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Executive Summary

Fuel Cell Electric Vehicles (FCEVs) are pivotal in the shift to zero-emission mobility, offering significant
advantages over traditional combustion engines and complementing Battery Electric Vehicles (BEVS).
However, different challenges must still be overcome for widespread technological implementation.
Countries such as the USA, Europe and Japan are advancing energy transition processes where hydrogen
plays a central role in achieving zero-emission mobility and climate neutrality. Nonetheless, several
challenges remain in terms of costs, hydrogen production, storage systems, infrastructure networks and
regulatory framework. System efficiency, supply chain sustainability, and infrastructure scalability emerge
as key factors. This study explores the state of the art and the main experience currently underway,
focusing on the challenges and opportunities for zero-emission vehicles that use hydrogen as an energy
carrier for propulsion.

Keywords: Fuel Cell electric Vehicles, Hybrid Electric Vehicles, Fuel Cell System, Environmental
impact, Sustainable Energy

1 Introduction

The transition toward zero-emission mobility represents one of the most critical global challenges in
addressing environmental issues and combating climate change. In 2023, almost 14 million new electric
cars were registered worldwide, increasing the total number of EVs on the road to 40 million [1] (Figure 1).
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Figure 1:EV sales worldwide
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Globally, the transport sector is responsible for approximately 25% of greenhouse gas emissions, remaining
heavily reliant on fossil fuels [2], [3] (Figure 2).
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Figure 2: Global CO2 emissions from transport by sub-sector in the Net Zero Scenario, 2000-2030 [3]

In the European Union, this share rises to around 29% of total greenhouse gas emissions, underlining the
urgent need for decarbonization strategies within the sector [4]. In this context, the European Commission
has established ambitious targets to drastically reduce transport-related emissions, aligning with the broader
objective of achieving climate neutrality by 2050. Key among these initiatives in Europe are the EU
Hydrogen Strategy [5] and the REPowerEU plan [6], which provide a comprehensive framework to
accelerate the deployment of renewable and low-carbon hydrogen across multiple sectors, with a particular
focus on transport decarbonization. The European Green Deal [7] and the Sustainable and Smart Mobility
Strategy [8], foresee a significant shift toward zero-emission vehicles and the decarbonization of transport
infrastructure. This roadmap promotes the adoption of alternative fuels, identifying hydrogen as a
cornerstone for decarbonizing sectors that are difficult to electrify, such as heavy-duty road transport, rail,
aviation, and maritime shipping. The EU Hydrogen Strategy reinforces this vision by setting specific
objectives: scaling up renewable hydrogen production to 10 million tonnes per year by 2030, establishing
cross-border infrastructure, and fostering industrial applications. The strategy emphasizes hydrogen’s
pivotal role in sector coupling, enabling surplus renewable electricity to be stored, transported, and flexibly
utilized across various end-uses, enhancing the resilience of the energy system. Supporting this vision, the
Clean Hydrogen Partnership [9] plays a central role in advancing hydrogen and fuel cell technologies.
Together, these strategies and initiatives constitute a comprehensive effort by the European Union to
position hydrogen and fuel cell technologies at the core of the energy transition, particularly within the
transport sector, where they are critical for achieving the decarbonization targets outlined in the European
Green Deal. Beyond Europe, several major economies are also advancing hydrogen strategies and
decarbonization initiatives to transform their transport sectors and achieve climate targets. Japan, for
instance, has established itself as a global leader in hydrogen deployment, with a strong focus on building
an extensive refueling infrastructure and promoting hydrogen applications across mobility, industry, and
power generation. Japan’s Basic Hydrogen Strategy [10], first adopted in 2017, aims to position hydrogen
as a key pillar of its long-term energy policy, with concrete targets such as reducing the cost of hydrogen
and expanding the number of hydrogens refueling stations. Similarly, the United States is intensifying its
focus on clean hydrogen through U.S. National Hydrogen Strategy and Roadmap [11]. Its provides a
comprehensive framework to scale up hydrogen production, transport, storage, and utilization across
multiple sectors. It establishes clear targets, market-driven metrics, and fosters collaboration among federal
agencies, industry, academia, and communities to accelerate hydrogen deployment and support national
decarbonization and energy transition objectives [12]. China is also accelerating investments in hydrogen
technologies as part of its broader decarbonization strategy [13]. The Chinese government has set targets
for deploying FCEVs and supporting the build-out of hydrogen infrastructure [14]. Hydrogen-powered
mobility, particularly through FCEVs, emerge as a key element in the transition toward zero-emission
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transport. While BEVs are well-suited for urban and medium-range applications, FCEVs prove
advantageous in long-range freight and heavy-duty sectors, where greater autonomy and shorter refueling
times are essential. Despite growing interest in hydrogen as a solution for decarbonizing mobility, several
structural challenges continue to limit its large-scale adoption. One of the most significant issues is the high
production cost of hydrogen, and in particular for green hydrogen, which, although considered the most
sustainable option due to its generation via electrolysis powered by renewable energy, remains
economically uncompetitive compared to fossil-based alternatives such as grey or blue hydrogen [15], [16].
This cost disparity is primarily driven by the expensive electrolyzers [17], [18] and the reliance on stable
renewable electricity supplies [19]. Another critical barrier relates to the overall energy efficiency of
FCEVs compared to BEVSs. The hydrogen value chain, from production to end-use in vehicles, requires
multiple energy conversion stages (production, compression or liquefaction, transportation, and
reconversion into electricity), each of which introduces energy losses. Consequently, FCEVs exhibit lower
well-to-wheel efficiency than BEVs, which use electricity more directly with minimal intermediate
transformations [20]. Additionally, the storage and transportation of hydrogen present major hurdles for
hydrogen mobility. Due to hydrogen’s low volumetric energy density, it must be either compressed at high
pressures (350-700 bar) or liquefied at cryogenic temperatures (-253°C), both of which involve significant
infrastructure investments and increase overall system costs. While solid-state storage technologies, such as
metal hydrides and adsorbent materials, offer promising pathways to improve storage efficiency, they are
still in early development stages and not yet commercially viable at scale [21]. The limited refueling
infrastructure [22] also poses a significant constraint. One of the most persistent obstacles to scaling up
hydrogen mobility lies in the limited availability and high costs of refueling infrastructure, which remains
significantly underdeveloped when compared to electric charging networks. The hydrogen supply chain,
encompassing production facilities, distribution networks, and refueling stations, faces substantial logistical
and economic challenges [23]. The paper is structured as follows: after an overview of the climate context
and policy strategies supporting zero-emission transport, the paper is structured as follows: Section 2
analyzes the role of hydrogen in mobility by comparing fuel cell and battery electric vehicles, highlighting
their respective advantages across different transport segments. Section 3 focuses on hydrogen production,
storage technologies, and distribution infrastructure for mobility, including pipeline networks, refueling
stations, and the emergence of Hydrogen Valleys. Section 4 discusses the main challenges and future
opportunities related to hydrogen mobility, such as efficiency gaps, infrastructure limitations, and material
innovations. Finally, Section 5 presents the conclusions, summarizing key findings and outlining the
conditions required for large-scale deployment of hydrogen-powered transport systems.

2 Role of hydrogen in mobility

The transition toward zero-emission mobility relies on two primary powertrain configurations: BEV and
FCEVs. Both configurations aim to eliminate tailpipe emissions, but their energy storage and conversion
systems differ significantly, influencing their efficiency, range, recharging/refueling times, and suitability
for specific transport sectors. A BEV relies on a battery pack, typically lithium-ion, to store the energy
required to power an electric motor that drives the wheels. The motor provides instant torque to the wheels,
ensuring smooth and responsive acceleration. The battery capacity defines the vehicle’s driving range,
while power electronics regulate the flow of energy between the battery and the motor. When the driver
accelerates, energy flows from the battery to the motor. During certain conditions, for example in braking
phase or downhill roads, the regenerative braking system engages, converting kinetic energy from the
wheels in recharging energy for the battery. On the other hand, FCEVs integrate a hydrogen fuel cell
system that generates electricity on board by hydrogen from high-pressure tanks by means of a fuel cell
system. This electricity powers an electric motor, supported by a small battery for energy buffering and
regenerative braking [24]. This configuration enables longer driving ranges and fast refueling times,
positioning FCEVs as a strategic option for heavy-duty, long-haul transport, public transit, and maritime
sectors, where battery capacity limitations and charging times pose operational challenges. The powertrain
configurations of both are depicted in Figure 3.
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Figure 3: BEV and FCEV powertrain configurations

Although BEVs have proven to be highly effective for urban and short/medium distance mobility, their use
becomes challenging in sectors where longer ranges, high load capacity and minimal downtime are
essential. An example are the “hard-to-abate” sectors such as heavy-duty transport [25], long-haul freight
[26], maritime transport and aviation [27], [28] that require solutions that go beyond the current
technological capacity of batteries. Hydrogen, with a gravimetric energy density of approximately 120
MJ/kg, contains more energy per unit of weight compared to batteries [29], enabling vehicles to travel
longer distances without significantly increasing their weight. This characteristic is particularly critical in
applications such as freight transport and aviation, where vehicle mass directly impacts operational
efficiency. Despite the strategic potential of FCEVs in decarbonizing hard-to-abate transport sectors,
several technological challenges continue to hinder their widespread adoption. One of the most significant
barriers is their lower well-to-wheel efficiency compared to BEVs. In [30], Krause et al. conduct a
scenario-based analysis of carbon-neutral road transport in the EU27 by 2050, using a well-to-wheel
approach to evaluate different vehicle technologies and fuel pathways. The study compares BEVS,
FCHEVs, and e-fuel scenarios, showing that BEVs have the lowest overall energy demand, while
hydrogen-based options offer meaningful reductions in final energy use. The complementary roles of
batteries and hydrogen in the transition to low-carbon mobility are extensively discussed in the literature. In
[31] Badawi et al. examine both technologies across stationary and transport applications, highlighting
recent advances in battery design, such as solid-state batteries and the use of graphene-based materials,
while also acknowledging unresolved challenges related to cost, safety, and degradation. Hydrogen, on the
other hand, is portrayed as a flexible and scalable energy carrier, particularly effective in sectors requiring
high energy density and operational flexibility. This analysis is complemented by Anddjar et al., who
provide a technical and commercial comparison between battery and hydrogen storage systems. They
assess a range of battery chemistries such as lithium-ion, molten salt, redox flow, and metal-air batteries
and compare them with multiple hydrogen storage options such as compressed gas, liquid hydrogen, metal
and complex hydrides, and physisorption methods. The authors evaluate system efficiency and energy
availability, emphasizing that hydrogen’s high energy density makes it better suited for long-duration and
large-scale applications, while batteries offer advantages in round-trip efficiency and decentralized
integration. They conclude that the two technologies are best seen as complementary, especially in hybrid
systems that combine the fast response of batteries with the long-term storage capacity of hydrogen [32].
An increasingly relevant application for hydrogen-powered vehicles lies in urban and suburban distribution
networks, where high range autonomy and operational flexibility are essential. Commercial fleets operating
in logistics, parcel delivery, retail distribution, and refrigerated transport often cover hundreds of kilometers
daily, with limited windows for vehicle downtime. In these contexts, FCEVs offer a compelling alternative
to BEVs, as they combine zero-emission operation with the ability to refuel in minutes, allowing fleets to
maintain high availability and route coverage without compromising payload capacity. Gallo and Marinelli
in [33] assess the potential impact of FCEVs on fuel consumption and CO: emissions in the Italian road
freight sector, focusing on long-distance transport. Using a detailed simulation model of the national freight
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network, they evaluate the effects of introducing FCEVs according to the targets set by the Italian National
Recovery and Resilience Plan (PNRR), which includes the deployment of 40 hydrogen refueling stations
(HRS) and forecasts a 5-7% penetration of FCEVSs in heavy-duty transport by 2030. The analysis explores
three scenarios—pessimistic, linear, and optimistic—spanning from 2025 to 2040. The authors assume the
exclusive use of green hydrogen and conclude that this transition represents a significant step toward
achieving national decarbonization goals, especially in segments of road freight transport where battery
electric solutions remain operationally limited. In [34], Napoli et al. examine the implementation of a
sustainable urban freight distribution system through a real case study in Sicily, where a dedicated electric
delivery van (EDV) operates within a renewable-powered urban distribution center (UDC). The system
combines freight logistics and localized renewable energy generation in a single infrastructure,
demonstrating how urban delivery services can be made entirely zero-emission. By optimizing delivery
routes using a vehicle routing problem with time windows, the study minimizes energy consumption while
respecting operational constraints such as delivery slots and battery autonomy. The authors show that,
depending on route conditions and vehicle load, energy consumption for urban delivery vehicles can vary
significantly, ranging between 115 and 300 Wh/km, highlighting the importance of route optimization and
appropriate energy sizing. The case study confirms that electric urban freight vehicles, when supported by
integrated infrastructure and energy planning, can meet the autonomy and operational demands of daily
logistics missions, making them a viable and sustainable option for last-mile distribution. To fully unlock
the decarbonization potential of transport systems, hydrogen mobility must be understood not as an
alternative to battery electric solutions, but as a complementary pathway tailored to the specific needs of
energy-intensive, long-range, and logistically demanding applications. Its high gravimetric energy density,
rapid refueling capabilities, and adaptability to various transport modes, ranging from freight logistics to
public transit and aviation, position hydrogen as a key enabler of zero-emission mobility beyond the limits
of electrification alone. As deployment accelerates and supporting infrastructure expands, FCEVs are
expected to play a progressively central role in building a diversified and resilient clean transport
ecosystem.

3 Production, Storage and distribution infrastructure for mobility

A critical aspect of enabling hydrogen-powered mobility lies in the development of a robust infrastructure
for hydrogen production, storage, and distribution. Hydrogen is a versatile energy carrier that can be
produced through several methods, classified by color codes that reflect their carbon intensity and energy
origin. Qureshi et al. [35] provide an extensive overview of these hydrogen production pathway by color
codes. Their study details the characteristics of grey, blue, green, turquoise, pink, yellow, and white
hydrogen, discussing not only production processes but also the associated environmental trade-offs and
technological readiness levels. Gray hydrogen is obtained from fossil fuels, especially natural gas, via
steam methane reforming, and is associated with high CO: emissions. Blue hydrogen improves upon this
by incorporating carbon capture and storage (CCS) technologies, reducing its environmental footprint.
Water electrolysis stands out as the most promising route for decarbonization. This process uses electricity
from renewable sources to split water into hydrogen and oxygen, without producing direct greenhouse gas
emissions. Several electrolysis technologies exist, including Alkaline Electrolysis (AEC), Anion Exchange
Membrane (AEM), Proton Exchange Membrane (PEM), and Solid Oxide Electrolysis Cells (SOEC), each
with different operational characteristics, efficiencies, and levels of technological maturity. Green
hydrogen, produced through electrolysis powered by renewable electricity, currently represents the cleanest
form of hydrogen and plays a central role in both European and national decarbonization strategies [36],
[37]. However, the widespread adoption of green hydrogen is currently limited by high production costs,
mainly due to the expense of electrolyzers that depend on a continuous supply of electricity from renewable
sources. [38], [39]. According to the European Hydrogen Observatory, the cost of green hydrogen using
grid electricity in Europe ranges between 4,06 and 17,36 €/kg [40]. The International Council on Clean
Transportation (ICCT) projects future costs of 3.70 $/kg in the U.S. and 5.60 $/kg in the EU by 2030 [41].
Meanwhile, the Hydrogen Council, in its latest report, estimates the current levelized cost of renewable
hydrogen production between 4.5 and 6.5 $/kg with projections indicating a decrement cost to 2.5-4.0 $/kg
by 2030 driven by technological advancements and economies of scale [42] (Table 1).
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Table 1: Green Hydrogen Cost Estimates

Region Cost Range References
European Hydrogen Observatory EU 4,06-17,36 €/kg [40]
— 3,70 $/kg (US)
ICCT (2030 Projection) US/EU 5.60 $/kg (EU) [41]
Hydrogen Council (Current) Global 4.5-6.5 $/kg [42]
Hydrogen Council (2030 Projection) Global 2.5-4.0 $/kg [42]

In parallel with hydrogen production, the challenge of efficient hydrogen storage is central to enabling its
use in mobility applications. Recent advances in high-pressure, membrane-less electrolysers using metal
hydride electrodes, such as LaNisHx, have demonstrated the potential to integrate hydrogen generation,
compression, and storage in a single step, enhancing system efficiency by up to 10% and enabling energy
densities suitable for mobility applications [43]. Hydrogen has a very low volumetric energy density,
approximately 0.0899 kg/ms3, requiring advanced storage solutions to make its use feasible in transportation
systems. This poses a challenge for transport applications, where space and weight are critical constraints.
As a result, developing reliable, high-performance storage solutions is essential to achieving the energy
density and compactness needed for onboard hydrogen storage in FCEVs. For transport applications,
hydrogen is most commonly stored in the form of compressed gas at high pressures, typically between 350
and 700 bar, within advanced reinforced composite tanks [44]. High-pressure storage enables vehicles to
achieve sufficient range without compromising cargo space or drastically increasing system weight, making
it particularly advantageous for heavy-duty and long-distance transport applications. However, the
infrastructure required to compress, store, and distribute hydrogen at such high pressures involves complex
safety requirements and high capital investment [45]. Hydrogen distribution infrastructure is also a key
enabling factor. Pipelines offer the most efficient means for large-scale transport over long distances, but
their development is constrained by high costs, regulatory challenges, and compatibility with existing gas
infrastructure. Alternative distribution methods include high-pressure tube trailers [46], [47], [48] and
liquefied hydrogen transport, each with trade-offs in terms of energy consumption, logistics, and scalability
[49]. Ahn et al. provide a comprehensive review of the liquefied hydrogen (LH:) supply chain, identifying
its potential for intercontinental trade due to its higher volumetric energy density compared to gaseous
hydrogen. Their study highlights the challenges of energy-intensive liquefaction, boil-off losses, and the
need for advanced cryogenic insulation, but also emphasizes technological advances in liquefaction cycles
and shipping that can enhance the viability of large-scale LH. distribution in support of hydrogen mobility
[50]. To support vehicle refueling, the deployment of HRS is expanding globally [51]. In Europe, the
Alternative Fuels Infrastructure Regulation (AFIR) [52] mandates that HRS be available along the Trans-
European Transport Network (TEN-T) [53] core corridors at intervals no greater than 200 km. Germany
and Japan lead in HRS deployment, while the United States continues to invest in station development
through Department of Energy programs. To complement fixed stations, mobile hydrogen refueling units
are being tested to serve remote areas and emerging hydrogen vehicle markets. A more integrated approach
to infrastructure development is exemplified by the rise of Hydrogen Valleys, geographically localized
ecosystems that locate hydrogen production, storage, and end-use across transport, industry, and energy
sectors [54]. Hydrogen Valleys enhance supply chain synergies, reduce transport costs, and foster local
innovation, acting as critical accelerators for the hydrogen transition.

4 Challenges and opportunities

Despite the increasing momentum of hydrogen mobility, several technical, economic, and systemic barriers
continue to constrain its full-scale deployment. One of the most critical challenges is the overall energy
efficiency of hydrogen pathways, particularly in transport applications. While FCEVs offer faster refueling
times and longer ranges compared to BEVs, their well-to-wheel efficiency remains substantially lower due
to the multiple conversion steps involved, from electricity to hydrogen (via electrolysis), to compression or
liquefaction, and finally to electricity within the vehicle’s fuel cell. Another pressing issue is the cost of
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green hydrogen. Although electrolyzer costs are gradually declining and renewable electricity is becoming
more accessible, the overall cost of producing green hydrogen remains significantly higher than fossil-
based alternatives. Achieving cost parity will require advances in electrolyzer technology, economies of
scale, and further integration with low-cost renewable power. The development of refueling infrastructure
also presents a bottleneck. While some countries have made progress many regions still lack the minimum
infrastructure needed to support widespread FCEV adoption. This challenge is exacerbated by the classic
“chicken-and-egg” dilemma, where limited vehicle uptake slows investment in infrastructure, and vice
versa. Coordinated efforts among industry, governments, and investors are essential to resolve these
problems. Standardization and regulatory harmonization are further areas that demand attention. Ensuring
the safe storage, transport, and handling of hydrogen, especially under high-pressure or cryogenic
conditions, demands strict compliance with advanced technical standards.  Establishing unified
international standards for hydrogen quality, safety, and refueling operations is essential to facilitate
widespread deployment and interoperability of hydrogen mobility systems. Despite these hurdles,
opportunities are emerging. Advances in materials science could lead to the development of efficient
hydrogen storage solutions, including solid-state systems with better energy density. At the same time,
integrated projects such as hydrogen hubs and valleys provide practical examples of how hydrogen
production, storage, and consumption can be brought together to optimize efficiency and scalability.
Moreover, policy support, including tax incentives, subsidies, and infrastructure, remains a powerful driver
of adoption. In summary, overcoming these challenges will require an approach that combines
technological innovation, infrastructure development, international collaboration, and strong policy
alignment. If addressed effectively, hydrogen mobility could become a cornerstone of the global energy
transition, particularly in sectors beyond the reach of conventional electrification.

5 Conclusions

Hydrogen-based mobility represents a key pillar in the transition to zero-emission transport, particularly for
hard-to-abate sectors. This paper has explored the strategic role of FCEVs, assessing their operational
benefits, system architecture, and integration with renewable hydrogen production. It has also examined the
infrastructure needed to support large-scale deployment, including production pathways, storage
technologies, distribution systems, and policy frameworks. While FCEVs offer clear advantages in terms of
range, refueling speed, and suitability for high-load applications, they face important challenges. These
include lower well-to-wheel efficiency compared to BEVs, the high cost of green hydrogen, and limited
refueling infrastructure. However, promising developments in materials science, solid-state storage, and
electrolyzer technologies, combined with policy initiatives like Hydrogen Valleys, indicate a path forward.
To unlock the full potential of hydrogen mobility, coordinated action is needed to align innovation,
investment, and regulation. If these efforts succeed, hydrogen can become a cornerstone of a resilient,
flexible, and low-carbon transport ecosystem.
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