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Abstract : The importance of clean energy is gradually increasing for the depletion of fossil fuels, preventing global warming,
and livable and sustainable life. The renewable energies used to achieve this are very diverse. Wind energy and hydrogen
energy, which are among these sources, are the subject of this study. In wind energy, it is possible to produce higher power
energy by installing wind turbines on the sea, due to the stronger and uninterrupted wind blowing in the seas. There is no
continuity of wind energy, it is important to store renewable energy to ensure the continuity of the energy to be supplied to
the grid and to create the electricity supply and demand balance. In this study, hydrogen storage energy was preferred in terms
of having different usage areas and not harming the environment during energy storage. There are various hazards and
associated risks during the installation, transportation, production, and storage of energy production facilities. These risks need
to be identified, analyzed, and prevented. In this study, the risks that may be encountered in the offshore wind and hydrogen
hybrid power generation and storage facility will be analyzed through a literature review, and evaluations for prevention will
be made.
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1. Introduction

The world is facing problems such as global warming, depletion of fossil resources and energy shortages. The Paris
Lesson was signed in 2015 to put a stop to this wrong course, to use resources efficiently and to produce
environmentally friendly green energy. According to this agreement, taking the necessary measures against the
negative effects of climate change will be possible with the right investments in the energy of the countries
themselves. To achieve this, countries have given importance to investing in renewable energy sources. With a
rapidly increasing momentum, the production of electrical energy is tried to be provided with these resources.
One of the sources used for this is offshore wind energy. The fact that the wind blows more strongly in the seas
and that there is no obstacle to block the wind, and its continuity has increased the orientation to offshore wind
energy. In addition, there is a tendency towards offshore wind farms, since the large turbine to be located does
not cause any visual problems and can produce higher energy. However, energy from nature is not continuous
and this can lead to problems in meeting energy demand. For this, it is important to provide energy storage in
renewable energy sources. In this way, stored energy can be utilized during periods of high energy demand. Energy
storage technologies are a field that has been studied extensively in recent years. It has been pointed out in the
literature that energy storage technology plays an important role in line congestion management, ensuring power
quality, increasing power supply reliability, and absorbing highly renewable energy. [1] Among these technologies,
hydrogen energy is preferred because it is both green and has many usage areas in the following years.
Comparative studies among energy storage technologies have shown that hydrogen storage energies will play a
leading role for future decarbonization targets, while being economically comparable [2]-[4]. The analysis of
hydrogen storage and transportation for various forms of hydrogen (compressed hydrogen gas, liquid hydrogen,
pipeline hydrogen, liquid organic hydrogen carriers) shows that hydrogen storage and transportation is economical
[5]. Hydrogen energy can be obtained in many ways, but electrolysis is the easiest method. There are many
reasons why hydrogen is preferred. The first of these is that it can be integrated with renewable energy. Renewable
energy sources are utilized for the electrolysis process in the production of green hydrogen. There are many articles
in the literature on hydrogen production from renewable energy sources such as solar [6]-[11], geothermal [12]-
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[14], biomass [15]-[17], wind [18]-[20] and wave energy [21]-[24]. Obtaining hydrogen by electrolysis alone is
more expensive than fossil sources in terms of cost. With the development of technology, it is predicted that prices
will be more affordable and supply will become easier [25].
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In this study, offshore wind energy and hydrogen energy, among the renewable energy types, which are an
important factor of the green energy society, are mentioned and evaluations are made on what the risks are in
these branches and how they can be eliminated to ensure the sustainability of development. For a better
understanding of the components of the hybrid energy system in this study, a graphical representation of the
hybrid energy system is given in Figure 1. Even though both energy types have been produced before, studies
have shown that risk assessment has not yet been made at sufficient maturity. When the literature was scanned,
specific regions in the energy production part were discussed, and the whole framework was not examined. The
novelty of this study is to hybridize these energies, which are two different types of energy, with each other and
to analyze this hybrid energy under the headings of hazard, risk, and risk assessment.
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Figure 1. Graphical representation of a hybrid energy system

2. Research Methods

Searches were made with the keyword phrases "offshore wind energy, risk assessment, hazard, risk analysis, risk
evaluation, hydrogen energy, energy storage" in article search engines such as WOS (Web of Science), IEEE
(Institute of Electrical and Electronics Engineers), and Scopus.
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Figure 2. Name of the journals in which the articles were published and the number of articles
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The studies found were evaluated from the perspective of risk analysis. As a result of the searches made in search
engines, the pie chart of the journals in which the articles on the subject were published and the number of
articles is shown in Figure 2.In addition, the percentage of publication of the relevant articles according to journals
is shown in Figure 3. The journal in which the most articles related to the subject were published is the
International Journal of Hydrogen Energy with a percentage of 55%. In addition, when the research on offshore
wind energy and hydrogen energy and storage used as a hybrid was evaluated from the perspective of risk analysis,
no article was found that conducted such a study. In the majority of studies on hydrogen energy, it has been
observed that there are answers to the questions of what dangers can occur when hydrogen is used as a fuel and
how these dangers can be eliminated. In most of the studies on this subject, the dangers of hydrogen filling
stations and the precautions to be taken to eliminate these hazards are mentioned. The studies on this subject
have been completed with the methods used and the explanations of these methods. Offshore wind energy is
one of the topics that has been studied extensively in the literature in recent years. When this issue is narrowed
down to hazards, risks and the assessment of these risks, it has been determined that there are not many studies
and no detailed examination has been made. The studies carried out are on the accidents that may occur in
installation and maintenance-repair and they are few.

mJoule 2%
M International J. Energy Res 2%
M Int. J. Hydrogen Energy 55%
W Asia-Pacific J. Chem. Eng. 2%
mJ. Loss Prev. Process Ind. 3%
m Process Saf. Environ. Prot. 5%
mRenew. Energy 3%
m IEEE Trans. Eng. Manag. 2%
mInt. J. Progn. Heal. Manag. 2%
M Renewable and Sustainable
Energy Reviews 3%
M Expert Syst. Appl. 2%
M Energies 2%
m Saf. Sci 2%
m Reliab. Eng. Syst. Saf. 5%
J. Wind Eng. Ind. Aerodyn 2%

m Sustain. 2%

Risk Analysis 2%
Ocean Eng. 2%

Int. J. Serv. Comput. Oriented
Manuf. 2%
Biol. Lett. 2%

Wind Eng. 2%

Figure 3. Percentage of related articles published according to journals
3. Risk Analysis and Assessment Studies Related to Hydrogen Energy

The increase in population, the development of technology, and the increasing energy need have increased the
search for new energy sources. One of these energy sources is hydrogen energy. Hydrogen energy is seen by the
International Energy Agency as one of the energy providers of the future [26]. Hydrogen is an ambitious candidate
for green and clean energy when properly produced. But not only the right production method is enough, it is
also necessary to ensure safety. For the production, transportation, storage, and use of hydrogen as a fuel, it is
necessary to identify the hazards and ensure safety. In Najjar's study on hydrogen energy, these issues were
addressed and general information was provided [27]. To achieve net zero emissions by 2050, carbon-free
production of hydrogen energy must be achieved. One of the most suitable ways for this is the electrolysis way.
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Although electrolysis is an old technology, it is still very new to separate water and use it for hydrogen energy
production. There are studies on this, but it is still in its infancy. This is because hydrogen production from fossil
sources is currently more cost-effective.
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There are studies on the production of hydrogen by electrolysis, but these studies can be evaluated within the
field of chemistry. There are only a few studies in which hydrogen is obtained by electrolysis and its risk analysis
is done. In this study, 133 possible accident scenarios were evaluated for the system. The effectiveness of the
security measures was analyzed and the risks that may arise as a result of the hazards were evaluated with risk
matrixes [28]. Another study in which hydrogen production was done by electrolysis method and risk analysis was
carried out by Zarei et al. [29]. In the study, uncertainties in hydrogen release scenarios in hydrogen systems are
handled holistically and dynamically. The created model was applied to the electrolysis system and a clearer
understanding of the accident scenarios related to uncertainty was provided. In the studies on risk analysis and
evaluation in hydrogen energy, hazards in hydrogen filling facilities take the first place. Next, come studies
examining the risks associated with transporting hydrogen to storage areas. Hydrogen has a lower boiling density
due to its structure. In addition, the burning velocity is high with low ignition energy. It can be deflagration-to-
detonation-transition. For these reasons, fires pose a great danger to hydrogen plants. It is necessary to take
precautions to eliminate this danger.

There are several purposes for assessing risks. The first is to have detailed information about the activities and
processes in the system under study and to systematize uncertainties. The other is to assess and identify which of
these uncertainties are tolerable and which are not as a result of the analysis. Finally, it is determined what options
can be designed in the face of these uncertainties and what applications can be made to reduce the risk. There
are inherent uncertainties associated with most risk analysis, especially for complex systems and emerging
technologies. The hazard identification process is particularly challenging for industries where there is no
framework for systematic reporting of accidents and near misses. There is often insufficient data to estimate exact
and current expectation values for event frequencies. Finally, there is significant uncertainty often associated with
predicted outcomes. Therefore, the result depends not only on the choice of methodology, data, and tools but
also on the experience and competence of the personnel involved. Due to the lack of experience in relatively new
technologies and facilities such as hydrogen energy, all possible dangers should be taken into account. The
consequences of these dangers should be analyzed in advance so that the necessary measures can be taken.

In technologies up to nuclear energy, risk assessment was not seen as essential for energy production, but rather
the hazards were combated by trial and error. After nuclear power, risk research and assessment and making
appropriate arrangements have become a priority to prevent potential accidents. Along with the changing energy
sources, risk assessment methods applied to these technologies have also developed. The same is true for
hydrogen energy production. For this purpose, the HIAD (Hydrogen Incident and Accident Database) was created.
In this database, there is information about the accidents that occur in the supply chain from the production
process of hydrogen until it reaches the end user. The purpose of keeping this information is to guide future
accidents [30]. Various project frameworks were established for this study, in which academics and industry
representatives specializing in hydrogen energy sought to provide a basis that would allow the removal of safety-
related barriers to the application of hydrogen as an energy carrier.

In some of the studies on hydrogen safety, the hydrogen risk assessment model software toolkit called HyRAM
(Hydrogen Risk Assessment Models) is mentioned. In this model, a standard methodology is established, working
with relevant quantitative risk assessment and independent outcome analysis, to assess the safety of hydrogen
refueling and storage infrastructure [31]. The HyRAM toolkit integrates deterministic and probabilistic models to
quantify accident scenarios, predict physical effects, and characterize the impact of hydrogen hazards on people
and structures. The main purpose of the paper by Skjold et al. is to demonstrate the use of three-dimensional risk
management in the prototype of a hypothetical hydrogen filling station. It also addresses critical knowledge gaps
in understanding flame propagation, including the transition from flash to detonation. In the study, a scenario that
can be observed as a result of 672 gas emissions was created. While calculating the scenarios, the probability of
occurrence was calculated by multiplying the probabilities for the frequency of occurrence, the direction of the
leakage of the relevant leakage frequency, the wind condition, sudden (fire) - delayed (burning) ignition, and
ignition location [32]. There are similar studies in the literature on this subject, and one of them is the article by
the authors Groth and Hecht, in which the current situation and vision of Hyram is discussed. In this article, it is
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emphasized that certain points should be considered to improve the system. It is mentioned that various hazard
scenarios for using hydrogen infrastructure should include the possibility of progressing with the latest available
data, what are the characteristics of physical phenomena in hydrogen releases, what latest data are available to
predict the results in ignition events that may cause, and how modeling is done. In addition, subjects such as
observable physical values such as injuries and death numbers required to create systemic codes, comparison of
risks and facilitating the taking of necessary precautions as a result of this, and obtaining graphics that provide
convenience to the end user are emphasized [31].

In the article where HyRAM is explained in the most detailed way, it is stated that this platform was developed by
Sandia National Laboratories (SNL) for the Fuel Cell Technologies Office (FCTO) of the US Department of Energy's
Energy Efficiency and Renewable Energy Office (EERE). The use of a standardized platform to conduct a Hydrogen
Quantitative Risk Assessment (QRA) mentions that it was created to enable various industry stakeholders to
produce repeatable, verifiable results. The hydrogen gas emission and jet flame models used in the HyRAM
platform were validated against the available experimental and computational data for hydrogen in the parameter
range of interest for hydrogen transport systems. Probability data encoded in HyRAM was developed concerning
hydrogen data. This report provides technical documentation of algorithms, models, and data included in HyRAM
1.1 [33]. One of the databases containing hydrogen events is the Hydrogen Event Reporting Database, abbreviated
as HIRD. In the study, 32 hydrogen processing events selected from HIRD were analyzed to find out their root
causes. As a result of the study, a checklist with statistical values about their effects, causes and consequences has
been developed to avoid these events. Support for risk assessment is mainly directed towards the analysis of weak
points and system optimization. Extending incident analysis and documentation to support various aspects of risk
analysis is among the recommendations of this study [34].

It is undoubtedly important to benefit from databases and platforms when assessing risk for hydrogen production,
which is considered to be the technology of the future. When talking about hydrogen energy, it should not be
seen only as an energy source. Hydrogen is also used as a fuel in new technology vehicles. With the use of
hydrogen as a fuel in vehicles, new risk situations have emerged for hydrogen. Both the hazards that may occur
when hydrogen is used as a fuel and the hazards during the transportation and storage of the hydrogen to be
used for fuel should be carefully analyzed and analyses should be made for the risks that will occur. There are also
studies related to this. One of them is the work, which serves as a template for the implementation of a
performance-based design method for an outdoor hydrogen refueling station. Performance-based design refers
to the specification of a working procedure based on the Society of Fire Protection Engineers (SFPE) Engineering
Guidelines for Performance-Based Fire Protection Analysis and Design of Buildings. Code-based requirements are
based on the National Fire Protection Association's (NFPA) Hydrogen Technologies Code. Prescriptive
requirements are followed whenever possible and used as a point of comparison with performance-based design
to create a risk-equivalent design. Many prescriptive requirements in NFPA 2 are based on a quantitative risk
assessment process, but requirements such as bulk liquefied hydrogen separation distances have not been
updated as such. The SFPE Guidelines define a Fire Protection Engineering Design Brief that documents the early
parts of the design and serves as a record of all stakeholder agreements for the methods and performance criteria
to be used in evaluating trial designs [35]. Several countries are incentivizing the use of hydrogen (H,) fuel cell
vehicles, thereby increasing the number of hydrogen refueling stations (HRSs), particularly in urban areas with
high population density and heavy traffic. Therefore, it is necessary to assess the risks of gaseous hydrogen
refueling stations (GHRSs) and liquefied hydrogen refueling stations (LHRSs). This study aimed to perform a
quantitative risk assessment (QRA) of GHRSs and LHRSs. LHRSs present lower hazard risk than GHRSs. However,
both station types require additional safety barrier devices for risk reduction, such as detachable couplings,
hydrogen detection sensors, and automatic and manual emergency shutdown systems, which are required for risk
acceptance [36].

The lack of reliable data for on-site bulk liquid hydrogen (LH,) storage systems at gas stations limits the use of
QRAs. This hinders the ability to develop the necessary security codes and standards that enable the worldwide
distribution of these stations. This study focuses on identifying relevant scenario and probability data currently
available and identifying future data collection requirements regarding risks specific to liquid hydrogen releases,
through QRA-based analysis of an LH, storage system. The developed work consists of an analysis of a general
bulk LH, storage system design in a hydrogen fuel station. Based on this analysis, scenario, and reliability data
needs are identified to add LH,-related components to the QRA to improve the future safety and risk assessment
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of these systems [37]. There are many quantitative risk assessment studies for hydrogen refueling stations.
However, there is no study stating the general framework for all stations. In the study of Honselaar et al., the
quantitative risk assessment applied to hydrogen fuel stations in the Netherlands was examined and compared.
It has been determined what are the deficiencies and the aspects that need improvement [38]. Another study on
liquid hydrogen is on the liquefaction, transport, and storage of hydrogen. In the study conducted by Lowesmith
et al., it was stated that hydrogen transport as liquid is more advantageous than gas. The accidents that occurred
during the production, transportation, and storage of liquid hydrogen were compiled and the causes of the
accident were determined. Statistical evaluations were made on the results of the hazards [39]. Many articles have
been written about the dangers of leakage in hydrogen filling stations. Over the years, it has been possible to gain
more experience on the subject and to eliminate the dangers with the developing technology. Suzuki et al.
conducted a recent quantitative risk assessment on Japanese hydrogen filling stations [40]. Pu et al. studied the
leakage of liquid hydrogen in fuel filling stations and public vehicles. In the study, research was conducted on the
smoke distribution behavior and what causes it. Relevant hazards were identified and numerical research was
carried out [41]. Another risk analysis study related to leakage in hydrogen production plants was done by Chang
et al. In this study, a Dynamic Bayesian Network approach methodology is proposed for the risk of hydrogen
leakage. Recommendations that can be taken to reduce the risk of leakage of the hydrogen generation unit are
presented as critical events. When the relevant evaluations are made, it has been reported that the risk of accidents
will be significantly reduced when equipment maintenance and repair are planned and controlled [42]. In another
study on the gas hydrogen refueling station, the people affected by the gas leak were categorized. Personnel
working at the station were classified as first-degree affected, refueling customers second-degree, and passers-by
and those living nearby were classified as third-degree affected. How they were affected by the risk was evaluated
[43]. In a similar study, the same categorization was used, but only the results of the compressor's effects were
discussed when making the evaluation [44].
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Hadef et al. carried out risk analysis and evaluation studies on the hydrogen production system EGA-9000. In the
study, process safety analysis was applied with functional and non-functional methods. As a result of the analysis,
it was decided that additional security measures should be taken [45]. One of the comprehensive studies on
hydrogen safety is the statistical analysis of 120 events based on historical data. Based on the results of this
analysis, key issues related to hydrogen safety including hydrogen leakage and diffusion, hydrogen ignition, and
explosion are reviewed. The source of the hazards, the reason why they occur, and the solution method are stated
[46].

One of the resources used in the hydrogen production process is the natural gas reforming method. The study
describing the generation of hydrogen by the natural gas reforming process was done by Jafari et al. In this study,
hazard definitions related to the process were made and scenario frequency was estimated using literature data.
Quantitative risk methods were used in the study [47]. In the reliability risk model for a hydrogen production
facility in an oil refinery, a comprehensive risk analysis framework was created by analyzing major accidents [48].
He drew attention to the importance of using a risk simulator because of the large amount of data used in the
study. The explosion risk analysis (ERA) method can be used to investigate potential accidents that may occur in
hydrogen production facilities. Using this method alone suffers from significant parametric uncertainty. Thousands
of Computational Fluid Dynamics (CFD) scenarios need to be calculated to better understand the uncertainty.
These calculations create high costs. A stochastic procedure integrating Bayesian Regulatory Artificial Neural
Network (BRANN) methodology with ERA to effectively manage uncertainty and reduce stimulus intensity is
presented in this study. With the BRANN method, a lot of data about hydrogen distribution and explosion are
generated. The generated data is used to develop scenario-based probability models [49].

Another study on hydrogen infrastructure is on which phase of hydrogen use and transport poses less risk. An
attempt was made to determine the estimated hazard distance for each phase, as well as the frequency
assessments of risk screening for release, dispersal, fire, and explosion. An optimum design approach has been
demonstrated [50]. A comprehensive results analysis of liquid hydrogen boiling liquid expanding vapor explosions
(BLEVE) for both small and medium-sized tests has been carried out by evaluating hazard consequences such as
pressure waves and fireballs in liquid hydrogen vessels. Theoretical and analytical models were compared with
the experimental results and deficiencies were observed [51].
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The hazards in the hydrogen production and storage phase should not be identified as only leakage and explosion.
When the results of the accident are examined, there are other consequences arising from the fire. These results
can be personnel injuries and deaths due to plant/equipment failures caused by high temperature, radiant heat
flow, and explosion. A harm criterion is used to translate the consequences of an accident into the probability of
harming people, structures, or components. The article by LaChance et al. presents a survey of the different
methods that can be used to determine hazard criteria and makes recommendations on criteria that should be
used for hydrogen-related hazards [52]. Another study for fire and explosion events at hydrogen refueling stations
involved mapping the hydrogen refueling station surroundings with a grid-based risk map. In the study, the region
is divided into small parts so that it can be scanned more effectively and in detail. A risk analysis is made for each
small piece of settlement, then a collective risk map display is created [53].

A different methodology was used in the study by Kim et al., from the studies on hydrogen infrastructure
(production, distribution, and storage). This methodology is a convenient index-based risk assessment model. In
the model, the relative risk ranking of hydrogen activities was made and the hydrogen infrastructure was evaluated
using the relative impact levels of the different regions where the study was conducted [54].

Hydrogen is stored for different purposes. The first is to reuse hydrogen in power generation when needed.
Another is for fuel use by gaseous or liquefying hydrogen. The development of hydrogen storage technologies is
as important as producing hydrogen. Because energy can be stored in this era, which creates significant advantages
in energy choice. In the study of Moradi and Groth, developments in hydrogen storage technologies were
evaluated in terms of safety and reliability [55]. Proton exchange membrane fuel cells are used for hydrogen
storage and transport. In this study by Spada et al., a comparative risk assessment of energy-related accidents was
conducted by focusing on the hydrogen energy chain and selected fuel cell systems such as proton exchange
membrane (PEM), phosphoric acid (PAFC), alkaline (AFC) and molten carbonate (MCFC). Also in the study, the
framework created by PSI (Paul Scherrer Institut) for comparative risk assessment is used to comprehensively
assess accident risks for hydrogen energy chain and fuel cell systems in the EU28 and compare them with fossil,
hydro, and new renewable Technologies [56]. One of the most widely used methods for hydrogen production
today is methane steam reforming. Li et al. conducted a study to evaluate the dangers and possible risks of this
production method. A new methodology consisting of TOPSIS (Technique for Order Preference by Similarity to
Ideal Solution) and Fuzzy DEMATEL (The Decision Making Trial and Evaluation Laboratory) is presented in this
study to make a comprehensive risk assessment of the hydrogen production unit [57].

Simulation studies are also carried out to develop strategies to reduce problems in hydrogen safety. Computational
fluid dynamics (CFD) methods were used to analyze hydrogen leakage in a semi-enclosed ventilation plant. In the
first step, the technological risks of hydrogen were identified and characterized to create a so-called hydrogen
energy chain. Later, historical accidents related to the hydrogen chain were collected and added to PSI (Paul
Scherrer Institut)'s ENSAD (Energy-related Severe Accident Database) as a separate subsection. Different
combinations of hydrogen release pressure and leak hole size were considered in the study. The effectiveness of
forced ventilation in semi-enclosed spaces was also investigated. The hydrogen distribution in the aeration plant
was studied through experimental research and CFD simulation results were verified [58]. Another article
examining studies using the CFD technique was written by Abohamzeh et al. In the study, the works aiming to
ensure safety in hydrogen storage, transmission, and application processes has been examined, and mainly CFD
studies have been emphasized [46].

Making large-scale deployment and use of hydrogen successfully will require adequate risk control. Despite many
years of experience, in general, methods to determine risk lack still robustness: results are highly dependent on
choices made by the analyst due to uncertainties, lack of data, and divergent views. This can be disappointing
among people depending on the results. A paper talked about current methodological weaknesses and make
recommendations for improving quality. Scenario generation will leverage historical incident data and newer
methods such as Bayesian belief networks and will cover the entire hydrogen delivery system, not just garages
and refueling stations; analyses should more clearly present the confidence intervals for the results. Information
gaps will be identified and filled [59]. One of the first studies on the use of Bayesian networks in hydrogen safety
applications is the paper by Haugom and Friis-Hansen. In the content of this article, the advantages of using the
Bayesian network compared to fault trees and event trees are explained, and this superiority is proven over the
virtual hydrogen refueling station [60]. It has been chosen as the subject of another article about what the risk
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factors are in hydrogen logistics and how they affect it. While examining this subject, it has been evaluated from
the perspective of the network modeling approach. For the study, historical accident databases in hydrogen
logistics were examined and related event chains were created. Relevant dependencies have been identified [61].
Hydrogen energy can be transported via pipelines, just like natural gas. Pipeline transportation of hydrogen is
mostly similar to natural gas. The different chemical properties of the transported gases and their different
reactions to the effects reveal that a separate risk analysis and evaluation process should be performed. Related
to this, Lins and Almeida conducted a multidimensional risk analysis of hydrogen pipelines in their study [62]. In
another study on the risk analysis of hydrogen transport in natural gas pipelines, many failure events that may
occur along the pipeline are discussed. Individual risks in the event of hydrogen jet fire have been evaluated for
different scenarios [63]. Many studies have conducted risk assessment studies for the distribution and storage of
hydrogen. Moonis et al.'s work is about identifying the data we need to do this risk assessment, finding missing
hazard definitions to develop quantitative methodology, and what the gaps are in modeling and frequency
assessment. It determines the effects of using ammonia as a hydrogen carrier, and its regulatory applications on
hydrogen refueling or landfills [64].
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The efficiency of the gas mixture obtained with hydrogen mixed with natural gas is higher than natural gas. This
has commercial benefits. This will reduce both installation costs and end-user downtime. However, before
hydrogen can provide domestic heat, the 'risk' of its distribution in direct comparison to natural gas needs to be
assessed. Quantitative risk assessment has also been carried out for studies where hydrogen is mixed with natural
gas and given to the local network. Here, a comprehensive and versatile quantitative risk assessment tool has
been developed to assess the 'risk' difference between existing natural gas distribution networks and potential
conversion to a hydrogen-based system [65]. In another article examining hydrogen and hydrogen-containing fuel
gases, it was mentioned what their dangers could be. In this study, the explosion intervals of hydrogen and
hydrogen natural gas mixtures are shown. The dependence of the explosion limits of the mixtures on pressure
and temperature was investigated. Maximum experimental safety gaps have been determined for the classification
and assignment of mixtures made with hydrogen gas to explosion groups [66]. Other work on injecting hydrogen
into natural gas was done by Messaoudani et al. This study does not mention the safe transportation of hydrogen
mixed with natural gas, but it is mentioned that there is enough theoretical knowledge on this subject, but the
vastness of the experimental data gap [67].

When the studies are examined, there are several existing QRA tools including models developed and approved
for use in small-scale hydrogen applications. However, in the last few years, significant progress has been made
in the development and validation of deterministic physical and engineering models for hydrogen dispersion,
ignition, and flame behavior. In parallel, progress has been made in developing defensible probability models for
the occurrence of events such as hydrogen release and ignition. While models and data are available, using this
knowledge is difficult due to the lack of ready-made tools to integrate deterministic and probabilistic components
into a single analysis framework. This article written by Groth and Tchouvelev discusses the first steps of creating
an integrated toolkit to perform QRA on hydrogen transport technologies and proposes guidelines for expanding
the toolkit [68].

Many studies have conducted risk assessment studies for the distribution and storage of hydrogen. The work of
Moonis et al. is about identifying the data needed to conduct this risk assessment, finding the missing hazard
definitions to develop a quantitative methodology, and identifying what the gaps are in modeling and frequency
assessment. It determines the effects of using ammonia as a hydrogen carrier, and its regulatory applications on
hydrogen refueling or landfills [64].

The comparison tables of the studies we have mentioned regarding the risks in hydrogen energy are given in Table
1. Table 2 shows the usage area of hydrogen and the structural form of hydrogen in the hydrogen energy studies
examined.

4. Risk Analysis and Assessment Studies Related to Offshore Wind Energy
Offshore wind farms have a relatively new technology compared to other renewable energy types. For wind

turbines to operate with maximum efficiency, the wind must be continuous and the wind speed must be high.
Since the seas do not have any blockage compared to the land, they can offer more uninterrupted wind. In
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addition, the fact that more offshore wind turbines are larger than onshore wind turbines does not cause any
environmental and visual problems. They can have higher energy power. But there are big gaps in where, how,
and under what conditions the turbine should be installed. For this, various disciplines come together and try to
achieve the optimum result. The location, installation, construction, maintenance, and repair of offshore wind
power plants and the formation of energy transmission lines contain many dangers. It is necessary to benefit from
various databases, simulations, and analyses to predict the risks that may occur. However, data on offshore power
plants and the challenges they face are difficult to find. Since offshore gas and oil fields are based on an older
history, a database has been created on these subjects. There are similarities between offshore wind farms and
other offshore gas and oil power plants in terms of environmental, logistics, and accessibility. There are only major
differences in operational terms. For these reasons and more, it is necessary to establish a database on this subject
[72].
Table 1. Comparison table on hydrogen energy risk studies

Reference Method
FDEMATEL BT™M DNT BWM DBN CFD FA QRA FEA HAZID FAST HAZOP RM ETA PRA ERA BN GRMM FMEA RIM TOPSIS NA

[28] v
[69] v v v v

32 v v
[33]

[35]

[36]

[37]

[70]

[391 v
[40]

[41] v
[42) v

[43]

[44]

45) v v

[46] v

[47] v

[48) v

[49] v v v

[50] v

[52] v

[53] v v

[71] v v

[57) v v
[58]
[59]
[60] v v

[61] v
[63] v

(64] v v

[65]

[66] v

[68] v

AR NA N N NN

AN

ANRN

Abbreviation: Risk Matrix (RM), Bow-tie method (BTM), D Numbers Theory (DNT), Best-Worst Method (BWM), Dynamic Bayesian Network (DBN),
Computational fluid dynamics (CFD), Frequency analysis (FA), Quantitative risk assessment (QRA), Finite element analysis (FEA), HAZID, Functional
Analysis System Technique (FAST), HAZOP (HAZard and Operability), Preliminary Risk Analysis (PRA), Event Tree Analysis (ETA), Explosion risk analysis
(ERA), Bayesian network (BN), Grid-based risk mapping method (GRMM), Failure mode and effects analysis (FMEA),Risk index method (RIM),Fuzzy
DEMATEL (FDEMATEL) ,TOPSIS, Network Analysis (NA).

In this study, a limited number of articles on offshore wind turbines and power plants have been compiled within
the risk framework. Some of the articles are related to maintenance and repair, some to the main part of the
turbine and some to the supply chain of wind turbines.

The study by Mogre et al. is about the measures that can be taken to reduce the risks that may occur in the supply
chain network in the offshore wind industry. In the study, the relevant literature was scanned and some gaps
(such as probability estimation, choice of measure, and assessment of interdependence of risks and precautions)
were identified. It is stated that these gaps will be covered with the new decision support methodology to be
created [73]. In the study by Dinmohammadi and Shafiee, a different methodological perspective was brought to
the risk assessment approach applied to offshore wind turbines. In studies using traditional FMEAs (Failure Mode
Effect Analysis), fuzzy set theory was used to clarify expert opinions. The Fuzzy FMEA and Gray theory approach
were evaluated on the same data and the results were compared [74]. In the study of Leimeister and Kolios, risk
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analysis studies on the offshore industry were compiled and separated by various classifications. As a result of the
study, it was observed that qualitative methods were predominantly used due to the lack of sufficient and reliable
data in this industry branch [75]. Shafiee's work is a fuzzy analytical network process study to reduce the associated
risks in offshore wind farms. The risks specified herein as related risks are; Changes in offshore site layout,
Improving maintenance services, Upgrading control and monitoring systems, and Changing the design of wind
turbine sub-assemblies are the risks that are predicted to be mitigated [76]. In the study by Luengo and Kolios,
the failure modes of offshore wind turbines were defined and various scenarios were discussed for offshore wind
turbines that completed their working life [77]. Drilling should be done according to the turbine foundation type
to be used when constructing offshore wind farms. Khadzad et al used the bow tie and bayesian network approach
to analyze the risks in offshore drilling operations. It has been reported that using the Bayesian network method
provides more value than using the bow tie method [78].
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Table 2. Risk studies related to hydrogen energy, areas where hydrogen is used and the structural form of hydrogen

Reference Application Area The form of hydrogen
Production Construction  Operation and maintenance ~ Gaseous  Liquid

[27] v v v
[69]
[32]
[33]
[34]
[39]
(42]
[44]
[45] v

[46] v v
[47]
(48]
[49]
[51]
[52] v
[53]

[71] v
[55]

[57] v
[58]

[59]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

ASANRN AN
AN
AN N N N
AN N N N N N N U N NN NN
AEN

ANANA N NN YA
AN N NN

Working in open sea conditions involves different challenges than working on land. It is necessary to analyze these
difficulties and the risks posed by these difficulties. These difficulties cause occupational accidents such as slipping,
tripping, and falling from height. In the study of Song et al., a dynamic risk assessment was made for the reduction
of occupational accidents, which is called STF (slips, trips and falls from height) for short. Bayesian network
approach and bow tie method were also preferred in this study [79]. Offshore wind turbines may differ according
to their basic structure. Although not very common yet, it is thought that the use of floating offshore wind turbines
will increase day by day. Zhang et al. have conducted a study to have the necessary breakdown and maintenance
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information for wind turbines with this foundation type. In the study, the system components were examined, the
interrelationship network between them was created and the failure modes analysis was made [80].

In the article written by Tafladinis et al., a risk measurement and assessment was made for an offshore wind
turbine exposed to extreme wind and wave conditions. In the study, a simulation study was carried out on the
probabilistic characterization of uncertainty. Different risk quantifications are discussed [81].

Nielsen and Sorensen's work is also related to the maintenance of offshore wind turbines. In the study, which
evaluates the costs for a single-component wind turbine, it is mentioned that maintenance that is not done on
time and properly poses a risk. Risk-based maintenance alternatives are emphasized [82].

In the study of Chou et al., the cause of the accidents occurring during the construction and operation phases of
the offshore wind power plant is investigated. Risk management practices at the operational stage were examined.
It is in a structure that can be used as a predictive guide for the offshore wind farm personnel planned to be built
shortly [83].

Staid and Guikema tried to establish a risk analysis framework for the offshore wind turbine, which was planned
to be built for the first time in the United States at the time of the study. An answer has been sought to the
question of what dangers the power plants to be built may face in ocean conditions. It has been tried to find
answers to the questions of how the risks that may arise as a result of these hazards affect the system [84].

Kang et al. chose the floating turbine model as the offshore wind turbine foundation structure and made a risk
assessment based on this basis. The floating turbine foundation structure is still under development and unlike
other turbines, it is not driven into the ground with solid piles. It floats on the water with its pontoon system. This
situation poses different dangers. In this study, different risks that may occur were evaluated and FMEA application
was made together with the PNET method, and the results were evaluated [85].

Gkoumas used Hierarchical Holographic Modeling to analyze the risk of offshore wind turbines in his study. Along
with this modeling, he created a large number of risk scenarios organized hierarchically into clusters and subsets
[86].

Alvarez et al. used genetic algorithms and simulation methods to manage and, if possible, reduce risks in offshore
wind farms. Thanks to these methodologies, generation strategies, and plant layout designs were optimized. In
addition, experimental results have been obtained by simulation for the piles to be driven into the seabed
depending on the turbine foundation structure [87].

Zhou and Yang conducted a risk management study using the AHP (The analytic hierarchy process) method in
distributed wind energy. They classified and evaluated the risks as economic, political, social, and technical risks
[88].

Another risk factor for offshore wind farms is bird collisions. Migratory birds migrate towards warm regions during
certain seasons and do this in flocks. Offshore wind turbines should not be deployed in these areas. However, this
environmental factor has not been taken into account in previous studies. Related to this issue, Desholm and
Kahlert conducted a study investigating the risk of bird collisions in offshore wind farms in Denmark [89].

Creating a database for offshore wind farms is an extensive, difficult, and costly activity. This is an important task
for offshore wind farms with huge energy potential at a time when renewable sources are being turned to to
provide the energy consumed on their own. As a result of this study, the risks of power plants can be evaluated
in an integrated way. In his study, Ram emphasized that offshore wind power plant decision-makers and
stakeholders should have an integrated database to be informed [90].

Various risks may occur during the construction of an offshore wind turbine. Various hazards may occur while
loading, transporting, and assembling the turbine parts on the crane. Apart from these, there are additional
difficulties brought by the working environment. Bai et al. conducted a study to rate and evaluate the risks posed
by these hazards [91].
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Gatzert and Kosub present a comprehensive study of the risks of onshore and offshore wind parks. Various sector
researches were evaluated mutually and the appropriateness of the risks was determined. The main point of the
study is whether the current insurance products cover the risks and if so, to what extent [92].

The comparison tables of the studies we have mentioned regarding the risks in offshore wind energy are given in
Table 3.
Table 3. Comparison table for offshore wind energy risk analysis and assessment literature review

Authors Year Application Area Method
Supply  Construction  Operation and 055  FMEA  FFMEA  ANP  AHP FANP BTM BN ss FTA  DFTA BPDT  DEMATEL  PNET PRA  HHM GA  SM  RPNM
Chain maintenance

(Hameed et 2011
al.)

(Mogre et 2016 v v

al.)

(Dinmoham 2013 v v v

madi &

Shafiee)

(Shafiee) 2015 v v v v

(Luengo& 2007
Kolios)

<

(Khakzad et 2013 v v v

al.)

(Song etal.) 2016 v v v v v

(Zhang et 2016 v v v

al.)

(Taflanidis 2013 v v

etal.)

(Nielsen& 2011 v v

Sorensen)

(Chou etal.) 2021 v v v

(Kangetal.) 2017 v v v

(Gkoumas) 2010 v v v

(Alvarezet 2018 v v v
al.)

(Zhou & 2020 v v v

Yang)

(Ram) 2011 v v

(Baiet al.) 2012 v v v v v

Abbreviation: Decision support systems (DSS), Failure Mode and Effects Analysis (FMEA),Fuzzy FMEA (FFMEA), Analytic Network Process (ANP),
Fuzzy ANP (FANP), Analytical Hierarchy Process (AHP), Bow Tie Methodology (BTM), Bayesian Network (BN), Fault Tree Analysis (FTA), Dynamic
FTA (DFTA), Stochastic Simulation (SS), Bayesian pre-posterior decision theory (BPDT), Decision-Making Trial and Evaluation Laboratory
(DEMATEL), Probability Network Evaluation Technique (PNET), Probabilistic Risk Analysis (PRA), Hierarchical Holographic Modeling (HHM),
Genetic algorithm (GA), simulation model (SM), Risk Priority Number Method(RPNM)

5. Discussion

When the studies are examined, it has been observed that risk analysis and evaluation studies on hybrid energy
systems have not been carried out. The examined hydrogen energy studies and offshore wind energy studies are
very scattered from a risk perspective. As of yet, no developed database for offshore wind energy describes the
causes and consequences of past accidents. This is a major disadvantage for researchers who want to do risk
analysis and assessment studies. Offshore gas and oil explorations are leading in this regard. There are databases
created on hydrogen energy. The usage area of hydrogen energy alone is quite wide. The database is built on a
very large area. The hydrogen energy analyzed in this paper is the part that can be used and stored for electrical
energy. But in terms of risk, all hydrogen energy studies are mentioned above.

Since hydrogen has the potential to create danger due to its structure, risk studies are carried out intensively. It is
necessary to carry out risk mitigation studies such as the fact that the region where hydrogen is located is not
located very close to the residential area, the creation of protection barriers for human safety and the strengthening
of structures [53]. Studies should be carried out not only to reduce the potential risk, but also to eliminate the
factors that pose risk in the first place. The quality assurance process is important for this [30]. The development
and selection of an appropriate risk mitigation strategy for offshore wind farms is a very complex and critical task
[76]. Effective risk mitigation and prevention tools are needed for the development of this energy sector [74].

While creating this study, it was considered to generate electricity with an offshore wind power plant and supply
it to the grid. In renewable energy types, due to their nature, energy should be consumed as soon as it is produced.
In case of low electricity demand supplied to the grid, it should be able to be stored and reused whenever required.
Thanks to the research and developing technology, electrical energy storage studies are carried out. Hydrogen
energy is a good alternative for energy storage as well as generating electrical energy. The excess energy generated
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can be used for electrolysis with platforms to be built on the sea. Hydrogen obtained by electrolysis of seawater
can be stored in tanks. If desired, the hydrogen stored in the tanks can be used for different purposes — raw
materials for different industries, energy sources, and fuel for hydrogen vehicles.

For these power plants to work properly and uninterruptedly, the system should be evaluated as a whole and the
situations that would prevent the system from working should be eliminated. For this reason, this study will guide
the joint evaluation of risks in hybrid energy systems and find solutions.

6. Conclusion and Policy Implications

When the literature for hydrogen energy is searched by the terms risk, risk analysis and assessment, hazard, safety,
and reliability, the articles after 2010 are mentioned above. Most of the articles are about the use of hydrogen as
a fuel in new-generation vehicles. Qualitative and quantitative risk analysis methods were applied for the
precautions to be taken against the risks of leakage, explosion, and fire during the transportation, storage, and
filling of liquid and gaseous hydrogen at hydrogen filling stations and for possible results. In addition, hydrogen is
a substance that can be produced by different methods. The risks that may occur according to the production
method are different. The risks and effects that may occur for several different production methods are stated in
related studies. In some of the studies carried out to predict the hazards related to hydrogen, simulation programs
were used and risk assessments were made for possible accidents. In addition, there are many studies describing
hydrogen databases, how they work, and how they rank risks.

Although offshore wind power plants are similar to onshore wind power plants, they face different dangers due
to their environment. These differences bring along various risks during installation, omaintenance repair, and
energy transfer. Risk analysis and assessment studies related to offshore wind power plants are not sufficient. If
the previous studies are to be classified, they are mainly related to the construction of the wind turbine. Offshore
wind turbine basic structures are diverse. Starting from the drilling for the foundation, the logistics of the turbine
materials, and the risks that may occur during the construction of the turbine, the majority of the studies are
carried out. The risks posed by ships arriving for maintenance-repair, the risks posed by delayed maintenance for
the turbine engine room, the risks posed by the impact of migratory birds, and the risks occurring in the working
equipment of the turbine due to environmental effects are the subject of other studies.

In this century, when countries with energy resources are stronger, countries want to gain their energy
independence. In countries that do not have fossil resources, what needs to be done is to develop the power of
renewable energy sources. Ensuring the supply-demand balance in energy with their resources is the most
important point that countries take into consideration while executing their energy policies. To ensure this energy
policy, energy production must be sustainable. One of the factors that ensure sustainability is to make risk analyses
and assessments correctly and to ensure energy production and distribution. The study provides all the necessary
information to serve this purpose through a conceptual study.
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