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Abstract: The member countries of the European Union (EU) have prioritized the incorporation of
hydrogen as a key component of their energy objectives. As the world moves towards reducing
its dependence on fossil fuels, alternative sources of energy have gained prominence. With the
growing development of Fuel Cell Electric Vehicles (FCEVs), the establishment of an infrastructure
for hydrogen production and the creation of a network of service stations have become essential.
This article’s purpose is to conduct a methodical review of literature regarding the use of green
hydrogen for transportation and the planning of imperative infrastructure in the territory of the
EU, specifically Hydrogen Refueling Stations (HRS). In order to increase the acceptance of fuel
cell vehicles, a comprehensive network of hydrogen refueling stations (HRS) must be built that
enable drivers to refuel their vehicles quickly and easily, similar to gasoline or diesel vehicles. The
literature review on this topic was conducted using the Web of Science database (WOS), with a
variety of search terms proposed to cover all the key components of green hydrogen production and
refueling infrastructure. The implementation of HRS powered by renewable energy sources is an
important step in the adoption of fuel cell vehicles, and overcoming the obstacles that come with
their implementation will require cooperation and innovation from governments, private businesses,
and other stakeholders.

Keywords: green hydrogen; electrolysis; storage; refueling; fuel cell; location

1. Introduction

A significant stride in curbing greenhouse gas (GHG) emissions within the transporta-
tion sector involves the advancement and promotion of zero-emission vehicles. Among
these, Fuel Cell Electric Vehicles (FCEVs) represent a crucial model currently under devel-
opment. The reduction of GHG emissions in the transportation sector is a lofty goal set by
the European Union, and the widespread adoption of FCEVs is considered indispensable
for meeting these ambitious targets. To support this endeavor, manufacturers are heavily
investing in the research and development of FCEVs, along with the necessary infrastruc-
ture, such as hydrogen refueling stations. FCEVs utilize hydrogen stored in tanks, utilizing
a fuel cell (FC) to generate electricity through an electrochemical process. This process
combines hydrogen with oxygen from the air, powering the FCEV and producing only
water (H2O) as waste. FCEVs emerge as a sustainable transportation option due to various
factors, with the key considerations being the following: (1) reduction in the weight of
the hydrogen tank compared to a battery; (2) extended range and quicker refueling times
compared to Battery Electric Vehicles (BEVs); (3) addressing the shortage of materials in
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battery production, such as lithium. Collectively, Fuel Cell Electric Vehicles exhibit several
advantages over traditional vehicles.

These attributes render FCEVs an appealing choice for sustainable mobility. As this
technology undergoes further development and expansion, its feasibility and widespread
adoption are anticipated to increase. Consequently, the European Union (EU) has put
forth initiatives to usher in a hydrogen-based economy, aiming to mitigate greenhouse gas
(GHG) emissions. Notably, the International Renewable Energy Agency (IRENA) deems
hydrogen the paramount energy source for the future [1].

In September 2015, the United Nations General Assembly (UNGA) adopted the
2030 Agenda for Sustainable Development, a comprehensive action plan addressing people,
planet, and prosperity. Central to this agenda are the 17 Sustainable Development Goals
(SDGs), accompanied by 169 targets. These goals serve as a global call to action, aiming
to eradicate poverty, safeguard the planet, and promote peace and prosperity for all by
the year 2030. Encompassing a wide array of issues—from poverty and hunger to health,
education, gender equality, clean water and sanitation, affordable and clean energy, decent
work and economic growth, innovation and infrastructure, reduced inequality, sustainable
cities and communities, responsible consumption and production, climate protection, life
below water, life on land, peace, justice, and strong institutions—the SDGs underscore the
need for collaborative efforts and partnerships to achieve them.

To realize these goals, resilient infrastructure must be developed, inclusive and sustain-
able industrialization promoted, and innovation nurtured [2]. Recognizing the importance
of these objectives, the European Union (EU) has launched various programs in alignment
with the 2030 Agenda.

The Energy and Climate Strategic Framework sets out the Hydrogen Roadmap [3], a
strategic plan that describes the steps and milestones required to develop and use hydrogen
as an energy carrier. The objectives of the strategy are aligned with the measures planned
in the European context. One of the main policies to address this issue is the inclusion of
renewable hydrogen in Directive 2018/2001 of 11 December 2018 [4] and the European
Green Deal [5]. Its main goal is to make the European Union (EU) a climate-neutral
continent by 2050, lined with the goals of the Paris Climate Agreement.

The EU Hydrogen Strategy is considered a core part of the European Green Deal and
is expected to bring significant investment in hydrogen technology and infrastructure in the
coming years. The plan is based on the three periods (2020–2024, 2025–2030, and 2030–2050)
described in Table 1. The table also includes different goals and sectors for each period.

Table 1. EU Hydrogen Strategy Temporary framework (European Green Deal). Data from European
Green Deal [5].

Period Objective Sector

2020–2024

Installation of at least 6 GW of
electrolyzers in the EU and the

production of up to 1 million tons of
renewable hydrogen

In industrial processes and in heavy
transport, in addition, electrolyzers
and hydrogen plants will be needed

for FC bus and truck refueling

2025–2030

Installation of 40 GW of electrolyzers by
2030 and the production of up to 10

million tons of renewable hydrogen in
the EU

Manufacture of steel, trucks, railways,
some maritime transport applications,

and other modes of transportation

2030–2050
Renewable hydrogen technologies

should reach maturity and be deployed
on a large scale

Aviation, maritime transport,
industrial and construction sector

In the realm of transportation, the Hydrogen Refueling Station (HRS) stands out as
the critical infrastructure for hydrogen utilization, akin to conventional gas stations for
hydrogen fuel cell vehicles. HRSs play a pivotal role by supplying compressed hydrogen
to refill the fuel tanks of these vehicles. The success of this technology hinges on strategic



Energies 2024, 17, 240 3 of 25

location planning across territories and the integration of renewable energy sources into
hydrogen production.

Currently, the FCEV model market is significantly low, primarily attributed to the
scarcity of hydrogen refueling stations (HRS). Therefore, it is imperative for vehicle man-
ufacturers, institutions, and infrastructure managers to collaborate on a comprehensive
and coordinated plan aimed at promoting the adoption of this technology in EU. This plan
should encompass various aspects, including vehicle transformation, necessary infrastruc-
ture planning, and construction.

Hence, the Important Projects of Common European Interest (IPCEI) in the hydrogen
sector was initiated in 2020 with the aim of expediting the development of the green
hydrogen economy across European countries and Norway. Nevertheless, accurately
determining the size and distribution of hydrogen infrastructure design poses a challenge
due to the inherent uncertainty in forecasting.

The purpose of this paper is to offer a comprehensive overview of the present status
of hydrogen infrastructure research within the transportation sector. The intention is to
highlight the key areas of research that hold the utmost significance in formulating a well-
planned hydrogen logistics system, encompassing distribution, storage logistics, energy
sources, and supply chains.

According to the information provided, Section 2 of the paper will offer a concise
overview of hydrogen technology in the transportation sector, shedding light on key topics
and pertinent research criteria.

Moving forward, Section 3 will detail the methodology employed for conducting
hydrogen research, utilizing the Web of Science (WOS).

Subsequently, the search results will be presented and analyzed in Section 4, with
a specific focus on two interconnected topics: green hydrogen and hydrogen refueling
stations (HRSs).

Section 5 will then engage in a discussion of the results, extracting potential research
opportunities across various facets of this field. Lastly, the paper will draw conclusions in
Section 6.

2. Hydrogen in the Transportation Field

As of 2023, the transportation sector stands as the second-largest contributor to green-
house gas (GHG) emissions, accounting for 21.3% of the total, following closely behind
the energy supply sector. In response, the European Union has established a strategy for
reducing GHG emissions in the transportation field, emphasizing the utilization of green
hydrogen as an alternative to other vehicle energy sources.

For elucidation, hydrogen is primarily categorized into three main types based on the
energy sources used in their production: (1) Grey hydrogen: produced using natural gas or
methane through steam methane reforming (SMR). Grey hydrogen is the most common
type but is not considered sustainable due to the greenhouse gas emissions generated
during production. (2) Blue hydrogen: this hydrogen is produced with natural gas and
carbon capture and storage (CCS) technology to capture and store the carbon emissions
generated during production. Blue hydrogen is considered a transitional option towards
a sustainable hydrogen economy because it reduces GHG emissions compared to grey
hydrogen. (3) Green hydrogen: produced through water electrolysis, splitting water into
hydrogen and oxygen using renewable energy sources (RES) such as wind or solar power.
Green hydrogen is considered the most sustainable option, as it generates no greenhouse
gas emissions.

On the other hand, there are other types of hydrogen, such as turquoise hydrogen
generated with natural gas through methane pyrolysis with CCS; purple or pink hydrogen,
produced through water electrolysis with nuclear energy; and brown hydrogen, produced
from lignite through coal gasification. Figure 1 shows different hydrogen technologies
from the most sustainable to the most polluting. This classification is related to the EU
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Taxonomy [6], which categorizes various hydrogen production processes based on their
degree of sustainability.
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Figure 1. Hydrogen types (according to their production resources).

However, sustainability needs to be considered throughout the entire hydrogen value
chain, graphically represented in Figure 2. This underscores the importance of not only
considering hydrogen production but also accounting for all associated elements, including
distribution, storage, compression, refueling, supply, and the consumption of Fuel Cell
Electric Vehicles (FCEVs).
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Figure 2. Hydrogen value chain for use in transportation.

Hence, the initial insight gleaned from the paper is that energy consumption and
GHG emissions are intricately linked, not only to hydrogen production but also to all
associated phases, including the distribution model, the location of hydrogen refueling
stations, compression, storage, and refueling processes.

From a sustainability standpoint, the hydrogen value chain in transportation should
consider specific ideal concepts or proposals:

- Hydrogen production can take place in two ways: through on-site plants connected to
hydrogen refueling stations (HRS) or locations where hydrogen is needed, as well as
large-scale production facilities linked to energy plant production.

- The distribution of hydrogen relies on various factors, including the infrastructure
used, such as pipelines, trucks, freight trains, and marine transportation, as well as
the initial and final delivery points (hydrogen network).

- Hydrogen consumption sites, which are frequently shown in refueling stations (HRS),
need to specify the following characteristics: location, size, storage capacity and
typology, compression technology, and refueling type and technique.

As for end-user devices (FCEVs), it is clear how important it is to recognize the current
market position and trend. Therefore, we will now present our own global analysis (not
solely focused on scientific publications) of the growth and commercialization of FCEVs.
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Recently, fully functional FCEVs for both passenger and freight transport have appeared on
the market, such as the Mercedes-Benz Gen H2 truck with 1000 km of autonomy [7] or the
Hyundai Xcient fuel cell model with a transport range of 400 km for its 4 × 2 Tractor and
18-ton trailer [8]. Therefore, vehicle manufacturers (particularly heavy truck manufacturers)
are slowly starting FCEV production with the aim of being able to mass produce when
the institutions, users, and infrastructure are ready. For example, the Hyundai Hydrogen
Mobility (HHM) program has launched a paid truck-as-you-go truck rental program in
Switzerland that also includes hydrogen supply [9]. Based on the previously mentioned
points, we can assert that the analysis of hydrogen implementation must be multifaceted
and global in its approach. The fundamental pillars of hydrogen development in terms of
supply, technology, and distribution are the end user and the accompanying location and
consumption characteristics.

Figure 3 illustrates how end-user locations and demand are the primary determinants
of HRS placement. As a result, HRS location takes precedence over associated infrastructure,
distribution, and manufacturing.
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Consequently, the purpose of this study is to examine the current state of the art re-
garding hydrogen refueling stations (HRS), one of the essential components of the required
infrastructure. As a result, the authors analyze the technical articles that have been released
up to this point on HRS site planning, green hydrogen, and related subjects, mostly in
the EU.

3. Review Methodology

With an aim to accomplish a proper, state-of-the-art analysis of hydrogen infrastructure
planning, both quantitative and qualitative results of the publications carried out should
be obtained. Thus, a literature review with the Web of Science (WOS) database following
the scheme Figure 3 proves to be essential.

The search process involved the use of various related keywords (such as hydrogen
production, distribution, supply, compression, storage, or refueling) and their combinations,
utilizing Boolean operators. This approach enabled the authors to obtain targeted results
and conduct cluster analysis. Consequently, the primary conclusions of this review were
derived from the most relevant publications.
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3.1. Research Consultation

Initially, a comprehensive review of publications was undertaken to discern the impact
of factors related to hydrogen infrastructure and the value chain. While the initial focus of
the review was on the EU territory, a global assessment was subsequently conducted to
encompass a broader perspective and to appreciate variations among different regions.

At the outset, a specific set of keywords was identified: (1) fuel (hydrogen); (2) end
users (FCEV); (3) production technology (electrolysis); (4) supply infrastructure, HRS
(refueling); (5) storage (hydrogen storage). Following this, these keywords were integrated
with technical and energy criteria to derive the primary topics for the literature review, as
illustrated in Figure 4. It is important to note that the literature review was conducted in
July 2023.
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In essence, the review aims to identify both knowledge gaps or potential research
areas and to achieve a comprehensive understanding of the research landscape related to
hydrogen refueling infrastructure, particularly in the EU.

3.2. Item Selection Process

The review was conducted in three sequential stages, supplemented by a thorough
analysis of the results. In the initial stage, literature identification was performed based
on the key topics outlined in Figure 4. Subsequently, a comprehensive review of literature
impact was conducted, addressing the interconnected topics. Further refinement was
achieved through topic clustering and focused searches in energy and transport journals.
Finally, the authors conducted a comprehensive analysis of the most pertinent publications
in the field. Next, we provide a detailed description of these four steps, including the
analysis step.

Step 1. Keywords and Main Topics Review.
Initially, the number of publications came to a total of 214,001 in the last twenty

years. The following numbers of results emerged from the main keywords: electrolysis
(178,611 publications), production of green hydrogen (7115 publications), FCEV (19,650 pub-
lications), and HRS (669 publications); in addition, highly related topics were reviewed,
such as plants for the production of green hydrogen (7115 publications) and HRS location
(109 publications).

Step 2. Combination of Keywords and Technical and Energy Criteria.
The results were subsequently interconnected using the Boolean operator AND for a

more focused search. This operator was applied by connecting ‘Main Topic’ AND ‘Green
Hydrogen Topic,’ effectively combining keywords (main topics) with factors from the
hydrogen value chain. In this phase, the primary focus of the search, specifically the
location of hydrogen refueling, was also incorporated. Figure 4 shows how the themes
were combined. The following were the different searching combinations:

TS = (green hydrogen production*) AND TS = (electrolysis*)
TS = (green hydrogen*) AND TS = (FCEV*)
TS = (green hydrogen*) AND TS = (hydrogen refueling*)
TS = (Hydrogen refueling location)
TS = (green hydrogen*) AND TS = (hydrogen refueling location*)
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TS = (high pressure hydrogen storage*) AND TS = (hydrogen refueling location*)

Step 3. Refined Clusters of Interest and Combinations’ Results
Due to the significantly high volume of results in the second stage, stemming from

the combined topics search, the outcomes of the review were refined in this third stage.
Specifically, the focus was narrowed to a cluster of energy, fuels, and transport journals, as
depicted in Figure 5.
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In Table 2, the results of the paper search are presented. The first column displays the
different combinations of topics, the second lists the clusters associated with them, and the
third enumerates the number of documents found.
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Table 2. Reviewed articles results. Data from WOS July 2023.

Topic Clusters Analyzed

Green hydrogen production and electrolysis Energy, fuels, and transport 86
Green hydrogen and FCEV Energy, fuels, and transport 37
Green hydrogen and HRS Energy, fuels, and transport 20

Green hydrogen and hydrogen refueling location All articles 20
High pressure hydrogen storage and HRS location All articles 6

3.3. Results Analysis

In the concluding step, a thorough analysis of the obtained articles was conducted,
yielding a total of 74 reviewed articles, accounting for instances where some of the earlier
searches resulted in duplicated articles.

For a better understanding of the entire methodology described above, the idea
is presented graphically in Figure 6, the green rows depict the progress diagram of re-
view methodology.
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Therefore, as a preliminary analysis of these identified works, it is worth noting
that there is a considerable amount of research on green hydrogen production, its core
technology, and end-user devices (such as Fuel Cell Electric Vehicles, FCEVs). However,
there is a noticeable gap in knowledge, indicating a potential for improvement in research,
particularly concerning the location of Hydrogen Refueling Stations (HRS) and hydrogen
storage. Essentially, there is a need for more research on the associated infrastructure of
hydrogen supply.

4. Results Review

Related to the previous section, the authors considered that HRS, particularly their
location, green hydrogen distribution, and storage therein, could likely be interesting for in-
depth analysis. Therefore, this chapter aims to describe the main conclusions and objectives
derived from the 74 articles most related to the review process developed.

The EU’s 2025 zero emissions targets are set out in [3,5], but oil and gas companies
need to be included through research and innovation investments to ensure proper delivery
in the energy sector, as Hunt et al. emphasized [10]. Indeed, Spanish energy companies are
presently undertaking substantial investments in various decarbonization projects centered
around green hydrogen production, such as Naturgy [11], Repsol [12], Endesa [13], and
Iberdrola [14].

As an alternative, Su et al. [15] introduces the possibility of using green methanol,
made from green hydrogen, as another sustainable transportation fuel, similar to how it is
used in many other applications, including powering internal engines.
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Furthermore, numerous authors emphasize the decarbonization of transportation
through green hydrogen, including works by Capurso et al. [16], Lebrouhi et al. [17], Gu
et al. [18], Zhang et al. [19], Boudries [20], Park S. et al. [21], Tabandeh et al. [22], Zhou
et al. [23], and Nugroho et al. [24]. This is because green hydrogen plays a pivotal role in
advancing the energy transition and reducing greenhouse gas emissions.

A primary constraint in green hydrogen production lies in the limited availability
of water resources. Consequently, various alternatives are proposed, including the use
of seawater proposed by Haussmann et al. [25], or atmospheric water as proposed by
Thimmappa et al. [26], which allows the electrical production stations to potentially be
placed anywhere.

With the aim of evaluating the environmental and economic impacts of FCEVs, life
cycle analysis (LCA) is compared between fossil fuel engines and hydrogen engines. In this
regard, Iannuzi et al. [27] analyzed costs and emissions between FC and conventional buses
in Rosario (Argentina), and Muñoz et al. [28] compared the emissions of diesel, natural gas,
and FCEV city buses.

Lu et al. [29] studied the energy efficiency of FCEVs compared to conventional vehi-
cles and concluded that green hydrogen is more efficient (21.9–29.2%) than conventional
gasoline vehicles (CGVs) (14%) and still slightly more efficient than diesel vehicles (CDVs)
is (23%); Additionally, FCEVs emit fewer greenhouse gases.

Caponi et al. [30] evaluated the levelized cost of hydrogen (LCOH) between (1) on-site
hydrogen production at an HRS and (2) the delivery of hydrogen to an HRS. The results
suggest that on-site LCOH production at the HRS is 35% lower than hydrogen supply.
Ababneh et al. [31] assume that the cost of electric fuels depends on the cost of the power
source. They also add that electricity prices influence the operational costs linked to on-
site production. Hence, they conclude that green hydrogen production may emerge as
a competitive option for extensive systems, particularly when aligned with affordable
electricity prices.

In the context of feasibility studies and the potential benefits of increasing green
hydrogen infrastructures in China, Gu et al. [18] identified the economic, energy, and
environmental aspects of integrated green hydrogen supply networks. The authors delved
into the economic implications, assessed the energy considerations, and explored the
environmental impacts of such networks.

Furthermore, Wang et al. [32] focused on the necessary energy security planning,
especially during notable events such as the 2022 Beijing Winter Olympics.

Finally, a further analysis was conducted by Li and Kimura [33], in which an economic
feasibility study of FCEVs and hydrogen production was developed for the member states
of the Association of Southeast Asian Nations (ASEAN). This study compared energy con-
sumption, emissions, infrastructure costs, and FCEV investments against other alternative
fuel vehicles, and included an economic feasibility study of FCEVs and hydrogen produc-
tion. Their findings revealed that the adoption of FCEVs by users is more significantly
influenced by the high costs associated with FCEVs than the cost of hydrogen as a fuel.
The study emphasized the potential impact of policies supporting clean energy, as they
can contribute to enhancing the competitiveness of FCEVs in the market. Furthermore, the
research highlighted that emissions could be substantially reduced through the utilization
of hydrogen produced from renewable energy sources.

In summary, the aforementioned studies underscore the significance of conducting
feasibility studies, considering both the emerging challenges and potential benefits asso-
ciated with the green hydrogen director plan. As a result, these findings are valuable for
assessing infrastructure and policy investment strategies aimed at realizing sustainable
and carbon-free transportation.

It is worth mentioning that comprehensive infrastructure planning is becoming crucial,
especially given the location and size of Hydrogen Refueling Stations (HRS). Thus, Rose
and Neumann [34] present an infrastructure location model and an energy optimization
system model with the aim of connecting both systems (HRS and energy system), which is
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crucial for creating an efficient and effective network in which hydrogen production and
distribution come together with FCEV demand.

In a similar manner to the previous studies, Crönert and Minner [35] formulated a
location problem for hydrogen filling stations as a competitive model for location and
allocation of flow capture. This approach can help identify optimal locations for HRS
based on factors such as accessibility, demand, or competition. Other studies also used
mathematical programming to determine the best locations to build alternative fuel stations.
For example, Shukla et al. [36] developed a model that uses mathematical programming to
determine the best locations for alternative gas stations, taking into account factors such as
demand, cost, and accessibility. Such studies are important to optimize the location and
allocation of fuel stations and ensure that the infrastructure is efficient and effective to meet
the demand for environmentally friendly fuels.

Hence, the review results show the necessary research core of the hydrogen infrastruc-
ture plan with the aim of fulfilling a suitable green hydrogen supply network. Therefore,
the following sections describe the outstanding studies of green hydrogen in transportation,
both in freight and passenger transport, as well as in HRS planning.

4.1. Green Hydrogen

Hydrogen, the most plentiful element in the universe, holds significant promise as a
clean and sustainable energy source. The European Hydrogen Strategy seeks to champion
the utilization of hydrogen as an energy carrier, particularly when derived from renewable
sources. This initiative aims to curtail greenhouse gas emissions and play a pivotal role in
the ongoing decarbonization of the energy sector.

As presented in the previous section, various processes currently exist for hydrogen
production, each categorized by distinct colors, namely green, blue, turquoise, and grey
hydrogen. One method involves steam methane reforming, utilizing natural gas as a
feedstock. Although this is not classified as green hydrogen production, it can be deemed a
clean technology if the ensuing carbon dioxide emissions are captured and stored, resulting
in the creation of “Blue Hydrogen.” The key is to ensure the use of renewable energy
sources in the production process.

Many researchers have begun studying green hydrogen, such as Lagiola et al., who
conducted a literature review focusing on the production methods of green and blue
hydrogen to align with the European Union’s decarbonization targets for 2030 [37]. Pruvost
et al. not only explore green and blue hydrogen but also identify turquoise hydrogen as a
promising technology for hydrogen production, particularly when the by-product (pure
carbon in a solid state) is valorized [38]. Hermesmann and Müller [39] assess the level
of development in hydrogen production by evaluating various production technologies,
including grey, turquoise, blue, and green. Notably, steam methane reforming (SMR) has
the highest environmental impact. On the other hand, Proton Exchange Membrane (PEM)
is identified as a promising solution for minimizing the overall environmental impact
in hydrogen production, although it necessitates a substantial proportion of Renewable
Energy Sources (RES). This perspective is also explored by Ajanovic et al. [40], who assert
that only green hydrogen achieves genuinely low greenhouse gas emissions. Mohideen
et al. [41] conducted a comparison of various hydrogen production methods to investigate
the Life Cycle Assessment (LCA) of hydrogen. Their findings indicate that grey hydrogen
is the most cost-effective, with green hydrogen being twice as expensive as blue hydrogen.
Additionally, the authors highlight that the main obstacle to expanding the use of Fuel Cell
Electric Vehicles (FCEV) is the location of Hydrogen Refueling Stations (HRS), primarily
due to insufficient refueling infrastructure.

Currently, the majority of hydrogen is derived from fossil fuels, resulting in greenhouse
gas emissions and contributing to climate change. However, there are more sustainable
methods of hydrogen production, such as electrolysis of water using Renewable Energy
Sources (RES). Hydrogen produced through RES-powered electrolysis is termed ‘Green
Hydrogen’. In recent years, there has been a growing interest in both the production and
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application of green hydrogen, driven by its potential to decrease greenhouse gas emissions
and contribute to the transition towards a more sustainable energy system. In this sense,
Figure 6, which depicts the changing number of articles published in the Web of Science
(WOS) database, provides a clear indicator of the growing trend. As can be seen from
Figure 7, the number of articles related to green hydrogen has been increasing steadily over
the past decade, with a significant uptick in the last few years. Overall, the trend towards
greater interest in green hydrogen is a positive development, as it suggests that there is
growing recognition of the need to transition towards a more sustainable energy system,
and that hydrogen can play an important role in this transition.
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In addition, Table 3 presents a comparative analysis of the consumption and efficiency
of the main electrolysis technologies. Those technologies are the following: (1) Proton
Exchange Membrane (PEM): This technology uses a solid polymer electrolyte membrane
to separate the hydrogen and oxygen gases. PEM electrolysis is suitable for small-scale
applications, such as residential or automotive use, as it has a low operating tempera-
ture and can respond quickly to changes in electrical demand. (2) Alkaline Electrolysis
(AEL): This technology uses a liquid alkaline electrolyte (typically potassium or sodium
hydroxide) to conduct the electricity and separate the hydrogen and oxygen gases. AEL has
been used for several decades and is well-established, with relatively low capital costs and
high efficiency. It is suitable for large-scale industrial applications. (3) Anionic Exchange
Membrane (AEM): This technology is similar to PEM electrolysis but uses a solid anion
exchange membrane instead of a proton exchange membrane. AEM has the potential to
be more efficient than PEM, as it can operate at higher current densities, but is still in the
development stage. (4) Solid Oxide Electrolysis (SOE): This technology uses a solid oxide
ceramic electrolyte to separate the hydrogen and oxygen gases. SOE has the potential to be
highly efficient, as it can operate at high temperatures and utilize waste heat from other
industrial processes. However, SOE is still in the development stage and has high costs
due to the premature wear of materials subjected to high temperatures. In order to obtain
best results of durability and performance, Nechache and Hody investigated this topic; the
main objective of the study was to examine the progress of next-generation materials in
achieving durability goals and reducing electrode degradation during long-term operation
at high current densities [42].
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The challenge lies in identifying the optimal method and materials for water electrol-
ysis, a topic explored by various authors including Liu et al. [43], Stiber et al. [44], Park,
E. et al. [45], and Teuku et al. [46]. Panah et al. [47] used an economic analysis to compare
AEL, PEM, and SOE electrolysis using the Danish electricity market.

Table 3. Comparative between electrolysis technologies. Data from MHydrogen [48].

Technology Units PEM AEL AEM SOE

Producer Siemens ThissenKrupp MHydrogen MHydrogen
Rated Elect

Power 6 MW 20 MW 10 MW 10 MW

H2-Production Rate Nm3/h 1200 4000 2086 3077
H2-Production Rate kg/h 108 360 188 277

Spec. Electrical
Consumption KWh/Nm3 5.0 5.0 4.8 3.3

Spec. Electrical
Consumption KWh/kg 55.6 55.6 53.3 36.2

Minimum
Operation load % 3 45 3 5

Electrolyzer
Efficiency % 60 60 63 93

To identify the optimal electrolysis technology, various factors must be considered,
including the specific application, scale, efficiency, and cost. Achieving efficient hydrogen
production requires the implementation of processes that guarantee effectiveness. A cru-
cial aspect is understanding the minimum operational load of the electrolyzer to ensure
maximum efficiency. This knowledge becomes particularly important when determining
the duration of hydrogen production, especially in cases where reliance on substantial
renewable energy, particularly solar power, is in place. Given the solar-dependent na-
ture of this energy source, it is reasonable to anticipate that operational load will align
with increased solar exposure. This consideration should inform the design of Hydrogen
Refueling Stations (HRS) and the overall hydrogen production process, with the aim of
mitigating infrastructure costs associated with hydrogen production equipment, storage,
and renewable energy generators. In this regard, it is worth mentioning that it is possible
to produce green hydrogen using different RES such as wind, solar, or hydropower. The
literature review highlights the challenge of integrating hydrogen production into the
national energy mix, as discussed by Nastasi and Lo Basso [49] and Capurso et al. [16]. On
the contrary, other authors emphasize the positive impact of green hydrogen storage in
balancing renewable energy systems. This contributes to aligning the supply and demand
of energy, particularly in the face of variability in renewable energy sources, as discussed
by Ajanovic et al. [40], Cloete et al. [50], and Jang et al. [51].

Simultaneously, green hydrogen assumes a pivotal role as both a fuel and an energy
storage medium, as highlighted by Capurso et al. [16]. This contribution is integral to the
overall energy transition, as emphasized by Lebrouhi et al. [17] and Aprea et al. [52], while
also aiding in the reduction of greenhouse gas emissions.

Awaleh et al. [53], conducted a comparison of green hydrogen production using wind
power and geothermal energy in Djibouti. Their findings indicate that producing hydrogen
with wind power is the most cost-effective option. Additionally, they assert that the cost of
electro-fuels is contingent upon the cost of the electricity source.

Ibraim et al. [54] explore the production of green hydrogen through offshore wind
farms in deep waters, leveraging their high capacity for wind power production. The study
considers two approaches: electric energy transmission and onshore electrolysis, as well as
offshore electrolysis with a hydrogen pipeline. The utilization of renewable energy sources
in hydrogen production not only reduces costs but also lowers CO2 emissions, a viewpoint
supported by various authors, including Zhang et al. [19].
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The European Union (EU) has set ambitious targets to achieve 32% renewable energy
in the electricity sector by 2030. This substantial increase in renewable energy capacity is
poised to provide a stable and sustainable source for electricity generation through the
electrolysis process, facilitating the production of green hydrogen. However, to unlock the
full potential of green hydrogen, it becomes imperative to localize its production, leveraging
on-site renewable energy sources whenever feasible. This approach not only minimizes
the impact on the electrical system but also ensures a dependable supply of hydrogen
for local industries and transportation. Furthermore, the utilization of green hydrogen
holds promise in contributing to the broader decarbonization efforts, particularly in sectors
like heating and industry, where it can replace fossil fuels as a clean energy alternative.
Such a transition is pivotal in advancing the EU’s overarching goal of achieving net-zero
greenhouse gas emissions by 2050.

The study by Shiva and Lim [55] is a comprehensive overview of water electrolysis
technologies for green hydrogen production. They found that proton exchange membrane
(PEM) technology has some advantages over alkaline (AEL) and anionic exchange mem-
brane (AEM) technologies, but the main challenge with PEM technology is the high cost of
materials required for its construction. On the other hand, the study found that sodium
oxide (SOE) technology has the highest efficiency, with an efficiency rate of 93%. However,
the main disadvantage of SOE technology is the high operating temperature range required
for its operation, which is typically between 700 and 850 ◦C. This high temperature range
can lead to reduced durability of components and may require additional cooling measures,
which can add to the overall cost of the system. Despite the challenges associated with
each technology, the study concludes that water electrolysis is a promising method for
producing green hydrogen, and that continued research and development is needed to
optimize the efficiency and reduce the cost of the various electrolysis technologies.

More efficient methods and materials that reduce the production costs of green hydro-
gen are currently being developed. The use of green hydrogen to generate electricity in
FCEVs should not only make ecological and ecological sense, but also have a direct impact
on costs. Hydrogen production and the exploitation of HRS in regions with the greatest
renewable energy potential reduces costs. These data are confirmed by the International
Renewable Energy Agency (IRENA) [1].

The study by Wolff et al. [56] highlights the importance of using green hydrogen in Fuel
Cell Electric Vehicles (FCEVs) to reduce the environmental impact of transportation. The
study found that operating battery electric vehicles (BEVs) with the current mix of electricity
production has a higher environmental impact than diesel vehicles. However, operating
FCEVs with green hydrogen produced from renewable energy sources significantly reduces
the environmental impact of transportation.

The study by Sheng et al. [57] compares the greenhouse gas emissions associated with
different types of electric vehicles (EVs) in New Zealand. The study found that BEVs have
the lowest greenhouse gas emissions, emitting 90% less GHGs than conventional vehicles
and 40% less GHGs than FCEVs. However, as more green hydrogen is produced, FCEVs are
becoming a more viable option, with the second-lowest greenhouse gas emissions among
EVs. Pasini et al. [58] conducted an analysis of current and future technologies for e-fuels.
They contend that if electricity production is not completely decarbonized, it could result
in higher emissions than those produced by fossil fuels.

Table 4 underscores the significance of green hydrogen in the transportation sector, a
point emphasized by the authors in their respective conclusions. The studies consistently
indicate that the environmental impact diminishes when renewable energies are employed
in hydrogen production. The table includes key findings from various authors.
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Table 4. Featured search results. Data from Web of Science (WOC).

Authors Title Abstract

Wolff, S. et al. [56]

Multi-disciplinary design
optimization of life cycle

eco-efficiency for heavy-duty vehicles
using a genetic algorithm

With the current electricity mix, the environmental impact
of Battery Electric Vehicles (BEVs) is 313% higher than that

of diesel. Nevertheless, as the proportion of renewable
energy in the mix rises, the performance of battery electric

vehicles surpasses that of diesel, showing a notable
improvement of −65%. Furthermore, employing green

hydrogen to operate fuel cells contributes to a reduction in
environmental impact by −27%.

Sheng, M. et al. [57]

Well-to-Wheel analysis of greenhouse
gas emissions and energy

consumption for electric vehicles: A
comparative study in Oceania

Fuel Cell Electric Vehicles (FCEVs) become a fundamental
pillar of “green hydrogen” production promotion with the

emissions decreasing goal.

Capurso, T. et al. [16] Perspective of the role of hydrogen in
the 21st century energy transition

This study underscores the potential sustainability of
hydrogen when produced through electrolysis powered by
renewable energies. However, it also highlights that, in the

realm of mobility, the current efficiency of fuel cells is
eclipsed by the adoption of Li-ion batteries.

Muñoz P. et al. [28]

Comparative analysis of cost,
emissions and fuel consumption of

diesel, natural gas, electric and
hydrogen urban buses

The transition of the entire urban bus fleet in Argentina to
zero-emission technologies is anticipated to yield benefits in

terms of energy consumption, environmental emissions,
and the economy. If the transition involves adopting
Hydrogen fuel cell buses for the entire fleet, it has the

potential to reduce approximately 1.3 million tons of carbon
dioxide equivalent emissions.

Pasini, Gianluca et al. [58]
Renewable Electricity for

Decarbonization of Road Transport:
Batteries or E-Fuels?

E-fuels demand 3–5 times more input energy and result in
3–5 times higher equivalent vehicle CO2 emissions when

the electricity used is not completely decarbonized.

The comprehensive review conducted by Panchenko et al. [59] offers insights into
the future outlook of the hydrogen industry, encompassing strategic planning for diverse
hydrogen production technologies and their applications across different regions. The
authors emphasize that countries are actively formulating hydrogen roadmaps, recogniz-
ing the strategic and economic significance of the industry in domains such as electricity
production and transportation. While the review acknowledges the maturity of hydrogen
production technologies, it underscores the industry’s primary challenge—cost reduction to
enhance economic viability. Despite this hurdle, there is a burgeoning interest in hydrogen
as an energy source, particularly in regions with abundant photovoltaic potential. Estab-
lishing a hydrogen economy in these areas holds the promise of reducing reliance on fossil
fuels and enhancing overall economic sustainability. The review underscores the potential
of hydrogen as a clean and sustainable energy source, underscoring the ongoing imperative
for continued research and development efforts. These endeavors aim to enhance the
cost-effectiveness and scalability of hydrogen, paving the way for its widespread adoption.

The utilization of renewable energy in electricity production serves to prevent the
surpassing of electricity transmission line capacities and contributes to cost reduction.
The development of renewable generators has reached a commendable stage, with pho-
tovoltaic systems and onshore as well as offshore wind farms emerging as the primary
renewable energy production technologies within the EU territory. This leads to the consid-
eration that the principal challenge lies in strategically planning and effectively distributing
infrastructure, particularly Hydrogen Refueling Stations (HRS), across the territory.

Given that HRS is a pivotal infrastructure for the application of hydrogen in trans-
portation and is currently underdeveloped, the ensuing section will delve into the existing
literature on this topic.
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4.2. Hydrogen Refueling Station (HRS)

The requirement for the HRS location is mainly the capture of vehicle flow in a
growing market. At the same time, increasing the number of HRS will increase the degree
of penetration in the FCEV market. Consequently, there is an initial need to devise a
methodology for identifying areas with the highest likelihood of FCEV introduction. To
facilitate the strategic implementation of this infrastructure, the Italian Recovery and
Resilience Plan advocates for the development of refueling stations catering to freight
transport, anticipating a 5–7% penetration rate, as outlined by Gallo et al. [60]. The authors
argue that the impact of this initiative could potentially lead to a reduction of approximately
9 to 16,5 tons of CO2.

As shown in Figure 8, it is interesting to note that there has been a significant increase
in the number of studies on hydrogen refueling in the last 20 years, particularly since
2017. This reflects the growing interest and importance of hydrogen as a fuel source,
and the need for research and development in the area of hydrogen infrastructure and
refueling technologies. It also highlights the increasing recognition of hydrogen as a
key component of a low-carbon energy system, and the need to establish a reliable and
efficient hydrogen supply chain to support the deployment of fuel cell vehicles and other
hydrogen-based applications.
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The EU’s photovoltaic potential provides the opportunity to use renewable energy
sources to produce and refuel hydrogen. In regions of Europe with low photovoltaic
potential, other renewable energy sources are used. For example, studies such as the one
published by Kavadias et al. [61] highlight the importance of considering the demand for
Fuel Cell Electric Vehicles (FCEVs) and the infrastructure needed to support them when
planning for hydrogen production from renewable energy sources. They conducted a case
study to investigate the economic feasibility of producing hydrogen from surplus energy
generated by a wind farm for a Hydrogen Refueling Station (HRS) and for the storage
of excess energy. The study found that in scenarios with low penetration of FCEVs, the
economic profitability of such a system is low.

Viesi et al. [62] described the methodology and the main scenarios in terms of hydrogen
mobility, Mobility Hydrogen Italy (MH2IT), the sizing of the FCEV fleet, and hydrogen
demand in HRS.
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The successful integration of Hydrogen Refueling Stations (HRS) with green hydrogen
production requires an optimal design and sizing of the infrastructure. In the context of
determining the Levelized Hydrogen Cost (LHC), El Manaa Barhoumi et al. [63] conducted
a study focusing on its application in Oman. The research explores three methods for
implementing a photovoltaic (PV) system to produce hydrogen: a PV grid-connected
system, a stand-alone system with batteries, and a stand-alone PV system with fuel cells,
all centered around Green Hydrogen Refueling Stations. The study employs HOMER
software (https://www.homerenergy.com) to assess the cost of energy and determine the
most viable technical solutions.

Zhang C et al. [19] investigate the influence on hydrogen refueling in electric systems
under various assumptions of sizing and flexibility to obtain hydrogen through electrolysis.
They concluded that the flexibility of electrolysis reduces the cost and helps to stabilize the
energetic network.

The hydrogen supply standards for light vehicles necessitate a pressure of 700 bar,
while heavy vehicles such as buses and trucks require 350 bar. Achieving these standards
involves elevating the pressure of produced hydrogen and storing it at high pressure.
Subsequently, vehicles are refueled following the SAE refueling protocols [64].

The current technology allows for the elevation of hydrogen pressure to 1000 bar.
The high working pressures required in Hydrogen Refueling Stations (HRS) necessitate
storage in Type IV tube bundles, specifically designed for such pressures. The purity of
hydrogen is crucial for its transformation into electricity through Fuel Cells (FC). Initially,
compressors were made with membranes to prevent hydrogen contamination; however,
newer dry-piston compressors now effectively prevent such contamination [65]. To ensure
a sustainable refueling process, the compression of hydrogen at the necessary working
pressures will require energy from renewable sources. In the context of hydrogen refueling,
considerations such as costs, demand, flow capture, and location play a prominent role.

In their study, Park S. et al. [21] examined consumer preferences regarding Hydrogen
Refueling Stations (HRS), taking into account production methods, the likelihood of re-
fueling failure, and associated costs. The findings revealed that, following price, supply
stability emerged as the second most crucial attribute. Security was identified as a key
stakeholder requirement. Tanaka et al. [66] conducted a study to identify the hazardous
area within a hydrogen storage and dispenser site (HRS), along with determining the tolera-
ble limit for hydrogen concentration. In a separate study, Serdaroglu et al. [67] investigated
the impact of temperature on pressure tanks to establish an optimal design that factors
in environmental conditions. These considerations are integral to the overall design of
Hydrogen Refueling Stations (HRS). In conclusion, addressing these factors is crucial for
ensuring the safety and efficiency of HRS installations.

Another critical consideration is the positioning of Hydrogen Refueling Stations (HRS).
Thabandeh et al. [23] advocate for a comprehensive approach to expansion planning for
green hydrogen, encompassing the integration of HRS, Renewable Energy Sources (RES),
and power distribution networks. They have presented a coordinated plan for investing in
these infrastructures and put forth a mathematical framework to aid system operators in
decision-making. This framework facilitates the modeling of photovoltaic (PV) systems
and green HRS to enhance strategic decision support. Simunovic et al. [68] examined the
capacity and location of Hydrogen Refueling Stations (HRS) based on their intended uses.
Their study delved into various configurations for siting hydrogen production, utilizing the
available energy sources within an existing wind farm, and the subsequent placement of
HRS. The study concluded that determining the optimal configuration remains challenging
until potential users are identified. To address this, the authors proposed a sizing method
that considers the worst-case scenario—factoring in the maximum demand for hydrogen,
minimum electricity production in the wind farm, and the development of an algorithm to
model stochastic hourly load profiles. Zhou et al. [24] assert that the location of Hydrogen
Refueling Stations (HRS) significantly influences costs, operational modes, services, and

https://www.homerenergy.com
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profits, underscoring its utmost importance. In response to this, they introduced a model
for location optimization based on Geographic Information System (GIS).

Hernandez et al. [69] proposed a mathematical model to guide the planning of the
hydrogen infrastructure for long-distance travel using a GIS to determine the location and
optimal number of HRS, comparing sources of hydrogen production. This study is a case
analysis conducted in the coastal region on the west coast of the United States.

Greene et al. [70] conducted a review focusing on the challenges associated with
designing and planning the deployment of essential infrastructure. Their assessment
includes a comparative analysis of factors such as cost, demand, and distance. The study
proposes location methods employing a p-median model.

Nugroho et al. [24] keep in mind that for the HDFC-HRS network it is necessary to
determine the optimal location, determine the cost of infrastructure and determine the
most efficient method of producing green hydrogen.

HRS, in combination with green hydrogen production, needs an optimum design
and sizing appropriate to the infrastructure in order to determine the Levelized Cost
Analysis (LCA).

Chen et al. [71] use an LCA to assess the feasibility of using hydrogen for FCEVs on
four possible supply routes in Shanghai, they considered both on-site renewable energy
production and off-site hydrogen production. Caponi et al. [30] examined the Levelized
Cost of Hydrogen (LCOH) in various large-scale applications, considering different case
studies involving hydrogen production at Hydrogen Refueling Station (HRS) locations and
hydrogen supply to HRS. The study concludes that on-site hydrogen production could be
a viable solution, especially in scenarios with low electricity prices.

Bethoux et al. [72] focused on FCEV, highlighting the necessary advances for its
implantation and the infrastructure necessary for achieving a large-scale use of hydrogen
in transport.

Ogden et al. [73] conducted a literature review to suggest the use of natural gas (NG)
as a transitional means for transporting hydrogen. The transportation of hydrogen via
pipelines, in a partial to total volume, is already a practical reality. In a separate study,
Nakayama et al. [74] concentrated on a qualitative risk analysis of hydrogen pipelines.
They identified potential risk scenarios and scrutinized effective safety measures.

All these studies suggest that the development of HRS infrastructure should prioritize
sustainability, reliability, security, and affordability.

In the United States, regulatory institutions like the California Air Resources Board
(CARB) play a crucial role in safeguarding the public from the adverse effects of air pollution
and spearheading initiatives to combat climate change. Among these efforts, the California
Hydrogen Infrastructure Tool (CHIT) stands out as a web-based mapping tool designed to
aid in pinpointing optimal locations for hydrogen refueling stations (HRS) in California.
The tool encompasses data on both existing and planned HRS, along with the locations of
hydrogen production facilities, existing and planned hydrogen pipelines, and the potential
demand for hydrogen fuel cell vehicles across various regions of the state. The CHIT tool
empowers users to explore diverse scenarios for HRS deployment in California, enabling the
evaluation of costs and benefits associated with different strategies for expanding the state’s
hydrogen infrastructure. Its primary objective is to support California’s ambitious goal of
establishing a network of 1000 HRS by 2030, thereby facilitating the commercialization of
fuel cell vehicles. [75].

In Spain, the hydrogen road map, published in March 2021 by the Spanish Ministry
for the Ecological Transition and the Demographic Challenge, underscores heavy vehicle
transportation as a pivotal sector for the widespread adoption of hydrogen as a fuel.
The roadmap delineates key focus areas, including the promotion of green hydrogen
production through renewable energy sources, the establishment of a network of hydrogen
refueling stations for fuel cell vehicles, and the encouragement of hydrogen utilization
in industrial processes. The plan encompasses substantial investments in research and
development, measures to attract private investments, and initiatives to foster international
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cooperation in hydrogen technology. Various initiatives have been implemented to integrate
hydrogen buses, such as those by ALSA in the community of Madrid, or the Metropolitan
Transport of Barcelona (TMB), along with the construction of an HRS and a green hydrogen
production plant in this city. Moreover, the Hydrogen Roadmap of Spain includes specific
legislation for the construction of hydrogen refueling stations (HRS) and provides incentives
for the acquisition of hydrogen-powered vehicles and the implementation of necessary
infrastructure in vehicle fleets. It also supports the automotive industry in producing Fuel
Cell Electric Vehicles (FCEV). The roadmap equates the construction of HRS to traditional
service stations and includes the construction of HRS in the c, which is a program that
promotes sustainable mobility in Spain. These measures aim to encourage the consumption
of renewable hydrogen and promote the development of a hydrogen economy in Spain.
These promote the use of renewable hydrogen in different sectors, such as transport,
industry, and energy. The strategy aims to install a renewable hydrogen production capacity
of 4 GW by 2030, with an investment of 8.9 billion euros. Additionally, it envisions the
establishment of a regulatory framework to facilitate industry development, the promotion
of research and development, and the fostering of public–private partnerships to propel
the sector forward [3].

The studies addressing Hydrogen Refueling Station (HRS) implementation are pre-
sented in Table 5. In the Spanish context, these studies concentrate on urban environments.
Brey J. et al. introduced an optimization model to strategically plan the deployment of
HRS in urban settings [76], examining consumer preferences regarding HRS design [77].
Elsewhere, Ala G. et al. scrutinized future strategies for implementing Fuel Cell Electric
Vehicles (FCEV) in Portugal [78].

Table 5. Outstanding search results. Hydrogen Refueling Station location data from Web of Sci-
ence (WOC).

Authors Title Abstract

Rose and Neumann [34]
Hydrogen refueling station

networks for heavy-duty vehicles in
future power systems

This paper delves into the interplay between Heavy-Duty
Vehicle (HDV) Hydrogen Refueling Stations (HRS) that

locally produce hydrogen and the power system. It achieves
this by combining an infrastructure location planning model

with an electricity system optimization model

Cröeert and Minner [35]
Location selection for hydrogen fuel

stations under emerging
provider competition

They formulate a location problem for hydrogen fuel
stations as a competitive model for location and flow

capture assignment.

Shukla et al. [36]

An optimization framework for cost
effective design of refueling station

infrastructure for alternative
fuel vehicles

This study employs mathematical programming to identify
optimal locations for establishing alternative transportation
fuel stations. The primary objective is to position refueling

stations in a way that maximizes the number of vehicles
served while adhering to budget constraints.

Kavadias et al. [61]

Sizing, Optimization, and Financial
Analysis of a Green Hydrogen

Refueling Station in
Remote Regions

Fuel Cell Electric Vehicles (FCEVs) have the potential to
mitigate air pollution and diminish greenhouse gas

emissions, particularly when hydrogen (H2) production is
sourced from Renewable Energy Sources. This positive

impact is further amplified when coupled with a
widespread network of Hydrogen Refueling Stations

(HRSs), enhancing accessibility and adoption.

Viesi et al. [62]

The Italian hydrogen mobility
scenario implementing the

European directive on alternative
fuels infrastructure (DAFI

2014/94/EU)

A significant milestone in the context of alternative fuels
infrastructure in the European Union is the DAFI Directive
2014/94/EU. In the realm of hydrogen mobility, this paper

outlines the methodology and key findings of the
Scenario MobilitàH2IT.
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Table 5. Cont.

Authors Title Abstract

Park, S. et al. [21]
Preference Structure on the Design
of Hydrogen Refueling Stations to

Activate Energy Transition

This study conducts an analysis and presents a consumer
preference structure for hydrogen refueling stations. The

assessment considers factors such as the production method,
distance, the likelihood of not refueling, the number of

dispensers, and fuel costs as the primary attributes.

Hernandez, B. et al. [69]

Mathematical Model for the
Placement of Hydrogen Refueling

Stations to Support Future Fuel
Cell Trucks

This document introduces a mathematical model designed
to inform the planning of hydrogen infrastructure,

particularly in support of future long-term Fuel Cell
Technologies (FCTs).

Greene, D. et al. [70]

Challenges in the designing,
planning and deployment of

hydrogen refueling infrastructure
for Fuel Cell Electric Vehicles

This paper provides a thorough review of the challenges
associated with designing, planning, and deploying

hydrogen refueling infrastructure. It assesses progress to
date and offers insights into future prospects.

Additionally, a search was conducted to identify the current number and locations
of existing Hydrogen Refueling Stations (HRS). This was done to ascertain the level of
implementation of this infrastructure. Currently the implantation of HRS is scarce. Ac-
cording to the latest data from the H2Stations [79], there were 814 operational hydrogen
refueling stations worldwide at the end of 2022, with the majority located in Asia and
Europe. Most of these correspond to fleets of vehicles and urban passenger transport.
Among the HRS, there are 7 in Spain, and 15 more are planned to be developed in the
near future. Due to the investment necessary for HRS and the shortage of commercialized
vehicles, the majority of the existing HRS are indeed used to refuel fleets of short-distance
freight vehicles and public service vehicles, such as buses or taxis, as well as for personal
use by owners of FCEVs. This is because these types of vehicles are well-suited to the
current limitations of FCEV technology, such as their limited driving range compared to
traditional gasoline-powered vehicles. However, there are ongoing efforts to expand the
use of FCEVs to other types of vehicles, such as long-haul trucks and trains. Erdogan and
Millery formulate the problem of refueling vehicles using alternative fuels and develop
solution techniques to help organizations with fleets of alternative fuel vehicles [80].

From the analysis of the results according to the methodology given in Section 3, the
works related to the final goal of the search, the location of the HRS, are selected. Table 5
shows a selection of the search results for green hydrogen and hydrogen refueling location.

Furthermore, Table 6 shows the results on the Iberian Peninsula. Based on these
publications, the authors assert that Hydrogen Refueling Stations (HRS) emerge as the
primary infrastructure for hydrogen utilization in transportation, although their current
state of development is suboptimal. Conversely, hydrogen production techniques are
deemed well-established.

Table 6. Hydrogen refueling station (Iberian Peninsula) data from Web of Science (WOC).

Authors Title Abstract

Brey, J. et al. [76]

Incorporating refueling behavior
and drivers’ preferences in the

design of alternative fuels
infrastructure in a city

The aim of this article is to introduce an optimization model
designed for planning the deployment strategy of hydrogen
refueling stations in a city where Origin-Destination (OD)

data is unavailable. The model is dual-objective, seeking to
maximize the coverage of traffic by the selected hydrogen

refueling stations while simultaneously minimizing the
average distance of the city’s inhabitants to the nearest

hydrogen refueling station.
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Table 6. Cont.

Authors Title Abstract

Brey, J. et al. [77] Eliciting preferences on the design
of hydrogen refueling infrastructure

This paper investigates consumer preferences concerning
the design of urban hydrogen refueling infrastructure. The

study utilizes survey results obtained in Andalusia to
analyze and draw insights into consumer attitudes and

choices related to hydrogen refueling in urban areas.

Ala, G. et al. [78]
Electric Mobility in Portugal:

Current Situation and Forecasts for
Fuel Cell Vehicles

This paper offers an overview of the present status of
electric mobility in Portugal, outlining the strategies

implemented by the country. The objective of this work is to
explore the future prospects of Fuel Cell Electric Vehicles

(FCEVs) in Portugal, employing a dynamic model known as
SERA (Scenario Evaluation and Regionalization Analysis.

Cardona et al. [81]
Model predictive control of an

on-site green hydrogen production
and refueling station

This article outlines the layout and specifications for a
Hydrogen Refueling Station (HRS) in the case study of

Zaragoza (Spain).

Additionally, Table 7 compiles noteworthy articles that make significant contributions
to the field of hydrogen transport. However, these contributions do not align with the
themes covered in the preceding tables.

Table 7. Other reviewed articles data from Web of Science (WOC).

Authors Title Abstract

Hosseini and Waid [82]

Hydrogen production from renewable
and sustainable energy resources:
Promising green energy carrier for

clean development

This article offers an overview of state-of-the-art hydrogen
production technologies that utilize renewable and

sustainable energy resources.

Çabukoglu et al. [83]
Fuel cell electric vehicles: An option to

decarbonize heavy-duty transport?
Results from a Swiss case-study

In this study, the researchers investigate the maximum
penetration depth of fuel cell powertrain technology

within the heavy-duty fleet and assess to what extent it
can contribute to the decarbonization of freight transport.

Sánchez et al. [84]

Impact of Spanish electricity mix, over
the period 2008–2030, on the Life Cycle

energy consumption and GHG
emissions of Electric, Hybrid

Diesel-Electric, Fuel Cell Hybrid and
Diesel Bus of the Madrid
Transportation System

In this paper, the fundamental question posed is: which
combination of technology and fuel proves to be more

efficient in terms of energy consumption and greenhouse
gas (GHG) emissions? To comprehensively answer this
question, a life cycle assessment is deemed necessary.

Tang, R. and Cering [85]
Levelized cost of hydrogen for

refueling stations with solar PV and
wind in Sweden: On-grid or off-grid?

This study delves into the feasibility of producing
hydrogen using renewable electricity in refueling stations

in Sweden. The analysis incorporates hourly solar
radiation data, wind speed data, and electricity prices to

assess the viability of such hydrogen production.

5. Discussion

Research endeavors focused on energy transition and the replacement of fossil fuels
with greenhouse gas-free alternatives in the transportation sector are extensive. Nowa-
days, vehicular mobility characterized by zero-emission technologies encompasses Battery
Electric Vehicles (BEV), Range-Extended Electric Vehicles (REEV), Plug-in Hybrid Electric
Vehicles (PHEV), Fuel Cell Electric Vehicles (FCEV), Fuel Cell Hybrid Vehicles (FCHV),
and Hydrogen Internal Combustion Engine Vehicles (HICEV). This state-of-the-art study
discusses the significant progress made in addressing greenhouse gas (GHG) emissions
in the transportation sector by promoting vehicles with zero-emission technologies, such
as Fuel Cell Electric Vehicles (FCEVs) or (FCHVs). The focus then shifts to the challenges
faced by the FCEV market, primarily the scarcity of Hydrogen Refueling Stations (HRS).
It highlights, therefore, the importance of HRS in promoting hydrogen fuel cell vehicles,
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along with the need for collaboration among stakeholders for comprehensive planning
and execution.

Hence, research endeavors have been focused on the development and expansion of
hydrogen infrastructure, encompassing the production, storage, transportation, and dis-
pensing of hydrogen fuel. In addition to conventional processes like natural gas reforming
and other fossil fuel-based methods, there is a growing interest in the production of green
hydrogen through water electrolysis. This process is powered by renewable electricity
sources such as wind, solar, or hydropower. Various studies have assessed the feasibility
and economic viability of different hydrogen production pathways, recognizing that the
choice of production method can significantly impact the overall sustainability and carbon
footprint of the hydrogen supply chain. A key determinant in this regard is the technology
employed for the decomposition of the water molecule, including AEL, PEM, AEM, or SOE.
The selection of one technology over another influences costs, as well as the availability of
renewable energy sources for their production.

Another factor addressed in the studies is the location of green hydrogen production.
It can be centralized or situated adjacent to HRSs. In the former scenario, a challenge arises
concerning the method used for transporting hydrogen to the HRS, either through pipelines
or via road transport. The primary technologies for hydrogen transport and storage include
gaseous compressed hydrogen (CGH2), liquid hydrogen (LH2), liquid organic hydrogen
carriers (LOHC), Metal Organic Frameworks (MOF), hybrids, and ammonia. Transporting
hydrogen via pipelines is viable due to existing networks in the United States and European
countries. However, this infrastructure is limited and can be supplemented by the extensive
natural gas network.

The HRS infrastructure is accompanied by a storage and compression system at
standard supply pressures of 700 and 350 bar. This supply pressure may vary based on
the temperature reached inside the tank, depending on the storage standard. One reason
why HRS for bus fleet service is more prevalent is the use of 350-bar pressure, significantly
lower than the 700-bar pressure for light vehicles. Both are technically developed but come
with significantly different costs.

Energy consumption directly influences operational costs and investments. Within
HRS, energy consumption is primarily attributed to the compression system and hydro-
gen cooling. This is crucial for the optimal filling of vehicle tanks, directly impacting
vehicle autonomy.

Studies conducted on HRS location highlight the diverse challenges associated with
implementing this infrastructure. These challenges encompass costs, demand, distance,
FCEV market penetration, and other factors, including navigating within a competitive
market. The location of hydrogen production, storage, and supply facilities will consider
the strategic requirements of the national transport network, essential technical factors,
access to energy resources, and the water needed for electrolysis. Achieving this will
necessitate the development of a mathematical model that incorporates all parameters,
accounting for the variability of environmental factors.

The hydrogen roadmap aligns research, investment, and governance to achieve the
objectives outlined in various European programs and national plans. The primary goal is
the decarbonization of industrial sectors, households, and the transportation sector.

6. Conclusions

In this paper, an overview is presented on the current state of research regarding
hydrogen infrastructure in the transportation field. The aim is to illustrate the most relevant
research areas in the planning of overall hydrogen logistics distribution, storage logistics,
energy sources, and supply chains. The deployment of HRS in the transportation sector
faces several challenges, including variability in the origin and destination of hydrogen
demand. This variability reflects fluctuations in the points where vehicles require refueling
and their subsequent travel destinations. Additionally, the profitability of HRS is intricately
tied to their ability to attract hydrogen refueling demand, especially in competitive markets
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with multiple refueling station options. Moreover, the efficiency of HRS is influenced
by the technological capabilities deployed and the energy requirements associated with
their operation. Different technologies present varying energy demands and operational
capacities. Presently, existing HRS primarily serve fleets of public transport vehicles and
short-distance goods, prioritizing services in areas where demand is more predictable and
commercially viable.

Moreover, it is important to highlight that operational expenses are experiencing a
decline in areas where the potential for renewable energy sources is most significant. This
reduction in operating costs is a direct result of the increasing availability and affordability
of clean energy. As a result, the advancement and adoption of hydrogen fuel production
technologies, coupled with the establishment of clean refueling infrastructure, play a crucial
role in streamlining the commercialization of FCEVs. This is due, among other reasons, to
the synergistic effect of reduced operational costs and the promotion of environmentally
sustainable practices; the strengthening of the commercial position and acceptance of
FCEVs in the market is due to their alignment with current environmental concerns. The
state-of-the-art subject of this study is addressed in the literature, taking into account factors
such as cost, demand, used technologies, and security, but not all at the same time. Hence,
we consider that the parameters and restrictions needed to determine the optimum sizing
and best location for HRS need to be further researched, as well as the determination of an
appropriate HRS distribution network methodology.
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80. Erdoĝan, S.; Miller-Hooks, E. A Green Vehicle Routing Problem. Transp. Res. Part E Logist. Transp. Rev. 2012, 48, 100–114.

[CrossRef]
81. Cardona, P.; Costa-Castelló, R.; Roda, V.; Carroquino, J.; Valiño, L.; Serra, M. Model predictive control of an on-site green hydrogen

production and refuelling station. Int. J. Hydrogen Energy 2023, 48, 17995–18010. [CrossRef]
82. Hosseini, S.E.; Wahid, M.A. Hydrogen production from renewable and sustainable energy resources: Promising green energy

carrier for clean development. Renew. Sustain. Energy Rev. 2016, 57, 850–866. [CrossRef]
83. Çabukoglu, E.; Georges, G.; Küng, L.; Pareschi, G.; Boulouchos, K. Fuel cell electric vehicles: An option to decarbonize heavy-duty

transport? Results from a Swiss case-study. Transp. Res. Part D Transp. Environ. 2019, 70, 35–48. [CrossRef]
84. García Sánchez, J.A.; López Martínez, J.M.; Lumbreras Martín, J.; Flores Holgado, M.N.; Aguilar Morales, H. Impact of Spanish

electricity mix, over the period 2008–2030, on the Life Cycle energy consumption and GHG emissions of Electric, Hybrid
Diesel-Electric, Fuel Cell Hybrid and Diesel Bus of the Madrid Transportation System. Energy Convers. Manag. 2013, 74, 332–343.
[CrossRef]

85. Tang, O.; Rehme, J.; Cerin, P. Levelized cost of hydrogen for refueling stations with solar PV and wind in Sweden: On-grid or
off-grid? Energy 2022, 241, 122906. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.etran.2020.100086
https://doi.org/10.1016/j.energy.2021.121584
https://doi.org/10.3390/en13226132
https://doi.org/10.1016/j.enpol.2017.12.049
https://doi.org/10.1016/j.ijhydene.2022.01.199
https://ww2.arb.ca.gov/es/resources/documents/california-hydrogen-infrastructure-tool-chit
https://ww2.arb.ca.gov/es/resources/documents/california-hydrogen-infrastructure-tool-chit
https://doi.org/10.1016/j.trc.2016.01.004
https://doi.org/10.1016/j.ijhydene.2017.02.135
https://doi.org/10.3390/en14237945
https://www.h2stations.org/stations-map/
https://doi.org/10.1016/j.tre.2011.08.001
https://doi.org/10.1016/j.ijhydene.2023.01.191
https://doi.org/10.1016/j.rser.2015.12.112
https://doi.org/10.1016/j.trd.2019.03.004
https://doi.org/10.1016/j.enconman.2013.05.023
https://doi.org/10.1016/j.energy.2021.122906

	Introduction 
	Hydrogen in the Transportation Field 
	Review Methodology 
	Research Consultation 
	Item Selection Process 
	Results Analysis 

	Results Review 
	Green Hydrogen 
	Hydrogen Refueling Station (HRS) 

	Discussion 
	Conclusions 
	References

