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Abstract: Public transport can play a central role in representing a viable and sustainable mobility
solution, especially in urban areas. Average energy consumption and emissions per passenger are
much lower than for private cars. At the same time, current buses often mostly rely on diesel, and
there are different solutions that can contribute to public transport decarbonization. Biomethane is
among the options to exploit local low-carbon resources to decrease the emissions of public transport
in urban environments. This paper presents the analysis of a real case study considering real data on
the fuel consumption and mileage of the existing bus fleet in the city of Turin, Italy, composed by
diesel and natural gas buses. The aim of this study is to estimate the effect of different penetration
levels of biomethane in substitution of the current fuels. The results show that the use of biomethane
in urban buses could save to up to 71% of emissions compared to the current situation, and savings
would increase to 75% when deploying biomethane and electric buses together. Average emissions
per pkm could decrease from a current level of 85.5 gCO2/pkm to 21.3–63.4 gCO2/pkm depending
on the penetration of biomethane and electric buses. The sensitivity analysis shows even higher
savings when accounting for the future decrease of the electricity carbon intensity in Italy and for the
additional benefits related to avoided emissions from manure disposal. The results of the analysis
demonstrate the potential contribution of biomethane in decarbonizing urban buses, and the findings
presented for this case study can be of use for policy makers and researchers that deal with a similar
situation in other cities and countries.

Keywords: biomethane; decarbonization; transport; buses

1. Introduction

International strategies to decarbonize energy systems and local issues on air quality
are two strong drivers towards low-emission solutions for urban transportation. Different
transport segments are still heavily relying on oil products, from private cars to public
transport. Several regulations and incentives have been set to support the adoption of
passenger cars with lower emissions, both for local pollutants [1,2] and CO2 [3]. Regulations
at the international and national level have also been complemented by specific limitations
in entering the city center in many cities, with low-emission zones that can be accessed
only by cars with very low or no tailpipe emissions [4]. Effort is mostly focused on private
cars and trucks, which represent the largest share of transport activity, energy consumption
and emissions.

However, another transport segment that is facing an important transition is public
transport, in particular at the urban level. While some options are already electrified, such
as subways and trams, and thus have no direct emissions, the large majority of buses are
running on diesel oil. In some cases, and particularly in some countries, cities have adopted
natural gas buses over the years to choose a cleaner alternative to decrease local pollution,
while now electric buses are being deployed in several cities worldwide.

Natural gas buses have in fact proved that local emissions could be significantly
reduced compared to diesel vehicles [5,6], and in particular for particulate matter, which is
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an issue in many countries. At the same time, their climate impact is often comparable to
the diesel alternative, and in some cases it can also be slightly higher due to a lower engine
efficiency and possible methane slip in the combustion process [7,8].

In this perspective, biomethane is gaining interest as a renewable and sustainable
alternative to fossil natural gas [9]. This fuel can be produced from different pathways,
and currently, the main option is the upgrading of the biogas produced in anaerobic
digestion plants or in landfills. Biomethane is chemically similar to natural gas, and
in some cases even better due to the high concentration of methane, and can thus be
used directly in natural gas internal combustion engines. Some countries, such as Italy,
already have an important number of vehicles running on natural gas, and a gradual shift
to biomethane could provide interesting benefits in terms of climate emissions, with a
limited need for investing in new powertrains. The emission savings that can be obtained
depend on different factors, including the type of feedstock that is used for the production
process and other specific parameters. The EU has set specific targets on the type of
feedstock that can be used to ensure a sustainable and low-carbon production of biomethane
and to avoid the competition with food and feed agriculture. The upcoming REDIII
regulation includes a specific mechanism that require producers to demonstrate a minimum
level of emission savings when comparing biomethane with fossil fuels, requiring the
use of selected feedstock mixes and exploiting as much as possible agricultural residues
and wastes.

This paper focuses on the potential role of biomethane in public transportation by
analyzing its possible application for urban buses.

1.1. Literature Review

Compressed natural gas (CNG) buses are a mature technology that has been deployed
over the years, mainly thanks to their lower local pollutant emissions compared to diesel.
Different studies compare the NOX and particulate matter emissions of these technologies,
confirming the advantages of CNG buses against diesel ones [5,7,8]. For this reason, many
countries and cities have deployed natural gas buses in the last decades. Olawepo and
Chen [6] present a social cost benefit analysis focused on the health benefits of transitioning
from diesel to CNG buses, evaluating the monetary effect of avoided premature deaths and
respiratory and cardiovascular illnesses in the US.

Although emission savings are often the strongest driver for the deployment of CNG
buses instead of conventional diesel buses, the economic sustainability should also be
addressed. In particular, the fuel cost can vary significantly from one country to another,
depending on the availability of resources and the specific incentives and regulations [10].

However, CNG buses generally show a higher energy consumption compared to
diesel buses, due to a lower engine efficiency [11]. CNG bus engines could potentially be
closer to diesel ones in terms of energy consumption in series hybrid configurations. As
CNG engines show a higher variation in the efficiency map, they would benefit more from
being operated only at their most efficient operating point [12].

The higher energy consumption also affects climate emissions. Although natural
gas has a lower CO2 emission factor per unit of energy than diesel, the lower engine
efficiency counterbalances this advantage. Thus, CNG buses often show comparable
climate emissions than those of diesel buses [7,8]. Additionally, the possible methane slip
from the engine that is not properly combusted may cause additional climate impacts that
are often neglected, although they are estimated to represent a marginal share of total
climate emissions in urban buses [13].

Recently, due to strong decarbonization strategies at national and international levels,
biomethane is being seen as an interesting opportunity to contribute to decarbonization of
transport, which remains a hard-to-abate sector in some segments [9].

Biomethane could be used in internal combustion engines designed for natural gas,
due to their similar composition. However, biomethane has in general a higher concentra-
tion of CH4 compared to natural gas, and an absence of C2–C4 hydrocarbons. This leads to
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a slightly lower calorific value, as well as other effects in terms of emissions. Lee et al. [14]
highlight that a stoichiometric natural gas engine fueled with biomethane could lead to
a lower thermal efficiency compared to the use of natural gas, as well as higher concen-
tration of some pollutants (in particular CH4 and ammonia). Thus, the optimal use of
biomethane may need the development of engines that are designed by considering its
specific characteristics.

Many studies have addressed biomethane in road transport, especially focusing on
its potential application in private cars [15,16] and heavy-duty vehicles [17,18]. The latter
have received more attention in the last years: while passenger cars are seeing an increased
penetration of battery electric vehicles, direct electrification is currently more difficult for
trucks. Thus, alternative low-carbon solutions for freight transport are being analyzed,
including biomethane.

Current literature also includes different analyses of case studies that investigate the
biomethane production from different feedstocks with the application to transport. Sales
Silva et al. [19] assess the technical and economic feasibility of using biomethane generated
from landfills in the Southeastern region of Brazil to substitute diesel in vehicles, but with-
out mentioning specific transport applications and their fuel consumption. Keogh et al. [20]
present an economic analysis of biomethane injection in the natural gas grid to be sup-
plied to heavy-duty vehicles, highlighting the crucial role of the use of the filling station
for the profitability of the proposed solution. Singh and Kalamdhad [21] investigate the
biomethane potential to decarbonize the transport sector in India, and their results confirm
the massive scope of biogas in the transportation sector, as well as its current limited use.

Some studies specifically focus on urban buses. Chan Gutiérrez et al. [22] estimate that
up to 6.5% of diesel used in transport could be displaced by biomethane from food waste,
and they highlight that a plant producing 60,000 t/year could supply 136 urban buses.
Nadaleti et al. [23] evaluate the benefits that can be obtained by producing biomethane
from municipal wastes to supply urban buses in a Brazilian city, evaluating CO2 and
pollutants emissions.

The other main option to decarbonize urban buses is direct electrification. Compared
to battery electric buses, biomethane could provide some specific advantages. Existing
natural gas buses could be used without modifications, and the refuelling process is much
faster than the battery recharge, thus leading to a longer range for each vehicle. While
electric buses have no direct CO2 emissions, those of biomethane are considered carbon-
neutral, as the CO2 that is emitted has been captured by the plants used for its production.
On the other hand, both solutions incorporate well-to-tank (WTT) emissions, which depend
on the feedstock used for biomethane and the sources of electricity generation. Thus,
the comparison of the well-to-wheels (WTW) emissions of biomethane buses could be
higher or lower than those of electric buses, depending on the specific situation. These two
solutions are not necessarily meant to compete with each other, as each powertrain shows
specific advantages for different applications, and the huge challenge of decarbonizing the
transport system is likely to require a combination of solutions rather than a single silver
bullet technology.

Other solutions are being investigated in the literature to improve the performance of
diesel engines and to decrease their carbon emissions and to evaluate the effect on local
pollution, including the use of different blends of biofuels [24] or the use of hydrogen
or other gaseous fuels in dual-fuel engines [25,26], or hydrogen blends with diesel or
biodiesel [27]. Results mostly show positive impacts, although in some cases, the specific
fuel consumption is increased, as are some specific pollutant emissions.

Although much emphasis is currently being put on climate and pollutant emissions,
the sustainability of any technology should be assessed by taking into account a wide
range of aspects. Dahlgren et al. [28] propose a multi-criteria analysis to compare different
alternative fuels for buses, considering Sweden as a case study. Their work includes four
different areas and twelve indicators, and their results highlight how the choice of the
optimal technology depends on the weight of the different aspects being considered. Finally,
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the advantages of a powertrain over another can also vary from a city to another due to
the socio-economic context and the companies that are involved in the process; a clear
example is proposed by Mutter [29], which compares the competition between electric and
biomethane buses in two Swedish municipalities, with different outcomes.

An analysis of the literature shows the existing interest for biomethane applications
in transport, and in some cases specifically for urban buses. However, some research
gaps remain to be addressed. The attention to urban buses remains marginal, and very
few studies are based on real consumption data from existing bus fleets. Moreover, the
estimation of emission savings is often limited to tailpipe emissions, while a comprehensive
analysis of the entire supply chain could further increase the reliability of the results. Finally,
emission savings from biomethane buses should also be compared against those obtainable
using electric buses, given the rising interest towards direct electrification.

1.2. Key Contributions of This Work

This work addresses the current research gap by presenting an analysis of the potential
WTW emission savings of different penetration levels of biomethane buses. The city of
Turin is considered as a case study, since several buses are already operating with fossil
natural gas. The availability of real data on fuel consumption and mileage for both natural
gas and diesel buses allows for a reliable estimation of the potential biomethane demand,
which is the basis for the scenarios that are evaluated in this study.

This study aims at evaluating the emission savings that can be reached with different
penetration levels of biomethane that can substitute the existing fleet of buses running
on natural gas and diesel. A specific scenario also evaluates the potential combination of
biomethane and electric buses in the fleet. These results can be of interest for policy makers
that need to quantify the potential emission savings of a transition towards low-carbon
urban buses. Moreover, the available information also allows us to extend the results to
other cities based on the indicators that are presented in the paper with respect to the total
mobility demand.

The analysis also presents an evaluation of the biomethane production potential in
the region to ensure the optimal use of local resources for transport decarbonization. This
comparison could provide useful elements to policy makers for a first estimate of the
available resources that can be allocated to public transport, also taking into account other
potential applications.

2. Materials and Methods

The research goal of this paper is to estimate the potential biomethane demand needed
to substitute existing diesel buses, and the related CO2 emission savings that could be
obtained. The city of Turin is considered a case study thanks to the favorable conditions
both on the demand side (availability of fossil gas buses) and on the supply side (a number
of existing biogas plants are operating in the region).

2.1. The City of Turin as a Case Study

This paper focuses on the city of Turin, Italy as a case study. Turin is located in the
north-west part of Italy, with a urban population of around 850,000 inhabitants, increasing
to 1.4 million when considering the larger metropolitan area. The mobility in the city has
been historically dependent on private cars, also due to a big automotive company in
the city. Available estimates of public transport modal share show a very strong decrease
after the COVID-19 pandemic, with a level of 11% in 2022, more than half of the previous
estimate of 23% in 2014 [30]. This level remains much lower compared to most of the other
Italian cities, where the public transport use after the pandemic has generally approached
the previous levels.

The public transport network in Turin includes diesel, CNG and electric buses, trams
and a subway line. As of 2021, Turin’s tram network has a total length of 73 km, making
it the second city in Italy after Milan [31]. Its 14 km of subway network (although with a
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single line) is the fourth in Italy after Milan, Rome and Naples. In the same year, its bus
fleet of 750 buses is the third in Italy, although the number of buses per 100,000 inhabitants
is lower than many other cities (but higher than the average for Italian cities).

The bus fleet in Turin already includes around one third of the buses that run on
fossil natural gas. This choice has been driven mostly by poor air quality concerns, as local
pollution is a major problem in Northern Italy, and Turin ranks among the most polluted
cities in the country [32].

2.2. Estimation of Biomethane Demand for Urban Buses

The chemical composition of biomethane is very similar to fossil natural gas, although
the volumetric share of CH4 is slightly higher. At the same time, the performance of
internal combustion engines running on biomethane and natural gas are very similar. For
this reason, the consumption data of CNG buses are used as an estimate for biomethane
demand. The calculations of this study are based on a biomethane lower calorific value of
9.7 kWh/Sm3 and a density of 0.67 kg/Sm3 [33].

The estimated consumption of CNG urban buses is based on measured data from
actual buses in operation in Turin in 2018 [34]. Each bus is equipped with a GPS system that
measures the actual distance and is automatically recorded in a centralized database, which
is used to program the maintenance of the buses. This information is used to estimate the
specific consumption per km, as further described below. The buses are refilled at the end
of each day, and the information on the quantity of fuel that is refilled is also recorded in a
centralized database for each bus. For this study, aggregated monthly data have been used
per each bus family, both for actual distance and fuel consumption.

The main characteristics of the CNG bus fleet is reported in Table 1. There are four
different bus models, although most of the fleet is composed of types 2, 3 and 4. The fleet is
composed of both 18m and 12m buses. The table also reports the nominal fuel consumption
provided by the manufacturer.

Table 1. Main characteristics of the CNG bus fleet in operation in Turin in 2018. Data from [34].

Type Model Length (m) Passengers Fuel Cons. (kg/km) Fleet

1 IRISBUS CITELIS 18 147 0.64 4

2 IRISBUS 491E.18.31 18 143 0.67 94

3 IVECO 491E.12.24 12 90 0.60 82

4 IRISBUS 491E.12.27 12 94 0.56 87

Additional technical characteristics of the CNG bus fleet, including engine features
and empty and full weight, are reported in Table 2. For additional technical data on the bus
fleet, please refer to [35].

Table 2. Additional technical characteristics of the CNG bus fleet in operation in Turin in 2018. Data
from [35].

Type Engine Power
(kW; CV)

Engine Size
(cm3)

Max Torque
(Nm)

Empty Weight
(t)

Full Weight
(t)

1 243 kW (330 CV) 7790 1100 (@1100 rpm) 18.20 30.00

2 228 kW (310 CV) 9500 1200 (@1200 rpm) 18.29 27.95

3 177 kW (240 CV) 9500 1020 (@1200 rpm) 12.52 18.58

4 200 kW (270 CV) 7790 1100 (@1100 rpm) 12.60 18.99

Available data from [34] include the measurement of real fuel consumption and
mileage that can be used for a better estimation of the actual fuel demand of the bus fleet in
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Turin instead of nominal consumption from data sheets. The measured data, which have
been obtained for an entire year of operation, refer to a total mileage of 9 million km for the
CNG buses of the fleet.

To compare the performance by accounting for the different sizes of the buses, the
specific consumption per passenger-km has been calculated (by considering the maximum
capacity). This indicator is then used to estimate the fuel demand for different penetration
levels of biomethane buses. It is important to remark that the actual number of passengers
will be lower than the maximum capacity, which is reached only during peak hours for
some parts of the trips. Nevertheless, the maximum number of pkm is often used as a
capacity indicator of a public transport system and is thus a useful metric to extend the
results to other systems. The actual number of passengers has a slight influence on the
fuel consumption, as it increases the weight of the bus, but this level of detail cannot be
considered in this type of analysis.

A similar analysis has been performed also for diesel and electric buses (for which
data are also available) in order to estimate the potential emission savings when shifting
from a powertrain to another. The electric buses in the urban fleet in Turin in 2018 remain
limited. Available electricity consumption data has been used, but these values may be
slightly higher that the current best available technology for battery electric vehicles.

2.3. Biomethane Production

The use of biomethane in transport, in addition to reducing carbon emissions, allows
us to exploit a local resource, which is often derived from waste streams. Thus, it is
important to ensure that the estimated demand can be successfully matched with the
production potential in the region.

Biomethane can be produced from the upgrading of biogas generated via anaerobic
digestion. There are currently several biogas plants in Italy that exploit a range of agri-
cultural and waste products to generate electricity. Their development has been mostly
driven by national incentives in the last decades to increase the share of renewables in
power generation.

Considering the Province of Turin, there are currently 59 biogas power plants in
operation, with a total nominal capacity of 55.7 MW [36]. The distribution of plants
based on the nominal output power is reported in Figure 1. The chart shows a significant
variability of the output power, with many small plants and around 25% of the total plants
around 1 MW of output power (due to the specific formulation of incentives, that were
lower for plants larger than 1 MW).

Figure 1. Biogas power plants in operation in the province of Turin. (Data from [36]).

There are also two biomethane plants already in operation near Turin. The biomethane
plant of Pinerolo has a capacity of 800 m3/h and supplies biomethane to the grid, while
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the plant of Candiolo produces 300 m3/h of liquefied biomethane to be supplied to the
transport sector [37]. Moreover, three plants in the province have recently applied for
biomethane national incentives [38]. Two new plants will produce 300 and 500 m3/h of
biomethane from municipal solid wastes (MSW), while a third plant will re-purpose an
existing biogas plant to produce 400 m3/h of biomethane.

For the purpose of this study, the biomethane potential is estimated by considering
the conversion of existing biogas plants. This is a preliminary assumption, as a detailed
analysis of each plant would be needed to consider the economic conditions of such a
conversion, especially due to the distance from the natural gas grid. At the same time,
new plants are likely to be built thanks to the existing incentives, leading to an even larger
biomethane potential in the region.

For the estimate of the conversion potential, it is assumed that an existing biogas plant
of 1 MW of power output can be converted to a biomethane plant of 250 m3/h, with an
annual operation of 8500 h. These assumptions are in line with the values considered in
other research works [39,40].

2.4. Estimation of Emissions Savings

The estimation of the CO2e emissions in this work is based on specific emission factors
per unit of fuel obtained from the literature that are applied to the fuel consumption of
the bus fleet. The same approach is used for the different fuels that are analyzed (i.e.,
diesel, natural gas, biomethane and electricity), both considering the WTT phase and the
TTW phase.

Emission savings related to biomethane depend significantly on the type of feedstock
that is used in the anaerobic digestion process. A recent study by the EU Joint Research
Centre (JRC) [41] estimated the emission savings of the different routes. These figures
have been adapted to the Italian context in [33] by considering three different potential
feedstock mixes by 2030. This work will consider the “Medium” scenario that corresponds
to a feedstock mix based on 69% of double crop, 18% of wet manure, 11% of MSW and 2%
of sewage sludge.

Based on this feestock mix, the WTT emissions of compressed biomethane are esti-
mated to be 17.0 gCO2e/MJ, already including the electricity consumption for compressing
the gas. These figures are already incorporating the current electricity intensity of Italy
(equal to 256.4 gCO2e/kWh, 2021 data). Considering the renewable targets for power gen-
eration in Italy by 2030, a decrease of the CO2 intensity of electricity to 101.1 gCO2e/kWh
would lower compressed biomethane WTT emissions to 13.7 gCO2e/MJ.

There is an additional aspects that should be discussed when evaluating emission
savings of biomethane produced from wet manure. If unused or stored, wet manure would
produce CH4 and N2O from naturally occurring anaerobic digestion. These emissions can
be avoided by controlling this process in closed tanks and collecting the gas produced [41].
Thus, the production of biogas from manure via anaerobic digestion is a better alternative
when considering climate impacts, compared to the traditional use of manure as a fertilizer.
The avoided emissions are estimated to be 111.9 gCO2e/MJ by the RED II Directive [42] and
by the JRC study [41] (when considering closed digestate storage). This value can be seen as
a credit that can be applied to the share of biomethane produced from manure. Considering
the “manure credit” specific WTT biomethane emissions for the Italian feedstock mix
become negative, reaching a value of −3.3 gCO2e/MJ (and −6.7 gCO2e/MJ when considering
the foreseen 2030 electricity mix) [33]. This means that the emissions savings that can be
reached could be higher than 100%.

All biomethane emissions are compared to standard TTW and WTT values for diesel
and natural gas. The assumed TTW values are 18.9 gCO2e/MJ and 11.4 gCO2e/MJ for diesel
and fossil gas, respectively, based on average EU figures from [41]. The corresponding
WTT values are 73.6 gCO2e/MJ and 57.5 gCO2e/MJ. The calculation of total emissions also
includes the contribution of electric buses. In this case, only WTT emissions are considered,
since they do not cause tailpipe emissions. A WTT emission factor of 79.0 gCO2e/MJ is
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assumed, starting from figures presented in [33] and incorporating the effect of a 90%
charging efficiency. When assessing the effect of the electricity carbon intensity evolution in
Italy by 2030, as further discussed in the next section, this indicator is expected to decrease
to 31.2 gCO2e/MJ (again, using values from [33] and including a 90% charging efficiency).

2.5. Comparison of Alternative Scenarios

A total of four scenarios have been compared to evaluate the different levels at which
biomethane could contribute to urban bus decarbonization. The reference scenario (Sce-
nario 0) estimates the fuel consumption and emissions of the current fleet, based on the
assumptions explained in the previous sections. The diesel, CNG and electric buses are
based on the 2018 fleet data, to be consistent with the availability of fuel consumption data.

Then, three different levels of penetration of biomethane are compared. The first level,
in Scenario 1, is the use of biomethane in the current fleet of CNG buses by substituting
the fossil natural gas that is currently in use. This is the easiest scenario, as it requires a
very limited investment. Under the current policy mechanism in Italy, biomethane could
be injected into the natural gas grid by producers, and end users can virtually use it by
buying green certificates. At the same time, if producers are located far from the grid, a
direct transportation of biomethane to the final users in compressed or liquefied form could
be a better option. This detail is beyond the scope of this analysis (assuming the emissions
related to the compressed biomethane option).

In the second level of penetration, presented in Scenario 2, the current fleet of diesel
buses is totally substituted with CNG buses running on biomethane. The (limited) number
of electric buses are not substituted, and they remain in operation. This scenario aims at
evaluating the maximum contribution of biomethane and compares the highest level of
biomethane demand against its potential production on the region.

The current investment plan of the city of Turin includes an important share of new
electric buses, supported by national incentives related to the EU Recovery Fund. The
public transport operator estimates that by 2026, a total of 81% of the offered passenger-km
will be relying on electric buses. Thus, in the last scenario (Scenario 3), electric buses
are assumed to reach the expected level, and the remainder of the service is provided
by biomethane (while in the hypothesis of the public transport operator, this share is
supplied by 14% of CNG buses and 5% of diesel buses). This scenario allows us to evaluate
how a mixed contribution of electricity and biomethane buses perform against a full
biomethane penetration.

A summary of the distribution of annual offered pkm is reported in Table 3.

Table 3. Distribution of the total annual pkm offered across different powertrains for each scenario
(values in billion offered pkm).

Gpkm Diesel Fossil Gas Biomethane Electric

Scenario 0 2.5 1.1 - 0.1

Scenario 1 2.5 - 1.1 0.1

Scenario 2 - - 3.6 0.1

Scenario 3 - - 0.7 3.0

3. Results
3.1. Calculation of Biomethane Consumption in Urban Buses

Around one third of the bus fleet in Turin is already relying on compressed natural
gas. Monthly operational data of the bus fleet in Turin for 2018 have been collected by [34].
Available information for the CNG buses includes the fuel consumption (expressed on a
mass basis) and the total distance operated for each bus type. The CNG bus fleet in Turin is
based on four different types of buses, for a total of almost 270 buses as of 2018 (see Table 1).
To compare the performance of the different buses, it is possible to consider the maximum
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passenger capacity of each bus class to calculate the specific natural gas consumption
expressed in kg per 100 seat-km (corresponding to passenger-km at full capacity). The
specific consumption calculated on a monthly basis for the four bus types are reported in
Figure 2.

Figure 2. Estimation of specific consumption for the CNG urban bus fleet in Turin. Monthly data
for 2018, pkm are estimated considering maximum bus capacity. (Author’s calculations on data
from [34]).

Data show an important variability, both across bus types and across months. On
average, the difference between one bus type and another seems to remain quite constant,
although there are some anomalies, especially in the last quarter of the year. Gas consump-
tion can be related to a number of factors, including the average passenger load, the average
speed (which is related to the level of congestion), the need for cooling onboard, and other
auxiliary services. However, the differences from one month to another do not seem to be
comparable for each bus family, so it is hard to find the main causes of variability without
further investigation.

Monthly specific natural gas consumption values range from 0.44 to 0.69 kg/100 pkm.
Considering annual values for each bus type, the specific consumption ranges from −6% to
+16% of the nominal fuel consumption reported in the datasheets. However, the weighted
average consumption of the entire fleet, equal to 0.570 kg/100 pkm, is only 1% higher than the
nominal value. Considering a low calorific value of 14.4 kWh/kg for natural gas, the specific
fuel consumption can be expressed as 8.22 kWh/100 pkm (considering 100% passenger load).

This figure is used to estimate the biomethane demand related to the bus fleet, under
the assumption that the chemical composition of biomethane can be considered similar to
fossil natural gas. The actual composition of both fuels shows some variability, but average
values represent an acceptable approximation for the purpose of this study.

A similar analysis has been performed on diesel buses, considering four types of
buses that are comparable to the CNG buses presented above. The weighted average
consumption of diesel buses is 0.473 L/100 pkm, and it is 3% higher than the nominal value.
Considering a low calorific value of 10.3 kWh/L for diesel, the specific fuel consumption is
4.88 kWh/100 pkm (considering 100% passenger load). The same analysis for the electric
fleet leads to a specific fuel consumption of 1.43 kWh/100 pkm, which is 1% higher than
the nominal value. However, in this case the number of electric vehicles in operation is
quite limited and may not be directly comparable with the other two powertrains.

3.2. Biomethane Potential Demand for Urban Buses

Depending on the scenario that is considered, the biomethane demand of the urban
bus fleet in Turin is estimated by considering average fuel consumption data from the real
operation of CNG buses.
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Scenario 1 represents the substitution of the fossil gas used in the current fleet with
biomethane. In this case, the estimated annual consumption is equal to 86.4 GWh, which
corresponds to 8.9 million cubic meters. The annual demand increases to 30.1 million
cubic meters, or 292.0 GWh, if substituting all the CNG and diesel buses (Scenario 2),
which is the highest demand among the cases considered in this study. The last case, in
Scenario 3, where a very high penetration of electric buses is evaluated, would require
only 5.9 million cubic meters of biomethane, or 57.0 GWh. This value is the lowest of the
three cases under analysis, due to the very high contribution of battery electric vehicles
considered in the scenario.

A summary of the energy consumption of urban buses in the different scenarios is
reported in Table 4.

Table 4. Annual energy consumption across different powertrains for each scenario (values in GWh).

GWh Diesel Fossil Gas Biomethane Electric

Scenario 0 121.9 86.4 - 1.4

Scenario 1 121.9 - 86.4 1.4

Scenario 2 - - 292.0 1.4

Scenario 3 - - 57.0 42.4

The results of the analysis show an important variability of demand across the sce-
narios, highlighting the potential range of biomethane supply that would be needed. For
this reason, a clear strategy is required for a correct planning of the future demand and
the matching with the production potential, which will be discussed in the next section.
Moreover, the estimated demand is also used to estimate the total potential emissions
savings in the three scenarios.

3.3. Biomethane Production Potential

A preliminary assessment of the biomethane potential can be estimated by consid-
ering the current production of biogas via anaerobic digestion in the province of Turin.
The conversion of the current biogas plants operating in the area, with the assumptions
described in Section 2.3, could lead to a total biomethane production capacity of around
13,900 m3/h, equal to 118 million m3 per year.

The production potential is therefore much higher than the estimated demand of the
bus fleet in the different scenarios. The estimated demand for urban buses remains limited
from 5% to 26% of the maximum production potential, depending on the scenario. However,
it is important to remark that other transport segments may also consume biomethane,
including private cars, trucks and shipping. Some of these applications may also lead to
higher CO2 emission savings compared to urban buses, depending on the technology that
is substituted by biomethane.

This result can be compared to other available data at different levels. A recent analysis
estimates the maximum potential of biomethane production from manure in the province,
which is equal to 66 million m3 per year [43]. No information is available regarding other
potential feedstocks with this geographical focus. Considering the national level, a recent
estimate of the 2030 biomethane potential in Italy is 5.8 billion m3 [44], although other
sources provide higher estimates. Scaling this number to the Turin province based on
the current biogas installed power (which equals to 4.2% of the total national capacity)
would lead to an estimate of 244 million m3, around twice the estimated potential from
current biogas plants. However, this is a strong approximation, as a reliable estimate of the
provincial potential would require a dedicated analysis, based on the availability of the
different feedstocks that could be exploited.
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3.4. Estimation of CO2 Emission Savings

The first comparison of emission savings in the three scenarios is based on the most
conservative assumptions—i.e., the current electricity mix—and without considering the
emissions credits from manure (that would incorporate the emissions savings related to
the avoided manure disposal, as described in the methodology section). As reported in
Figure 3, the estimated WTW emissions of the reference scenario (Scenario 0) reach 62.4 kt
of CO2e, of which around two thirds are caused by diesel buses and the remaining third
by CNG buses running on fossil gas (electric buses sum up to less than 1% of the total).
The TTW emissions account for 80% of the total, as usually happens for transport systems
based on fossil fuels.

Figure 3. Estimation of CO2 emission savings in the analyzed scenarios (no manure credits, 2021
Italian electricity mix).

The substitution of the current fossil gas use with biomethane would save around
26% of the total emissions, without the need for important investments on the bus fleet
(Scenario 1). A stronger intervention that aims at also substituting diesel vehicles will push
emissions savings to 71% of the total (Scenario 2). Scenario 3 shows instead the benefits of
a strong electrification of the bus fleet (estimated at 81% of the total offered pkm, according
to a strategy by the public transport operator), coupled with biomethane for the remaining
part of the trips, would increase emissions savings to 75%.

The figures show that around 25% of emission savings could be reached with min-
imum investment in the bus fleet. The other two scenarios that are considered show
comparable emissions savings, which are around the triple compared to Scenario 1, but
require an important investment in the renovation of the bus fleet and in the energy supply
infrastructure. In the case of Scenario 3, this would also require the installation of an
important amount of charging stations for the electric buses. An evaluation of potential
technical limitations and barriers is beyond the scope of this work, but should also be
considered when comparing the effectiveness of these scenarios.

The CO2 emissions of the different powertrains and scenarios could also be expressed
with respect to transported passengers to make them comparable with other studies and
other transport modes. There is currently no information on the load factor of urban buses
in Turin due to the lack of specific measurements. For this reason, two reference load
factors are assumed: a high load factor, equal to 80% of the total bus capacity, which is
representative of the peak hours, and a load factor of 20% to account for the average use of
urban buses. The average load factor is assumed based on a comparison of Italian statistics
on urban public transport in 2018, comparing estimated pkm and offered pkm. Using
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these assumptions, the specific emissions per each powertrain and scenario are reported in
Figure 4.

Figure 4. Estimation of specific CO2 emissions per pkm considering peak (80%) and average (20%)
load factors.

The results show that the current average WTW CO2 emissions of urban buses in Turin
(Scenario 0) are 85.5 gCO2/pkm, decreasing to 21.4 gCO2/pkm during peak hours. These values
result from the combination of diesel and fossil gas powertains. The other three scenarios,
with different levels of biomethane and electric buses penetration, show specific emissions
of 63.4 gCO2/pkm, 25.0 gCO2/pkm and 21.3 gCO2/pkm for Scenarios 1, 2 and 3, respectively.
These values are comparable to other studies in the literature. A recent review of several WTW
studies [45] reports that urban buses running on diesel have specific WTW emissions in the
range 55–112 gCO2/pkm (average 87 gCO2/pkm, median 93 gCO2/pkm).

The results that have been presented are considering the current average electricity
carbon intensity in Italy, and the additional emissions savings related to manure credits are
not considered. The combined effect of these two additional assumptions is reported in
Figure 5 as a sensitivity analysis to assess the variation on the main results.

The results of Figure 5 show that the decreasing carbon intensity of the electricity by
2030 would have positive effects in terms of emissions savings. This effect alone would
increase savings from 26% to 27% in Scenario 1, from 71% to 76% in Scenario 2 and from
75% to 88% in Scenario 3. The highest effect is noticeable in this last scenario, as decreasing
electricity carbon intensity leads to higher emissions savings for electric buses than for
biomethane buses. Also, when considering the 2030 electricity carbon intensity, Scenario 3
shows the highest savings, and the difference from Scenario 3 and Scenario 2 is even higher
compared to the previous results.

On the other hand, when considering the emissions credits related to the use of wet manure
for biomethane production, Scenario 2 becomes the best solution to maximize emissions savings.
In fact, savings go beyond 100% with both electricity carbon intensity levels. This is of course
related to the fact that additional emissions are saved when using biomethane, which has
thus an equivalent negative emission factor. This effect should be considered carefully, as a
higher energy consumption would lead to higher emission savings, representing a strong barrier
to energy efficiency measures. An example could be the use of CNG hybrid buses, whose
decrease in fuel consumption would paradoxically decrease emissions savings. Nevertheless, it
is important to remember that biomethane potential remains limited, and the available resources
should thus be used in the most effective way.
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Figure 5. Sensitivity analysis of CO2 emission savings in the analyzed scenarios with or without
manure credits, and using 2021 and 2030 Italian electricity mixes.

4. Discussion

The results of the analysis show the important emission savings that could be achieved
by biomethane. Although this work has been focused on urban public transport, biomethane
is a finite resource that could also be used for other applications in compressed or liquefied
form. In particular, liquefied biomethane could represent an interesting option for coaches
and trucks, thanks to the better efficiency and range that could be reached. These seg-
ments are currently seeing a gradual penetration of fossil LNG as an alternative to diesel,
and in some (limited) cases, they are being fueled with biomethane. The liquefaction of
biomethane requires additional energy consumption, leading to more climate emissions. At
the same time, it could represent an interesting option for production sites that are far from
the natural gas grid, and during the liquefaction process, the carbon dioxide contained in
the biogas could be easily separated in liquid form and supplied for a range of applications
(including the food industry).

As already mentioned in the previous sections, the current standard decarbonization
option in buses is the direct electrification with battery electric vehicles. Although electric
and biomethane vehicles are often put in competition with each other, they could also be
seen as complementary solutions. Biomethane buses could be used in routes that require
long mileage and are not suitable for electric vehicles, as current batteries would not allow
an entire day of operation without recharging. Moreover, a diversified bus fleet would also
provide a useful redundancy in cases of problems on the supply of one of the fuels (e.g.,
commodity prices, supply chain disruptions, etc.).

Current urban buses have started using biomethane in powertrains designed for fossil
natural gas, which has a lower share of CH4 and a part of C2–C4 hydrocarbons. As shown
in [46], biomethane consumption is comparable to natural gas, although [14] remarks that it
could perform differently in some specific conditions, and thus, the development of specific
engine designs may improve performance and reduce fuel consumption and emissions.
Moreover, some companies are evaluating the possibility of developing hybrid powertrains,
which in the case of fossil natural gas can decrease fuel consumption and emissions by up
to 16% [47]. This could further improve the effectiveness of biomethane in substitution for
traditional fossil fuels. Similarly, liquefied biomethane could also represent an interesting
option, especially for interurban public transport. Some companies are already providing
some commercial models of LNG coaches that could be fueled with biomethane. However,
their current level of maturity is much lower than the CNG buses.
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The diffusion of biomethane in the transport sector, just like for direct electrification,
would shift the focus from tailpipe emissions to the previous steps of the supply chain. To
ensure the minimization of climate emissions throughout the supply chain, it is important
to focus on specific feedstocks. In the EU, the RED directive [42] is gradually limiting
the types of feedstocks that are allowed by excluding those that compete with food and
feed and fixing minimum thresholds of emission savings compared to fossil reference
alternatives. Priority should be given to wastes, both from agricultural processes and urban
wastes, as well as to double crop cultures that can maximize the use of the soil and ensure
also other benefits to the agriculture.

The results of the sensitivity analysis show how the carbon intensity of the electricity
mix and the consideration of emission credits from wet manure can affect the estimation of
emissions savings and the comparison across scenarios. The strongest effect is due to the
choice of considering additional emission savings from wet manure. This approach is quite
common in the literature [41], but this is of course meaningful only when manure would
not have been used for other purposes. This is not always easy to demonstrate, and for
this reason, these additional emissions are not always considered when assessing climate
benefits of biomethane.

This analysis has been focused on energy and climate impacts, and an economic assessment
will be developed in a future work. However, it is important to acknowledge that economic
and financial sustainability is crucial to support the deployment of any technology. Available
studies in the literature show that biomethane production costs are often higher than natural
gas market prices in different world regions. When considering the Italian context, some recent
studies [48,49] report a range of production cost between 0.54 and 0.78 €/Sm3, depending on the
size of the plant and the type of distribution. Rotunno et al. [48] focuses on a biomethane plant
of 120 Sm3/h, and their results include a production cost of 0.54 €/Sm3 for biomethane supplied
to the natural gas grid, and 0.73 €/Sm3 for compressed biomethane for transport applications.
The production cost is related to the plant size: for a plant output of 250 Sm3/h (i.e., around the
double of the previous one), production costs decrease by 17% for grid injection and 23% for
CNG for transport. These values are generally higher than the average price of fossil natural
gas, although the significant rise in gas prices in Europe in 2022 due to the Ukraine war has
demonstrated the volatility of the market. Conversely, biomethane production costs are less
vulnerable to strong market variations. However, these comparisons do not take into account
climate externalities. Business plans for biomethane urban buses would need to incorporate the
benefits of emissions savings in terms of carbon pricing, depending on the specific situation that
is applicable or expected (e.g., emissions trading system, carbon taxation, other incentives).

The approach presented in this analysis includes some assumptions and limitations
that are related to the data availability for the specific case. Fuel consumption data support-
ing this analysis is based on CNG buses, and although different research papers report a
similar consumption for biomethane [46,50], some authors show that using biomethane
could in some cases increase fuel consumption [14]. This should thus be verified with
operational data. Moreover, it is assumed that the diesel buses that will be substituted are
on average operating on similar routes compared to CNG buses, but this assumption is
justified by the relevant number of CNG buses operating in the city that already represent
an important share of the total bus fleet.

Finally, the scenarios considered in this analysis are specifically focused on biomethane,
although Scenario 3 incorporates the potential electrification of an important part of the bus
fleet that is planned for the next years (also relying on specific national public incentives).
Also, there is currently a higher share of electric buses compared to the situation for which
the data were available (year 2018). Energy consumption data of the electric bus fleet
in 2018 are used for the evaluation of Scenario 3 and also if there is the risk of slightly
overestimating specific energy consumption when compared with the current generation
of electric buses. Nevertheless, this assumption does not affect the significance of the final
results since the impact on total figures is likely to remain limited.
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5. Conclusions

This paper presents an analysis of the potential contribution of biomethane in decar-
bonizing urban public transport. The results show the emission savings that can be achieved
compared to the current CNG and diesel buses, based on a specific case study—the city of
Turin—and exploits the availability of real fuel consumption data for the existing bus fleet.

Results show that biomethane is an effective solution to decrease WTW emissions
in urban bus fleets. Emission savings using conservative assumptions are in the range of
26% to 71%, depending on the share of the bus fleet that could be substituted (and even
higher in some sensitivity assumptions), and increase to 75% when biomethane buses and
electric buses are deployed together. Average emissions per pkm could decrease from a
current level of 85.5 gCO2/pkm to 21.3–63.4 gCO2/pkm depending on the penetration of
biomethane and electric buses. These results could be further improved by developing
policies aiming at increasing the average occupancy of urban buses, which remain limited,
especially outside of peak hours.

Moreover, the feedstock mix for the production of biomethane is a key parameter in
the estimation of emissions savings considering the entire supply chain of the fuel. For
this reason, it is important to support the most effective feedstocks, as is already being
done by the EU regulation that sets minimum levels of emissions savings for transport
biofuels. Additional incentives to support the solutions with the highest emission savings
could further push producers to minimize emissions throughout the supply chain. Another
important parameter, as demonstrated by the results of this study, is the carbon intensity of
the electricity consumed in the different stages of the supply chain.

Urban buses running on biomethane currently have higher costs compared to traditional
fossil-based vehicles. However, as confirmed by the results of this study, potential climate
emissions savings are significant. A proper accounting of these emissions savings and their
pricing would thus be the basis for supporting the development of decarbonization technologies.
In this respect, a policy support towards alternative low-carbon solutions (e.g., biomethane,
electric buses, hydrogen buses) should aim at prioritizing the cheapest solution to decarbonize
public transport. To support such an evaluation, standard methods and procedures to assess
emissions savings should be adopted, ideally at the international or national level. These
schemes could then be applied by cities to reach decarbonization targets.

In tandem with the analysis of the potential demand, an evaluation of the biomethane
production potential is needed by guaranteeing the use of sustainable feedstocks in accordance
with EU and other international standards. The match between demand and supply is crucial to
ensure the optimal use of local resources. While this analysis presents a case study focused on
urban public transport, it is important that decarbonization policies are organized in a coherent
framework across final sectors to allocate available resources in the most profitable applications.
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The following abbreviations are used in this manuscript:

CNG compressed natural gas
EU European Union
GPS Global Positioning System
JRC Joint Research Centre
LNG liquefied natural gas
MSW municipal solid waste
RED Renewable Energy Directive
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TTW tank-to-wheels
WTT well-to-tank
WTW well-to-wheels
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