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Abstract. This work deals with a technical and economical comparison between hydrogen and liquid
natural gas (LNG) fueled buses with reference to the standard solution based on diesel fuel internal
combustion engines. The level of service is evaluated considering the number of buses replaced and the
average kilometers traveled each year for two levels. The economical comparison is made using the Total
Cost of Ownership (TCO) method considering capital and operating costs. The costs of LNG and Diesel (at
the pump in Italian market) are estimated with reference to the year 2020. Furthermore, an assessment of
greenhouse gas emissions will be carried out starting from energy needs, adopting a “cradle to grave”
approach, thus evaluating emissions from the well to the tank and from the tank to the wheel. The results
show that the operating costs (0.778 €/km) of LNG solution are lower than the Diesel ones (1.072 €/km),
while the hydrogen buses can become competitive in the next few .The production of hydrogen with water
electrolysis considering the current electricity costs of the Italian market is expensive and involves a cost to
the hydrogen pump 7,60 €/kg which makes the operating cost of the hydrogen solution is equal to about
1.420 €/km which makes this solution uncompetitive. It is also important to underline that the cost of green
hydrogen production from water electrolysis strongly depends on the cost of electricity. The Life Cicle
Analisis (LCA) analysis shows strong environmental benefits of the hydrogen solution in terms of CO2eq if
the hydrogen is produced by electrolysis using renewable energy sources. In the other cases, the advantage
of using hydrogen is not very strong as it is associated with the use of fossil fuels that release climatealtering substances.

1 Introduction
Issues related to Climate Changes boost the research of
innovative solutions to radically reduce emissions. Paris
Conference of the Parties (COP21) represents the start
point for Europe transition to a decarbonized energy
system [1]. It is expected that the implementation of
COP21 objectives can have a strong impact, radically
transforming the EU strategies in generating, distributing,
storing and consuming energy. Major stakeholders are
considering all available options to limit energy-related
CO2 emissions to less than 770 Mt/y by 2050, and it is a
common opinion that hydrogen can constitute a very
interesting solution [2]. According to ISPRA (Italian
Higher Institute for Protection and Environmental
Research, 2019), in Italy 23% of greenhouse gas
emissions are attributable to road transport [3]. A report of
European Environment Agency (EEA) states that air
pollution caused over 400.000 deaths in Europe per year
[5]. Italy is the first European country for premature
deaths (more than 10.000) due carbon dioxide, while it is
the second one (behind Germany) for deaths due to high
nitrogen concentrations (about 3.000 deaths a year) and
particulate matter (PM2.5) (more than 52.000) [5].
Focusing on the Italian case it is possible to see that most
of the pollution-related diseas are related to the low
efficiency (and relatively large emissions) of public
transportation, pushing travelers and commuters to use
*

private cars instead of choosing public or shared mobility
[5]. In this context, the energy transition can be achieved
through a gradual shift from a system mostly based on
fossil fuels to a more sustainable and renewable energy
mix. The use of Liquefied Natural Gas (LNG) as a fuel
could significantly contribute to the energy transition [6].
A very competitive solution consists in using green
hydrogen as a fuel for electric buses equipped with
batteries and hydrogen fuel cells, as also stated in the
“Piano Nazionale Ripresa e Resilienza” representing the
Italian implementation plan of the Next Generation EU
action [7] Hydrogen and fuel cells technologies were
identified amongst the new energy technologies needed to
achieve a 60 % to 80 % reduction in GHGs emissions by
2050, in the European Strategic Energy Technology Plan
presented along with the Energy Policy Package [8]. Use
of hydrogen guarantees zero emissions [8][9] at the
exhaust pipe and efficient power production in stationary,
portable and transport applications. Hydrogen allows a
wide diversification of energy sources as it can be
produced from several raw materials. In combination with
fuels cells, it can also improve energy efficiency in
transport and contribute strongly to mitigate climate
change especially when produced by renewable primary
energy sources (green hydrogen).
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Here we analyze the new emerging possibilities for
reducing emissions of the transport sector through the
substitution of diesel fuels with LNG or Hydrogen.
Assuming a bus type and a level of service (in terms of
km*bus/year) and computing the needs of the three
considered fuels to satisfy such service, we present a
comparison using the total cost of ownership (TCO) and
Life Cycle Assessment (LCA) [10][36] methods, that
allow to account for both the economic and environmental
performance.

dissociation of water in electrolysers (using electricity
from renewable sources). It can be used in the form of
compressed gas or liquid cryogenic [15]. As compress gas
Hydrogen can be supplied by existing natural gas
pipelines. “To date, SNAM, the operator of the Italian gas
network, estimates that over 70% of its pipelines are ready
to transport hydrogen”[16] .

3 Methodology
Is of a paramount important establishing a balance
between the three main pillars of sustainable production,
namely the social, economic, and environmental
aspects[15]. TCO has long been recognized as an
important technique for the evaluation of the total cost of
ownership of a product from cradle to grave and it has
frequently been used in decision making processes. The
TCO approach considers not only the initial cost of
purchase but also usage, maintenance and disposal/resale
value of a product. According to this approach, in the long
run a product with a higher purchase cost could still be
economically more advantageous than others with lower
purchase cost. In Addition, an indicator that allows to
evaluate environmental performance of a product is the
carbon footprint. It corresponds to the entire amount of
greenhouse gas (GHG) produced to support the lifestyle
and activities of a person directly and indirectly, or the
production, use and disposal of a product. Carbon
footprint is usually measured in tons of CO2eq, over the
period of one year, and it can be associated with an
individual, organization, product or event, among others.
To evaluate this indicator the LCA approach can be used.
LCA is the quantitative environmental assessment of a
product over its entire life cycle, including raw material
acquisition, production, transportation, use and disposal
[15]. Therefore, it is a good way to measure the real
environmental footprint of a product [10]. For a given
transport system and with reference to the fuels used,
LCA results in the so called "Well-to-Wheels" approach
(WTW) [36]. For the sake of convenience, the evaluation
in the present paper will be divided into two successive
steps, "Well-to-Tank" (WTT) and “Tank-to-Wheels”
(TTW), each considering specifics operations, as shown
in (Fig. 1).

2 From Diesel to Hydrogen getting
through LNG
Recent actions from the countries regulators, as
mentioned before, are reducing the diffusion of Diesel
fuel while increasing the viability of using alternative
fuels, such as natural gas and hydrogen[11]. The effects
on environmental quality, health and safety change using
Diesel, LNG or hydrogen. Diesel is one of the responsible
of urban areas environmental problems. In Italian cities,
the urban public transport service mainly relies on the use
of diesel buses. In Rome, for example, 92% of the surface
service is characterized by the use of buses, most of which
powered by Diesel engines [12]. To ensure a transition to
a lower environmental impact, is necessary to consider the
employment of LNG buses at first and later Hydrogen
ones. For the supply, there are not critical problem
because of the high capillary action of the Italian gas
network [13] combined, with the possibility of building
small NG liquefaction plants. Table 1 show the
comparison of the calorific value between different fuels
Table 1. Comparison of the calorific value between
different fuels
Type of
Fuel
Density
[g/L]
LHV
[kWh/kg]
LHV
[Wh/L]

LNG
(T=-160 °C,
P=1 atm)
446

H2
(T=25 °C,
P=1 atm)
0.0899

Diesel
(T=25°C,
P=1 atm)
835

13.50

33.3

11.70

6,100

3

10,000

As reported in [14] the main advantages of using LNG
compared to Diesel are lower maintenance costs, greater
price stability, lower polluting emissions, greater safety.
LNG has an energy content per unit mass greater than
Diesel fuel, but it is smaller in terms of energy per unit

Well
Produce
primary fuel

Wheel
Transport
primary fuel

Produce
road fuel

Distribuite
road fuel

Fuel
vehicle

Burn fuel in
vehicle

Power to
wheels

Tank

volume. Moreover, the low LNG storage temperature,
needed to increases the energy contend, makes the tanks
more complex than those for Diesel.

Fig. 1. “Well-to-Wheels" approach
TCO and LCA methods will be here applied to evaluate
the three transport systems considered from both the
economic and environmental points of view, to compare
them aiming at giving an indication on the more
convenient choice for the energy transition process.

In this study the Hydrogen is considered to be employed
with fuel cells, thus the only emission are water and hot
air. Vehicles powered by Hydrogen fuel cells have a
driving range similar to the Diesel fueled one, and they
can be refueled in about the same time, which makes fuel
cell vehicles suitable for long-haul. It is important to
consider how the Hydrogen is produced and to assess the
emissions associated to the Hydrogen (H2) transport.
Nowadays, green Hydrogen is mainly produced by

4 Vehicle specifications and operating
data
The present study is focus on local public transport in
urban areas, are considered 12 m Buses, used in Italian
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medium/big cities. The comparison
considering three different kind of Bus.
1.
2.
3.

is

performed

The environmental benefits offered by coaches with this
technology reduce CO2 emissions by between 20 and
25%, NOx by up to 60% and emissions of particulate
matter by over 98%. In addition to higher thermal
performance than diesel, vibrations and noise emissions
are also reduced by between 4-5 dB [20] [21]. The
technical characteristics are shown in Table 5.

Bus powered by Diesel fueled internal
combustion engine (DF Bus)
Bus powered by LNG fueled internal combustion
engine (LNG Bus)
Electric Bus in which electricity is produced by
hydrogen fuel cells (FC Bus)

Table 5. Specifications of Irizar LNG Bus [21]

In the present study we assume that each Bus travels
90,000 km/y (working for 300 days/y for 17 hours). To
evaluate the scale effect, two fleets are considered: the
first (A) is composed of 15 Buses, and the second one (B)
by 30 Buses. This leads to the definition of the two global
service levels reported in Table 2.

Model
Size [m]
LNG storage [kg]
Estimated specific
consumption [kg/km]
Emissions

No.
Bus

km/y per
Bus

Fleet service level
(km/year)

A

15

90,000

1,350,000

B

30

90,000

2,700,000

0.44 [17]
Euro VI

The quantification of LNG needs for the two levels of
service is shown in Table 6.

Table 2. Global service level of the two considered Bus
fleets.
Fleet
name

Irizar i4
12
240

Table 6. Service level Bus fleet and quantity of fuel LNG
Service level
A
B

kg of LNG / year
594,000
1,1888,000

In relation to operating cost, it is estimated that its
reduction can reach up to 35% of the total cost of
consumption and maintenance, depending on the
differential between the cost of gas and diesel. In the case
under study, the specific consumption is assessed on the
same database of the DF-bus [17]. The maintenance cost
remains similar to that of a conventional diesel vehicle
[20] [21][17].

The main technical characteristics of the considered Buses
are taken form the manufacturers web sites, and they will
be presented in sections 4.1-4.3, where specific fuel
consumption per 100 persons transported (SFC100) [17]
will be also computed.
4.1. DF Bus
As a conventional Bus, we considered the Iveco Cursor 9,
one of the newest in service in Rome. It has a range about
900 km and meets EURO VI emission limits. Table 3
reports the main characteristics of this Bus [18].

4.3. FC Bus

Knowing the technical data sheet (provided by the
manufacturer), it is possible to easily calculate the fuel
required in the two scenarios analyzed (Table 2) as shown
in tab.4

The technical characteristics of the Bus, shown in Table 7,
refer to the Solaris Urbino 12 Hydrogen equipped with the
fuel cells supplied by Ballard. The hydrogen is stored in 5
cylinders of composite material of 312 liters at a pressure
of 350 bar [22]. The actual hydrogen consumption of a FC
Bus will depend on the operation of each specific Bus and
will take into account passenger load, route, speed, and
heating and cooling requirements. Recent Ballard
publications, for the current generation of fuel cell electric
buses, estimate an average fuel consumption of 8 kg
kilograms of hydrogen per 100 kilometers [[23]] [[24]].
This value will be used in this study for the assessment of
the hydrogen requirement for the two chosen service
levels which is shown in the Table 8

Table 4. Annual consumption of diesel

Table 7. Specifications FC Bus [22]

Table 3. Main characteristics of Cursor 9 Bus [18] .
Model
Size [m]
Diesel storage [kg]
Estimated specific
consumption [kg/km]
Emissions

Service level
A
B

Cursor 9 Diesel (Iveco)
12
371
0.49 [17]
Euro VI

kg of Diesel/year
661,500
1,323,000

Model

Solaris Urbino 12 Hydrogen

Size [m]

12

Battery power lithium-ionphosphate [kWh]
Fuel cell power FCmove
[kW]

4.2. LNG Bus
The LNG bus here considered is the Irizar Bus, one of the
solutions recently adopted by some urban centers in
Emilia-Romagna [19]. The storage pressure of 1 atm and
temperature of -160 ° C occupy a volume of tanks of
approximately 1.260 liters. The specific consumption
value will be used in the following for the calculation of
the fuel requirement for the different service levels [17].

3

28
70

Hydrogen storage [kg]

36.8

Fuel cell lifetime [hours]

>30,000 [23]

Emissions

Only heat and water
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Table 8. Service level Bus fleet and quantity of fuel H2
Service level
A
B

In Table 11 are reported the Opex of the Diesel Bus fleet
for the two scenarios:

kg of Hydrogen / year
108,000
216,000

Table 11. Opex of the DF Bus fleet
Scenario
Fuel Costs Annual [€]
Maintenance cost [€]
Total Opex DF Bus [€]

For the production of hydrogen, the case of production by
SMR and electrolysis will be evaluated. For the latter
case, production is based on electricity produced from
renewable sources or extracted from the Italian national
grid. The production costs related to hydrogen from
electrolysis were estimated for two scenarios:

1
1,042,556
405,000
1,447,556

Table 12 shows the NPV and the operating cost in €/km
and the % Capex and % Opex for the DF Bus fleet. The
NPV defines the present value of the Capex and Opex
expenses (12 year) by discounting them (at 4% financial
rate) on the basis of the rate of return.

• electrolysers that use mains electricity,
• a direct physical connection between a renewable
electricity source (RES) and the electrolysers.

Table 12. NPV and operating cost DF Bus fleet

In the first case, the emissions are linked to the type of
network used; and in Europe and Italy electricity is not yet
produced entirely from renewable sources. In the second
case of direct connection, 100% of the electrolyser
production is renewable.

Scenario
NPV [€]
Operating cost €/km
% Capex
% Opex

5 TCO analysis

1
17,358,839
1.072
72%
28%

In Table 13 are reported the purchasing, fuel and
maintenance costs for the LNG Bus mentioned in section
4.2.
Table 13. LNG Bus Costs
Model

LNG Urban Bus

Purchasing cost [€]
Fuel cost [€/kg]
Maintenance cost [€/km]

258,000 [28]
0.950 [26]
0.27 [27]

In Table 14 are reported the Capex and disposal cost of
the LNG Bus fleet for the two scenarios.
Table 14. Capex of the LNG Bus fleet

The Net Present Value (NPV), having expressed the Opex
costs in terms of € / km, allows us to define the operating
cost in the same way.
5.1. DF Bus
In Table 9 it is possible to evaluate the purchase, fuel and
maintenance costs for the Bus mentioned in section 4.1.

Scenario

1

2

Capex LNG Bus [€]
Disposal cost estimated at
1% of the Capex LNG Bus
Disposal cost [€]

3,870,000

7,740,000
1%

38,700

Model

Diesel Urban Bus

Table 15. Opex of the LNG Bus

Purchasing cost [€]

250,000 [25]

Fuel cost [€/kg]

1.576 [26]

Maintenance cost [€/km]

0.30 [27]

Scenario
Fuel Costs Annual [€]
Maintenance cost [€]
Total Opex LNG Bus [€]

1
564,300
364,500
928,800

2
1,128,600
729,000
1.857.600

Table 16. shows the NPV and the operating cost in €/km
and the % Capex and % Opex for the LNG Bus fleet.

In Table 10 are reported the Capex and disposal costs of
the DF Bus fleet for the two scenarios.

Table 16. NPV and operating cost of LNG Bus fleet

Table 10. Capex of the DF Bus fleet
2
7,500,000

1%
37,500

77,400

In Table 15 is reported the Opex of the LNG Bus fleet for
the two scenarios.

Table 9. DF Bus Costs

1
3,750,000

2
34,717,679
1.072
72%
28%

5.2. LNG Bus

The methodology adopted to include economic factors in
the assessment of sustainability is the Total Cost of
Ownership (TCO) mentioned above. The TCO approach
is implemented by considering the initial Capital
Expenditure (Capex), maintenance and OPerating
EXpense (Opex) incurred them in the buses lifetime (12
years) [22][23], (assuming no residual value for the
assets); they are discounted at a 4% financial rate too. In
fuel cell buses, after an estimated operating period of
30.000 hours (6 years see, section 4) should be considered
a cost of overhauling (refurbished) (The cost of replacing
the cells is estimated at € 24.000 ($ 30.000 USD) [22]
with estimated downward costs in the coming years. A
disposal cost equal to 1% of the purchase cost is assumed.

Scenario
Capex DF Bus [ €]
Disposal cost estimated at 1% of
the Capex DF Bus
Disposal cost [€]

2
2,085,111
810,000
2,895,111

75,000

4

Scenario

1

2

NPV [€]

12,611,028

25,222,057

Operating cost €/km

0,778

0,778

% Capex

81%

81%
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% Opex

19%

SMR without CO2 capture and storage has an estimated
cost of 1,41 €/kg [30]. CO2 capture and storage process
generates an additional production cost estimated at
around € 0.50 / kg [31][32]. For the evaluation of the cost
of hydrogen to the nozzle pump, must be evaluated the
additional costs for storage and distribution. Another costs
that have a significant impact is related to the Refueling
station (HRS). These costs change in each different
European countries. A study based in Germany [33]
evaluates them in a range from 2 to 4 € / kg. In this paper
an average cost of 3 € / kg is estimated. The distribution
costs at the pump is therefore estimated by us at 4,91
€/kg. In Table 20 the Opex of the FC Bus fleet for the
two scenarios are reported.

19%

5.3. FC Bus
In Table 17 it is possible to value the purchasing, fuel and
maintenance costs for the FECBs mentioned in section
4.3.
Table 17. FC Bus Costs
Model

Hydrogen Urban Bus

Purchasing cost [€]

625,000 [30]

Fuel cost [€/kg]

See the (Table 18)

Maintenance cost [€/km]

0.32 [8][24]

Maintenance cost of Fuel Cell
[€/km]

0.1 [8][24]

Cost replacement Fuel Cell [€]

24,000 [8][24]

Table 20. Opex of the FC Bus fleet

Several options will be considered for the assessment of
the cost of hydrogen. The solutions studied are shown in
the Table 18 and the production costs will be explained in
the next section 5.3.1 and 5.3.2.
Costs
€/kg
4.91

SMR with CCS
Electrolysis with electricity supplied by the
Italian grid
Electrolysis with electricity supplied by FER

9.2

In Table 19 is reported the Capex of the FC Bus fleet for
the two scenarios.
Table 19. Capex of the FC Bus fleet
Scenario

1

2

9,375,000

18,750,000

93,750

187,500

Replacement Stack Cell [€]

360,000

720,000

2

Fuel Costs Annual [€]

€ 530,280

€ 1,060,560

Maintenance cost [€]

€ 594,000

€ 1,188,000

Total Opex FC Bus [€]

€ 1,124,280

€ 2,248,560

Table 21. NPV and operating cost of FC Bus fleet-SMR
and CCS

7.60

Capex FC Bus [€]
Disposal cost estimated at
1% del Capex
Disposal Cost [€]

1

Table 21 shows the NPV and the operating cost in €/km
and the% Capex and % Opex for the FC Bus fleet with
hydrogen produced by SMR with CCS.

Table 18. Hydrogen costs
Hydrogen production method

Scenario

Scenario

1

2

NPV [€]
Operating cost €/km

20,269,520
1.251

40,539,040
1.251

% Capex

90%

90%

% Opex

10%

10%

5.3.2 Production of hydrogen by electrolysis
The production of hydrogen through water electrolysis is
a process that requires a lot of energy. The consumption
of electricity to produce one kg of hydrogen is in the
range of 54 to 65 kWh [35] therefore the cost of
electricity has a significant impact on its cost.

1,00%

5.3.3 Case 2 Electrolysis with electricity supplied
by the Italian grid

For hydrogen-powered buses, the operating costs obtained
with the TCO method are shown below by varying the
purchase cost of hydrogen, considering three different
procurement methods.

This scenario requires the purchase of electricity from the
Italian national grid. In 2020, the costs of hydrogen
production using grid electricity in the EU were estimated
in the range 1.8-7.7 € / kg [31]. In Italy the cost is
estimated at 4.1 € / kg [30]. Therefore, for the above cost
considerations, the pump cost is valued at 7.6 € / kg.

5.3.1 Case 1 Hydrogen from SMR with CCS (Blue
Hydrogen)
Steam Reforming (SR) or Steam Methane Reforming
(SMR) is a methodology used for the production of
hydrogen exploiting the reaction of hydrocarbons with
water. Therefore, if hydrogen has to play a role in
reducing the impact of climate change, it will need to be
produced with concomitantly low carbon dioxide
emissions, which, when using natural gas as a feedstock,
implies coupling it with carbon capture and storage (CCS)
technologies. The estimated production costs for the EU
markets today, for fossil-based hydrogen, are highly
dependent on natural gas prices. In 2020 hydrogen from

In Table 22 the Opex of the FC Bus fleet for the two
scenarios are reported with Hydrogen produced with
electricity supplied by the Italian grid.
Table 22. Opex of the FC Bus fleet

5

Scenario

1

2

Fuel Costs Annual [€]

820,800

1,641,600

Maintenance cost [€]

594,000

1,188,000
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1,414,800

to Wheel" (WTW) [35][36] which is increasingly used as
a tool decision support to provide an effective
contribution towards greater asset sustainability. The Well
to Wheel, analysis is often divided into two phases
respectively called: Well to tank (WTT) and Tank to
Wheel (TTW). The WTT and TTW for the three types of
buses powered by Diesel, LNG and Hydrogen, are
reported below. The Upstream fuel emissions (WTT) are
based on the extraction, refining, transport and
distribution of fuels.

2,829,600

Table 23 shows the NPV and the operating cost in €/km
and the% Capex and % Opex for the FC Bus fleet with
electricity supplied by the Italian grid.
Table 23. NPV and operating cost of FC Bus fleet
Hydrogen from electricity supplied by the Italian grid
Scenario

1

2

NPV [€]

22,996,072

45,992,143

Operating cost €/km

1.420

1.420

% Capex

87%

87%

% Opex

13%

13%

6.1. DF Bus
Table 26 shows the WTT emissions related to the
production of Diesel [38].
Table 26. Emissions WTT DF Bus

5.3.4 Case 3 Electrolysis with electricity supplied
by FER (Green Hydrogen)

Emissions WTT DF Bus
Scenario
1
2
Emissions WTT CO2eq [g/kg]
3,150 [38]
of fuel produced
Total Emissions WTT CO2eq
2,083.73
4,167.45
[t/year]

This scenario envisages that electricity is purchased
entirely from renewable sources assuming a production
cost of 5.7 € / kg [30] and a pump cost of 9.2 € / kg, due
to the previous considerations on the additional cost. In
Table 24 the Opex of the FC Bus fleet for the two
scenarios are reported.

In Table 27 show the TTW emissions related to the use of
Diesel Bus [39]

Table 24. Opex of the FC Bus fleet

Table 27. Emissions TTW DF Bus

Scenario

1

2

Fuel Costs Annual [€]

993,600

1,987,200

Maintenance cost [€]

594,000

1,188,000

Total Opex FC Bus [€]

1,587,600

3,175,200

Emissions TTW DF Bus
Scenario
1
2
1,129 [39]
Emissions TTW CO2eq [g/km]
Total Emissions TTW CO2eq
[t/year]
1,524.15
3,048.30

Table 25 shows the NPV and the operating cost in €/km
and the% Capex and % Opex for the FC Bus fleet

In Table 28 show the WTW emissions for the DF-Bus
Table 28 Emission WTW for DF Bus

Table 25. NPV and operating cost of FC Bus fleet
Hydrogen with electricity supplied by FER

6

Scenario

1

2

NPV [€]

24,617,812

49,235,625

Operating cost [€/km]

1.520

1.520

% Capex

86%

86%

% Opex

14%

14%

Emissions WTW DF Bus
Scenario
1
Total Emissions WTW CO2eq
3,607.88
[t/year]

2
7,215.75

6.2. LNG Bus
In Table 29 shows the WTT emissions related to the
production of LNG fuel (16,52 g CO2/MJ) [40]
Table 29. Emissions WTT LNG

Carbon footprint

Emissions WTT LNG Bus
Scenario
1
2
Emissions WTT CO2eq [g/kg] of
803 [40]
fuel produced
Total Emissions WTT CO2eq
476.98
953.96
[t/year]

A carbon footprint corresponds to the whole amount of
greenhouse gases (GHG) produced to, directly and
indirectly, support a person’s lifestyle and activities.
Carbon footprints are usually measured in CO2eq, [35]
during the period of one year, and they can be associated
with an individual, an organization, a product or an event,
among others. The GHGs whose sum results in a carbon
footprint can come from the production and consumption
of fossil fuels, food, manufactured goods, materials, roads
or transportation. It not simple to calculate carbon
footprints due to poor knowledge and short data regarding
the complex interactions between contributing processes
including the influence of natural processes that store or
release carbon dioxide. The analysis that considers the
entire cycle is the so-called "from Cradle to Grave",
which in the case of fossil fuels takes the name of "Well

In Table 30 shows the TTW emissions related to the use
of LNG Bus[39].
Table 30. Emissions TTW LNG Bus
Emissions TTW LNG Bus
Scenario
1
2
Emissions TTW CO2eq [g/km]
1,096[39]
Total Emissions TTW CO2eq
1,479.60
2,959.20
[t/year]

In Table 31 show the WTW emissions for the LNG-Bus
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life. The lower operating costs met advantage the LNG
solution to have more profitable operating costs €/km than
the DF Bus solution, see (Table 12 and Table 16). The FC
Bus solution shows a higher operating cost €/km. The
higher costs of this solution are linked to the higher price
of acquiring buses and fuel, which, however, is needed in
smaller quantities. As can be seen from tables 21, 24 and
27, the price change of hydrogen relative to the
production method used, involves a significant change in
operating costs. If the purchase cost of the FC Bus sees a
reduction of 5% per year for the next 10 years and the
price of green hydrogen does not exceed the value of 5
€/kg, a scenario would arise in which operating costs
€/km of the hydrogen solution would approach those of
DF and LNG Bus. A further reduction in the price of
hydrogen, below 3 €/kg, would bring the operating costs
of the hydrogen scenario below 1 €/km. About the
environmental aspect, the LNG solution is an
improvement over the Diesel solution for both WTT and
TTW emissions. Furthermore, this solution involves lower
WTT emissions even compared to the FC Bus solution
with hydrogen produced by SMR with CCS. However,
comparing the overall emissions data (WTT + TTW) of
the three solutions (DF, LNG and FC Bus), with hydrogen
produced by SMR with CCS, it emerges that the hydrogen
solution has the least impact on the environment. The
study highlights that WTT emissions related to the
production of hydrogen from electrolysis are related to the
method of producing electricity. In fact, the use of
electricity produced by the Italian national grid involves
more emission of CO2eq than fossil solutions. However,
the total emissions (WTT + TTW) are lower than the DF
Bus solution and higher than the LNG Bus solution. The
best solution, and desirable in the near future, from the
environmental point of view, is represented by the
production of hydrogen from water electrolysis, using the
electricity produced from renewable sources. This
solution have a strong environmental benefits in terms of
CO2eq emissions. In the other cases, the advantage of using
hydrogen is not very strong. Finally, the choice of having
two service levels (A-B) was made to evaluate the
possible scale effect on capex, but the value of the capex
remained unchanged.

Table 31 Emission WTW for LNG Bus
Emissions WTW LNG Bus
Scenario
1
Total Emissions WTW CO2eq
1,956.58
[t/year]

2
3,913.16

6.3. FC Bus
In Table 32 show the WTT emissions related to the
production of Hydrogen from SMR with CCS [41]
Table 32. Emissions WTT Hydrogen production from
SMR with CCS
Emissions WTT Hydrogen SMR-CCS
1
2
Scenario
Emissions WTT CO2eq [g/kg]
3,130 [41]
of fuel produced
Total Emissions WTT CO2eq
338.04
676.08
[t/year]

In Table 33 shows the WTT emissions relating to the
production of hydrogen at the pump in HRS, with
electrolysis with electricity produced from the mix of the
Italian national grid. The CO2eq emissions to produce one
kWh of energy in Italy are estimated at 307.7 g CO 2eq /
kWh[38].
Table 33. Production of hydrogen by electrolysis with
electricity produced from Italian national network mix
Emissions WTT Production of hydrogen by electrolysis
Scenario
1
2
CO2eq [g/ kWh] electricity
307.7[38]
produced
Electricity consumed in the
HRS to produce 1 kg of H2.
60
[kWh]
Emissions WTT CO2eq [g/kg]
18,462
of fuel produced
Total Emissions WTT CO2eq
1,993.30
3,987.79
[t/year]

In Table 34 show the WTT emission related to production
of hydrogen by electrolysis with electricity produced from
FER (20 g CO2eq /MJ H2) [42]
Table 34. Production of hydrogen by electrolysis with
electricity produced from FER

References

Emissions WTT Production of hydrogen by electrolysis with
electricity produced from FER
Scenario
1
2
Emissions WTT CO2eq [g/kg] of
2,400
fuel produced
Total Emissions WTT CO2eq
259.20
518.40
[t/year]
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