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Abstract. The aim of this study was to map papers about the use
of hydrogen as a fuel and its association with wind energy under
siege in two databases (Web of Science and Scopus) to provide
insights about this topic and verify its current context. This study
was a systematic literature review and content analysis of 87
papers from Web of Science and Scopus database. The papers
were analyzed from descriptive, bibliographic, methodologic,
results and citation characteristics. The publications about this
theme have been mostly developed using mixed research models
(quantitative and qualitative), especially due to the need to
validate these experimental models for practical application, can
be classified into four central clusters: 1) Green hydrogen;
2) Economic Viability and Costs; 3) New Technologies; and
4) Public Policies and Case Studies, with different focuses that
converging to the same objective, the use of hydrogen as an
ecologically correct and profitable fuel to serve the energy
production system from wind plants. From the results obtained, it
is observed that the use of hydrogen as a fuel, and wind energy,
are themes that have been relatively significant in recent years
within the environment of industrial innovation, presenting an
eclecticism, where several countries in a pulverized form are
increasingly seeking invest in these technologies, which is
expressed through the substantial growth in the number of
papers published about these themes since 2000s.
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Resumo. Relacdo entre o hidrogénio e sua aplicacdo na
energia edlica: uma revisdo sistemdtica. O objetivo deste
estudo foi mapear artigos sobre o uso do hidrogénio como
combustivel e a sua associacdo com a energia edlica situados em
duas bases de dados (Web of Science e Scopus) a fim de apresentar
caminhos para pesquisas na area e o contexto atual da producao
cientifica desta. O estudo consistiu na revisdo sistematica da
literatura através da analise do conteido de 87 artigos
provenientes dos bancos de dados da Web of Science e da Scopus.
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Os artigos foram analisados a partir de caracteristicas descritivas,
bibliograficas, metodolodgicas, de resultados e de citacdes. As
publicacbes acerca deste tema tém sido majoritariamente
desenvolvidas com modelos de pesquisa mistos (quantitativo e
qualitativo), especialmente devido a necessidade de validar estes
modelos experimentais para aplicacdo pratica, podendo ser
classificados em quatro tematicas centrais: 1) Green hydrogen; 2)
Viabilidade economica e custos; 3) Novas tecnologias; e 4)
Politicas publicas e estudos de caso, com focos diferentes que
acabam convergindo para um objetivo comum, o uso do
hidrogénio como combustivel ecologicamente correto e rentavel
para o atendimento do sistema de producdo de energia a partir de
usinas edlicas. O uso do hidrogénio como combustivel, e a prépria
energia edlica, sdo temadticas relativamente pautadas de forma
significativa hd pouco tempo dentro do ambiente de inovacao
industrial, apresentando um ecleticismo significativo, onde
diversos paises de forma pulverizada estao procurando cada vez
mais investir nestas tecnologias, o que é expresso por meio do
substancial crescimento do nimero de artigos publicados acerca
destas tematicas a partir dos anos 2000.

Palavras-chave: Combustivel; Energia; Energia edlica;
Hidrogénio.

Introduction

Regardless of the possibilities of energy sources for the future, currently there is
already a broad need for methodologies for the production, storage, transportation and
use of clean, safe, efficient, and versatile energy that can be delivered to the public on a
massive basis (Sherif et al, 2005; Alavi et al,, 2016). Once, it is a fact that electricity
remains the most convenient form of energy used for centuries and can be produced from
various sources and transported over large distances (Sherif et al., 2005; Lepszy et al,,
2017).

In the context of recent environmental problems and disasters worldwide, with
emphasis on global warming and the depletion of fossil fuels, wind power plants have
been increasingly adopted throughout the world for electricity generation, especially
because it is more competitive when compared to other renewable energy sources (Balat,
2005; Shishido et al.,, 2009; Alavi et al., 2016; Mostafaeipour et al., 2016; Fernandez-
Guillamén et al,, 2019). Wind energy production plants can have various configurations
and operation patterns, and batteries are not necessarily the best solution for stabilizing
the energy output, so other energy storage devices can be useful in this process. In other
words, a proper system design is required according to the operation pattern of wind
generators, and these operation patterns will become even more diverse in the future
(Shishido et al,, 2009; Lee et al., 2010). Clearly, in terms of the problems associated with
the instability caused by wind turbines on the power grid, the importance of energy
storage systems, particularly hydrogen fuel, has been increasingly significant (Balat, 2005;
Alavi et al., 2016; Fernandez-Guillamén et al., 2019).

Hydrogen stands out as a clean energy storage alternative, being efficient and
versatile (Sherif et al,, 2005). Shishido et al. (2009) report that an electrolysis-based
hydrogen generator using wind power offers a much cleaner technology than hydrogen
extraction by natural gas processing, which is accompanied by carbon dioxide emissions,
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or hydrogen generation by pyrolysis using nuclear energy. However, for hydrogen to play
an important role in the energy sector in the future, at least in the medium and long term,
it is necessary to have a capacity to produce hydrogen for energy purposes in an
environmentally responsible and economical manner. To meet such circumstance, the
power generated by the system should cover the load demand in the corresponding time
and the surplus energy stored for later use (Al-Sharafi et al., 2017). And taking all this
context into consideration, several studies have consensually verified that the transition to
a hydrogen economy is not only a distant prospect for the future of renewable energy
production, but also a reality that can be increasingly present, which has the potential to
contribute to the total decarbonization of the world energy matrix (Sherif et al., 2005;
Guandalini et al,, 2015; Gondal et al., 2018).

The gap that this work seeks to fill is to present the main challenges and
bottlenecks found in scientific productions related to hydrogen and wind energy.
Additionally, it shows the main themes that are stressed by the literature and that require
further research. This study was conducted with the objective of mapping papers on the
use of hydrogen as a fuel and its association with wind energy located in two databases
(Web of Science and Scopus) to present paths for research in the area and the current
context of its scientific production.

Methodology

The methodological steps for the construction of the systematic review were
guided by following the steps highlighted by Souza and Ribeiro (2013): (i) create a
research problem that guides the research; (ii) choose the aspect to be analyzed in the
literature; (iii) filter the collected data according to their relevance to the research
problem; and (iv) analyze and interpret the data. The chosen databases were Scopus and
Web of Science, considering the areas “Energy fuels”, “Engineering Electrical Electronic”,
“Engineering environmental”, “Green sustainable and technology” and “Renewable
energy”. It is noteworthy that the choice for these databases is due to the fact that they
cover a universe containing the most relevant journals of these areas worldwide (Pecanha
and lizuka, 2014; Schmitt et al., 2013).

Only scientific papers published in journals that used a blind review process by
peers were considered, without a pre-defined period in the research. The keywords
searched were “Green hydrogen”, “Hydrogen and wind energy”, “Hydrogen and wind
power”, and “Hydrogen and wind source” considering the title, keywords and abstracts to
collect the data and obtain the largest number of publications on the subject.

At first, 4,475 scientific papers published between 1974 and 2020 were found.
Papers that were not related to the theme of the paper or were not scientific papers were
excluded, reducing the number to 133 publications between 1991 and 2020. Then, papers
that presented duplicity between the two platforms (the same paper appearing in both)
were excluded, reducing the number of scientific papers to 87, and these were published
between 1991 and 2020 (Figure 1).

The papers were classified according to descriptive characteristics (journals,
country, and year of publication) and methodological (research method), in addition to the
results (main theme of the research) and citations. All selected papers were managed by
database plotted in Microsoft Excel with the reference of each publication and its basic
information (abstract, keywords, database, type of work among others). The Atlas T.I
software was also used for the separation and categorization of the thematic divisions
identified in the results analysis. The software also collaborated with the refinement and
segregation of the material present in the databases.
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Figure 1. Flow diagram of the systematic review.

Analysis and discussion of the results

Considering the scope of the research, the results of the analysis of the data
collected indicated that the “International Journal of Hydrogen Energy” concentrates most
of the papers mapped on hydrogen as a fuel and its relationship with wind energy. Even
though other periodicals also stood out to some extent, these are still quite distant and
present a production that is little objectively directed towards this theme (Table 1). There
was also a broad concentration of journals in the most comprehensive publishers, with
Elsevier standing out, concentrating more than half of the bibliographical material
mapped on hydrogen and wind energy. Furthermore, it was found that all the journals that
were mapped out were required to be written in English, regardless of the journal's
country of origin.

Table 1. Journals that were most cited in the survey (+3).

Periodical Publisher Country oforigin | Frequency
International Journal of Hydrogen Energy Elsevier Netherlands 35
Applied Energy Elsevier Netherlands 5
Energy Procedures Elsevier Netherlands 3
JournalofCleanerProduction Elsevier Netherlands 3
Journal of Power Sources Elsevier Netherlands 3
Renewable and Sustainable Energy Reviews Elsevier Netherlands 3
Renewable Energy Hindawi United Kingdom 3

An analysis of the countries that presented the most papers among the studies
mapped on hydrogen and wind energy (Table 2) shows that three countries stood out in
the publication of papers on these subjects (Canada, China, and Spain). Probably the two
main common points in these countries, and consequently this is reflected in the studies,
are the fact that these three countries have a coastal zone for the potential use of hydrogen
production, which creates a favorable environment for the use of offshore wind to supply
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wind power plants; in addition to prioritizing investments in the construction of a
business environment that encourages science, technology and innovation, which are
fundamental when thinking of wind energy as a source of electricity that can be
predominant for the electricity system in the medium and long term (Olateju and Kumar,
2011; Garmsiri et al., 2014; Olateju et al., 2014; Ramos and Iglesias, 2014; Zhang and Wan,
2014; Martin and Grossmann, 2017; Li et al.,, 2018; Fernandez-Guillamoén et al,, 2019; Sun
etal, 2019; Huang and Liu, 2020).

In the past, some countries that also have a large coastal area but do not have this
environment that encourages science, technology, and innovation to use the wind source
for the production of hydrogen were verified, with Brazil being the most classic example of
this observation (Silva et al., 2005; Nadaleti et al.,, 2020a; Nadaleti et al.,, 2020b). In this
sense, Silva et al. (2005) already commented at the beginning of the century that countries
like Brazil have an enormous potential for energy production from renewable sources,
which can exceed the internal energy demand and give rise to a surplus of energy
production. This surplus of electric energy may even represent a new energy market
characterized by the possibility of exporting this surplus through hydrogen to other
countries that do not have such a significant renewable energy potential and are willing to
increase the participation of renewable sources in their energy system mix to reduce the
use of non-renewable energy.

Table 2. Distribution of papers according to the country of origin of the study.

Country Number of papers Percentage (%)
Canada 7 8.05
China 7 8.05
Spain 7 8.05
United States ofAmerica 6 6.90
Iran 6 6.90
Germany 5 5.75
Japan 4 4.60
Turkey 4 4.60
Algeria 3 3.45
Brazil 3 3.45
Italy 3 3.45
Belgium, Chile, Denmark, Greece,

Netherlands, Ireland, Pakistan, South 2 2.30, each
Africa and United Kingdom

Saudi Arabia, Argentina, Austria,

Colombia, Fiji, Finland, France, India, 1 115 each
Norway, Poland, South Korea, Scotland, T
Ukraine, and Vietnam

This eclecticism about the countries that have published studies on hydrogen as
fuel and its relationship with wind energy, consequently indicating an investment in this
type of technology, is also related to the papers that presented the highest number of
citations (Table 3). Among the ten most cited papers, there was no repetition of countries
among the studies, i.e., each study was developed in a different country, indicating that the
development of these technologies is not concentrated in a few centers. Sherif et al. (2005)
was the most cited among those mapped, justifying this result by the fact that this article is
a very complete review of the technological aspects of wind energy and the use of
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hydrogen as a fuel. This study presents a specific focus on the economic part, indicating
that all the benefits of hydrogen as an environmentally beneficial fuel will only be widely
enjoyed when hydrogen is produced from renewable energy sources where wind energy
has an outstanding role. In addition, hydrogen can be used as an energy storage medium in
some applications, thus increasing the competitiveness of wind energy. However, the
economics of such integrated systems depend on the availability of wind, cost of the
individual components (most prominently electrolyzers, hydrogen storage and fuel cells),
usage dynamics and utilization factors and finally the cost of competitive technologies.

Table 3. Most cited papers up to the moment of the study (+50).

N¢ | Papers Citations | Main result of the study

1 | Sherif etal. (2005) 251 The use of hydrogen as a fuel increases the
competitiveness of the wind energy model.

2 | Gonzalez-Aparicio et al. (2018) 222 The wind producer can increase profits by

integrating methanol production into the wind
plant, rather than just producing and selling all
the energy produced to the energy market.

3 | Shishido et al. (2009) 168 Proposition of a new model for wind power
generator, where it showed good efficacy
inexperimental level.

4 | Guandalini etal. (2015) 147 Evaluated the potential of power-to-gas
technology for energy balancing to estimate its
effectiveness in balancing the power produced
by a large group of wind plants.

5 | Lepszy etal. (2017) 97 The ratio between the energy generated from
the wind power plant and the storage system
is significant. Due to the low efficiency in this
process, the development of each element of
the system needs to be revisited.

6 | Al-Sharafietal. (2017) 92 The production of hydrogen through
renewable energy (solar and wind) makes it
possible to have an environmentally friendly
fuel.

7 | Gonzalez et al. (2004) 71 Even allowing for significant cost reductions,
the low average cost of surplus electricity and
a high market price for hydrogen are also
necessary to achieve economic viability for the
technology.

8 | Sarrias-Mena et al. (2015) 63 To enhance the growth of renewable energy,
the implementation of hybrid systems is
considered a viable alternative that aggregates
the benefits of the various energy sources
involved.

9 | Mostafaeipour etal. (2016) 54 Hydrogen production from renewable energy
sources, such as wind power, is becoming a
hot topic in many countries, mainly due to the
positive environmental impact.

10 | Leeetal. (2010) 50 Examined the competitiveness of a hydrogen
production station from wind energy in
environmental and economic aspects by
analyzing the future conditions in two
scenarios.
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Gonzalez-Aparicio (2018), meanwhile, the second most cited, explores in a bold
and innovative scope the necessary conditions for an environmentally and economically
viable carbon dioxide utilization system for methanol production using a typical wind
power generation system to maximize total profit. The core of this business model
proposed by the authors is based on the following contexts: (i) sale of wind energy in the
day-ahead or intraday bids of the energy market or, (ii) production of methanol for sale to
third parties. The study in question presented in its results that producing methanol
instead of just selling the energy generated by the wind plant is more profitable, where the
wind plant can be up to three times smaller than the conventional one. In addition, the
wind producer could increase profits by up to 33% by integrating the production of
methanol into its business strategy, instead of selling all the energy produced on the
energy market.

In an effort to categorize or even identify patterns concerning the scope of the
mapped papers it was found that the research model of studies on the use of hydrogen as a
fuel associated with wind energy (Figure 2) presents a preference for mixed research
models (quantitative and qualitative) (45.98%), where results were evaluated both in a
parametric analysis approach (use of statistical tests, linear or polynomial regression etc.)
and non-parametric (results analyzed by non-parametric tests or using a descriptive
analysis. ) as well as non-parametric (results analyzed by non-parametric tests or using a
descriptive analysis, which was mostly verified in the mapped studies). The other studies
on these themes presented a solely quantitative approach (32.18%), where results were
analyzed parametrically; or theoretical (21.84%), where literature reviews and studies
dedicated to discussing theory, concepts and ideas on the subject in question are included.

These results are widely associated with the fact that the theme of hydrogen as a
fuel associated with wind energy is rapidly rising in the experimental scenario, which
implies the need to conduct studies with methodologies that allow the evaluation of the
results both in quantitative and qualitative aspects to validate these experimental models
for practical application. Based on this premise, it is expected that the quantitative
methodology is the second most applied in the mapped studies, especially to evaluate the
results parametrically. Furthermore, it is interesting to note that none of the mapped
studies in question presented a solely qualitative approach, preferring to polarize between
the use of a mixed or quantitative approach, and a merely theoretical approach to evaluate
what is already present in the literature about this theme. Another important point to be
highlighted is the fact that there is, especially among the studies with mixed methodology,
a constant predilection for the use of case studies to evaluate innovative models that test
the effectiveness of the use of hydrogen as a fuel associated with wind energy.

Theoretical Mixed research
approach

21.84%

models
[quantitative
and qualitative)
45.98%

= Mixed research models
(quantitative and qualitative)

= Quantitative approach

Quantitative
approach = Theoretical approach
32.18%

Figure 2. Papers categorized according to the methodology applied.
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When it comes to the conceptual part, it was verified that the theme “hydrogen as
fuel from wind energy” could not be worked on in separate topics because they were
somehow interconnected in all the mapped works. Based on this principle, four large
topics (clusters) between hydrogen as fuel and wind energy were identified: 1) Green
Hydrogen; 2) Economic Viability and Costs; 3) New Technologies; and 4) Public Policies
and Case Studies (Table 4). All these areas, despite being in the same research context and
converging to the same theme (Figure 3), present different nuances and study focuses,
however, with the common objective of validating the use of hydrogen as an ecologically
correct and economically viable fuel in broad association with wind energy production
plants.

Table 4. Papers categorized according to the scope of the study.

Studyarea Papers

Kameyama et al. (2011); Sheth et al. (2011); Troncoso and
Newborough (2011); Dagdougui et al. (2012); Zhao et al. (2018);
Armijo and Philibert (2019); Ayodele and Munda (2019a); Ayodele
Munda (2019b); Gondal (2019); Olmos et al. (2019); Amica et al.
(2020); Huang and Liu (2020); Kudriaet al. (2020); Nadaleti et
al.(2020a)

Green
hydrogen

Sherif et al. (2005); Lee et al. (2010); Yumurtac and Toprak (2011);
Guandalini et al. (2015); Al-Sharafi et al. (2017); Nagasawa et al.
(2019); Rezaei et al. (2019); Jahangiri et al. (2019); Berg et al.
(2020); Nicita et al. (2020)

Economic
feasibility
and costs

Dienhart and Siegel (1994); Yang and Aydin (2001); Shishido et al.
(2009); Muyeen et al. (2010); Koroneos and Katopodi (2011); Veja et
al. (2011) Weidong and Zhuoyong (2012); Carr et al. (2013);
Garmsiri et al. (2014); Olateju et al. (2014); Zhang and Wan (2014);
Khaitan et al. (2015); Sarrias-Mena et al. (2015); Realpe-Jiménez et
al. (2015); Martin (2016); Martin and Grossmann (2017); Franzen
and Madlener (2017); Mueller et al. (2017); Kilkis (2017); Bhogilla et
al. (2017); Lepszy et al. (2017); Ishaq et al. (2018); Li et al. (2018);
Safari and Dincer (2018); Ishaq and Dincer (2019); Fasihi and Breyer
(2019); Fernandez-Guillamén et al. (2019); Sun et al. (2019); Ishaq
and Dincer (2020).

New technologies

Braun et al. (1991); Gonzalez et al. (2004); Monnich et al. (2004);
Balat (2005); Silva et al. (2005); Gazey et al. (2006); Schenk et al.
(2007); Yang (2008); Aiche-Hamane et al. (2009); Zolezzi et al.
(2010); Dagdougui et al. (2011); Olateju and Kumar (2011); Geng et
al. (2012); Shi et al. (2013); Kaldellis et al. (2013); Ramose Iglesias
(2014); Al Zohbi et al. (2015); Douak and Settou (2015); Frueh
(2015); Burkhardt et al. (2016); Mostafaeipour et al. (2016); Alavi et
al. (2016); Ashrafi et al. (2018); Rezaei et al. (2018); Gondal et al.
(2018); Blal et al. (2018); Gonzalez-Aparicio et al. (2018); Kodicherla
et al. (2018); Mostafaeipour et al. (2020); Ostadi et al. (2020)

Public policies and case
studies
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Figure 3. Association between the conceptual areas and their challenges.

Initially, when addressing the issue of “Green Hydrogen”, it should be remembered
that the fact that much of the hydrogen production at the industrial level is currently still
dependent on the use of fossil fuels (Nadaleti et al., 2020a; 2020b; Proost, 2020). However,
according to Nadaleti et al. (2020a,b), new perspectives point to an energy production
increasingly less dependent on these fuels, especially using renewable and
environmentally friendly sources, and this is where the concept of “green hydrogen” fits
in, where hydrogen production is completely free from the use of fossil fuels, does not
produce waste that harms the environment (Ostadi et al., 2020), and can provide clean
energy for some of the main sectors of the economy, such as industry, infrastructure and
transportation (Rabiee et al., 2021). Rabiee et al. (2021), envisioning a carbon-free energy
chain via “green hydrogen” in the medium to long term, comments that this can be
achieved by the following means:

e By producing “green hydrogen”, the need for “blue hydrogen” (i.e. hydrogen
extracted from natural gas through the steam methane reforming process) and
therefore the generation of CO,will be reduced;

e The green hydrogen generated may be injected into the natural gas grid up to a
specific percentage. For this capacity, the amount of natural gas consumption will
be decreased compared to the case of no green hydrogen; and

e Green hydrogen can be stored and used in marine, aviation, and other
transportation systems through the hydrogen supply chain.

A key issue within this theme concerns the temporal variation of wind and sun, the
main factors influencing the share of renewable energy in the global energy system,
especially from the perspective of how this variability affects the production costs of Ha,
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NH;zor synthetic carbon-based fuels (Troncoso and Newborough, 2011; Dagdougui et al,,
2012; Armijo and Philibert, 2019). However, most of the studies already conducted about
hydrogen production from environmentally friendly fuels have avoided addressing this
issue of variation as they consider this a factor inherent to the very nature of the wind
source. In this sense, a full understanding of the role of flexibility is therefore still in the
process of construction, especially when also considering the open question of the
possible interest in combining wind and solar energy to reduce this variability and thus
reduce the production costs of so-called green fuels (Rezaei et al., 2018; Armijo and
Philibert, 2019).

Furthermore, when one considers this theme from a market perspective, one
verifies that regardless of future energy sources, there will always be the need for clean,
safe, efficient, and versatile forms of energy that can be delivered to the end user. Given
this premise, the analysis of their economic feasibility to enable the technology to be
applied in scale becomes increasingly essential (Sherif et al, 2005; Lee et al, 2010;
Guandalini et al,, 2015; Nicita et al., 2020).

This reasoning leads us to the cluster “Economic Feasibility and Costs”, where
several authors have found that wind energy can be produced at a very low cost in regions
with sufficient wind resources and can be used to generate hydrogen at low or large scale
(Sherif et al,, 2005; Lee et al., 2010; Guandalini et al., 2015; Jahangiri et al., 2019; Rezaei et
al, 2019). And to meet the consumption demand, hydrogen can be transported and
distributed regionally, in gaseous or liquid form, by pipelines or, in special cases, in
containers, by road and rail transport. However, this transportation of gaseous and liquid
hydrogen is subject to strict regulations to ensure public safety, which in some countries is
very restrictive (Yumurtac and Toprak, 2011; Rezaei et al., 2019). Another point to be
highlighted, which relates to the following theme, is connected to the economic viability of
innovative technologies and the impact they have on the profitability of the productive
enterprise. In this sense, a case to be highlighted is related to theProton Exchange
Membrane (PEM) technology, which is a proton membrane that enables the production of
hydrogen from the surplus generation in a wind power plant. This generated hydrogen
can later be used for electricity generation in fuel cells, different vehicle transport or
chemical industry. However, this technology, like others, represents a technological and
economic challenge because it still presents substantial result variations related to the
model that must be applied to achieve an efficient performance that brings an
economically viable return for the industry (Lee et al., 2010; Sarrias-Mena et al,, 2015).

When the cluster“New Technologies” is addressed, studies focus on the testing,
evaluation and, possibly, validation of new technological possibilities to produce hydrogen
from wind power plants (Khaitan et al, 2015; Martin, 2016; Sun et al.,, 2019). In this
approach, the watchword is innovation, where there is a need for the search of new energy
sources that are aligned with the environmental agenda, creating a growing demand for
the technology sectors to develop new systems or increase existing technologies.
Moreover, this theme is connected to the previous theme, since it is from the advent of
technical validation of these new technologies that one seeks strategies to optimize
production while being able to reduce costs and make the enterprise also economically
viable (Dienhart and Siegel, 1994; Sarrias-Mena et al,, 2015; Li et al., 2018; Fasihi and
Breyer, 2019).

Studies under the cluster “Public Policies and Case Studies” focus on research that
considers hydrogen fuel technology and its relationship with wind energy in each specific
technological and business ecosystem (Gonzalez et al., 2004; Monnich et al, 2004;
Mostafaeipour et al., 2016; Rezaei et al,, 2018). In the case, one ends up addressing the
experience of cities, states, provinces, or countries in applying that technology or
developing new technologies from that premise. With the results of these surveys and data
analysis, it becomes possible to formulate incentive and development policies for
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technologies applied to the production of hydrogen from wind energy. Some countries
have stood out in this regard, especially because they are well advanced in the
consolidation of these public policies, such as Germany, Chile and the Netherlands
(Gonzalez et al.,, 2004; Zolezzi et al., 2010; Gonzalez-Aparicio et al., 2018). Countries such
as Algeria, Argentina, India, Pakistan, Turkey, Ukraine, and South Africa are still in the
feasibility testing phase of building a public policy (Balat, 2005; Al Zohbi et al., 2015;
Douak and Settou, 2015). It is also worth mentioning that these policies cover P&D for the
development of new related technologies, credit lines for technology application, tax
incentives, market relations among other instruments associated with the governance of
each of these business ecosystems (Balat, 2005; Al Zohbi et al., 2015; Douak and Settou,
2015; Alavi et al,, 2016; Gondal et al., 2018).

In another approach, considering the model of wind energy production system
used in the mapped studies (Figure 4), it was found that most of these studies showed
predilection for the use of hybrid models (51.72%), where hydrogen is produced by more
than one renewable energy source, usually being wind and solar (Dagdougui et al., 2012;
Martin, 2016; Al-Sharafi et al., 2017; Martin, 2017; Blal et al., 2018). Furthermore, there is
a subsequent predilection for the use of onshore systems (39.08), where infrastructure
generates energy from wind blowing at onshore locations (Sheth et al,, 2011; Bhogilla et
al, 2017; Lepszy et al, 2017; Sun et al, 2019), with little research directed towards
offshore systems (9.20%), where clean and renewable energy is obtained by harnessing
the strength of the wind blowing offshore, where it reaches a higher and more constant
speed due to the absence of barriers (Shi et al.,, 2013; Fernandez-Guillamoén et al., 2019;
Gondal, 2019).

60,00%
51.72%
50,00%

39.089
40,00% )

30,00%
20,00%

9.20%
10,00%

0,00% -

Hybrid models Onshore systems Offshore systems

Figure 4. percentages of items mapped according to the wind plant model adopted.

When analyzing the sample space of time of the mapped papers (Figure 5),
publications started at a relatively low level in the 1990s, with a significant increase in the
2000s, especially as of 2009. This particular interest in the use of hydrogen as a fuel and
its broad association with wind energy is in line with the new perspectives and
environmental agendas that have increasing force at the global level. The working groups
on science and technology no longer see room for proposals that do not seek an
environment of innovation for environmentally friendly energy production (Shishido et al,,
2009; Lee et al, 2010; Mostafaeipour et al, 2016). And from this perspective, it is
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observed a natural interest in research and development of technologies on this theme,
which consequently implies in a greater number of published papers.

12

10

0
1991 1994 1997 2000 2003 2006 2009 2012 2015 2018 2021

Figure 5. Number of papers published per year considering the period from 1991 to 2020.

Conclusions

Based on the results obtained, the use of hydrogen as a fuel and wind energy itself
are themes that have recently been significantly regulated within the industrial innovation
environment, presenting a significant eclecticism. Different countries are increasingly
seeking to invest in these technologies, which is expressed through the substantial growth
in the number of papers published on these themes as of the 2000s.

Studies on this theme have been mostly developed with mixed research models
(quantitative and qualitative), especially due to the need to validate these experimental
models for practical application, and can be classified into four central clusters: 1) Green
hydrogen; 2) economic feasibility and costs; 3) new technologies; and 4) public policies
and case studies, with different focuses that end up converging towards a common
objective, the use of hydrogen as an ecologically correct and profitable fuel to serve the
energy production system from wind power plants. Furthermore, as to the perspective of
the model adopted for the practical production of wind power, it was verified that
although countries that present a significant coastal zone (offshore) institutionally
indicate a more prominent focus on technologies related to wind power, these are much
less adopted than onshore and hybrid models.

Taking this theme into consideration, it is possible to outline some challenges
related to the future of the development of technologies related to the production of
hydrogen from renewable sources, especially wind energy, highlighting the following
points: a) priorities in relation to environmental and ecological aspects; b) scale of
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production and logistics; c) economic viability of production and the costs involved in the
technology; d) market competitiveness in relation to other energy sources; e) new
technologies and innovation ecosystem; and f) provision of information and subsidies for
public policies among other crucial points for its development in the technical and
scientific sphere.
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