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ARTICLE INFO ABSTRACT

Keywords: Public transport can represent an important solution to reduce the greenhouse gas emissions of the transport
Public transport sector, even more when relying on low-carbon powertrains. Compared with other public transport modes that
Buses

are already mostly electrified, buses still rely on oil products in many cities around the world. This work
analyses two promising alternative options for urban mobility, by evaluating the greenhouse gas emissions
intensity of the supply chains of battery electric buses and biomethane-powered internal combustion engines.
In addition to general results, the analysis also presents a focus on each EU country, to highlight the potential
variability related to different operating conditions. The outcome of the study confirms that interesting
emissions savings can be achieved through the substitution of diesel buses with these low-carbon alternatives.
The level of emissions savings depends on the source of electricity generation and the feedstock used to produce
biomethane. A bus fleet composed by half electricity and half biomethane buses could lead to savings between
70%-125% depending on the country (figures higher than 100% can be obtained thanks to negative emissions
associated to biomethane production from some feedstocks). These results can support decision makers working
on strategies to reduce emissions of urban transport modes, as they confirm the interesting opportunity
represented by these technologies compared to the current situation, and even more when considering them
against the use of private cars in urban environments.

Electric buses
Emissions
Biomethane

1. Introduction This work will analyze two promising options that are increasingly

being considered in many cities worldwide: battery electric vehicles

Public transport is among the most promising solutions to decrease
energy consumption and emissions for passenger mobility, especially
in medium and large urban areas [1,2]. Many cities worldwide have
developed plans and strategies to improve the offer of public transport

(BEVs) and biomethane buses. The second option uses traditional buses
powered by internal combustion engines (ICEs), in some cases exploit-

ing the already existing bus fleets operating on compressed natural gas

solutions and infrastructure for their citizens, aiming at addressing
multiple issues including local air pollution, congestion, space use in
cities and impact on global warming. To further improve the posi-
tive effect on greenhouse gas (GHG) emissions, it is of paramount
importance to shift towards technologies that are not relying on fossil
fuels. However, although some specific public transport modes have
always been electrified, including rail, subway and trolleybuses, a large
number of urban and extra-urban buses are still operating on diesel,
with negative impacts in terms of both climate emissions and local
pollutants. Low-carbon alternatives are being increasingly considered
in many cities worldwide, in accordance with national and local decar-
bonization targets. Different solutions exist to decarbonize urban buses,
including direct electrification [3,4], liquid and gaseous biofuels [5,6],
or synthetic fuels [7].
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(CNG). The GHG emission savings attained through the replacement of
conventional diesel-fueled buses with these two alternatives are ana-
lyzed and compared. The GHG emissions that are estimated encompass
both the tailpipe emissions from the fuel in use (tank-to-wheel, TTW)
and the upstream emissions associated with the phases of feedstocks
provision, processing, transport and conditioning (well-to-tank, WTT).
As the variety of pathways for the production of biomethane and the ex-
pected decarbonization of the electricity grid induce large uncertainties
in the determination of WTT emission factors, the analysis considers
the conditions in each EU country to evaluate the effect of different

contexts.
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Nomenclature

BEV battery electric vehicle

CNG compressed natural gas

EEA European Environment Agency
EU European Union

GHG greenhouse gas

GWP global worming potential
ICE internal combustion engine
IEA International Energy Agency
JRC Joint Research Center

LCA Life Cycle Assessment

LNG liquefied natural gas

LPG liquefied petroleum gas
PHEV plugin hybrid electric vehicle
TTW tank-to-wheels

WTT well-to-tank

WTW well-to-wheels

1.1. Literature review

Many international studies highlight the beneficial impact of pub-
lic transport compared to private cars, not only in terms of carbon
emissions but also on multiple aspects related to human life in urban
environments. Also, in terms of climate emissions, which are the focus
of this work, the specific emission factors of public transport options
often outperform those of private cars. This is especially true when con-
sidering the current average utilization rates of the different vehicles,
as private cars are mostly being used by lone drivers, especially during
the commuting trips, that represent in many cities the lion’s share of
mobility demand.

The potential carbon dioxide emission savings related to elec-
tric buses have been widely addressed in the literature in recent
years. Some studies have focused on their comparison with other zero-
emission solutions, like hydrogen [8], highlighting the better energy
efficiency of BEVs. Other authors have compared GHG emissions and
operational costs of electric buses with traditional diesel buses [9].
Some authors have also broadened the comparison, including tra-
ditional buses operating on diesel and natural gas and low-carbon
alternatives such as electric and hydrogen buses [10]. These compar-
isons are often focused on economic and environmental performance,
although some research has also investigated additional social impacts,
aiming at a comprehensive social cost-benefit analysis [11].

Conversely, although fossil natural gas is often used for urban buses
in its compressed form (CNG), and it is starting to gain momentum
as liquefied natural gas (LNG), research on the potential benefits of
biomethane buses are less diffused. Biomethane has been considered
in the literature as a viable option in road transport, especially when
analyzing private cars [12] and heavy-duty vehicles [13,14]. Regarding
buses, some works focus on specific case studies, such as an application
to couple the biomethane and hydrogen production from the wine
industry with urban bus fleets in Brazil [15], or the possibility of
producing biomethane from food waste to substitute diesel buses in
Mexico [16].

Summarizing the existing literature, recent studies focus on electric
buses, while in the past decades the attention was more on biomethane
as a viable alternative fuel; of these, several focus on highly specific
case studies, several focus on highly specific case studies, lacking
breadth in terms of the variety of feedstocks considered. Moreover,
to the authors’ best knowledge, none of these studies has investigated
the broad impact of biomethane use in buses at the country level. This
paper aims to contribute filling the research gaps detected in literature.
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The analysis carried out in the work considers both biomethane- and
electricity-powered buses, comparing a variety of electricity production
as well as feedstock mixes for biomethane generation and the related
greenhouse gas performance. Moreover, the investigated fuel mixes are
based on 2030 scenario projections for European countries, enabling
the broad assessment of these options at state-level.

2. Materials and methods

The study aims to assess the potential CO,. emission reductions
achievable through the use of biomethane and electric buses, using
diesel-powered buses as the reference scenario. The proposed approach
is Well-to-wheel (WTW), meaning that the evaluation estimates the
energy use and related greenhouse gas (GHG) emissions associated with
the entire fuel pathway and vehicle operation. It integrates two main
components:

+ Well-To-Tank (WTT): covers the energy and emissions involved in
the production and distribution of the fuel, from primary energy
sources to the vehicle’s tank.

» Tank-To-Wheels (TTW): accounts for the energy use and emis-
sions during the use phase of the fuel in the vehicle.

The WTW approach cannot be defined a full Life Cycle Assess-
ment (LCA) as it does not include emissions from the construction
of vehicles or fuel infrastructure, nor from end-of-life disposal. WTW
focuses specifically on energy and GHG performance, excluding broader
environmental impacts such as water usage or toxic emissions. The
approach ensures a balanced comparisons among alternative solutions,
focusing on the aspects related to the fuel production and utilization
stages.

The impact of using a broader life cycle assessment (LCA) is qual-
itatively discussed in the specific section of the paper, as well as the
potential for a quantitative analysis in a future work.

The main research question is focused on the most significant as-
pects that are responsible for the resulting emissions of biomethane and
electricity supply chains that support alternative low-carbon options for
public transport, focusing on buses.

2.1. Calculation methods

The estimation of the emissions related to the alternative fuel
production and use phases are reported in terms of CO,, per unit of
fuel. The CO,, equivalent allow considering the effect of other GHGs,
such as methane and N,O, potentially released in the value chain. The
contribution of the non-CO,, gasses are weighted by their own Global
Warming Potential (GWP), as per the IPCC AR6 [17].

For the WTT part, and specifically for the biomethane case, the eval-
uation includes both pure biomethane and its blends with fossil natural
gas under various levels of integration into the existing gas network.
The potential benefits in terms of emission savings, related to the use
of biomethane, is dependent from the feedstock used in the anaerobic
digestion process. In order to capture the variability of biomethane
emission factors, an extensive collection of literature data has been
performed. In line with standard conventions, emissions resulting from
the combustion of the biomethane are treated as carbon-neutral, due to
the biogenic origin of the Carbon atoms constituting the molecule, as
amply recognized in the scientific literature and by the European regu-
lation [18-20]. It is also important to note that methane slip occurring
during vehicle operation is not considered in this analysis, due to the
present scarcity of data on this subject, while upstream methane leak-
age is incorporated within the WTT emission calculations. Similarly, a
significant variability applies to battery electric vehicles (BEVs), with
respect to the electricity generation. Emissions for electrical energy
may vary depending on the national generation mix, the inclusion or
exclusion of imports from other countries, the hour of the day, the day
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Table 1
Main parameters used in the analysis.
Sources: [21,22].
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WTT emissions TTW emissions

Powertrain Energy consumption
(kWh/100 pkm) (8coze/KWh) (8coze/kWh)
Diesel 4.88 68 265
CNG (fossil) 8.22 41 202
CNG (biomethane) 8.22 variable -
Battery electric 1.43 variable -

Biomethane potential

Annual potential production of biomethane
for each EU country

Germany
France
Italy
Spain
Poland
United Kingdom
Romania
Netherlands
Hungar
Denmarl
Sweden
Ireland
Czechia
Bulgaria
Belgium
Portugal
Greece
Finland
Austria
Switzerland
Lithuania
Norway
Slovakia
Croatia
Latvia
Slovenia
Estonia
Cyprus
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Sequential crops
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Permanent grassland
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Share of biomethane produced from different
feedstocks for each EU country
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Fig. 1. Biomethane potential and feedstock mix for European countries. Source: Gas for Climate [23]. Countries ordered by biomethane potential.

of the year and the specific location. A specific sensitivity analysis is
proposed, to compare the impact of different carbon intensity levels,
on the environmental performances of the analyzed pathways.

In this study, in line with the vast majority of the scientific works
on the topic, the comparison of the emission intensity of alternative
fuels for buses is carried out on a WTW basis. Contrarily to broader
LCA approaches, the scope of the WTW analysis exclude the material
cycle involved in fuel production. In other words, it does not include
the emissions contribution related to the construction of machinery,
vehicles and other durable assets employed in the fuel production value
chain (a category of emissions often referred as “embodied emissions”
or infrastructure emissions). In agreement with this methodology, in
this study the emission factors for grid electricity do not include the
life cycle contributions related to the construction of power plants.
Accordingly, the emission factors of biomethane exclude the life cycle
contributions related to the construction of the biomethane plant. The
same holds true for the emission factor of the reference fuel, diesel.

The adoption of a WTW approach rather than a full LCA study leads
to the underestimation of the emission factors of fuels, as it excludes
a portion of their life cycle. Nonetheless, the embodied emissions
attributable to the plant construction phase are limited, for most fuel
value chains, when compared to the emissions related to the consump-
tion of energy and other non-durable materials. Moreover, the value of
this study does not lie in the absolute numbers produced by the analysis
but, rather, on the relative greenhouse gas performance of alternative
fuel options. In this sense, the consistent adoption of a WTW approach
for all fuel value chains enable a balanced comparison of the different
value chains. It is however noted that some literature resources [24,25]

provide estimations of upstream emissions, especially for electricity, for
the current energy mix.

The emissions factors for the specific alternative fuel and energy
carrier (i.e. electricity) are applied to the fuel consumption rate of the
urban buses. The TTW consumption data are derived from studies using
real data of current operating fleets. The approach is used to compare
different powertrains, both based on fossil fuels (diesel and natural gas)
and on low-carbon alternatives (biomethane and electricity).

2.2. Data sources

This assessment draws on actual fuel consumption data collected
from a fleet of buses operating over a one year time-frame. It com-
pares multiple electricity generation sources and biomethane produc-
tion pathways to reflect the intrinsic variability of the problem. The
data used to evaluate diesel, CNG, and electric buses originate from
earlier research [21]. Table 1 provides the specific energy consumption
figures and the emission factors used in the analysis, with values
normalized to the buses’ maximum passenger capacity (i.e., full load
operation). The energy consumption is expressed per 100 passenger-km
(pkm) of bus capacity. Since natural gas and biomethane have nearly
identical chemical compositions, their fuel consumption rates are as-
sumed to be equivalent. Well-to-tank (WTT) and tank-to-wheels (TTW)
emission factors for diesel and fossil gas are sourced from a recent Joint
Research Center (JRC) publication [22,37]. The methodologies used
to determine the emission factors for biomethane and electricity are
outlined in detail in subsequent sections.
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Fig. 2. Variability of biomethane WTT emission factors for each feedstock reported by the Gas for Climate report. Numbers in boxes show the number of literature
sources available for each feedstock. Source: HANDY’s database (main sources: [22,26-36]).

The previously described parameters serve as the basis for cal-
culating the GHG emission intensity and associated savings of the
various powertrain technologies, taking into account the variability
in biomethane feedstock composition and electricity carbon intensity.
Despite the analysis is tailored to reflect the specific conditions of
individual EU countries, the proposed methodological approach aims
to provide results that are adaptable to different contexts.

2.3. Biomethane country mix

As anticipated, European countries show substantial variation in
both their biomethane production potential and the types of feed-
stocks used. To accurately reflect these differences in the calculation
of country-specific average emission factors for biomethane, this study
draws on the comprehensive 2022 report by Gas for Climate [23].
The feedstock composition and the related biomethane potential, as
estimated in the report for 2030, are shown in Fig. 1.

Biomethane production potential varies significantly across coun-
tries, largely influenced by their geographical size. While there are
commonalities in the feedstocks used — such as the widespread use of
agricultural residues, manure, and sequential crops — distinct national
characteristics and strategic choices lead to notable differences. For
example, Germany exhibits extensive use of permanent grassland, Italy
emphasizes sequential cropping, and Ireland relies heavily on manure
as a primary feedstock.

2.4. Biomethane WTT emission factors

The biomethane WTT values were sourced from the in-house de-
signed HANDY database, a tool for WTT assessment of biofuels value
chains, introduced in [38]. The biomethane WTT emission factors are
determined by the feedstock production pathway. Each entry in the
database represents a fuel production pathway with an associated WTT
and TTW emission factor. The production pathway is defined by the
type of feedstock, the conversion process, the type of fuel produced
and the underlying LCA assumptions. The HANDY database is sourced
by the main lifecycle studies available in literature (i.e. [22,26-36],
etc.). At present, the database accounts for more than 600 production
pathways, with more than 50 related to biomethane. HANDY is a
proprietary product of Politecnico di Torino; data are made available
on request.

For each specific pathway, several Carbon Intesity (CI) values may
be available: the distribution of available emission factors for each
value-chain are shown in Fig. 2, purposely mapped to Gas for Climate’s

nomenclature. This variation is largely due to differing assumptions
about production processes and methodological approaches used across
literature sources. Excluding a few outliers, most reported emission
values fall below 50 gCO,,/M J. When residual feedstocks like manure,
agricultural residues and biowaste are used, negative emissions may
be obtained. These negative emissions result from credits granted by
several methodologies (e.g. REDII annex VI [35]) for avoided emissions
associated with the untreated manures, etc. By contrast, the highest
emissions are generally associated with cultivated feedstocks such as
energy crops and grassland.

To support the analysis, an average emission factor for biomethane
is proposed for each country, using the feedstock distribution detailed
in the previous section. It should be noted that, in this calculation,
all available data points for each feedstock category were treated with
equal weight. This because the feedstock mixes scenarios developed by
Gas For Climate do not provide detailed-enough information to differ-
entiate alternative production pathways for the same feedstock. Future
research is encouraged to explore the implications of feedstock-specific
variability in greater detail.

2.5. Country gas grid emission factors

Emission factors for national gas grids in 2030 were estimated by
considering the share of biomethane in the total gross available energy
from gaseous fuels. Biomethane shares were calculated as the ratio
between biomethane potential and the sum of biomethane potential
and natural gas available energy. Country-level data on gross available
energy from natural gas were derived from the MIX policy scenario,
which underpins the European Commission’s impact assessment in
support of the European Green Deal [39]. The resulting gas grid-mix
emission factor are the average of biomethane and natural gas, on the
relative weighted shares. For fossil natural gas, a WTT emission factor
of 41 gCO,,/kW h (11.4 gCO,,/M J) is considered [22], in addition to
the combustion emissions of 202 gCO,,/kW h (56.1 gCO,,/M J).

2.6. Country electricity grid emission factors

The analysis incorporates projections for the carbon intensity of grid
electricity in European countries by 2030.

For nations representing 97% of total electricity consumption, emis-
sion factors were obtained from EMBER’s recent study [40], which
evaluates the evolution of the European power sector based on National
Energy and Climate Plans (NECPs). For the remaining countries not
covered in EMBER’s dataset, grid carbon intensity was estimated using
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Fig. 3. Specific CO,, emissions savings of electric and CNG buses against diesel buses, based on the fleet composition, and the GHG intensities of electricity and

gas.

current emission levels, adjusted according to the EU-wide emissions
reduction target for 2030, as outlined by the European Environment
Agency (EEA) [41].

The country-level carbon intensity has been calculated in the cited
study [40] by using standard emission factors for lignite (1000 gcny/
kWh), hard coal (850 gcn,/kWh), fossil gas (380 gco,/kWh) and other
fossil fuels (650 gco,/kWh). It is important to remark that these stan-
dard values do not capture the full nuance of the range of power plant
efficiencies at a country level, which is difficult to predict for 2030.
Also, the authors point out that these emission levels do not include the
upstream emissions released during the extraction and transportation
of the fossil fuels before delivery to the power station. However, these
contributions are strongly dependent on the country from which these
fuels are imported and the distance and mode, which are hard to predict
given the important variability seen in the last years.

Based on the results of the study [40], four countries (Germany,
Poland, Italy and Czechia) will be responsible for around 70% of all the
emissions from electricity generation in the EU. In relative terms, eight
countries will still have more than 30% of electricity produced from
fossil fuels, with Poland and Belgium having more than 50%. Most of
the countries will have an important share of fossil gas power plants,
but five of them will still have in 2030 more than 10% of their power
generation relying on coal. The authors point out that these estimates
are generally higher than the official EU projections, thus they may
incorporate to a certain level an overestimation by national authorities.

3. Results

Based on the methodology described in the previous section, the
following charts report the main quantitative results that can be used to
compare the alternative powertrains that are considered in the analysis.
The results are presented both in terms of general indications and with
country-specific focus, that illustrates the potential variability related
to different national contexts.

3.1. General results

A comparison of the CO,, emission savings of low-carbon alterna-
tives to diesel are represented in Fig. 3, where different fleets composed
by CNG and electric buses are evaluated against diesel buses, consider-
ing various GHG intensity levels for electricity and gas supplied to the
buses.

The results show the importance of the pathways used for the pro-
duction of biomethane and the sources used for electricity generation,
which are among the main aspects in driving the achievable emission
savings compared to the traditional diesel solution. Both solutions show
emissions that are on the WTT part, as TTW emissions are null for both
technologies (as already mentioned in the methodology, biomethane
TTW emissions are considered to be carbon neutral, and methane
leakage in the vehicles are currently neglected).

It is important to remark that the figures illustrated in the previ-
ous charts have been limited to GHG intensity levels from 0 to 250
gcoz2e/kWh for gas and from 0 to 1000 gco,./kWh for electricity. These
ranges have been chosen based on the characteristics of the current and
future scenarios in most of the cases considered, thus presenting charts
that are relevant but also easily readable. However, it is important
to remember that some specific feedstocks can allow for negative
emission factors for biomethane, and the same could also be reached
for electricity generation (e.g. using bioenergy with carbon capture and
storage). Some of the following analyses will indeed present negative
emission factors for biomethane, leading in some cases to emission
savings larger than 100% compared to diesel buses.

The following section presents an application of emission savings
evaluation to the context of EU countries, to highlight the effect of
variable local conditions.

3.2. Country-specific results

This section presents the results of the analysis conducted on spe-
cific country-mix emission factors of biomethane and grid electricity,
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Fig. 4. Estimated biomethane share in gas demand (a) and average emission factor of biomethane mix (b) in 2030 for European countries. Biomethane share
was calculated from Gas For Climates potential [23] and projected European gas demand [39]. Emission factors were derived from HANDY database.

as well as the positioning of countries with respect to the emissions
savings maps introduced above, using 2030 as the year of analysis.

Fig. 4 characterizes the biomethane value chain for different coun-
tries. Sub- Fig. 4(a) shows the share of biomethane in countries’ gas
supply. Also exploiting the full biomethane potential reported by the
Gas for Climate report, biomethane shares are around 10%, on average,
and, with the exception of Sweden, never go above 25%.

Fig. 4(b) reports the emission factor of countries’ biomethane mix.
This demonstrates a high variability, heavily dependent on the differ-
ent composition of feedstocks for biomethane production. Countries
with high proportions of manure-based biomethane, like Ireland and
Netherlands, achieve negative emission values (thanks to the additional
effect of reducing methane emissions that would have happened in
the disposal of manure). On the other side of the chart, countries
relying more on cultivated feedstocks, among which Italy, Germany and
Romania, show the highest emission factors, exceeding 75 gCO,,/kW h.
Most of the countries are found within the 25-75 gCO,,/kW h band.

Figs. 5(a) and 5(b) respectively report on the estimated emissions
intensity of the gas and electricity grid of European countries in 2030.
Gas grid emissions in Fig. 5(a) were derived building on the biomethane
shares and carbon intensity previously reported in Fig. 4. Due to the
relatively limited proportion of biomethane, the emission factor of the
gas mix is only slightly inferior to that of pure natural gas. Most of
the countries present emission factors higher than 200 gCO,,/kW h, al-
though for some of them characterized by high biomethane penetration
(Sweden) or particularly low biomethane emission factors (Ireland), the
carbon intensity of the gas mix is found below this threshold.

Finally, Fig. 5(b) shows the projected carbon intensity of the elec-
tricity grid. This is quite variable, depending on the country mix,
ranging from nearly 0 to around 600 gCO,,/kW h. However, the ma-
jority of the countries it lays below 200 gCO,,/kW h, with several of
them reaching under 100 gCO,,/kW h.

All these data are reported in detail in the supplementary materials
of this paper.

The different levels of GHG intensity reported in the previous charts
are associated to variable levels of emissions savings compared to diesel
buses. Fig. 6 shows the achievable emission savings of different low-
carbon bus fleets, with variable levels of BEV and CNG powertrains,
across EU countries when using gas and electricity from the grid. These
figures are representing the 2030 situation, based on the assumptions
explained above.

The chart clearly illustrates that electric buses are on average able
to provide higher emission savings compared to CNG buses. In fact,
for the majority of countries a fleet that is only composed by CNG
buses would lead to even higher emissions compared to diesel (due to
the very low share of biomethane in the grid and the contribution of
methane leakages in the upstream processes). On the other hand, for
the majority of countries, a fleet that is composed of electric buses only
can reach emission savings higher than 75% compared to diesel buses.

However, this analysis is only considering energy and emissions
performance of the powertrains, without considering other technical
and economic considerations. Due to the range limitations of the bat-
teries and their charging times, not all the current diesel buses may
be substituted by BEVs, unless schedules are modified or additional
buses are added to the fleet. Also, economic considerations should be
considered to evaluate the optimal fleet composition.

Different figures emerge when considering alternative powertrains
coupled to biomethane or renewable electricity, as Fig. 7 clearly il-
lustrate much higher emission savings. WTW emissions of BEVs that
are fully supplied by renewable electricity are zero, thus leading to
a 100% decrease of emissions compared to diesel buses for all the
countries. Conversely, CNG buses supplied by biomethane lead to
variable emission savings based on the feedstock mix of each country.
For some countries with negative emission factors, emission savings
can significantly exceed 100%, making it more convenient than BEVs
coupled to renewable electricity. Still, median and EU-27 levels of
emission savings for CNG bus fleets running on biomethane are around
80% and 70% respectively.

While this analysis provide some indication at the country level,
it is important to remark that both electricity mixes and biomethane
feedstock mixes have an additional variability at the local level, as each
city can have peculiar conditions. Thus, the general results presented in
Section 3.1 could be used to evaluate local conditions that differ from
national levels.

4. Discussion

The main results of this paper highlight the average situation at the
EU level, as well as for each country. However, it is important to note
that these benefits may vary quite significantly from a city to another,
as well as the crucial effect of the load factor of buses. A further aspect
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that is not accounted for in this paper is the comparison with private
mobility, which is the main alternative to public transport and remains
the preferred transport mode in many cities. Any policy that could shift
trips from private cars towards public transport would further increase
emissions savings.

When considering available resources, an important aspect that
should be evaluated is also the interaction with other applications,
given the limited availability of biomethane production feedstocks. A
national analysis of the available potential and the possible applications
in transport and other sectors, such as the one presented in [42], should
be used to compare the potential benefits of different applications
to allocate the available resources to the most appropriate solution
for the reduction of GHG emissions. For this reason, future research
needs to assess an integrated analysis of different sectors based on
real performance data and a standardized comparison of achievable
emission savings.

An additional point to be taken into account is the local availability
of resources for biomethane production. An effective use of biomethane
rely on minimizing the need for transporting it, or the feedstocks, over

long distances. For this reason, trying to match the production and
consumption by considering neighboring areas would decrease the need
for additional energy consumption for its transportation. This would
also offer the opportunity to exploit local synergies between the urban
and suburban transport in the cities and the agricultural activities in
the countryside, fostering the relationship between the city and the
surrounding communities.

A similar aspect should also be considered for electricity, although
in this case the geographical proximity is less critical. Conversely, the
electricity charging profiles over time should be matched as closely
as possible with the electricity generation from renewable sources,
as this would ensure that electricity supply for electric buses would
not lead to additional CO, emissions. This aspect promises to be of
major importance and will be addressed in future studies, considering
the operation of a real fleet of urban buses and alternative charging
strategies.

This analysis is currently addressing urban buses, where these two
low-carbon alternatives can compete with diesel buses. For intercity
bus travel, the current fleet is totally dependent on diesel powertrains,
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as BEVs are not yet providing suitable ranges and LNG buses for long
distances are still at early stage. Nevertheless, some companies are
already working on these options for the future, and the technology
development may allow for a penetration of low-emission alternatives
also for long-distance trips in the future.

This work has considered WTT and TTW emissions, thus reaching a
WTW approach. A further step would be to incorporate the contribution
of bus manufacturing and decommissioning, reaching a comprehen-
sive LCA comparison. Nevertheless, such an analysis requires several
assumptions and additional data on the actual use of the vehicles,
their production, their average age and the estimated years of oper-
ation. However, electric bus manufacturing may be associated with
non-negligible additional emissions, mainly related to the production
and end-of-life treatment of the battery pack. Some recent studies
report that the emissions related to battery manufacturing could rep-
resent between 10% and 20% of the lifetime emissions of electric
bus operations [43,44], but these levels are strongly dependent on
the electricity mixes of bus manufacturing and operation. In order to
evaluate the impact of this aspect on the overall emission savings, a
future improvement of this work will address this specific topic by
adding the additional emissions related to electric bus manufacturing.
This is expected to slightly decrease the emissions savings of electric
buses compared to diesel buses, as is the case for passenger cars,
while the relative comparison of biomethane and diesel powertrains
and pathways should not be affected significantly.

5. Conclusions

This work presents an analysis of the potential CO,, emission sav-
ings that can be obtained by shifting the current public transport based
on diesel buses towards low-carbon alternatives such as biomethane or
battery electric buses.

The results of this study, based on the real fuel consumption for a
large bus fleet of diesel, CNG and electric vehicles, show that emission
savings could reach significant levels compared to the diesel bench-
mark. The actual level of savings depend on the share of BEV and CNG
buses in the fleet, but even more on the GHG intensity of the electricity
and gas that are used to supply the buses, which depends on the mix
of sources and feedstocks used for their production.

The analysis has also considered the expected figures of GHG inten-
sity for EU-27 countries in 2030, based on the current strategies for the
deployment of biomethane and renewable electricity in each country.
A bus fleet composed by half BEV and half CNG buses could lead to
savings between 13% and 55% compared to diesel buses, depending

on the country. The very same fleet, when supplied with biomethane
and renewable electricity, could lead to 70%-125% of savings. Figures
higher than 100% can be obtained thanks to negative emissions associ-
ated to biomethane production from some feedstocks, whose use lead
to additional upstream GHG savings that are incorporated into the final
results.

The results of the country-level analysis also highlight that BEVs
appear to have on average better performances than biomethane buses,
due to the higher contribution of low-carbon sources in the electricity
grid compared to the gas grid. In fact, biomethane availability is
expected to be lower than renewables for power generation, thus its
use may be allocated to specific sectors based on an integrated analysis
of the economic system of a country or region.

These results confirm that the development of alternative power-
trains in urban buses alone is not sufficient to maximize GHG emission
savings. Thus, it is of utmost importance to ensure that electricity
generation is increasingly obtained from low-carbon sources, and that
the use of fossil gas can be gradually shifted towards biomethane.

Emissions are evaluated on a WTW perspective, thus encompassing
both the tailpipe emissions and the emissions over the fuel pathways.
However, a further expansion of this analysis will also incorporate
the contribution of the LCA for bus fleets, as especially for BEVs the
manufacturing of the vehicle is often associated with an important
amount of climate emissions, although their depend on the specific
assumptions that are considered.

The analysis also shows a large sensitivity of BEV emission savings
to the carbon intensity of the electricity. This hints to the need to
consider not only the future penetration of renewable electricity in the
grid, but also the matching of renewable generation and bus charg-
ing patterns. Future analysis should thus address this critical aspect,
together with the impact of fast-charging stations for buses on the
stability of the electricity distribution grid.

As concerns biomethane, the influence of the feedstock mix on
the emission savings is a relevant field of research, strongly linked
to local biomass availability, that can also vary significantly within a
country. Specific case studies should evaluate the synergies between
agricultural activities and urban public transport, stressing the effect of
local biomethane uptake with respect to long transportation distances.

CRediT authorship contribution statement
Michel Noussan: Writing — review & editing, Writing — original

draft, Visualization, Software, Methodology, Formal analysis, Data cu-
ration, Conceptualization. Lorenzo Laveneziana: Writing — review



M. Noussan et al.

& editing, Writing — original draft, Visualization, Software, Formal
analysis, Data curation, Conceptualization. Matteo Prussi: Writing —
review & editing, Supervision, Resources, Methodology, Conceptual-
ization. David Chiaramonti: Writing — review & editing, Supervision,
Methodology.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
Matteo Prussi reports financial support was provided by European
Union. This publication is part of the project NODES which has received
funding from the MUR — M4C2 1.5 of PNRR funded by the European
Union - 477 NextGenerationEU (Grant agreement no. ECS00000036).
The other authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

This publication is part of the project NODES which has received
funding from the MUR — M4C2 1.5 of PNRR, funded by the European
Union - NextGenerationEU, Mission 4 Component 2 - ECS00000036 -
CUP E13B22000020001.

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ecmx.2025.101232.

Data availability

Most of the data used in this research is openly available from the
cited references. The data developed in the HANDY tool, a proprietary
product of Politecnico di Torino, are available on request.

References

[1] Carroll P, Caulfield B, Ahern A. Measuring the potential emission reductions

from a shift towards public transport. Transp Res Part D: Transp Envi-

ron 2019;73:338-51. http://dx.doi.org/10.1016/j.trd.2019.07.010, URL https://
www.sciencedirect.com/science/article/pii/S1361920918311003.

Leroutier M, Quirion P. Tackling car emissions in urban areas: Shift,

avoid, improve. Ecol Econom 2023;213:107951. http://dx.doi.org/10.1016/j.

ecolecon.2023.107951, URL https://www.sciencedirect.com/science/article/pii/
$0921800923002148.

[3] Sun S, Batista S, Menéndez M, Wang Y, Zhang S. Powering up urban mobility:
A comparative study of energy efficiency in electric and diesel buses across var-
ious lane configurations. Sustain Cities Soc 2024;101:105086. http://dx.doi.org/
10.1016/j.5¢5.2023.105086, URL https://www.sciencedirect.com/science/article/
Ppii/S2210670723006960.

[4] Zhang X, Dong Z, Huangfu F, Ye Y, Strbac G, Kang C. Strategic dispatch of

electric buses for resilience enhancement of urban energy systems. Appl En-

ergy 2024;361:122897. http://dx.doi.org/10.1016/j.apenergy.2024.122897, URL
https://www.sciencedirect.com/science/article/pii/S0306261924002800.

Prussi M, Julea A, Lonza L, Thiel C. Biomethane as alternative fuel for the

EU road sector: analysis of existing and planned infrastructure. Energy Strat

Rev 2021;33:100612. http://dx.doi.org/10.1016/j.esr.2020.100612, URL https:

//www.sciencedirect.com/science/article/pii/S2211467X20301656.

[6] Mata C, Cardenas D, Esarte C, Soriano JA, Gémez A, nez PF-Y, et al. Performance
and regulated emissions from a Euro VI-D hybrid bus tested with fossil and
renewable (hydrotreated vegetable oil) diesel fuels under urban driving in
Bilbao city, Spain. J Clean Prod 2023;383:135472. http://dx.doi.org/10.1016/
j.jclepro.2022.135472, URL https://www.sciencedirect.com/science/article/pii/
50959652622050466.

[7] Janke L, Ruoss F, Hahn A, Weinrich S, Nordberg A. Modelling synthetic
methane production for decarbonising public transport buses: A techno-
economic assessment of an integrated power-to-gas concept for urban biogas
plants. Energy Convers Manage 2022;259:115574. http://dx.doi.org/10.1016/
j.enconman.2022.115574, URL https://www.sciencedirect.com/science/article/
pii/S0196890422003703.

[2

[5

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Energy Conversion and Management: X 28 (2025) 101232

Estrada Poggio A, Balest J, Zubaryeva A, Sparber W. Monitored data and
social perceptions analysis of battery electric and hydrogen fuelled buses in
urban and suburban areas. J Energy Storage 2023;72:108411. http://dx.doi.org/
10.1016/j.est.2023.108411, URL https://www.sciencedirect.com/science/article/
Ppii/S$2352152X2301808X.

Shao S, Tan Z, Liu Z, Shang W. Balancing the GHG emissions and operational
costs for a mixed fleet of electric buses and diesel buses. Appl En-
ergy 2022;328:120188. http://dx.doi.org/10.1016/j.apenergy.2022.120188, URL
https://www.sciencedirect.com/science/article/pii/S0306261922014453.
Muifioz P, Franceschini EA, Levitan D, Rodriguez CR, Humana T, Correa
Perelmuter G. Comparative analysis of cost, emissions and fuel consumption
of diesel, natural gas, electric and hydrogen urban buses. Energy Convers
Manage 2022;257:115412. http://dx.doi.org/10.1016/j.enconman.2022.115412,
URL https://www.sciencedirect.com/science/article/pii/S0196890422002084.
Siddiqui O, Ishaq H, Khan DA, Fazel H. Social cost-benefit analysis of dif-
ferent types of buses for sustainable public transportation. J Clean Prod
2024;438:140656. http://dx.doi.org/10.1016/j.jclepro.2024.140656, URL https:
//www.sciencedirect.com/science/article/pii/S0959652624001033.

Goulding D, Power N. Which is the preferable biogas utilisation technol-
ogy for anaerobic digestion of agricultural crops in Ireland: Biogas to CHP
or biomethane as a transport fuel? Renew Energy 2013;53:121-31. http://
dx.doi.org/10.1016/j.renene.2012.11.001, URL https://www.sciencedirect.com/
science/article/pii/S096014811200691X.

Madhusudhanan AK, Na X, Boies A, Cebon D. Modelling and evaluation of
a biomethane truck for transport performance and cost. Transp Res Part D:
Transp Environ 2020;87:102530. http://dx.doi.org/10.1016/j.trd.2020.102530,
URL https://www.sciencedirect.com/science/article/pii/S1361920920307173.
Gustafsson M, Svensson N. Cleaner heavy transports — environmental and
economic analysis of liquefied natural gas and biomethane. J Clean Prod
2021;278:123535. http://dx.doi.org/10.1016/j.jclepro.2020.123535, URL https:
//www.sciencedirect.com/science/article/pii/S0959652620335800.

Nadaleti WC, Martins R, Lourenco V, Przybyla G, Bariccatti R, Souza S, et
al. A pioneering study of biomethane and hydrogen production from the wine
industry in Brazil: Pollutant emissions, electricity generation and urban bus fleet
supply. Int J Hydrog Energy 2021;46(36):19180-201. http://dx.doi.org/10.1016/

j.ijhydene.2021.03.044, URL https://www.sciencedirect.com/science/article/pii/

50360319921008909.

Chan Gutiérrez E, Wall DM, O’Shea R, Novelo RM, Gémez MM, Murphy JD.
An economic and carbon analysis of biomethane production from food waste to
be used as a transport fuel in Mexico. J Clean Prod 2018;196:852-62. http://
dx.doi.org/10.1016/j.jclepro.2018.06.051, URL https://www.sciencedirect.com/
science/article/pii/S0959652618317013.

Portner H-O, Roberts D, Tignor M, Poloczanska E, Mintenbeck K, Alegria A,
Craig M, Langsdorf S, Loschke S, Moller V, Okem A, Rama B, editors. Climate
Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of Working
Group II to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge, UK and New York, NY, USA: Cambridge University
Press; 2022, p. 3056. http://dx.doi.org/10.1017/9781009325844.

Ciais P, Sabine C, Bala G, Bopp L, Brovkin V, Canadell J, et al. Carbon and other
biogeochemical cycles. In: Stocker TF, Qin D, Plattner G, Tignor M, Allen SK,
Boschung J, Nauels A, Xia Y, Bex V, Midgley PM, editors. Climate change
2013: the physical science basis. contribution of working group i to the fifth
assessment report of the intergovernmental panel on climate change. Cambridge,
United Kingdom and New York, NY, USA: Cambridge University Press; 2013, URL
https://www.ipcc.ch/report/ar5/wgl/. [Accessed 13 July 2025].

IPCC. In: Calvo Buendia E, Tanabe K, Kranjc A, Baasansuren J, Fukuda M,
Ngarize S, Osako A, Pyrozhenko Y, Shermanau P, Federici S, editors. 2019
Refinement to the 2006 IPCC guidelines for national greenhouse gas inventories.
Volume 2: Energy, chapter 5: Carbon dioxide transport, injection and geological
storage, section 5.3 CO2 capture. IPCC; 2019, URL https://www.ipcc-nggip.iges.
or.jp/public/2019rf/index.html. [Accessed 13 July 2025].

EC. Commission Delegated Regulation (EU) 2023/1185 of 10 February 2023
supplementing Directive (EU) 2018/2001 of the European Parliament and
of the Council by establishing a minimum threshold for greenhouse gas
emissions savings of recycled carbon fuels and by specifying a methodol-
ogy for assessing greenhouse gas emissions savings from renewable liquid
and gaseous transport fuels of non-biological origin and from recycled car-
bon fuels. 2023, https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%
3A32023R1185. Official Journal of the European Union, L 158/83, 21.6.2023.
[Accessed 13 July 2025].

Noussan M. The use of biomethane in internal combustion engines for public
transport decarbonization: A case study. Energies 2023;16(24). http://dx.doi.org/
10.3390/en16247995, URL https://www.mdpi.com/1996-1073/16/24,/7995.
Prussi M, Yugo M, Prada LD, Padella M, Edwards R, Lonza L. JEC well-to-tank
report v5. Scientific analysis or review, Policy as- sessment, Technical guidance
KJ-NA-30269-EN-N (online), Luxembourg (Luxembourg): Joint Research Centre
and Eucar and Concawe, Publications Office of the European Union; 2020,
http://dx.doi.org/10.2760/959137(online).

Gas for Climate. Biomethane production potentials in the EU. Technical Re-
port, Gas for Climate; 2022, URL https://www.europeanbiogas.eu/wp-content/
uploads/2022/07/GfC_national-biomethane-potentials_070722.pdf.


https://doi.org/10.1016/j.ecmx.2025.101232
http://dx.doi.org/10.1016/j.trd.2019.07.010
https://www.sciencedirect.com/science/article/pii/S1361920918311003
https://www.sciencedirect.com/science/article/pii/S1361920918311003
https://www.sciencedirect.com/science/article/pii/S1361920918311003
http://dx.doi.org/10.1016/j.ecolecon.2023.107951
http://dx.doi.org/10.1016/j.ecolecon.2023.107951
http://dx.doi.org/10.1016/j.ecolecon.2023.107951
https://www.sciencedirect.com/science/article/pii/S0921800923002148
https://www.sciencedirect.com/science/article/pii/S0921800923002148
https://www.sciencedirect.com/science/article/pii/S0921800923002148
http://dx.doi.org/10.1016/j.scs.2023.105086
http://dx.doi.org/10.1016/j.scs.2023.105086
http://dx.doi.org/10.1016/j.scs.2023.105086
https://www.sciencedirect.com/science/article/pii/S2210670723006960
https://www.sciencedirect.com/science/article/pii/S2210670723006960
https://www.sciencedirect.com/science/article/pii/S2210670723006960
http://dx.doi.org/10.1016/j.apenergy.2024.122897
https://www.sciencedirect.com/science/article/pii/S0306261924002800
http://dx.doi.org/10.1016/j.esr.2020.100612
https://www.sciencedirect.com/science/article/pii/S2211467X20301656
https://www.sciencedirect.com/science/article/pii/S2211467X20301656
https://www.sciencedirect.com/science/article/pii/S2211467X20301656
http://dx.doi.org/10.1016/j.jclepro.2022.135472
http://dx.doi.org/10.1016/j.jclepro.2022.135472
http://dx.doi.org/10.1016/j.jclepro.2022.135472
https://www.sciencedirect.com/science/article/pii/S0959652622050466
https://www.sciencedirect.com/science/article/pii/S0959652622050466
https://www.sciencedirect.com/science/article/pii/S0959652622050466
http://dx.doi.org/10.1016/j.enconman.2022.115574
http://dx.doi.org/10.1016/j.enconman.2022.115574
http://dx.doi.org/10.1016/j.enconman.2022.115574
https://www.sciencedirect.com/science/article/pii/S0196890422003703
https://www.sciencedirect.com/science/article/pii/S0196890422003703
https://www.sciencedirect.com/science/article/pii/S0196890422003703
http://dx.doi.org/10.1016/j.est.2023.108411
http://dx.doi.org/10.1016/j.est.2023.108411
http://dx.doi.org/10.1016/j.est.2023.108411
https://www.sciencedirect.com/science/article/pii/S2352152X2301808X
https://www.sciencedirect.com/science/article/pii/S2352152X2301808X
https://www.sciencedirect.com/science/article/pii/S2352152X2301808X
http://dx.doi.org/10.1016/j.apenergy.2022.120188
https://www.sciencedirect.com/science/article/pii/S0306261922014453
http://dx.doi.org/10.1016/j.enconman.2022.115412
https://www.sciencedirect.com/science/article/pii/S0196890422002084
http://dx.doi.org/10.1016/j.jclepro.2024.140656
https://www.sciencedirect.com/science/article/pii/S0959652624001033
https://www.sciencedirect.com/science/article/pii/S0959652624001033
https://www.sciencedirect.com/science/article/pii/S0959652624001033
http://dx.doi.org/10.1016/j.renene.2012.11.001
http://dx.doi.org/10.1016/j.renene.2012.11.001
http://dx.doi.org/10.1016/j.renene.2012.11.001
https://www.sciencedirect.com/science/article/pii/S096014811200691X
https://www.sciencedirect.com/science/article/pii/S096014811200691X
https://www.sciencedirect.com/science/article/pii/S096014811200691X
http://dx.doi.org/10.1016/j.trd.2020.102530
https://www.sciencedirect.com/science/article/pii/S1361920920307173
http://dx.doi.org/10.1016/j.jclepro.2020.123535
https://www.sciencedirect.com/science/article/pii/S0959652620335800
https://www.sciencedirect.com/science/article/pii/S0959652620335800
https://www.sciencedirect.com/science/article/pii/S0959652620335800
http://dx.doi.org/10.1016/j.ijhydene.2021.03.044
http://dx.doi.org/10.1016/j.ijhydene.2021.03.044
http://dx.doi.org/10.1016/j.ijhydene.2021.03.044
https://www.sciencedirect.com/science/article/pii/S0360319921008909
https://www.sciencedirect.com/science/article/pii/S0360319921008909
https://www.sciencedirect.com/science/article/pii/S0360319921008909
http://dx.doi.org/10.1016/j.jclepro.2018.06.051
http://dx.doi.org/10.1016/j.jclepro.2018.06.051
http://dx.doi.org/10.1016/j.jclepro.2018.06.051
https://www.sciencedirect.com/science/article/pii/S0959652618317013
https://www.sciencedirect.com/science/article/pii/S0959652618317013
https://www.sciencedirect.com/science/article/pii/S0959652618317013
http://dx.doi.org/10.1017/9781009325844
https://www.ipcc.ch/report/ar5/wg1/
https://www.ipcc-nggip.iges.or.jp/public/2019rf/index.html
https://www.ipcc-nggip.iges.or.jp/public/2019rf/index.html
https://www.ipcc-nggip.iges.or.jp/public/2019rf/index.html
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%253A32023R1185
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%253A32023R1185
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%253A32023R1185
http://dx.doi.org/10.3390/en16247995
http://dx.doi.org/10.3390/en16247995
http://dx.doi.org/10.3390/en16247995
https://www.mdpi.com/1996-1073/16/24/7995
http://dx.doi.org/10.2760/959137%20(online)
https://www.europeanbiogas.eu/wp-content/uploads/2022/07/GfC_national-biomethane-potentials_070722.pdf
https://www.europeanbiogas.eu/wp-content/uploads/2022/07/GfC_national-biomethane-potentials_070722.pdf
https://www.europeanbiogas.eu/wp-content/uploads/2022/07/GfC_national-biomethane-potentials_070722.pdf

M. Noussan et al.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Scarlat N, Prussi M, Padella M. Quantification of the carbon intensity of
electricity produced and used in europe. Appl Energy 2022;305:117901. http:
//dx.doi.org/10.1016/j.apenergy.2021.117901.

International Energy Agency (IEA). Life cycle upstream emissions factors 2024.
Paris: IEA; 2024, URL https://www.iea.org/data-and-statistics/data-product/life-
cycle-upstream-emissions-factors-2024-2. Licence: Terms of Use for Non-CC
Material.

Jafari G, Ardabili S, Pourdarbani R, Abbaszadeh B, Hernandez-Hernandez M.
Sustainable biomethane production from sewage sludge and wheat straw
co-digestion in the presence of polypyrrole fe304 nanoparticles and alka-
line pretreatment: Life cycle assessment point of view. Acta Technol Agric
2023;26(3):133-41. http://dx.doi.org/10.2478/ata-2023-0018.

Rasi S, Timonen K, Joensuu K, Regina K, Virkajarvi P, Heusala H, et al.
Sustainability of vehicle fuel biomethane produced from grass silage in Finland.
Sustainability 2020;12(10):3994. http://dx.doi.org/10.3390/s5u12103994.

Greco C, Comparetti A, Febo P, Navickas K, Orlando S, Venslauskas K. LCA
applied to an anaerobic digestion plant for biomethane and digestate production.
Rural Dev 2019 2020;2019(1):126-32. http://dx.doi.org/10.15544/rd.2019.038.
Buchspies B, Kaltschmitt M, Junginger M. Straw utilization for biofuel produc-
tion: A consequential assessment of greenhouse gas emissions from bioethanol
and biomethane provision with a focus on the time dependency of emissions.
GCB Bioenergy 2020;12(10):789-805. http://dx.doi.org/10.1111/gcbb.12734.
Bedoi¢ R, Cutek L, Cosi¢ B, Krajnc D, Smoljani¢ G, Kravanja Z, et al. Green
biomass to biogas — A study on anaerobic digestion of residue grass. J Clean
Prod 2019;213:700-9. http://dx.doi.org/10.1016/j.jclepro.2018.12.224.

Tonini D, Hamelin L, Alvarado-Morales M, Astrup TF. GHG emission factors for
bioelectricity, biomethane, and bioethanol quantified for 24 biomass substrates
with consequential life-cycle assessment. Bioresour Technol 2016;208:123-33.
http://dx.doi.org/10.1016/j.biortech.2016.02.052.

Nizami A-S, Ismail IM. Life-cycle assessment of biomethane from lignocellulosic
biomass. In: Life cycle assessment of renewable energy sources. Springer London;
2013, p. 79-94. http://dx.doi.org/10.1007/978-1-4471-5364-1_4.

Thamsiriroj T, Murphy JD. A critical review of the applicability of biodiesel and
grass biomethane as biofuels to satisfy both biofuel targets and sustainability
criteria. Appl Energy 2011;88(4):1008-19. http://dx.doi.org/10.1016/j.apenergy.
2010.10.026.

Pierie F, van Someren C, Benders R, Bekkering J, van Gemert W, Moll H.
Environmental and energy system analysis of bio-methane production pathways:
A comparison between feedstocks and process optimizations. Appl Energy
2015;160:456-66. http://dx.doi.org/10.1016/j.apenergy.2015.09.066.

10

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Energy Conversion and Management: X 28 (2025) 101232

European Parliament and Council. Directive (EU) 2018/2001 of the European
Parliament and of the council of 11 December 2018 on the promotion of the
use of energy from renewable sources. Off J Eur Union 2018;L 328/82.

Hill N, Amaral S, Morgan-Price S, et al. Determining the environmental impacts
of conventional and alternatively fuelled vehicles through LCA. 2020, http:
//dx.doi.org/10.2834/91418.

Cai H, Prussi M, Ou L, Wang M, Yugo M, Lonza L, et al. Decarbonization
potential of on-road fuels and powertrains in the European Union and the United
States: a well-to-wheels assessment. Sustain Energy Fuels 2022;6(19):4398-417.
http://dx.doi.org/10.1039/D2SE00771B.

European Commission: Directorate-General for Research and Innovation. Analysis
of socioeconomic impact, GHG emissions and costs. In: Georgiadou M, Goumas T,
Chiaramonti D, editors. Development of outlook for the necessary means to build
industrial capacity for drop-in advanced biofuels: final report. LU: Publications
Office of the European Union; 2024, p. 58-78. http://dx.doi.org/10.2777/
679307, URL https://data.europa.eu/doi/10.2777/679307.

European Commission. Commission staff working document impact assess-
ment accompanying the document communication from the commission to
the European parliament, the council, the European economic and social
committee and the committee of the regions: Stepping up Europe’s 2030
climate ambition investing in a climate-neutral future for the benefit of our
people. 2020, URL https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:
52020SC0176, SWD/2020/176 final.

Moore C, Tunbridge P, Kasprzak M, Graham E. NECP7: Assessing the progress
of the national energy and climate plans (NECPs). Technical Report, Ember;
2024, URL https://ember-energy.org/latest-insights/necp7/#executive-summary.
[Accessed 04 January 2025].

European Environment Agency. Greenhouse gas emission intensity of electric-
ity generation. 2025, URL https://www.eea.europa.eu/en/analysis/indicators/
greenhouse-gas-emission-intensity-of-1. [Accessed 04 January 2025].

Noussan M, Negro V, Prussi M, Chiaramonti D. The potential role of
biomethane for the decarbonization of transport: An analysis of 2030 sce-
narios in Italy. Appl Energy 2024;355:122322. http://dx.doi.org/10.1016/j.
apenergy.2023.122322, URL https://www.sciencedirect.com/science/article/pii/
50306261923016860.

Lubecki A, Szczurowski J, Zarebska K. The importance of uncertainty sources in
LCA for the reliability of environmental comparisons: A case study on public bus
fleet electrification. Appl Energy 2025;377:124593. http://dx.doi.org/10.1016/j.
apenergy.2024.124593.

Wang Y, Shan X, Qiu R. Lifecycle carbon dioxide emissions and cost assess-
ment for battery electric bus systems. J Clean Prod 2025;501:145278. http://
dx.doi.org/10.1016/j.jclepro.2025.145278, URL https://www.sciencedirect.com/
science/article/pii/S0959652625006286.


http://dx.doi.org/10.1016/j.apenergy.2021.117901
http://dx.doi.org/10.1016/j.apenergy.2021.117901
http://dx.doi.org/10.1016/j.apenergy.2021.117901
https://www.iea.org/data-and-statistics/data-product/life-cycle-upstream-emissions-factors-2024-2
https://www.iea.org/data-and-statistics/data-product/life-cycle-upstream-emissions-factors-2024-2
https://www.iea.org/data-and-statistics/data-product/life-cycle-upstream-emissions-factors-2024-2
http://dx.doi.org/10.2478/ata-2023-0018
http://dx.doi.org/10.3390/su12103994
http://dx.doi.org/10.15544/rd.2019.038
http://dx.doi.org/10.1111/gcbb.12734
http://dx.doi.org/10.1016/j.jclepro.2018.12.224
http://dx.doi.org/10.1016/j.biortech.2016.02.052
http://dx.doi.org/10.1007/978-1-4471-5364-1_4
http://dx.doi.org/10.1016/j.apenergy.2010.10.026
http://dx.doi.org/10.1016/j.apenergy.2010.10.026
http://dx.doi.org/10.1016/j.apenergy.2010.10.026
http://dx.doi.org/10.1016/j.apenergy.2015.09.066
http://refhub.elsevier.com/S2590-1745(25)00364-2/sb35
http://refhub.elsevier.com/S2590-1745(25)00364-2/sb35
http://refhub.elsevier.com/S2590-1745(25)00364-2/sb35
http://refhub.elsevier.com/S2590-1745(25)00364-2/sb35
http://refhub.elsevier.com/S2590-1745(25)00364-2/sb35
http://dx.doi.org/10.2834/91418
http://dx.doi.org/10.2834/91418
http://dx.doi.org/10.2834/91418
http://dx.doi.org/10.1039/D2SE00771B
http://dx.doi.org/10.2777/679307
http://dx.doi.org/10.2777/679307
http://dx.doi.org/10.2777/679307
https://data.europa.eu/doi/10.2777/679307
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020SC0176
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020SC0176
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020SC0176
https://ember-energy.org/latest-insights/necp7/#executive-summary
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emission-intensity-of-1
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emission-intensity-of-1
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emission-intensity-of-1
http://dx.doi.org/10.1016/j.apenergy.2023.122322
http://dx.doi.org/10.1016/j.apenergy.2023.122322
http://dx.doi.org/10.1016/j.apenergy.2023.122322
https://www.sciencedirect.com/science/article/pii/S0306261923016860
https://www.sciencedirect.com/science/article/pii/S0306261923016860
https://www.sciencedirect.com/science/article/pii/S0306261923016860
http://dx.doi.org/10.1016/j.apenergy.2024.124593
http://dx.doi.org/10.1016/j.apenergy.2024.124593
http://dx.doi.org/10.1016/j.apenergy.2024.124593
http://dx.doi.org/10.1016/j.jclepro.2025.145278
http://dx.doi.org/10.1016/j.jclepro.2025.145278
http://dx.doi.org/10.1016/j.jclepro.2025.145278
https://www.sciencedirect.com/science/article/pii/S0959652625006286
https://www.sciencedirect.com/science/article/pii/S0959652625006286
https://www.sciencedirect.com/science/article/pii/S0959652625006286

	Well-to-wheel greenhouse gas emissions comparison of electricity and biomethane urban buses
	Introduction
	Literature review

	Materials and methods
	Calculation methods
	Data sources
	Biomethane country mix
	Biomethane WTT emission factors
	Country gas grid emission factors
	Country electricity grid emission factors

	Results
	General results
	Country-specific results

	Discussion
	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	Data availability
	References


