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Abstract. Railway systems represent a cornerstone of sustainable transportation, providing an environmentally efficient
means of moving both people and goods. Their ability to deliver high transport capacity with comparatively low green-
house gas (GHG) emissions, combined with their contribution to reducing road congestion, positions rail as a key
pillar of modern low-carbon mobility. The ongoing electrification of rail networks further enhances these benefits by
enabling the use of renewable electricity along increasingly extensive corridors. However, despite these advancements,
diesel locomotives, still essential for shunting operations, regional services, and non-electrified routes, remain a signifi-
cant source of environmental impacts. The resulting emissions negatively affect air quality and pose health and climate
change concerns, particularly in densely populated or high-traffic railway areas. To meet tightening emission standards,
the rail sector is advancing multiple decarbonization strategies, including full electrification, hybrid propulsion tech-
nologies, and the adoption of low-carbon fuels. Among these, advanced biofuels, such as biodiesel and Hydrotreated
Vegetable Oil (HVO) together with hydrogen used in fuel cell or combustion-based systems, are emerging as the most
promising options. Building on established methodologies for assessing rail energy use and emissions, this study de-
velops and applies a procedure for comparing the environmental burdens of conventional diesel traction with those
associated with innovative propulsion and fuel solutions across a range of railway operations. The findings confirm that
renewable fuels can substantially mitigate the climate impact of rail activities, while hydrogen-powered systems offer
significant potential for deep and long-term decarbonization, particularly when supported by renewable energy sourc-
es. Nonetheless, the transition to hydrogen remains challenging due to the high energy requirements of its production,
the need for dedicated storage and refuelling infrastructure, and uncertainties linked to large-scale deployment. These
factors highlight the necessity of a comprehensive Well-to-Wheel (WTW) assessment to fully evaluate the environmen-

tal performance of emerging alternatives and ensure that their adoption results in genuine sustainability gains.
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1. Introduction

Railway transport constitutes a key component of sus-
tainable mobility systems, offering an energy-efficient
mode for both passenger and freight transportation.
Owing to its high transport capacity and comparatively
low greenhouse gas (GHG) emissions, the train plays a
crucial role in mitigating road congestion and reducing
the environmental impacts associated with road-based
transport. The ongoing expansion of rail network elec-
trification further enhances these benefits, enabling the
integration of renewable electricity and supporting the
decarbonization of transport corridors on a large scale.
Despite these advances, diesel-powered locomo-
tives remain an essential element of railway operations,
particularly for shunting activities, regional services,
and not electrified lines. Consequently, they remain a

significant source of atmospheric pollutant emissions,
which adversely affect local air quality and contribute to
health risks and climate change, particularly in densely
populated areas and along heavily trafficked railway
lines (Sharma et al., 2023). Addressing the environmen-
tal impact of diesel traction therefore remains a critical
challenge in the transition toward fully sustainable rail
transport systems.

Figure 1 highlights the share of electrified railway
lines across Europe in 2023, revealing substantial het-
erogeneity among national rail networks. While several
countries have achieved high levels of electrification, a
significant portion of the European railway infrastruc-
ture remains partially or largely non-electrified. In many
cases, electrification rates remain below 50%, indicat-
ing that diesel traction continues to play a crucial role
in daily railway operations. This uneven electrification
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underscores the need for flexible and differentiated de-
carbonization strategies, particularly for corridors where
electrification is limited.

9% of total length of railway lines
-

Figure 1. Electrified railway lines in 2023 (% of total length of
railway lines) (source: Eurostat, n.d.)

These non-electrified segments are predominantly
found on regional lines, secondary routes, and freight
corridors, where full electrification may be economically
or technically challenging in the short to medium term.
As a result, diesel locomotives are expected to remain
in service for the foreseeable future, reinforcing the im-
portance of improving their environmental performance.
To meet tightening emission standards, the rail sector is
advancing multiple decarbonization strategies, includ-
ing full electrification, hybrid propulsion technologies,
and the adoption of low-carbon fuels. Technological
advancements aimed at reducing emissions, increasing
energy efficiency, and mitigating local air pollution from
diesel traction, therefore, represent a key complementary
pathway to electrification.

In this context, alternative low-carbon fuels represent
practical interim solutions capable of delivering immedi-
ate emission reductions. Among these, biodiesel and hy-
drotreated vegetable oil (HVO) have attracted significant
interest (Ababneh & Hameed, 2022; Di Blasio et al., 2022;
Kokkinos & Emmanouilidou, 2023). Biodiesel, produced
from renewable biological feedstocks, can substantially
reduce lifecycle greenhouse gas emissions. HVO, a high-
quality synthetic diesel fuel, ensures cleaner combustion
and improved engine performance and is fully compat-
ible with existing diesel engines. This compatibility ena-
bles a rapid reduction in emissions without requiring
major modifications to current infrastructure.

More broadly, renewable fuels such as biodiesel, oth-
er biofuels, and hydrogen are increasingly recognized as
promising alternatives to conventional diesel (D’Adamo
et al., 2024; Ban et al,, 2025). While these fuels provide ef-
fective short- to medium-term mitigation options, achiev-
ing deeper emission reductions in the rail sector is expected
to rely on more transformative propulsion technologies.

Hydrogen-based traction is gaining increasing at-
tention as a viable pathway for reducing the carbon

footprint of rail transport, especially on lines that are
not electrified (D’Acierno et al., 2025). Recent progress
in fuel cell technologies (Ahmed et al., 2023) has dem-
onstrated their potential for railway applications, while
also revealing several technical and systemic challenges.
Compared with conventional diesel traction, hydrogen-
powered trains can significantly reduce greenhouse gas
emissions and enable operation without extensive elec-
trification infrastructure.

Hydrogen can be classified according to its produc-
tion pathway and the associated carbon intensity. The
main categories include:

- Grey hydrogen, produced from fossil fuels through
steam reforming without carbon capture, resulting
in significant carbon emissions.

- Blue hydrogen, obtained via the same steam re-
forming process but coupled with carbon capture
and storage (CCS) technologies to reduce carbon
emissions.

- Green hydrogen, generated through water electroly-
sis powered by renewable energy sources such as
wind or solar, yielding a low-carbon and environ-
mentally sustainable fuel.

- Purple hydrogen, produced via water electrolysis
using electricity generated by nuclear power plants,
thereby leveraging nuclear energy for hydrogen
production.

At present, Steam Methane Reforming (SMR) re-
mains the dominant hydrogen production pathway,
accounting for the majority of global production. This
technology typically achieves efficiencies in the range
of 74-85% (Younas et al., 2022). Despite its widespread
adoption, SMR relies on high-temperature catalytic reac-
tions, generally operating between 700 and 1000 °C, re-
sults in significant carbon dioxide emissions, underscor-
ing the importance of considering hydrogen production
routes when assessing its environmental benefits.

Several countries, including Germany, Spain, the
United States, and more recently Italy, are actively assess-
ing the deployment of hydrogen-powered rolling stock
as part of their transition strategies for non-electrified
rail networks. Nevertheless, critical issues related to hy-
drogen production pathways, storage solutions, refuel-
ling infrastructure, and on-board energy management
remain to be addressed.

Despite the growing body of literature assessing rail
transport emissions and evaluating alternative railway
technologies from environmental, economic, and tech-
nical perspectives (Ahsan et al., 2023; Kapetanovi¢ et al.,
2024; Giunta & Marino, 2026), comparative and oper-
ation-specific assessments of emerging propulsion and
fuel solutions for non-electrified rail services remain
limited. Building on established methodologies for as-
sessing rail energy use and emissions, this study develops
and applies a quantitative framework to compare the en-
vironmental burdens of conventional diesel traction with
those associated with innovative propulsion technologies
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and low-carbon fuels across a range of railway operating
conditions.

2. Methodology

This section outlines the core principles and the mod-
elling framework used for estimating energy consump-
tion and emissions from rail transport. The emissions
considered include all greenhouse gases generated by the
use of fuel to power trains, notably CO,, NOx, SO,, and
non-methane hydrocarbons. For assessment purposes,
these gases are aggregated into a single indicator, carbon
dioxide equivalents (CO,e), which is commonly used to
quantify transport-related emissions (Piecyk et al., 2012).

Transport emissions are conventionally categorized
according to the stages of the energy life cycle: well-to-
tank (WTT), tank-to-wheel (TTW), and well-to-wheel
(WTW) (Figure 2).
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Figure 2. Conceptual structure for estimating energy
consumption and greenhouse gas emissions in rail transport

WTT emissions, G(WTT), arise from the production
and distribution of energy, such as those generated at
power plants or during fuel transport. TTW emissions,
G(TTW), refer to the direct emissions produced during
vehicle operation, for example through fuel combustion
in diesel locomotives. WTW emissions, G(WTW), rep-
resent the combined effect of both stages.

For each life-cycle stage, a train’s energy use and
emissions on a given journey can be estimated using
energy variables (E(WTT), E(TTW), E(WTW)) and
emission factors (EF(WTT), EF(TTW), EF(WTW))
(ISO 14083:2023 (International Organization for
Standardization, 2023). Starting from the TTW ener-
gy consumption, direct emissions as well as upstream
WTT and total WTW energy use and emissions can
be calculated by applying the appropriate conversion
factors. These coefficients describe the relationship be-
tween the energy required to move the train and the
additional energy use and emissions generated along
the energy supply chain.

Since such energy and emission factors are available
in the literature for various train and engine types, total
emissions can often be derived solely from TTW energy
consumption. Accordingly, most emission estimation
approaches, including the one adopted in this study,

primarily focus on modelling and estimating tank-to-
wheel energy use.

Approaches for estimating emissions from railway
systems are generally categorized into microscopic, mes-
oscopic, and macroscopic models.

Microscopic frameworks rely on a highly granular
representation of physical mechanisms governing train
dynamics (Lindgreen & Sorenson, 2005). In contrast,
macroscopic methods utilize aggregated transport sta-
tistics and fuel usage data to derive emission factors (Eu-
ropean Environment Agency, 2023; Intergovernmental
Panel on Climate Change, 2006). Mesoscopic models,
positioned between these extremes, incorporate selected
micro-level details within broader macro-level trends
(Hickman et al., 1999).

Existing models are commonly used to estimate en-
ergy consumption and emissions for railway services
over varying distances, yet this study adopts a macro-
scopic framework based on the ARTEMIS (Assessment
and Reliability of Transport Emission Models and Inven-
tory Systems) model (Boulter & McCrae, 2007) to evalu-
ate line-haul energy use and emissions.

This approach is well suited to representing the ef-
fects of aggregated operational characteristics on overal
| energy and emission performance and can be applied to
different train types and operation conditions.

The conceptual rationale of the methodology is repre-
sented in Figure 3, which highlights the logical sequence
through which operational conditions are translated into
energy consumption and emissions.

The driving pattern of the train is established based
on an operating matrix defined by discrete speed and
acceleration intervals, constrained by element limits such
as maximum and minimum speeds and admissible ac-
celeration/deceleration values. These constraints ensure
that the simulated operating conditions are consistent
with real railway operations. The level of accuracy of the
model is determined by the resolution of the speed and
acceleration intervals, with finer discretization allowing a
more detailed representation of train dynamics.

The next step describes the temporal and spatial dis-
tribution of operating elements, representing how dif-
ferent speed-acceleration states occur along the route
and over time. This distribution captures the variability
of train operation due to driving patterns, infrastructure
characteristics, and service profiles.

These operating conditions are then combined with
the element driving resistance, which accounts for the
forces opposing motion, including rolling resistance, aer-
odynamic drag, and gradient resistance. By multiplying
the occurrence of each operating element by the corre-
sponding total resistance force, the methodology derives
the total traction effort required for train operation.

Overall, the ARTEMIS methodology is based on a
bottom-up modeling framework that integrates detailed
descriptions of train operating dynamics with driving
resistance formulations, enabling consistent and robust
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Figure 3. Basic principles of rail emissions and energy consumption model (source: Lindgreen & Sorenson, 2005)

estimations of energy consumption and associated emis-
sions for the railway sector.

3. Case study

The ARTEMIS methodology was applied to the Cro-
tone-Catanzaro Lido railway line (Figure 4), part of a
key regional corridor in Calabria (the Calabrian Jonica
railway route) that remains entirely non-electrified.

The line extends for approximately 60 km and exhib-
its infrastructure characteristics typical of secondary Ital-
ian lines, including maximum speeds between 110 and
140 km/h, several gradient variations, and a high num-
ber of intermediate stops.

These features generate a highly variable driving
profile, with frequent acceleration and braking phases
that significantly influence the overall traction energy
demand.

For the analysis, the HTR412 hybrid train was se-
lected as the reference rolling stock. This unit, currently
deployed on several regional services in Southern Italy,
combines electric and diesel traction and is equipped
with Stage V compliant engines and an advanced energy
management system.

Vatean Cit Rome

® Crotone

Catanzaro

Figure 4. Geographical setting of the studied railway corridor
(source: Portale Cartografico ePIR, n.d.)

With an empty mass of roughly 170 t, the HTR412
features multimodal electric traction architecture,
based on a serial diesel-electric system integrated with

electrochemical energy storage and designed for opera-
tion both on electrified and non-electrified railway lines.

The traction system is organized around a common
onboard DC link, which acts as the central energy bus
interconnecting all power sources and loads. The DC link
is supplied by: the overhead catenary system via pan-
tograph, main circuit breaker, and DC/DC conversion
stages; two independent diesel-generator sets (2x650 kW
nomina power), installed in the end driving modules;
two lithium- jon battery packs, connected through bidi-
rectional power converters.

From the DC link, energy is distributed to the trac-
tion inverters feeding the traction motors and to the
auxiliary power converters supplying onboard services.
Traction is fully electric; no mechanical coupling exists
between the diesel engines and the wheelsets.

On non-electrified lines, the primary source of en-
ergy is provided by the diesel-generator sets. Each diesel
engine drives an electric generator whose output is di-
rectly connected to the DC link.

The generated electrical power is then converted by
the traction inverters to supply the asynchronous trac-
tion motors. The presence of two independent diesel-
generator units allows modular power management and
functional redundancy.

Depending on operating conditions such as train
load, line profile, and acceleration demand, one or both
generator sets can be activated, improving overall effi-
ciency and ensuring degraded-mode operability in the
event of partial failures.

The onboard battery system is not intended as the
primary energy source for sustained operation, but it
plays a key functional role in the power balance of the
traction system.

Specifically, the batteries:

- provide power boost during acceleration, covering
short-term power peaks that exceed the continuous
rating of the diesel generators;

— absorb energy recovered during regenerative brak-
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ing, thereby increasing overall energy efliciency;

- enable low-emission and low-noise operation in

stations and environmentally sensitive areas;

- contribute to DC link stabilization during rapid

load transients.

Battery recharging occurs preferentially through re-
generative braking and, when available, from the over-
head line. Charging from the diesel generators is lim-
ited to state-of-charge (SOC) management and safety
requirements, as systematic charging via the thermal
prime movers would result in reduced overall efficiency.

An onboard energy management system supervises
the distribution of power among the available sources
and controls transitions between catenary, diesel-electric,
and battery-assisted operation.

These transitions occur automatically and without
interruption of traction power. Power sharing between
diesel generators and batteries is continuously optimized
as a function of traction demand, battery SOC, and ef-
ficiency constraints.

AS far as the vehicle configuration is concerned, the
HTR 412 is a four-car articulated multiple units with
5 bogies and 10 axles (Figure 5). The two end cars are
equipped with powered bogies (4 powered axles), while
the intermediate cars share trailer bogies.

Figure 5. HTR 412 configuration

The maximum number of passengers is 300.

The operational profile of the Crotone-Catanzaro
Lido line was discretized according to the ARTEMIS
modelling structure, defining a matrix of speed-accel-
eration states consistent with infrastructure constraints
and vehicle performance limits.

Specifically, the speed-acceleration matrices reported
in the ARTEMIS final report were selected, choosing

those that best reflected the combined characteristics of
the line and the HTR 412 train.

In particular, the matrices corresponding to the re-
gional train profiles R03061 (Table 1) and R04557 (Ta-
ble 2) were adopted (Lindgreen & Sorenson, 2005), with
the latter providing smaller speed intervals and thus of-
fering a finer representation of low-speed operating con-
ditions. They will be referred to as simple distribution
and detailed distribution respectively.

Table 1. Spatial distribution of speed-acceleration
combinations of train R03061 - simple distribution

Acceleration Speed interval (km/h)
interval (m/s?) 150-100 100-50 50-0
1.0-0.9 0.00 0.00 0.00
0.9-0.8 0.00 0.10 0.20
0.8-0.7 0.00 0.00 0.00
0.7-0.6 0.00 0.00 0.00
0.6-0.5 0.00 0.20 0.40
0.5-0.4 0.00 150 0.80
0.4-0.3 0.00 0.20 0.10
0.3-0.2 0.80 3.80 2.40
0.2-0.1 1.90 8.50 2.30
0.1-0.0 2.90 21.00 2.70

By combining the occurrence of each operating state
with the corresponding resistance forces, rolling, aero-
dynamic and acceleration, the total traction energy re-
quired for the service was estimated.

Energy consumption was evaluated assuming an
overall efficiency of 0.35 (Lindgreen & Sorenson, 2005),
which accounts for the combined efficiency of the diesel
engine and the generation-traction system.

It is worth highlighting that ARTEMIS methodology
does not consider local gradient. Gradient resistance is

Table 2. Spatial distribution of speed-acceleration combinations of train R04557 — detailed distribution

Acceleration Speed interval (km/h)
I?If/rsvz";l 150- | 140- | 130- | 120- | 110- | 100- | 90— | 80- | 70- | 60— | 50- | 40- | 30- | 20- | 10-
140 | 130 | 120 | 110 | 100 | 90 | 80 | 70 | 60 | 50 | 40 | 30 | 20 | 10 | o©
1.0-09 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
0.9-0.8 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 | 0.13 | 0.10 | 0.06 | 0.02 | 0.06
0.8-0.7 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
0.7-0.6 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.10
0.6-0.5 | 0.00 | 0.00 | 0.00 | 0.08 | 0.05 | 0.02 | 0.00 | 0.00 | 0.10 | 0.13 | 0.05 | 0.11 | 0.08 | 0.16 | 0.19
05-0.4 | 0.00 | 0.00 | 0.03 | 0.00 | 0.06 | 0.00 | 0.13 | 0.10 | 0.11 | 0.19 | 0.32 | 0.65 | 0.55 | 0.39 | 0.00
0.4-03 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.05 | 0.15 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.05
03-02 | 0.03 | 0.03 | 0.05 | 0.36 | 026 | 0.63 | 0.55 | 0.52 | 0.13 | 0.60 | 0.39 | 0.34 | 0.63 | 0.70 | 0.18
02-01 | 005|021 ] 019 102 ] 1.13] 070 | 1.16 | 1.83 | 1.24 | 091 | 1.00 | 0.06 | 0.24 | 0.21 | 0.13
0.1-0.0 | 129 | 1.07 | 637 | 7.06 | 278 | 1.87 | 092 | 0.16 | 2.73 | 1.23 | 0.79 | 1.52 | 0.13 | 0.13 | 19.49
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assessed on the basis of the height difference between
origin and destination.

4. Results and discussion

Energy consumption was assessed using both simple and
detailed temporal (TD) and spatial distributions (SD) of
speed-acceleration combinations.

The results are reported in Figure 6, which illustrates
the consumption trend, in terms of kJ/pass-km as a func-
tion of the occupancy rate for both simple and detailed
distribution approaches. With regard to spatial distribu-
tions, the difference between simple and detailed driv-
ing patterns remains within 8%. In contrast, the use of
temporal distributions leads to significantly larger dif-
ferences (about 33%), due to their higher sensitivity to
the train’s operational profile (e.g., number of stops and
dwell times). Temporal distributions are more closely
linked to the specific route-vehicle configuration and
therefore introduce greater variability. For this reason,
the spatial distribution will be adopted for the emission
assessment phase. In particular, the detailed spatial pat-
tern will be used.

—— Simple - SD — = =Simple -TD

Detailed-SD

— — =Detailed -TD

Energy Consumption
(kJ/pass-km)

0.10 0.25 0.40 0.55 0.70 0.85 1.00
Occupation rate

Figure 6. Energy Consumption of the HTR 412 train on the
route Crotone Catanzaro for different distributions of speed-
acceleration combinations and occupancy rates

Starting from the resulting TTW energy consump-
tion, WTT and WTW emissions were computed for dif-
ferent propulsion and fuel scenarios: conventional diesel,
HVO, biodiesel, and hydrogen (fuel-cell configuration).
This comparative assessment provides a quantitative basis
for evaluating the potential emission reductions achiev-
able on the Crotone-Catanzaro Lido line through the
adoption of low-carbon fuels or innovative propulsion
technologies. The results offer valuable insights for re-
gional decarbonization strategies, particularly for railway
networks where full electrification remains economically
or technically challenging in the short to medium term.

The emission factors used for the analysis are avail-
able in ISO 14083:2023 and in Lo Vullo et al. (2022).

The base case study considers the HTR 412 configu-
ration powered by a diesel engine with battery boost.
The resulting TTW and WTW emissions are shown in
Figure 7.
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Figure 7. Emission rates of the HTR 412 train on the route
Crotone Catanzaro for different occupation rates and battery
share values

The battery contribution was assessed by simulating
partial energy coverage during acceleration phases, based
on predefined battery share values ranging from 0 to 0.20.
For each battery share, the traction energy demand was
proportionally split between diesel and battery sources, as-
suming that battery power is primarily employed to support
acceleration phases of the driving cycle. This approach re-
flects realistic hybrid operation strategies and allows quan-
tification of emission reductions under varying occupancy
rates and battery utilization levels.

With a battery share of 20% the reduction in both
TTW and WTW emissions remains within approxi-
mately 13%.

With a view to assessing the effectiveness of different
emission reduction strategies the following propulsion
and fuel scenarios were analysed:

- conventional diesel;

- HVO;

- biodiesel;

- hydrogen (fuel-cell configuration).

For the hydrogen scenario, a fuel-cell electric train
configuration was considered. A tank-to-wheel efficiency
of 0.40 was assumed for the PEM fuel-cell hybrid system,
accounting for fuel-cell conversion, battery charge-dis-
charge losses, and electric traction efficiency.

In addition, different hydrogen production pathways
were considered: Steam Methane Reforming (SMR)
and electrolysis. For the latter, electricity-related emis-
sion factors were applied, assuming an efficiency of
0.60 (Bi¢dkova & Straka, 2012), and several scenarios
of renewable energy penetration in electricity genera-
tion were included, in accordance with the projections
reported by Falchetta (2014).

The results are reported in Figures 8 and 9 and refer
to the scenario with no battery contribution. This as-
sumption was adopted to ensure a consistent compari-
son among the different fuel and propulsion options,
isolating the effect of the primary energy carrier. In the
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fuel-cell configuration, the battery is considered an in-
trinsic component of the propulsion system and is there-
fore used exclusively for power smoothing and transient
management, rather than as an additional energy boost
for traction.

Figure 8 shows that, at the Tank-to-Wheel level, re-
newable liquid fuels such as HVO and biodiesel lead to
a significant reduction in direct emissions compared to
conventional diesel, due to their lower carbon content
and cleaner combustion characteristics. The hydrogen
fuel-cell configuration exhibits zero TTW emissions,
confirming its potential to completely eliminate local
exhaust pollutants during operation. This feature is par-
ticularly relevant for regional services operating in urban
areas or environmentally sensitive zones.

m Diesel Ebiodiesel EHVO

I
=
O

0.10

WTW Emissions
(kgCO,y/pass-km)

0.05 \- I_
02 03 04 05 06 07 08 09 1
Occupation rate

Figure 8. TTW emissions rates for several fuel scenarios

When the full Well-to-Wheel perspective is consid-
ered (Figure 9), the differences among the various energy
pathways become more pronounced. Although HVO and
biodiesel provide substantial emission reductions relative
to diesel traction, it is worth underscoring that any ulti-
mate assessment should rely on a broader analysis that
accounts for the sustainability of the entire supply chain,
including upstream production pathways, feedstock ori-
gin, land-use impacts, and other related factors.

Hydrogen produced via SMR shows no WTW ben-
efits, whereas hydrogen generated through electrolysis
becomes increasingly advantageous as the share of re-
newable electricity increases. This clearly highlights the
strong dependence of hydrogen sustainability on the de-
carbonization of the power sector.
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Figure 9. WT'W emissions rates for several fuel scenarios

Figure 10 summarizes the relative emission reduc-
tions with respect to the diesel baseline. It shows no
variation with the occupation rate, so a unique value is
reported.

Renewable liquid fuels deliver moderate but im-
mediately deployable benefits, while hydrogen-based
solutions exhibit the highest long-term mitigation po-
tential, especially under scenarios characterized by high
renewable energy penetration. However, these benefits
are contingent upon the availability of low-carbon hy-
drogen production pathways and dedicated refuelling
infrastructure.
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Figure 10. Emission Reduction with respect to the base
scenario (diesel propulsion)

5. Conclusions

This study presented a comparative Tank-to-Wheel and
Well-to-Wheel assessment of emission reduction strate-
gies for non-electrified regional rail services, using the
Crotone-Catanzaro Lido line as a representative case
study. By applying the ARTEMIS modelling framework
to a modern hybrid multiple units, energy consumption
and emissions were quantified under different operating
assumptions and fuel pathways.

The results indicate that, under the hypotheses of
the methodology, battery assistance in diesel-hybrid
configurations yields only modest emission reductions,
demonstrating that batteries alone cannot deliver deep
decarbonization when fossil fuels remain the primary
energy source. In contrast, renewable liquid fuels such
as HVO and biodiesel represent an effective short- to
medium-term mitigation option, as they can be deployed
with minimal changes to existing rolling stock and in-
frastructure while achieving meaningful WTW emission
savings.

Hydrogen-based propulsion emerges as the most
promising long-term solution for non-electrified rail-
way lines. Fuel-cell configurations allow the complete
elimination of local emissions and, when hydrogen is
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produced from low-carbon electricity, can substantially
reduce lifecycle emissions. Nevertheless, the environ-
mental performance of hydrogen is highly dependent
on the production pathway, and current reliance on
fossil-based hydrogen significantly limits its immediate
benefits.

Overall, the findings underline the importance of
adopting a comprehensive Well-to-Wheel perspective
when evaluating alternative rail propulsion technologies.
A phased transition strategy appears most appropriate,
combining the near-term deployment of renewable fuels
with targeted investments in hydrogen technologies and
renewable electricity generation, in order to ensure that
future rail decarbonization pathways deliver genuine and
sustained environmental benefits.
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