy use, to make further
conclusions on costs possible, and a need for more complete
noise measurements and calculations.

1.1. Aim and scope

To respond to the needs mentioned above, several stake-
holders of public bus transport in Sweden were asked to
join a project that aimed to investigate sustainability effects,
energy use and costs of electric buses in at least one year
when used in public transport, and also measure exterior
noise during acceleration. Public Transport Authorities
(PTA), municipalities, energy companies, bus operators, bus
manufacturers, and agencies joined the study to contribute
to the investigations in existing electric public bus transport
in Gothenburg, Karlstad, V€asterås, Umeå, and €Angelholm,
where different electric buses from BYD, Hybricon, Optare,
Solaris, and Volvo are used. The study reported here was
limited to investigate the electric buses in Gothenburg,
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V€asterås, and €Angelholm since these buses had similar size
and the results were on a similar level of detail.

Results from this study was used to update and further
develop calculations from the first base study (Nurhadi
et al., 2014b) regarding sustainability impacts, societal costs
and total cost of ownership (TCO) for different powertrains
in city buses powered by diesel from fossil oil, biogas from
household waste, bio/synthetic diesel (HVO), and a combin-
ation of electricity from renewable sources and HVO for
interior heating. This study also focuses on analyzing costs
directly related to different energy carriers, which is why
costs for drivers and depots are excluded but charging/refu-
elling infrastructure is included. This is also the reason why
not the entire bus is included in the life-cycle assessment,
but the battery production for electric buses is included
when calculating greenhouse gas emissions.

2. Methods

2.1. A strategic sustainability and life cycle approach

This study has been guided by the Framework for Strategic
Sustainable Development - FSSD (Broman & Rob�ert, 2017),
which unlike other methods/frameworks for sustainability
provides a systems perspective helpful for systematic and
strategic development towards a science-based and prin-
cipled definition of a future sustainable society. This frame-
work has been developed over more than 25 years in
international collaboration among scientists and practi-
tioners. A recent development included refinement of the
definition of social sustainability (Missimer, Broman, &
Rob�ert, 2017; Missimer, Rob�ert, & Broman, 2017). After this
refinement, the full definition of sustainability in the FSSD
reads (Broman & Rob�ert, 2017):

In a sustainable society, nature is not subject to systemat-
ically increasing …

1. … concentrations of substances extracted from the
Earth’s crust;

2. … concentrations of substances produced by society;
3. … degradation by physical means; and people are not

subject to structural obstacles to …
4. … health;
5. … influence;
6. … competence;
7. … impartiality;
8. … meaning-making.

These are used in this study to assess sustainability impacts.

The first base study about comparing bus powertrains
from a strategic sustainable development perspective
(Nurhadi et al., 2014b) was also guided by the FSSD. That
study found an approach that has been reused in this study.
As shown in Figure 1, it includes Strategic Life Cycle
Assessment - SLCA (Gunnarsson, 2010; Ny et al., 2006), Life
Cycle Assessment - LCA (ISO, 2008), and Life Cycle
Costing - LCC (ISO, 2006) for calculation of Total Cost of
Ownership - TCO. SLCA is a qualitative method to address
social and ecological sustainability aspects. It allows for an
approach to quickly identify the most important high-level
sustainability challenges that can guide necessary decisions
and activities and then, if needed, suggest complementary
analyses, e.g. LCA, that can quantify environmental impacts.
Moreover, this study has updated previous SLCA results
since the new EURO 6 legislation allows less Nitrogen
Oxides (NOX) and Particulate Matters (PM) emissions, and
also because of the development of the above mentioned
new social sustainability principles. Results for SLCA were
developed from previous base studies (Bor�en et al., 2016;
Nurhadi et al., 2014b) in collaboration with colleagues and
experts, in combination with logical reasoning, and data
from other analysis (e.g. LCA database ‘Ecoinvent’,
and literature).

2.2. General prerequisites

Calculations for each energy carrier in the LCA and LCC/
TCO are based on best estimates of current energy usage
per distance, energy content per mass and costs per distance
or per time. The data was obtained through interviews, a lit-
erature review, calculations, and simulations. Interviews
were conducted with bus dealers, manufacturer, drivers, and
service providers.

In the first base study (Nurhadi et al., 2014b), biodiesel
was made from Rapeseed Oil (RME), but that is currently
rarely used and HVO produced from slaughterhouse waste
(Tallow) has become more popular, so this study investi-
gated the use of the latter. Because of uncertainty of energy
carrier mixes in hybrid and plug-in hybrid buses, these cate-
gories have been excluded in this study. Further delimita-
tions of the study include:

� Leakage or energy losses during distribution or transpor-
tation of energy carriers, bus manufacturing processes,
and end of life are excluded.

� Accidents or other external costs are excluded.

Figure 1. An iterative strategic life cycle approach that uses SLCA to scope an integrated LCA and LCC analysis (Nurhadi et al., 2014b).
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� The origin of the electricity used in the extraction to dis-
tribution phases is gathered from literature sources. The
electricity in the use phase, though, is always assumed to
stem from renewable sources (e.g. new local stand-alone
wind power plants) in order to compare common fuels
for buses with the currently most environmental friendly
electric alternative.

� The biogas analyzed in the study is locally produced
digested biogas-100, primarily produced from house-
hold waste.

� Costs and emissions of the substrate before digestion
is excluded.

Like in previous base studies, route 1 in Karlskrona,
between Salt€o and Lyckeby, has been used as a case study in
the calculations. This route can be considered to be a typical
example of a Swedish urban 12-meter bus route with
enough paying passengers in order to contribute to the
regional public transport economy. The route has been
shortened since previous studies, and currently stretches in
average 11 km, takes about 35–40minutes, and includes 29
bus stops. Ten electric-hybrid buses operated the route regu-
larly during 2017, and two more buses where added during
peak hours. The study based calculations on 12 electric
buses to allow the route to be operated by only electric
buses. The frequency is ten minutes between each bus dur-
ing peak time and this adds up to a total of 805 000 km/
year. The average speed is around 20 km/h.

2.3. Methods for life cycle assessment

After initial identification of sustainability impacts through
SLCA, LCA was used to quantify negative environmental
effects of different energy carriers and powertrains for buses
during their lifetime - sometimes referred to as Well-to-
Wheels analysis (e.g. Edwards et al., 2014). In line with pre-
vious LCA studies on Swedish biofuels (B€orjesson,
Thufvesson, & Lantz, 2010; Nordel€of et al., 2017), the fol-
lowing air emission categories were chosen: greenhouse
gases (CO2 equivalents), eutrophication (PO4 equivalents),
acidification (SO2 equivalents), photochemical oxidants
(C2H2 equivalents), and particulate matters (PM2,5 equiva-
lents). Within these categories, carbon oxides (CO and
CO2e), hydrocarbons (HC/VOC), nitrogen oxides (NOX),
particulate matters (PM2,5), and sulfur dioxides (SO2) are
input to the so-called ASEK-model (Bångman, 2016) that
are used by many Swedish authorities to calculate societal
emissions cost. Other LCA-categories, e.g. Land-use,
Resource consumption, and Ecotoxicity, were not calculated

due to lack of data. In order to calculate the environmental
impacts, the energy use must be known. In previous base
studies (Bor�en et al., 2016; Nurhadi et al., 2014b), energy
use data was based on experiences and recommendations
from partners. In this study, primarily new data was used
(which was collected in the study).

2.3.1. How energy use was measured
The energy use was measured by the bus operator or energy
company in each city on a monthly or yearly basis. The data
included elapsed distance (km), electricity charged into the
buses’ batteries (kWh), and the consumption of biogas (m3)
or HVO (l) for the interior heating. This was then gathered
and summarized in this report on an annual basis according
to Section 3.2.1.

The electric buses and charging systems used in
Gothenburg, V€asterås, and €Angelholm are shown in Table 1.

For V€asterås, the electric bus was out of service in
October 2015. That gap in data was, on the recommenda-
tion of the bus operator Svealandstrafiken AB, filled through
interpolation based on data in September 2015 and
November 2015. On the recommendation of Volvo buses,
this was also done for gap in data from Gothenburg regard-
ing fuel consumption in October 2015 and May 2016.

According to the Swedish Energy Agency, the energy
content of biodiesel (HVO) is 9,51 kWh/l and biogas
9,78 kWh/Nm3, when used for transport (Olsson, 2016).

Passenger load, topography, outdoor temperature, number
of starts/stops, and driver’s driving behavior have previously
been found to have a major influence on the energy use for
electric buses (Bor�en et al., 2016). Because the study is longer
than a year, variations in passenger load and driver’s driving
behavior are in this study assumed to be leveled out. The
numbers of starts/stops have in previous studies been found
to be rather equal for city buses in public transport in
Sweden (Bor�en, 2015). The topography data for each route
was found through Google maps (Google, 2010), which were
roughly verified by riding the buses on each route. Daily
temperature data within the period of the study was retrieved
from the Swedish Meteorological and Hydrological Institute,
and that data was then calculated as an average for ±15 days
to provide a mean value that illustrates temperature varia-
tions for a longer period, which corresponds with historical
monthly data from Meteoblue.com in each city.

2.4. How noise was measured

The exterior noise from an electric and a biogas powered 12
meter bus was measured according to United Nations

Table 1. Conditions for the tested bus systems in Gothenburg, V€asterås, and €Angelholm.

City Bus type
Gross Weight

(tonnes) Length (m)
No. of
buses In operation

Interior heater
energy carrier Charging

Gothenburg Volvo Electric
Bus Concept1

18 10.7 3 June 2015 –
February 2017

HVO Opportunity (230 kW)
and depot

V€asterås Solaris Urbino
12 Electric2

19 12 1 2014 – ongoing Biogas Depot (80 kW)

€Angelholm BYD ebus3 19 12 5 2016 – ongoing HVO Depot (60 kW)

Source: 1: (Electricity, 2016; Volvo Bus Corporation, 2016); 2: (Karlsson, 2014; Solaris, 2018); 3: (BYD, 2017; L€arka, 2016).
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Regulation ECE 51-02 (United Nations, 2013) during a con-
stant speed of 30, 40, 50 km/h and during acceleration from
0 up to 35 (±5) km/h. The biogas bus has a frequently used
cooling fan that increases the noise level, so this study
included testing when it was both on and off. The test was
executed the 20th April 2017 at Johannisberg airfield in
V€asterås, Sweden (“Johannisbergsflygplats ESSX,” 2017), and
the values shown in this study is an average from several
rounds back and forth in the airfield. The buses had the fol-
lowing technical specifications:

� Bus type: Solaris Urbino 12 with twin mounted rear wheels.
� Tire dimensions on both axis: 275/70R22.5 148/145J. The

tires where equal regarding rubber quality, size, age and
tread depth on both buses.

� Engine power: 160 kW for the electric bus, and 239 kW
for the biogas bus.

� The biogas bus had an automatic gearbox, and the elec-
tric bus none.

More details about the test can be found in the test
report (Håkansson, 2017).

2.5. How to calculate costs

Previous base studies about electric buses (Bor�en et al.,
2016; Nurhadi, Bor�en, & Ny, 2014a; Nurhadi et al., 2014b)
were based on Life Cycle Costing - LCC (ISO, 2006) for cal-
culation of Total Cost of Ownership – TCO. It included
societal costs for emissions, and economic lifecycle data, i.e.
investments (bus and charging infrastructure), maintenance
costs, and energy cost for eight years. This approach has
been reused and further developed based on the results in
this report, and the societal costs have been broadened to
include costs for noise along the route. The focus in the cost
calculations were on electric buses, but the most commonly
used bus types in Sweden that are powered by biogas (from
household waste), diesel, and bio/synthetic diesel (HVO)
where included as well in order to compare them with elec-
tric buses. Apart from changes mentioned in Section 2.2, the
following cost related criteria have been changed since the
first base study (Nurhadi et al., 2014b):

� The bus traffic procurement cycles are ten rather than
eight years.

� Costs for buses, charging infrastructure, and maintenance
are based on experiences from driving in a real-life envir-
onment in Sweden.

� The ASEK-model (Bångman, 2016) for calculation of
societal costs caused by bus traffic (e.g. emissions)
is updated.

� A new governmental incentive from February 2018
reduces the procurement price of new electric buses by
20% (Abresparr, 2018).

� The cost of EV-batteries has decreased from 400 USD/
kWh in 2010 to 200 USD/kWh in 2018 and is expected
to continue to fall to 100 USD/kWh in 2025
(Chediak, 2017).

� Energy prices are assumed to continue to increase annu-
ally by 3% for fuels, and 1% for electricity.

� Societal costs have been subtracted from the TCO-calcu-
lation because the owner of a bus will not be charged for
noise or emissions from a bus.

2.5.1. Societal costs calculations
Costs for emissions and noise were calculated through the
ASEK-model (Bångman, 2016), which principles and values
are recommended by the Swedish Traffic Agency to be used
in societal cost-benefit analyses (CBA) in the Swedish trans-
port sector. According to the ASEK-model, the baseline year
will be upgraded from 2014 to 2018 in the calculations
according to changes in Consumer Price Index (CPI), plus
real Gross Domestic Product (GDP).

With a baseline year of 2014, ASEK includes an estimate
of local and regional cost depending on the amount of
CO2e, HC/VOC, NOX, PM 2,5, and SO2. The CO2e is in
ASEK regarded as global emissions, and the societal cost
recommended to be used is 1,14 SEK/kg as an ordinary
value. As also recommended by the ASEK-model, 3,50 SEK/
kg was used in a complementing sensitivity analysis. The
other emissions are considered as regional and local emis-
sions. As recommended in the ASEK-model, the city of
Kristianstad, with 35,000 inhabitants and a ventilation factor
(FV) of 1.0, is used as a reference for the calculations in this
study, leading to the societal cost estimate in Table 2.

Societal costs caused by noise were calculated for route 1 in
Karlskrona, by first estimating the number of affected house-
holds up to 20 meters from the road, and by then multiplying
that number with values for societal costs per household caused
by road transport in the ASEK model (Bångman, 2016).
Together with results found in the literature, the noise measure-
ments of electric and gas powered buses were used to determine
the noise at households where the buses accelerate along the
route. As the buildings are located further away from the meas-
urement point in the noise test, Equation (1) will be used to
determine the average noise level at the building’s façade.

L2 ¼ 10 log
r21
r22

 !
þ L1, (1)

where L is the noise level in dBA, and r is the distance in
meters to the source of noise. “1” represents the measure-
ment point in the noise test and “2” represents the point at
the building’s façade.

The cost in the ASEK-model depends on the equivalent
daily noise above 50 dBA, which is an average of the noise

Table 2. Societal costs per emissions according to the ASEK-model (Bångman,
2016). Baseline year 2014.

Societal cost (SEK/kg)

Emission Regional/Global Locala

NOX 86 11
HC/VOC 43 19
SO2 29 94
PM 2,5 0 3210
CO2e 1,14 0
aKristianstad as reference.
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levels detected during 24 hours and is suitable for calcula-
tions of societal costs from road traffic due as vehicles pass
by relatively often, meanwhile railroad traffic is calculated
from peak values. Data from the noise measurements must
therefore be converted according to Equation (2).

Leq,T ¼ 10 log
1
T

ðT
0

pðtÞ2
p2ref

dt

 !
, (2)

where Leq,T is the equivalent noise level in dBA, the refer-
ence sound pressure pref ¼ 2E-5 Pa, and p(t) the moment-
ary sound pressure as a function of time, and T¼ 24 hours.

2.5.2. Total cost of ownership calculations
The electric buses were divided into opportunity charged
and depot charged, in order to add results to the current
discussion about choices of technologies. Collection of data
for energy use, investments (bus and charging infrastruc-
ture), and maintenance costs was made through interviews
with bus operators, bus manufacturers, and PTAs in cities
that were involved in this study.

In order to address uncertainties about future costs, the
study added scenarios for TCO-calculations that include
the following:

� No further decrease of EV-battery cost from the level of
2018, caused by a high demand for batteries and that bat-
tery producers have problems to increase their production.

� 25% lower maintenance costs for electric buses within 10
years due to less moving parts in the motor when com-
pared to a combustion engine. This is supported by bus
operators in the electric bus project, and studies for elec-
tric cars showing a 20 to 30% reduction of maintenance
costs (e.g. Cazzola, 2018; Palmer et al., 2017).

� Doubled prices for both electricity and fuel by 2030, mainly
due to increasing demand for energy, investments in
energy infrastructure and increasing demand for oil (e.g.
Seljom & Thomasgaard, 2017; Tynell & Marklund, 2016).

3. Results

3.1. Strategic life cycle assessment

The SLCA conducted in this study focuses on sustainability
effects from the life cycles (including raw material extrac-
tion, production, transport, use and waste management
phases) of energy carriers and drivetrains in city buses pow-
ered by biogas produced from household waste, synthetic
diesel (HVO) produced from slaughterhouse waste, diesel
from fossil oil, or electricity produced from renewable sour-
ces (wind or solar). As indicated in Table 3, the sustainabil-
ity principles are violated when burning fuels causing
emissions (e.g. CO2, NOX, PO4, PM, and SOX), insufficient
recycling of heavy metals, accidents (leakages) during extrac-
tion and transport of oil/fuels, open-pit and illegal mining
of metals and other materials, conflict over precious resour-
ces, and use of child Labor.

In line with earlier studies (Bor�en & Ny, 2016; Bor�en
et al., 2017) the violations of SPs that were identified in
Table 3 could be avoided by using energy from flow based
resources (e.g. solar, wind, waves), produced in a sustainable
way, instead of fossil fuels, as well as using abundant materi-
als and closed loop recycling of materials to minimize the
unsustainable extraction of resources.

Another potential benefit for the society with the biogas-,
HVO- and electric alternatives is that they likey contribute
to creation of more local jobs than the fossil fuel alternative.
The electric alternative also contributes positively to society
by reducing the noise level in cities.

3.2. Life cycle assessment

As indicated in the results of the SLCA (Section 3.1), there
are violations to the SP’s regarding use of fossil fuels, metals
and land during different lifecycle stages for buses powered
by Biogas, Diesel, and Electricity. In order to know the mag-
nitude and to deal with these issues, there is a need to quan-
tify these violations via LCA. This would also be input to
the TCO-calculations for these buses.

3.2.1. Results from energy use measurements
The energy used by the buses included in the study was
measured according to Section 2.3.1, in which factors for
differences in results was highlighted. The fuel consumption
from the interior heater depends on the outdoor tempera-
ture. According to the summary of temperature variations
in Table 4, Gothenburg and €Angelholm had similar tem-
perature variations; meanwhile V€asterås had significantly
lower temperatures during wintertime (December
to March).

According to Appendix B, the bus routes in the cities
where different regarding topography. The one in
Gothenburg is rather flat, except for a rise of 50 m at 3/4 of
the distance. The route in V€asterås had more frequent varia-
tions in height but within 40 m. €Angelholm had even more
frequent variations but within 30 meters.

According to Table 5, the routes were different in terms
of length, time, and number of stops. The route in
€Angelholm is quite similar to route 1 in Karlskrona.

As shown in Figure 2, the electric bus in V€asterås had an
electricity use by the drivetrain 1,19 kWh/km and a fuel con-
sumption by the interior heater of 0,68 kWh/km. The corre-
sponding values for €Angelholm were 1,04 kWh/km and
0,30 kWh/km, and for Gothenburg 0,93 kWh/km and
0,28 kWh/km. Lower winter temperatures can partly explain
the higher fuel consumption in V€asterås, but the energy use
for the drivetrain was also significantly higher than in
Gothenburg and €Angelholm. The low drivetrain energy use in
Gothenburg could be explained by much less bus stops and
that the buses are slightly smaller than the others and can take
one ton less load. The slightly higher drive train energy use in
€Angelholm can be explained by the fact that the bus operated
in more rural areas with higher speed limits.
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Table 3. SLCA of city buses powered by biogas, HVO, diesel, or electricity.
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In Gothenburg the fuel consumption was intrapolated for
October 2015 and May 2016 because of lack of data, and
then adjusted after recommendations from Volvo bus
experts based on temperature data during these months.
The energy use in V€asterås (including electricity and fuel)
during October 2015 was also interpolated after recommen-
dations from experts at Svealandstrafiken AB.

Further calculations of life cycle energy use and costs
(Table 6), leading to results for emissions during the use
phase (Table 7), were based on the average energy use
in €Angelholm.

The availability for depot charged buses was, according to
interviews with bus operators in the study, found to be about
10% lower for electric buses when compared to diesel buses. It
was therefore assumed that 12 electric buses (instead of 10
buses currently powered by HVO plus 2 more during peak
time) would be needed, which result in an average of
67,000 km/year.

Based on the data in Tables 6 and 7, energy use and
GHG emissions for buses on route 1 in Karlskrona could
then be estimated. The results are shown in Figure 3. These
results revealed that electric powered buses are three times
more energy efficient in the use phase than buses powered
by fossil diesel and HVO. The relatively small amount of
GHG-emissions from electric powered buses occurs in the
E-D phases and are about three times lower than for fossil
diesel powered buses.

Electric powered buses along route 1 in Karlskrona
would, as shown in Figure 4, have much less impact on
acidification, eutrophication, photochemical oxidant creation
potential, and particulate matters, than buses powered by
biogas, diesel, and HVO. An exception is that there are cur-
rently less PM2,5 emissions when producing biogas than
when producing electricity. Added to that, Nordel€of et al.
(2017) found that biogas and HVO could, depending on the
conditions for electricity production, have less contribution
to ecotoxicity and resource consumption than electric pow-
ered buses during extraction to distribution phases.

3.3. Results from noise measurements

A summary of noise measurements during accelerating from 0
to 35 (±5) km/h according to Section 2.4 shows significant

differences for the electric bus compared to the biogas bus, espe-
cially when the latter had the cooling fan switched on (Table 8).

The noise was measured at a constant speed of 30, 40,
50 km/h, and showed slight differences between the electric
and biogas powered buses, and more when the cooling fan
was on. Noise for the biogas powered bus with the cooling
fan turned on was not measured due to time constraints for
the test (Table 9).

3.4. Costs

Upgrading the baseline year from 2014 to 2018 increases the
CPI with 2.9% (313,5 to 322,5) according to (Statistics
Sweden, 2006), and real GDP per capita with 8.5% (421,7 to
458,3 kSEK) according to (OECD, 2017).

3.4.1. Societal costs from emissions
By using the ASEK-model, the emission costs in the use
phase was calculated for city buses when used at route 1 in
Karlskrona. In total, electric powered buses caused global,
regional, and local costs of 81 SEK/year, diesel 8,072 SEK/
year, HVO 859 SEK/year, and biogas 1,250 SEK/year. As
seen in Figure 5, the total societal cost for emissions from
diesel powered buses on route 1 in Karlskrona were found
to be more than six times higher than if these buses were
powered by biogas, more than nine times more than if they
were powered by HVO, and 100 times more than if they
were powered by electricity from wind power.

Additional calculations showed that if the cost for CO2 is
set to 3.50 SEK/kg (instead of 1.14 SEK/kg as used in the
baseline analyse), the total emission cost would increase 2.7
times for a diesel powered bus, 1.3 times for a bus powered
by electricity from wind power (and HVO for the internal
heater), 1.2 times for a bus powered by HVO from tallow,
and 1.1 for a bus powered by Biogas from waste.

3.4.2. Societal costs from noise
There are currently about 36,000 people living in the city
region of Karlskrona, but only some of them are exposed to
noise along route 1, for example, those who live or have
their workplace along the route, and those who walk/bike
on a daily basis beside the road. During the route from
Salt€o to Lyckeby, acceleration will occur at least 40 times
because of stops for giving way, traffic lights, roundabouts,
speed bumps, and ascents. This should be added to the 29
bus stops. Route 1 runs through several dense housing areas
and through downtown Karlskrona and GIS-experts at
Karlskrona municipality has calculated that about 2,700 per-
sons live in houses or apartments within a distance of 20
meters to route 1, and that 2,335 are affected by noise when
buses are accelerating. According to an investigation in 2014

Table 4. Temperature variations in Gothenburg, V€asterås, and €Angelholm. Summary of Figures A11–A13 in Appendix A.

City

Daily temperature (�C) ± 15 days in average (�C)

Days below 0 �CMeasurement period Maximum Minimum Maximum Minimum

Gothenburg July 2015 to June 2016 24 –12 18 –2 27
V€asterås July 2015 to June 2016 24 –18 17 –8 63
€Angelholm June 2016 to May 2017 23 –10 17 0 33

Table 5. Details of electric bus routes in Gothenburg, V€asterås, and
€Angelholm. Sources: (V€asttrafik, 2017), (L€anstrafiken V€astmanland, 2017), and
(Skånetrafiken, 2017).

City Route Length (km) Time (minutes) Bus stops City/Rural

Gothenburg 55 7,6 25 13 City
V€asterås 4 11 40 32 City
€Angelholm 2 14 30 29 City and rural
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about noise from road and rail transport in Karlskrona
(Olofsson, 2014), people are in some locations affected by a
noise level higher than 65 dBA, and in some less than 55
dBA. Route 1 was during that investigation occupied by die-
sel powered buses, which in September 2014 were replaced

by electric hybrid buses. Based on the results in that previ-
ous investigation, this study estimates that the average noise
level within 20 meters distance from the road caused by
road transport along route 1 were about 60 dBA before
September 2014.

Figure 2. Energy use between March 2015 and June 2017 for the electric buses that operated route 55 in Gothenburg, route 4 in V€asterås, and route 2
in €Angelholm.

Table 6. Energy use, content, and primary energy factor (well-to-tank) for biogas, HVO, diesel, and electricityþHVO (for heating) when powering a 12-meter
city bus when used in Swedish public transport.

Energy carrier Source Bus energy usage Energy contentc Primary energy factor (WTT)

Biogas Municipal waste 0,57 Nm3/kmb 9,95MWh/Nmc 0,28MJ/MJFinal
e

HVO Tallow 0,42 liter/kmb 9,44MWh/mc 0,43MJ/MJFinal
d

Diesel Fossil oil þ 5% FAME 0,42 liter/kmb 9,80MWh/mc 0,20MJ/MJFinal
d

ElectricityþHVO Windþ Tallow 1,04þ 0,30 kWh/kma 1,00MWh/MWh þ 9,44MWh/mc 0,13MJ/MJFinal
d

Sources:
aFrom this study. bEcotraffic, 2015. cEnergimyndigheten, 2017. dEdwards et al., 2014. eB€orjesson et al., 2010.
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According to previous noise measurements (Bor�en et al.,
2016; The Larson Institute, 2009; Turcsany, 2016), biogas
powered buses are in general a few dBA more noisy during
acceleration than diesel powered buses. Based on that and
the findings in Section 3.3, this study assumes that electric
buses are in general 5 dBA less noisy than diesel buses

during acceleration from 0 to 35 km/h, and 7 dBA less noisy
than gas powered buses. As the distance from the road to
the buildings included in this study is between 10 and 20
meters, an average distance of 15 meters to the façade of
affected buildings was assumed. According to Equation (1),
this leads to a reduction of the noise level at a building�s
façade by 6,0 dBA. This leads, in turn, to the average noise
levels at a building’s façade along route 1 listed in Table 10.

Equation (2) can be developed to account for differences
in noise levels during acceleration from electric, diesel, and
biogas buses according to Equation (3).

Leq,T ¼ 10 log
1
T

ðT
0

p20T þ ðpy þ p0Þ2nt
p2ref

dt

 !
, (3)

where Leq,T is the daily equivalent noise level in dBA, p0 the
baseline sound pressure in Pa, py the increased sound pres-
sure during acceleration in Pa, n the number of accelera-
tions during T, and t the time for how long a person is
affected by the noise from an accelerating bus.

Table 7. Emission per energy carrier during the use phase for a 12 meter city bus when used in Swedish public transport.

Emission Biogas (waste)a HVO (Tallow)a Dieselþ FAMEa ElectricþHVO

NOX (g/km) 1,0 0,8 0,8 0,1b

HC/VOC (mg/km) 363,4 251,2 254,9 6,0b

SO2 (mg/km) 17,4 1,94 3,45 –
PM (mg/km) 22,7 17,4 17,6 0,01c

CO2e (g/km) 27,4 27,6 1108,9 2,3d

Sources:
aHallberg et al., 2013. bSpheros GMBH, 2010. cVojtisek-Lom, Dittrich, & Fenkl, 2015. dGode et al., 2012.

Figure 3. Energy use and greenhouse gas (GHG) emissions during the use phase and extraction to distribution (E-D) phases of buses on route 1 in Karlskrona when
powered by biogas, diesel, electricity, or HVO. Sources: (B€orjesson et al., 2010; Edwards et al., 2014), and results from this study.

Figure 4. Contributions to acidification (AP), eutrophication (EP), photochemical oxidant creation potential (POCP), and particulate matters (PM) during the use
phase and extraction to distribution (E-D) phases of buses on route 1 in Karlskrona when powered by biogas, diesel, electricity, or HVO. Sources: (B€orjesson et al.,
2010; Edwards et al., 2014; Gode et al., 2012; Nordel€of et al., 2017).

Table 8. Exterior noise measurements during acceleration of electric and bio-
gas bus. Source: (Håkansson, 2017).

Bus powered by
0 to 35 (±5) km/h
average noise (dBA)

Electricity 68,6
Biogas 73,0
Biogasþ cooling fan 75,2

Table 9. Constant speed exterior noise measurements of electric and biogas
bus. Source: (Håkansson, 2017).

Bus powered by

30 km/h
average

noise (dBA)

40 km/h
average

noise (dBA)

50 km/h
average

noise (dBA)

Electricity 65,4 70,4 73,6
Biogas 67,6 70,3 74,3
Biogasþ cooling fan – 73,9 78,0
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This study assumes that p0 ¼ 60 dBA, which corresponds
to the average baseline noise level in 2014 with diesel pow-
ered buses. Moreover, T¼ 86,400 seconds (24 hours) and t is
estimated to 4 seconds. Acceleration is estimated to occur
every 5th minute for each house/apartment affected by noise
from accelerating buses along the route, giving that n¼ 288.
pref ¼ 2E�5Pa (Section 2.5.1). The societal cost can then be
calculated via the ASEK-model (Bångman, 2016) for 2,335
persons living in buildings that are affected by noise when
buses along route 1 accelerates. As shown in Table 10, there
could be a reduction of the societal cost for noise during
acceleration by 750 kSEK/year for electric buses, and an
increase of 820 kSEK/year for biogas buses when compared
to 60 dBA noise level of for diesel buses.

3.4.3. Total cost of ownership
Data for calculation of the Total Cost of Ownership is pre-
sented in Table 11. As mentioned above, the TCO presented
here does not include societal costs for emissions and noise.
It only includes those cost types that the bus system owners
are currently exposed to. It is likely that an increasing por-
tion of the societal costs later will be internalized into the
economy (e.g. through taxes and insurance premiums) and
will probably show up in TCO calculations.

As shown in Figure 6 (and Table 12), an electric bus with
opportunity charging has slightly lower TCO than an elec-
tric depot charged bus, and significant lower TCO than fuel
powered buses in this study.

Results from additional sensitivity calculations (Table 12)
shows that an electric opportunity charged bus remains the
cheapest alternative despite no decrease of battery prices
from 2018. In case maintenance becomes 25% cheaper for
an electric opportunity charged bus, a bus powered by diesel
becomes 18% more expensive, which is also the case if
energy prices doubles by 2030 (compared to 2018).

4. Discussion

4.1. Main message

This study aimed at investigating sustainability effects, noise,
energy use and costs of electric buses during at least one
year when used in public transport.

It was found through a developed strategic life cycle
assessment method with new sustainability principles that
when compared to other buses, electric buses have signifi-
cantly lower sustainability impacts during the use phase
when the fuel for heating the interior and the electricity for
propulsion stems from renewable sources. According to the
results in this initial screening process, these impacts where
quantified in a life cycle assessment and then used as input
to a developed approach to life cycle costing calculations
that were based on in-real life date regarding energy use and
other costs related to bus operations.

On a yearly basis, electric buses used about 1 kWh electri-
city per km for propulsion and about 0,3 kWh HVO per km
for heating the interior of the bus. However, during January
and February, the energy use by the interior heater was the
same as that for the propulsion. Regarding total cost of
ownership, this study found that it is currently 12% more
expensive to run to a diesel bus compared to an opportunity
charged electric bus on route 1 in Karlskrona. This is for a
contract period of 10 years (starting in 2018), a continuation
in rising fuel and electricity prices, and also slightly
decreased battery prices and maintenance costs for elec-
tric buses.

Societal costs caused by noise was calculated through a
new approach based on differences in noise from buses
powered by Biogas, Diesel, and Electricity during acceler-
ation along a route. These calculations showed that an elec-
tric bus generates about 5 dBA less exterior noise during
acceleration compared to a diesel bus, and 7 dBA less com-
pared to a biogas bus. From a level of 60 dBA for diesel
buses along route number 1 in Karlskrona, this leads to a
reduction of the societal cost for noise by 750 kSEK/year
(1,0 SEK/km) for electric buses, and an increase by 820
kSEK/year (1,1 SEK/km) for biogas buses, when compared
to diesel buses along route 1 in Karlskrona. The societal
costs for emissions during the use phase from a diesel bus is

Figure 5. Emission costs (SEK/100 km) per energy carrier for city buses when
used at route 1 in Karlskrona.

Table 10. Change of societal cost in 2018 caused by noise from accelerating buses when powered by electricity, diesel or biogas along route 1 in Karlskrona.

Bus powered by

Average peak
noise (dBA) at

building’s façade

Change in eq. daily
noise level compared
to a level of 60 dBA

Change of cost by noise in
year 2018 (kSEK/year)

compared to a level of 60 dBA

Changes of cost by noise in
year 2018 per bus (SEK/km)

compared to a level of 60 dBA

Electricity 63 – 0,1 –750 –1,0
Diesel 68 – – –
Biogas 70 þ 0,1 þ 820 þ 1,1
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12 SEK/100 km, which is more than six times higher than a
biogas bus, more than 9 times higher than an HVO bus,
and about 100 times higher than an electric bus if the elec-
tricity comes from wind power.

4.2. Critical assessment

The study initially included five different cities where elec-
tric buses run on different routes, but only the results from
Gothenburg, V€asterås, and €Angelholm were found to be
valuable for this study. The electric bus in V€asterås used
more energy, especially for heating the bus interior during
winter time, than the buses in Gothenburg and €Angelholm,
despite that the route’s elevation was not very different.
Added to that, some data were missing in V€asterås, and
only one electric bus was used. The difference in results
compared to the other cities might be, except from differen-
ces mentioned above, due to some specifics of that specific
bus. In Gothenburg, a few data were missing, the three elec-
tric buses were of preproduction type and represented under
20% of the total elapsed distance by all nine buses that oper-
ated the route. The results can still be considered representa-
tive for a route with opportunity charging electric city buses
as they operated the route in any weather conditions
throughout a whole year. In €Angelholm, five electric buses
operated the route constantly, and the data can therefore be
considered representative for a route with depot charged
electric city buses.

The life cycle assessment is based on results from differ-
ent sources, where old data in LCI databases might not be
up-to date, e.g. emission data from trucks from the 1990s
that are used for distribution. The current vehicle fleet can
include such trucks, but the uncertainty of how many they
are, and how many are accounted for in the LCI data,
implies uncertainty to the results.

The noise testing was made with only one vehicle of each
type. It could have included other types of buses to achieve
further examples of differences between electric and fuel
powered buses. On the other hand, the tested buses were
very similar, besides regarding the propulsion system.

Cost assumptions, uncertainty range, and upcoming costs
were based on current knowledge, i.e. findings in previous
studies, interviews and literature reviews. Changes in costs
are extrapolated from historical data, and do not account
for any unforeseen changes that might occur, e.g. political
decisions, technical innovations, higher prices due to
resource depletion, or other findings that can change the
prerequisites. However, sensitivity calculations including
higher cost for CO2 emissions, stabilized battery prices,
lower maintenance cost, and higher energy costs indicates
that electric buses with opportunity charging are 4 to 18%
cheaper than diesel and/or HVO buses at route 1
in Karlskrona.

The societal cost calculations for noise could have been
more precise by including people at the street, but that
would not have changed the comparison between different
bus types. Cost for CO2 is at the lowest recommended level
(1,14 SEK/kg) by the ASEK-model (Bångman, 2016).
However, it is probable that the cost for CO2 used in this
study is not reflecting the true cost of CO2 emissions and
indirectly the real urgency of actions against climate change,
and it will likely not contribute to a fast enough shift
towards sustainable transport (Ny et al., 2017) in line with
the so called Paris agreement (United Nations, 2015).
Additional calculations accounting for 3.50 SEK/kg CO2 (in
line with ASEK-recommendations for sensitivity analysis)
showed a significant higher cost for diesel buses, and only
slightly higher cost for buses powered by electricity, biogas,
and HVO.

The TCO could have included cost for drivers, which in
Sweden usually accounts for more than half of the total cost
for bus traffic. That would have required a detailed schedule
including vehicles, drivers, and other resources. However,
since the time for this is about the same regardless of bus
type, it would not have affected the comparison much. Still,

Table 11. Data for TCO-calculations per bus powered by different energy carriers in route no.1 in Karlskrona.

Cost parameter Biogas Diesel Electric (Depot chargeþHVO) Electric (Opp. chargeþHVO) HVO

Procurement price (MSEK)a 2,4–2,6 2,1–2,3 3,6–4,0 3,3–3,6 2.1–2.3
Energy (incl. VAT) (SEK/kWh)b 1,25 1,44 1,05 1,05 1,46
Fuelling/charging station (kSEK)c 48–53 24–27 290–610 434–500 24–27
Extra battery (MSEK year 2023)a – – 0,7–0,9 0,5–0,7 –
Planned maintenance (kSEK/year)c 72–80 52–58 65–71 78–86 52–58
Helping maintenance (kSEK/year)c 133–147 117–130 119–132 137–152 117–130
Uncertainty (±MSEK/year) 0,6 0,5 0,7 0,5 0,5
aData from bus manufacturers, bus operators, energy suppliers, public transport authorities, and researchers in the study.
bCalculations within the study.
cData from earlier studies (Bor�en et al., 2016; Nurhadi et al., 2014).

Figure 6. Total Cost of Ownership categories, calculated based on data in
Table 11.

INTERNATIONAL JOURNAL OF SUSTAINABLE TRANSPORTATION 11



the fact that some uncertainties and costs for drivers are
excluded makes it important to remember that the TCO in
this study is not the real total cost.

4.3. Comparison with other studies

Compared to the first base study about sustainability
impacts and total cost of ownership for different powertrains
in city buses (Nurhadi et al., 2014b), this study has provided
more accurate results due to the access to more elaborate
social sustainability principles. Earlier base studies (Bor�en
et al., 2016; Nurhadi et al., 2014b) of bus systems used an
earlier definition of social sustainability. Some of the new
findings in newer SLCA studies of entire vehicles powered
by fossil fuels, wind-generated electricity, and hydrogen fuel
cells (Bor�en & Ny, 2016) have also been accounted for.

It is common that analyzes and assessments of bus sys-
tems focus on costs related to investments, fuel, mainten-
ance, and CO2-emissions (Ecotraffic, 2015; Edwards et al.,
2014). This study broadens the perspective to full sustain-
ability, defined by eight sustainability principles (Broman &
Rob�ert, 2017). It also covers the cost for society caused by
bus systems, as well as future costs (based on extrapolation
of historical data). Earlier studies showed that it would be
up to 24% cheaper to run route 1 in Karlskrona by electric
buses, but that result is not fully comparable to the result of
this study, as there has been changes in the route as well as
other presumptions (Section 2.5).

Results from the LCA calculations in this study are simi-
lar to a comprehensive LCA study (Nordel€of et al., 2017)
based on findings within the Electricity project in
Gothenburg. Like this study, it compared electric powered
buses to buses powered by biofuels and fossil fuels. Route 1
in Karlskrona is different regarding topography and number
of stops but similar to Electricity route 55 in Gothenburg,
e.g. regarding intensity, number of buses, and city environ-
ment, and can therefore be considered to be useful for veri-
fication of the LCA results in this study.

Several noise tests have been reported in the literature
that show similar differences between electric and fuel pow-
ered buses during constant speed operation in Sweden and
during acceleration in the United States (Bor�en et al., 2016;
Checkel, 2008), and the results in this study also show simi-
lar results. A knowledge summary about buses’ cost and
environmental effects (Ecotraffic, 2015) found that combus-
tion engine powered buses cause a societal cost by noise in
towns similar to Kristianstad of 3,60 SEK/km, and that the
corresponding cost for electric powered buses is 0,97 SEK/
km. Unlike in this study, the authors of that study did not

recalculate peak noise levels from buses to the daily equiva-
lent noise level, which the ASEK-model requires, so the
results in that study are not comparable to the results in this
study. Moreover, a study by SP Technical Research Institute
of Sweden and the City of Gothenburg (Larsson & Holmes,
2016) compared noise at different frequencies from buses
powered by diesel, gas, hybrid, and electricity. That study
showed even higher differences in noise at lower frequen-
cies, which could be even more relevant for evaluating
indoor noise as lower frequencies are less dampened by a
buildings façades. This is though not accounted for in the
ASEK-model (Bångman, 2016) and therefore not used in
this study.

4.4. Societal impacts and further studies

This study has contributed to society and the scientific com-
munity by clarifying sustainability effects, noise, energy use,
societal costs, and total cost of ownership for buses powered
by electricity compared to buses powered by combustion
engines. It has thereby provided stakeholders related to the
transport sector with results that could guide decisions and
strategies towards a sustainable transport sector.

For further studies, a thorough life cycle assessment cov-
ering also social effects could further quantify the results
from this study and thereby increase knowledge about fur-
ther sustainability effects by different bus systems.
Moreover, further testing and analysis of electric buses in
public transport, e.g. during 3–5 years, could give more
details about maintenance costs, availability, energy use in
colder and warmer climate and other aspects that could
affect decision-makers when choosing between vehicles for
bus public transport. Further development and testing of
methods and tools that could help optimize the use of elec-
tric bus systems in public transport and the development
towards a sustainable society should also be done.
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Appendix A

Daily and average temperatures

Figure A13. Daily and 30 days average temperature variations in €Angelholm during February 2016 to June 2017. Source (SMHI, 2017).

Figure A12. Daily and 30 days average temperature variations in V€asterås during March 2015 to August 2016. Source (SMHI, 2017).

Figure A11. Daily and 30 days average temperature variations in Gothenburg during June 2015 to February 2017. Source (SMHI, 2017).
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Appendix B

Elevation maps of routes

Figure A23. Elevation map of route 2 in €Angelholm. Created by adding information about where the bus stops are located (Skånetrafiken, 2017) into the elevation
scheme by Google (Google, 2010).

Figure A22. Elevation map of route 4 in V€asterås. Created by adding information about where the bus stops are located (L€anstrafiken V€astmanland, 2017) into the
elevation scheme by Google (Google, 2010).

Figure A21. Elevation map of route 55 in Gothenburg. Created by adding information about where the bus stops are located (V€asttrafik, 2017) into the elevation
scheme by Google (Google, 2010).
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