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The use of hydrogen-powered propulsion in railways is very promising and already found relevant
commercial applications. Some potential barriers emerged anyway as critical issues addressed by
the scientific community, such as the hydrogen distribution and storage onboard: Hydrogen Re-
fuelling Stations (HRS) and tankers has to fulfil safety criteria not yet consolidated in railway
regulations and to manage effectively recharging time constraints. In this context, the present
study, developed in cooperation with Trenitalia (Italian incumbent Railway Undertaking), focuses
on two key aspects of the problem. The first is the identification of the existing normative con-
straints, at various levels, in the process to produce guidelines for the design of sustainable and
harmonized safety rules based on systematic and robust risk analysis approach. The second is the
comparative assessment of the present diesel powered operation on the case study of a not electri-
fied line in Southern Italy with the radical solution of hydrogen-powered trains, without need of
investments on overheads line and with a requirement of 800 km autonomy.
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1. Introduction

Railways demonstrated to be the least polluting transport mode, thanks to electrification policies,
which led to a major reduction in carbon fuel consumption. The extension of not electrified lines
is anyway dramatically variable with top values of 90% and full electrification in Switzerland only.
Electrification policies partly solved the problem of local polluting emissions and reduced the energy
consumption thanks to the higher efficiency of the electric engines respect to the diesel. In this context,
the use of hydrogen could be a valid alternative to the classical electrification, particularly in sensible
areas and low traffic lines, where the related investment are not justified. Indeed, the use of Fuel Cell
Electrical Vehicles (FCEV) is able to ensure a total limitation of gaseous and particulate emissions.
The use of hydrogen-powered propulsion can anyway encounter a number of problems addressed by
the scientific community, mainly in terms of hydrogen distribution and storage onboard. In particular,
the design and the construction of Hydrogen Refuelling Stations (HRS) and tankers has to fulfil safety
criteria not yet consolidated in railway regulations and to tackle recharging time constraints.
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2. Perspectives for hydrogen-powered rail-based transport systems  

In 2013, the European Commission announced a series of measures aimed at ensuring the 
development of the use of alternative energy sources, including electricity, hydrogen, biofuels, 
natural gas and liquefied petroleum gas (LPG) [1]. In this panorama the search for new solutions 
applicable to transport systems, capable of reducing greenhouse gas emissions, to comply with 
ambitious EU standards, the use of hydrogen-powered trains is an attractive alternative. 

A specific recognized advantage of the train as a natural candidate for the use of these 
technologies, is the space available on board, larger than in road vehicles, and the operation of 
fleets on a territorial basis and with recurring use programs under the responsibility of individual 
operators. This feeds the disputes concerning the best solutions for replacing internal combustion 
traction, between the electrification of the lines and the use of solutions without fixed line systems. 
Hydrogen does not require the construction of an expensive electrical infrastructure, concentrating 
the investments mainly on rolling stock to achieve comparable performance in terms of gas and 
noise emissions. 

The Coradia iLint, in operation in Germany, is the first train of its kind, equipped with fuel 
cells to convert hydrogen and oxygen into electricity, with a range of about 1000 km. This train 
is also equipped with batteries for the accumulation of energy recovered during braking and usable 
during acceleration. Beyond Germany, countries that are testing hydrogen trains or planning to do 
so in the near future are Austria, Canada, Denmark, France, Norway, Spain, UK and USA.  

Hydrogen-powered Hydroflex trains are under tests in the UK since 2019, as part of the 
national plan to eliminate diesel traction by 2040 [2]. Furthermore, St. Andrew University in 
Scotland has started a project to convert a train consisting of three coaches into hydrogen as part 
of the Zero Emission Train project in collaboration with Scottish public and private enterprises. 
They look forward to presenting this technology at the United Nations Conference on Climate 
Change (COP 26) scheduled for December 2021. The decarbonisation goal of Scotland's railways 
is currently one of the most ambitious: the Scottish government hopes to eliminate related 
pollutant emissions to passenger transport by 2035. In Italy, the declared goal is to achieve Carbon 
Neutrality by 2050, as defined by the EU strategy and the hydrogen-based projects are an issue. 

 
2.1 Present normative panorama 

The focus is here the identification of the existing normative constraints, at various levels, in 
the process to produce guidelines for the design of sustainable and harmonized safety rules for 
hydrogen-powered rail-based transport systems. The purpose of the study is to provide the 
necessary support to identify a clear regulatory framework applicable to the introduction of 
hydrogen technology in the railway field and to present the risk assessment aimed at providing 
support to produce guidelines for the design of sustainable and harmonized safety rules based on 
systematic and robust risk analysis approach. 

Already the Directive 2009/28/EC [3] establishes a common framework for the promotion of 
energy from renewable sources. It sets mandatory national general targets for the overall share of 
energy from renewable sources in gross final energy consumption and for the share of energy 
from renewable sources in transport (Article 3 and Part A of Annex I), as well as a legally binding 
target of 10% (energy content) for renewable energy in transport in 2020. Furthermore, it defines 
the role and scope of guarantees of origin of electricity, heat and cooling produced from renewable 
energy sources (Article 15).  

More recently, the Directive for an Alternative Fuels Infrastructure (DAFI) of the European 
Parliament and of the Council (2014/94/EU) on the construction of an infrastructure for alternative 
fuels (including hydrogen), establishes a common framework of measures and minimum 
requirements in order to minimize dependence on oil and mitigate the environmental impact of 
transport. The transposition of this Directive was decisive for an opening towards hydrogen 
transport, such as a common technical specification for charging and refuelling points and 
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information requirements for users [4]. 
Moreover, a set of ISO international standards is in place to regulate the hydrogen production 

and use in transport systems applications [5] [6] [7] [8] [9] [10] [11] [12] (Figure 1). 
 
 

 
Figure 1: ISO standards dealing with production and use of hydrogen in transport systems  

 
 

2.2 Approach to risk assessment in the use of hydrogen in transport systems 

The world of transportation needs to find alternative solutions are able to meet the needs of 
the market for the production of reliable, high quality and affordable energy, while contemplating 
a reduction in harmful emissions to the environment. To achieve all this, as well as to ensure that 
transport systems closes the era of fossil fuels, it is necessary that they are and appear reliable and 
safe, as well as competitive on the market. In such a scenario, fuel cells are a very interesting 
technology offering great efficiency, negligible emissions and a wide range of applications. 
Though the costs are still high for the most part of them, it is certainly possible a significant 
reduction in prices. However, a fundamental element that could hinder the affirmation of these 
devices in the transport scenario is the perception of the risk in the use of hydrogen as a fuel. 

Therefore, the present study is aiming to set up a methodology that makes it possible to assess 
the risk relating to hydrogen-powered vehicles. Central component of the study are hydrogen-
powered fuel cells and, specifically, vehicles and infrastructures related to the use of hydrogen to 
generate electricity, basing on the main chemical and physical characteristics of hydrogen. Indeed, 
the main criticality found in the use of hydrogen as a fuel in transport systems consists of its low 
density, which provides for storage systems with significant safety-related implications.  

Among the various methods for hydrogen storage, the most used technique is compression. 
Therefore, a typical refuelling station includes various safety-related aspects due to the risk of 
hydrogen leaks from various components of the structure, which could be easily under analysis 
by event-tree risk assessment methods. 

Indeed the risk analysis is the development of an estimate quantitative risk based on a 
technical assessment and mathematical techniques to combine estimates of the consequences of 
accidents and frequencies [13]. In this context, it includes the description of the system and the 
identification of hazards that may arise from physical properties of substances and materials, 
temperature and pressure, as well as the processes themselves. 

After the identification of hazards, the analysis of possible accidents includes the events that 
can aggravate the occurrence of the accident itself in terms of human injury, environmental 
damage and loss of production and equipment. For the identification of probabilities of events, 
references are reliable data published or estimated basing on recognized mathematical models. 
Meanwhile, the consequences estimation bases on statistics and simulated evolution of events 
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measured in terms of losses of human life and monetary cost. The combination of probability and 
consequences determines the risk. 

Despite this robust approach, the public reactions to accidents are largely basing on the effects 
of media on the materialization of the population’s opinions. Acceptable risk levels essentially 
depend on value judgments, not standardized by default. As an example, the amplified effects of 
the rare accidents involving trains or planes largely overpasses those of the many accidents 
involving cars and motorbikes, with which the population is generally more familiar and ready to 
accept their larger risks in change of the benefits brought by their daily use. 

 

3 Comparative use of hydrogen-powered solutions on not electrified 
railways 

In view of European restrictions requiring a 40% reduction in greenhouse gas emissions by 
2030 (compared to 1990) and the target of a 90% reduction in emissions by 2050 [14] the need to 
eliminate the thermal propulsion in railway systems is self-evident. The hydrogen is one of the 
most promising solution to achieve effectively this target with reasonable times and investments. 
Therefore, the second part of the study is willing to assess this perspective on a real case study. 
The choice of the case study was for a line operated today exclusively by highly noisy and 
polluting diesel trains, where the assessed perspective is to employ hydrogen-powered trains. It is 
the Ionian line, located in Southern Italy, and particularly the section between Reggio Calabria 
Centrale and Catanzaro Lido for a total length of 177.5 km, with the only exception of the 
suburban section (29.8 km) between Reggio Calabria Centrale and Melito Porto Salvo. 

Although electrification is an environmentally sound solution, it is a very expensive practice, 
which, according to [15] could cost in the range 1.0-1.4 Meuro/km, without taking into account 
local complications due to the interactions with urban or natural sensible environments. 

For this reason, the proposed solution focuses on a possible radical alternative solution 
involving the use of hydrogen-powered vehicles. 

 
4 Case study simulation 

The energy study considers as a reference the four-coach train Jazz ETR 324, part of a wider 
family of electric trains built by Alstom Ferroviaria Spa. Table 1 shows the main characteristics 
used in the simulation. 

 
Table 1: Main characteristics of ETR 324 [16] 

Train parameters Unit Value 
Max Speed 
Capacity 
Mass in service 
Empty mass 
Dimensions (L x W x H) 
Power supply 
Traction units 

Km/h 
passengers 

t 
t 

m 
kV 
- 

160 
202 seats + 145 standing 

168 
136 

67.550 x 2.950 x 3.820 
1.5-3.0 d.c. 

2 
 

The aim of the study is to find the power required by the train under consideration and then 
the energy needed for the various phases of motion including 13 stops between Reggio di Calabria 
Centrale and Catanzaro Lido. This is the basis to estimate the approximate need of hydrogen 
required for the entire run and the possible economic advantage in addition to the environmental 
convenience of a fuel cell based operation. 

Since the project does not envisage any changes to the infrastructure, the maximum design 
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speed of 130 km/h and the local limits currently imposed on the line are unchanged. The inputs 
for the calculation model are the traditional ones, namely traction/speed function of the train, 
Planimetry and profile of the line, affecting the operational performances in addition to the driving 
style adopted [17]. The coastal morphology of the line is quite flat with maximum slope of 10.4‰ 
and a corresponding moderate energy consumption of about 900 kWh for a single run between 
Reggio Calabria Centrale and Catanzaro Lido. 

As far as the braking phase is concerned, the assumption of regenerative braking would allow 
great energy savings. The recovered energy, approximately calculated in 180 kWh (Figure 2), can 
recharge the accumulators used to energize the auxiliary services and to contribute to the high 
power requirements in the acceleration phases. 

 

 

 
 
 

Figure 2: spatial variation of speed [km/h], required and recovered energy [kWh] along the 
Reggio Calabria – Catanzaro Lido section 

 
The calculation of the required hydrogen starts from the power required, calculated as 

follows [18]: 
 Prequired = Pel + Paux (1) 
 
Where Pel is the electric traction power expressed by (2), equal to the ratio between the mechanical 
power (Pme) and the efficiency (assumed 90%) during the acceleration phase and their product 
during the braking phase: 
 

Pel = {
Pme

η
           if Pme ≥ 0

Pme ∗ η          if Pme < 0     
 

 
(2) 

 
However, for a more precise study, it is necessary to consider that Paux, although constant for 

limited periods, varies according to the seasons and times of day, assuming a higher value during 
the winter or summer seasons and during the hottest or coldest time within the day, when the air 
conditioning system needs more. 

As represented in Figure 2, the power is mainly below 400 kW and demands for higher values 
occur for short periods. Since sizing the fuel cells for such peak values would lead to an expensive 
and oversized system, a solution could be to size the fuel cells and calculate the amount of 
hydrogen required, taking into account the average value of the power demand, i.e. 475.4 kW, and 
cover the surplus power demand by the accumulators. 
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Considering the volumetric energy density of compressed hydrogen variable in the range 2.5-
5.0 MJ/l and the efficiency of a fuel cell around 50% [19], the necessary quantity of hydrogen is 
estimable considering the capacity of the 700 bar hydrogen tank at 25°C equal to 0.039 kg/l. 
Therefore, the corresponding quantity of hydrogen required is approximately 48 kg. 

Assuming a cost of hydrogen variable between in the range 2.50-6.80 $/kg [20] and an 
intermediate value, optimistic in view of future expected costs reduction, of 3.50 $/kg (2.90 
Euro/kg), the approximate cost of hydrogen on the whole section (117.5 km) is about 138 Euro. 

The economic viability in comparison with a diesel-powered train with the same 
performances, such as ETR 324, has to consider for this solution an energy density of 
approximately 35 MJ/l and an efficiency around 30% [21]. On this basis, the approximate resulting 
cost of the diesel fuel is about 226 Euro, about 64% more expensive than the hydrogen. 
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Figure 2: spatial variation of power demand and average power on the entire section 
towards Catanzaro Lido. 

 
These estimated costs do not include fuel production, distribution and the modification of 

existing vehicles/purchase of new vehicles, etc. but the difference is relevant enough to ensure 
that an economic advantage, additional to the obvious environmental benefits, will be achievable. 

Concerning the vehicle architecture, Figure 3 depicts a functional example of the hydrogen-
powered train inspired by the Coradia iLint, where the hydrogen tanks and cells are on the roof of 
the vehicle in order to fulfil safety requirements. The energy exceeding the need from the fuel 
cells production and braking recovery is stored in battery packs that could be under the train bed, 
where also the inverter supplying the traction motor with the appropriate electrical power during 
accelerating and cruising phases and recovering kinetic energy under braking. 
 

Figure 3: Schematic demonstration of a fuel cell train 
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5 Conclusions 

This paper discusses the idea of upgrading old railway lines served by combustion engine 
trains, for which electrification work would be largely expensive, with new hydrogen-powered 
trains. The systematic application of the methodology demonstrated that, in specific conditions, 
considerable savings could be achievable. Far away from definitive conclusions, unjustified at the 
present implementation stage, the results encourage to orient in various directions the research 
concerning the potential application of hydrogen in rail transport systems. On one side, the next 
steps should be towards the development of simple and systematic regulatory framework basing 
on robust risk analysis approaches to prevent excessive restrictive constraints. On the other side, 
the most relevant need is to analyse the problem of the application fields of hydrogen-powered 
solution in a systemic vision, including, in addition to the vehicle itself, the production and 
distribution technical and operational open issue. At the present state of the knowledge, the 
competitive solutions for a cleaner operation on not electrified lines seems restricted to solution 
based on hydrogen and fast recharge of batteries during stops in stations. A key open issue, 
requiring a combination of technology and  operation competences is to identify the most 
appropriate application fields for them, having in mind both long distance and urban-suburban 
systems, both related to the mobility of passengers but also, and maybe more, to the mobility of 
goods. 
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