Proceedings of the 2nd GCC International Conference on Industrial Engineering and Operations
Management Muscat, Oman, December 1-3, 2024

Proceedings of the International Conference on Industrial Engineering and Operations Management

Publisher: IEOM Society International, USA DOI: 10.46254/GC02.20240045
Published: December 01, 2024

Insight into Future Directions for the Utilization of Green
Hydrogen in Oman

Ibrahim Al-Mamari, Saif Al Ruhaili, Eman Al Naamani and Milad Heidari
Mechanical Engineering Department
Global College of Engineering and Technology
Muscat, Sultanate of Oman
202211261 @gcet.edu.om, 202021012@gcet.edu.om, eman@gcet.edu.om, milad@gcet.edu.om

Abstract

This study explores Oman's strategic approach to utilizing green hydrogen as a key component of its plan to reach net
zero emissions by 2050. The study aims to contribute to a more sustainable energy future by addressing the technical,
economic, environmental, and policy aspects of green hydrogen utilization in Oman. A comprehensive conceptual
framework is presented, and the methodology involves a combination of qualitative and quantitative analysis. The
study also provides insights into Oman's current and future roadmap for green hydrogen, detailing ongoing projects
and outlining production goals. The methodology section explains a two-tiered approach involving structured surveys
and interviews with experts in renewable energy. The analysis of survey responses reveals a consensus among
participants on various key aspects. Respondents generally agree on the ease of determining the global benefits of
green hydrogen, acknowledge the early-stage development of the market, emphasize the role of economic incentives
and policies, express optimism about future technological advancements, and highlight manageable safety and
environmental concerns associated with green hydrogen production. It also delves into the ranking of barriers
hindering green hydrogen development, with a focus on high initial costs, limited renewable energy resources, market
demand and acceptance, infrastructure development, regulatory challenges, technology readiness, and financing and
investment. Furthermore, the study explores drivers supporting the utilization of green hydrogen in Oman, with
abundant renewable energy resources identified as the most significant driver.
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1. Introduction

Oil and gas exports, which in recent years have made up about 60% of all export revenue, are the economic backbone
of Oman. In 2022, Oman claimed that it would generate significantly more domestic hydrogen using green electricity
and would reach net zero by 2050. The nation is ideally placed to create substantial amounts of renewable hydrogen
and hydrogen-based fuels like ammonia due to its high-quality renewable resources. The infrastructure for fossil fuels
may be utilized or changed over to low-emission fuels, and Oman has a lot of land that can be used for large-scale
projects. Oman can generate and export renewable hydrogen and ammonia at a price that is competitive by the end of
this decade while also boosting the share of renewable energy in its power grid (IEA 2023).

This study intends to examine Oman's strategic strategy for using green hydrogen, which will be based on the nation's
priorities, resources available, and the objectives set by the government and important stakeholders. The project's
scope will also cover the generation, storage, distribution, and use of green hydrogen in a variety of sectors.

This study intends to shed light on Oman's adoption of green hydrogen technology and the potential and difficulties it
faces, ultimately promoting a more robust and sustainable energy future. A variety of variables, including personal
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experience and the opportunity for corporate growth, combine to make the enormous potential for green hydrogen in
Oman an appealing topic for investigation. My understanding of the technological, economic, environmental, and
policy aspects of green hydrogen in Oman will help Oman as well as the larger worldwide endeavor to use hydrogen
as a clean and sustainable energy carrier.

1.1 Objectives
These research questions can serve as a starting point for investigating different aspects of utilizing green hydrogen
as a fuel, addressing technical, economic, environmental, and policy considerations.

» How can the integration of green hydrogen into existing energy systems be optimized to maximize its
benefits and minimize disruptions?
» How can the infrastructure for green hydrogen be built to facilitate its widespread acceptance as a fuel?
» What are the safety considerations and potential challenges associated with storing and handling green
hydrogen as a fuel?
» What regulations and incentives are required to encourage the use of green hydrogen as a fuel in a variety
of industries and applications, including transportation, manufacturing, and household usage?
A conceptual framework for utilizing green hydrogen serves as a structured approach to understanding, planning, and
implementing green hydrogen projects and initiatives. Fig. 1 is a comprehensive conceptual framework for utilizing
green hydrogen in Oman.

2. Literature Review

A. Hydrogen Demand and Safety

In 2021, the demand for hydrogen increased to 94 million tonnes (Mt), surpassing pre-pandemic altitudes (91Mt in
2019), and contains energy equivalent to around 2.5% of the world's total final energy consumption. Although demand
for novel applications increased to roughly 40 thousand tonnes, most of the growth was due to conventional usage in
manufacturing and refining (IEA 2022).

A crucial component of making the shift to a low-carbon, sustainable energy future is ensuring the safety of green
hydrogen production. While green hydrogen has numerous positive environmental and economic effects, it must be
produced, stored, and transported securely to avoid accidents and safeguard the environment and human health. The
following are some crucial factors for safe green hydrogen production:

= Typically, green hydrogen is created by electrolyzing water, which uses electricity to separate water
molecules into hydrogen and oxygen. Electrolysis systems must be designed and maintained to prevent
electrical hazards, including electrical shorts and fires. Proper grounding, insulation, and electrical safety
measures are essential. To improve the production of hydrogen gas with greater efficiency, electrolyzers
normally run at high pressure. The pressure system may represent a risk of rupture or explosion if it is
improperly built or maintained, which could result in serious injury or property damage (Rossi 2023).

= Hydrogen is a highly flammable gas, and safety precautions are necessary when handling and storing it.
Proper ventilation, gas detection systems, and explosion-proof equipment should be in place. Hydrogen leaks
should be promptly detected and addressed to prevent the accumulation of potentially explosive
concentrations. It is risky to produce and consume hydrogen. Air and hydrogen mixtures have the potential
to be very explosive. Never smoke near a location where hydrogen is produced or used. And eliminate any
sources of fire and sparks. Only in an area that is well-ventilated outside should hydrogen be produced and
consumed to eliminate the possibility of fire or explosion, precautions must be taken (Brenner 2019).

= Different states of hydrogen, such as gaseous hydrogen, liquid hydrogen, and hydrogen carriers, among
others, can be conveyed. The most typical cargo for tube trailers to transport is gaseous hydrogen. It is
frequently carried as a liquid when great-volume hydrogen transfer is required. Liquid and solid hydrogen
carriers are examples of hydrogen carriers that store hydrogen in other chemicals rather than as free hydrogen
molecules (Yang et al. 2020). Safety measures for transportation include proper labeling, leak detection
systems, and adherence to transportation regulations.
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=  Certain materials, like metals, can interact with hydrogen, potentially causing hydrogen embrittlement or
other material-related safety issues. Hydrogen service compatibility is required for all materials and
equipment used in green hydrogen production. Conduct extensive risk analyses to identify and reduce any
potential dangers related to the production of green hydrogen. This may entail danger detection, risk
assessment, and the creation of risk mitigation plans (H2 Tools 2020).

= Facilities producing green hydrogen should be equipped with detailed emergency response procedures. This
includes providing access to safety tools like fire extinguishers and personal protective equipment, as well as
training for staff members on how to handle incidents involving hydrogen. Early intervention and warnings
can reduce physical damage to buildings and other property, save lives, and improve resilience. Every
company needs to create and implement an emergency plan to safeguard its personnel, clients, and customers
(Ready 2023).

= It is crucial to adhere to all applicable local, national, and international safety norms and standards. The
requirements for emergency response, equipment standards, and safety procedures are frequently outlined in
these regulations. Industrial policies can be implemented in a variety of ways. For example, they might
aggressively pressure industry stakeholders to alter the status quo, render the use of fossil fuels less appealing
to investors, or create an atmosphere that encourages investment in green hydrogen (IRENA 2022).
B. Technological Innovation and Market Development

The widespread use of green hydrogen will depend on innovation in methods for combustion, storage, and
transportation that reduce costs and increase efficiency. According to IRENA, key strategies include better electrolyzer
design and construction, and economies of scale replacing scarce materials with abundant metals. This leads to
increasing efficiency and flexibility of operations and learning rates with high technology deployment in line with a
1.5C climate target. Therefore reducing the investment costs for electrolyzer plants by 40% in the short term and 80%
in the long term (IRENA 2022).

Major corporations must demonstrate a larger demand for green hydrogen, especially in more demanding industrial
sectors. To encourage investment in this nascent market, new business models must be created. Standardized
contractual procedures will eventually make it simpler for more energy consumers to purchase green hydrogen. Market
expansion will probably be crucial for industrialized economies, but clean hydrogen represents a large sustainable
growth opportunity for emerging nations, which, with targeted and significant investment, may comprise roughly 70%
of the US$1.4 trillion market in 2050 (Deloitte 2023).

C. Green Hydrogen Applications

Modern industrial uses for hydrogen predominate. The main four individual usages of hydrogen nowadays (in both
pure and mixed states of hydrogen) are the following: steel manufacture through direct reduction of iron ore (3%),
ammonia production (27%), methanol production (11%), and oil refining (33%). This hydrogen is essentially all
provided by fossil fuels. Today, natural gas is used to produce more than 60% of the hydrogen that is used in refineries
(IEA 2019).

Due to the absence of moving parts, fuel cells increase the vehicle's efficiency and quietness. Heavy-duty tractor-
trailers and public transportation buses, which frequently travel hundreds of miles, are perfect candidates for hydrogen
fuel since it enable vehicles to travel farther distances with less recharging. Public buses and drayage trucks fueled by
hydrogen fuel cells are examples of zero-emission vehicles that can idle without polluting the environment. One
kilogram of hydrogen is sold, and one gallon of gasoline has the same amount of energy as one kilogram of hydrogen.
Like gasoline at the pump, hydrogen can fill a car's tank in a matter of minutes. There are currently more than 12,000
hydrogen fuel cell-powered vehicles and over 70 buses on the road in the United States, supported by roughly 50 fuel
stations. Currently, hydrogen costs around $13 per kilogram (kg), but as technology develops and prices fall, hydrogen
fuel will become more widely available and less expensive.

For using pure hydrogen, a spark-ignited gas engine must have its fuel injection system and combustion chamber
modified, and it must use components that are compatible with hydrogen. According to the EUGINE Hydrogen-Ready
Concept, the adjustments are anticipated to result in a 30% increase in plant costs. It is anticipated that the power
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density will drop to 73%. According to the findings of our tests, efficiency is predicted to stay at the same level as for
natural gas, but CO2 equivalent emissions will be very low (Williams 2021).

D. Current and Future Roadmap for Green Hydrogen in Oman

The nation is well situated to create significant amounts of renewable hydrogen and fuels based on hydrogen. Due to
its strategic location and easy access to important import markets like Europe and Japan, the sultanate profits from
excellent renewable solar and wind resources (including onshore wind and solar PV). Additionally, Oman has enough
land for large-scale construction projects and ready-to-use fossil fuel infrastructure that can be converted to low-
emission fuels. The nation has extensive experience in processing and exporting LNG and ammonia, both of which
are closely related to renewable hydrogen and hydrogen-based fuels. In handling and exporting LNG and ammonia,
which are both directly relevant to renewable hydrogen and hydrogen-based fuels, the nation has vast experience.
Oman has the potential to be one of the most competitive producers of renewable hydrogen. The installed capacity of
all electrolyzers is expected to increase by a factor of about 300 by 2030, resulting in a reduction in capital costs of
70% under the present worldwide pipeline of hydrogen projects. By the end of the decade, Oman's cost of
manufacturing renewable hydrogen might be as low as USD 1.6/kg H2 (Virgilli 2023).

The coastal regions of Oman, such as Dhofar and Al Wusta, benefit from favorable wind patterns. In comparison to
solar energy, wind power demonstrates complementing qualities. Wind typically blows more forcefully at night and
in the winter, which offsets the intermittent nature of solar power and allows for a more reliable supply of renewable
electricity. Oman is blessed with abundant renewable resources, making it one of the most alluring places in the world
to create green hydrogen on a huge scale and at a low cost. As a result, Oman has established challenging goals for its
green hydrogen production to meet its zero-emission goal by 2050.

»  Current Projects for Green Hydrogen Energy in Oman
A subsidiary of Energy Development Oman SAOC (EDO), Hydrogen Oman SPC (Hydrom), has signed three
agreements totaling more than USD 20 billion that give the Sultanate of Oman's first green hydrogen blocks.

The contract was awarded to a consortium made up of Copenhagen Infrastructure Partners (CIP), Blue Power Partners
(BPP), the first of two blocks (Z1-01) in the public auction process that was initiated last year, and Al Khadra, a
member of Oman's Hind Bahwan consortium. The consortium will use the 4.5 GW of installed renewable energy
capacity to generate around 200,000 KTPA of green hydrogen for the planned green steel plants in the Port of Duqm,
inside the Special Economic Zone at Dugm (SEZAD), in the Special Economic Zone at Dugm. The second project,
which was approved by BP Oman, focuses on developing green hydrogen for ammonia manufacture and export. Block
Z1-03's installed renewable energy capacity is 3.5 GW, and this project's expected yearly production of green
hydrogen is 150 KTPA. A third project for producing green hydrogen and its derivatives was signed with the Green
Energy Oman (GEO) consortium. Members of the partnership include InterContinental Energy (ICE), Oman's
integrated energy firm OQ, Oman Shell, Kuwait's energy investment EnerTech (ETC), and Golden Wellspring Wealth
for Trading (GWWT). In Block Z1-04, this project is anticipated to generate up to 150 KTPA of green hydrogen using
4 GW of installed renewable energy capacity (Balushi 2023).

» Green Hydrogen Production and Future Possibilities to Expand
To meet all of the existing hydrogen demand in Europe, Oman aims to produce at least 1 million tons of renewable
hydrogen annually by 2030, up to 3.75 million tons by 2040, and up to 8.5 million tons by 2050. The 2040 hydrogen
goal would be equivalent to 80% of Oman's current LNG exports in energy terms, while the 2050 target would
approximately triple them (IEA 2023).

Oman has developed natural gas transmission pipelines totaling more than 4000 km. owned by OQ Gas Networks
(OQGN), the only company in the Sultanate of Oman responsible for the network's operation and delivery of natural
gas. The introduction of green hydrogen gas in Oman could be sped up by utilizing the already-built natural gas
foundation. Carbon steel is used to construct transmission pipelines for both natural gas and hydrogen. However,
hydrogen-specific codes, like ASME B31.12 for inland hydrogen pipelines, tend to be more severe than their natural
gas equivalents since hydrogen may be less ductile, more fracture-prone and have a higher rate of fatigue development
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than natural gas. Because hydrogen and other gases have different chemical properties, this can speed up the
deterioration of pipes by causing hydrogen embrittlement, which causes fractures to form in the steel.

Although recycling is the most cost-effective solution, there are specific situations when new pipes must be built to
transport hydrogen. This is because there may not always be an existing pipeline connecting the sites where anticipated
hydrogen production and demand will take place with the natural gas pipeline already serving consumers. However,
if fresh hydrogen pipelines follow existing natural gas pipeline routes, some development processes could be skipped,
saving time and money. For instance, land ownership and right-of-way permits may already be in place. By leveraging
an existing pipeline route, planning and permitting processes, which can take years, may go more quickly.

Oman has a significant chance of developing salt basin reserves, including six salt domes that pierce the surface. The
technical criteria for selecting possible salt deposits required that the salt domes have a suitable depth, salt thickness,
and size. The projected working gas volume of hydrogen at two of the salt domes, Qarn Shamah and Qarn Alam, was
roughly 90 m3 hydrogen (0.2 TWh), which was a good potential. Potential concerns related to the gas itself and the
environment may result from storing hydrogen underground. The three main concerns associated with salt caverns are
(1) salt characteristics, (2) geological factors and (3) storage cavern architecture. However, using salt caverns for
underground hydrogen storage ensures the safety of storage with less risk of explosion, less surface area for storage,
and much lower costs than traditional reservoirs of comparable capacity on the ground. It also allows for the possibility
of use for storage up to ten times per year (Al Rizeiqi et al. 2022).

Fortunately, there is a lot of potential for solar and wind energy in the Dugm. The intermittent nature of H2 generation
from wind and solar energy can be managed by using that energy to manufacture it and store it in salt domes. It says
the distance between the Dugm region and the Qarn Shamah salt dome is only 150 kilometers.

3. Methods

This research technique will combine both qualitative and quantitative analysis to produce a well-organized and
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Figure 1. Conceptual Framework

thorough response to the research questions (Figure 1). In contrast to the quantitative technique, which assists in
measuring data and supplying numbers to provide a comprehensive perspective, the qualitative method aids the
visualization of information. Interviewing experts in Oman's renewable energy initiatives is how the core study is
conducted. The secondary data is taken from published works like books, journals, and articles as well as web data.
These techniques will aid the author in providing accurate results, increasing the significance and validity of the study.

The available population to survey and interview is naturally limited by the specialized area of study. The research
question is focused on determining facts rather than public perceptions or opinions. Whilst it would be interesting to
survey the general populous to determine general awareness of green hydrogen application developments, that is not
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part of the scope of this dissertation and as such surveying large numbers of people without specialist knowledge is
of little merit.

Even those working within the energy environment do not necessarily have the requisite experience to contribute to
the study, unless they operate within the field of renewable energy, and are senior enough within the organization to
have first-hand experience of managing the introduction of green hydrogen developments.

Due to this limited set of available expertise, it was concluded that a two-tier approach to survey and interview would
be conducted as described below.

4. Data Collection

A. Tier 2 interview and survey

The intent of Tier 2 is to capture data from the maximum practical population from the intersecting set described the
target being 5-7 participants. A structured interview was proposed to ensure the consistency of questions and the
avoidance of bias. A hybrid survey and interviews were developed which used a predefined list of closed questions.
The responses to these questions (the survey) were then used in a logical sequence of further open questions (the
interview) to explore more fully the participant’s views as illustrated below:

Step 1: Participants were asked to respond to 6 statements (from strongly agree to strongly disagree). These statements
are presented on “flashcards” shown in Appendix A. These were created to allow the participant to read and if
necessary re-read the statement to ensure it had been properly understood before responding. It also avoided any
possibility of verbal emphasis by the interviewer.

Step 2: Where participants disagreed or strongly disagreed with statements, then they were asked to elaborate why
they disagreed.

Step 3: Participants were asked to rank “barriers to successfully utilize green hydrogen in Oman”. Seven flashcards
were placed randomly in front of them to be placed in priority order by the participant. No numbering was used to
avoid the possibility of unconscious bias.

Step 4: Participant was then asked to comment on why they had ranked the top flashcard as the number 1 barrier. The
participant was then asked to propose how this barrier might be overcome in the future.

Step 5: Participants were asked to rank “factors driving the utilization of green hydrogen in Oman”. Seven flashcards
were placed randomly in front of them to be placed in priority order by the participant. No numbering was used to
avoid the possibility of unconscious bias.

Step 6: Participant was then asked to comment on why they had ranked the top flashcard as the number 1 barrier. The
participant was also asked to propose how this barrier might be overcome in the future.

The statements were deliberately designed to be “positive”, such that if a respondent agreed, then no further
explanation or discussion was merited, but those interviewees disagreeing with the statement were asked to explain
why, as this was of much more significance to the research.

B. Tier | interviews

These interviews intended to provide final triangulation of the previously undertaken research using Seniors /
Managers interviewees to provide insight from a strategic perspective. Unlike the structured Tier 1 interviews, these
were designed as Tier | surveys to ensure that the discussion was directed toward the research objective, the interview
was to be semi-structured — using each of the five research objectives as a theme for discussion.

One of the objectives of the Tier 1 interview was to allow enough freedom of discussion to discover angles not
previously considered in research. Given the seniority of the interviewee, 2-3 participants were targeted.
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C. Interview Conduct
Both Tier 1 and Tier 2 interviews were conducted according to the following format.

1. Introduction by Interviewer

a. Overview of research question and objectives

b. The anonymity of responses in the discussion today

c. Overview of historical literature review. Summary of findings NOT to be discussed (not to lead witness)
d. Overview of research being performed in the interview

2. Structure of discussion/agenda

a. An initial simple survey in order to gauge the consistency of responses (tier 2 only)

b. Deeper discussion of areas of special interest from the survey.

c. Disclosure of Part 1 summary findings

d. Reminder of anonymity of responses

Interviewees were asked not to confine their answers to their current role, but also to respond from prior experience
of new energy technology developments in other companies where relevant.
Open questions were used to promote long answers. Given the specialist area of study, a large population of
interviewees was not expected (4-6 were targeted). Those who undertook the survey and interview (a total of 7) did,
however, fully meet the requirements of being Suitably Qualified Experienced Personnel (SQEP) as illustrated by
Figure 2.
As shown, merely working in Green Hydrogen engineering was deemed insufficient for the interview. Similarly, being
a junior developer in low carbon molecules would not provide the high-level overview required for contribution to the
research — only leaders in the field of energy technology were questioned. To illustrate this point, the job titles of
respondents are highlighted below.

X1: Senior alternative energy developer (Company Official)

X2: Green Hydrogen Developer (Company Official)

X3: Department of H2 and Renewable Energy (Government Official)

X4: Green H2 Expert (Company Official)

X5: Green Hydrogen Researcher (Higher Education)

X6: Business Development Manager (Company Official)

An official interviewee has explicitly requested that their contact information not be added to the research or disclosed
in any way, and it's essential to respect their privacy and confidentiality preferences.

This provided a meaningful population of experts against which results could be assessed. The ‘flashcard’ system
worked well — allowing respondents to read and consider the question carefully before responding to statements made.
To preserve confidentiality, none of the quotes or survey answers are attributed to these individuals.

The flashcards also proved extremely effective in examining the priorities that each respondent assigned to “barriers
to successfully utilize green hydrogen in Oman” and “factors driving the utilization of green hydrogen in Oman”. The
system allowed complete randomization of these factors to eliminate bias, and it also allowed respondents to shuffle
the order until they were content with the priorities assigned.

5. Results and Discussion
Analysis of Tier 2 Survey and Interview — Statements
Statement 1 “It is easy to determine the benefit of green hydrogen development on a global scale”

Many details were shared by respondents to determine the benefits of green hydrogen development on a global scale,
researchers and policymakers use a combination of qualitative modeling involving collaboration between government
agencies, research institutions, and industry stakeholders. They aim to provide a holistic view of the potential benefits,
considering the specific context and goals of different regions and countries. The majority of respondents agreed with
this statement. One respondent stated that they agreed, then went on to explain later that in fact “We have to do this
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to survive and reduce global emissions”. According to RENEE CHO Hydrogen is abundant and its supply is virtually
limitless (Cho 2021).

Statement 2 “Green hydrogen has a thriving current market landscape, including production capacity, demand, and
pricing trends”.

A huge sign of agreement was provided with this statement from respondents, however, it was added that the green
hydrogen market was indeed showing signs of growth and gaining momentum (Table 1), but it was still in the early
stages of development. It's important to note that the green hydrogen market is dynamic, and its growth and evolution
depend on various factors, including technological advancements, policy developments, market dynamics, and global
efforts to combat climate change. A growing market and demand depend greatly on the viability of producing green
hydrogen today (Boucetta 2023).

Table 1. green hydrogen thriving current market survey

Strongly Agree Agree Neutral Disagree Strongly Disagree
0% 60% 20% 20% 0%

Statement 3 “Economic incentives and policies are the main driving investments in green hydrogen projects.”

These economic incentives and policies are designed to address the cost competitiveness and commercial viability of
green hydrogen projects, the survey shows that most of the respondents agreed with the statement as this has a huge
part in promoting their role in reducing greenhouse gas emissions and advancing the transition to a more sustainable
energy future. Also, some respondents added that the specific mix of incentives and policies varies by country and
region, reflecting local energy goals, resources, and economic conditions. putting in place carbon pricing. When
employed as a substitute for fossil fuels in various applications, green hydrogen will significantly reduce greenhouse
gas emissions (Table 2). To bridge the price difference between green and fossil fuels, this pricing should take the
shape of either a carbon tax or a trading system (IRENA 2020).

Table 2. Economic incentives and policies survey

Strongly Agree Agree Neutral Disagree Strongly Disagree
40% 60% 0% 0% 0%

Statement 4 “There is no major safety and environmental concerns associated with the production or use of green
hydrogen.”

Green Hydrogen Expert — Atkins Middle East strongly agreed with the statement, however, most respondents showed
that these concerns are manageable through proper planning, regulation, and the adoption of best practices. For
instance, advanced safety protocols, leak detection systems, and equipment standards can enhance the safe use and
transportation of hydrogen.

And, they added efforts are ongoing to develop safety and environmental standards and guidelines for green hydrogen
production and use. As the green hydrogen industry continues to grow, addressing safety and environmental
considerations will be essential to ensure its long-term sustainability and positive impact on the environment. The
potential for water scarcity is one of the biggest environmental issues connected to green hydrogen. The amount of
water needed to produce green hydrogen is substantial, and in some regions where water is already in low supply, this
increase in demand may make the situation worse (Hurwitz et al. 2023).

Statement 5 “Milestone developments are expected in the next 5 years in the green hydrogen sector.”

While real-time predictions are difficult, respondents agree with the statement from their insights into some anticipated
milestone developments in the green hydrogen sector for the next five years based on trends and announcements. One
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respondent stated, “These developments are expected to contribute to the maturation of the green hydrogen industry
and its role in the global transition to a more sustainable and low-carbon energy system”.

Statement 6 “There will be many promising technological advancements in green hydrogen production methods (e.g.,
electrolysis, biomass, etc.)”

Most of the respondents range from strongly agree to agree that there is significant promise for technological
advancements in green H2 production methods by way of it use of solar and wind energy sources and environmentally
friendly processes, which is a key focus of research and innovation to advance its efficiency, scalability, and cost-
effectiveness. These technological advancements are driven by the goal of making green hydrogen production more
economically viable, sustainable, and scalable. Some respondents added that there is already innovation coming soon
to the market (Table 3).

Table 3. Promising technological advancements survey

Strongly Agree Agree Neutral Disagree Strongly Disagree
20% 60% 20% 0% 0%

B. Analysis of Tier 2 Survey and Interview — Barriers
As previously noted, participants were given 6-7 flashcards, placed randomly in front of them. Each card listed a
potential “barrier” to the development of green hydrogen. They were asked to put them in order of significance.
Following the ranking of these barriers, respondents were then asked to elaborate on their ‘top’ barrier, and most
importantly, to propose what might be done to reduce or eliminate this barrier.
The rankings established from this process are shown in Appendix B. Note that number 1 is used to represent the most
significant barrier, hence the highest scores represent the least significant barrier. Several significant observations can
be drawn from these results.
= All of the barriers proposed by the flashcards are considered relevant to some extent, thus validating their
initial selection. None can therefore be discounted as irrelevant.
=  There was a “stand out” barrier consistently placed higher than others. This shows that individual experiences
similar considerably from project to project.
=  There was no ability to rank barriers from the set of results, as overall scores for each barrier were close
enough to prevent them from being ranked in a statistically relevant way (neither a crude average of scores
for each barrier nor any other statistical technique would strongly differentiate between barriers)

Overall, the exercise worked well, with participants giving careful thought to ranking and optimizing their responses
before settling on a final order. Having established this order, participants were then asked to propose ways to alleviate
or eliminate the top barrier. The results of this are summarized below:

1) High Initial Costs

Three of the respondents had chosen this to be the number one barrier, and they commented that the establishment of
green hydrogen production facilities and associated infrastructure will require substantial upfront investments. These
costs had to be parallel with signing an off-taker agreement to avoid delaying project implementation.

2) Limited Renewable Energy Resources

The majority of the respondents didn’t agree with the statement as it gave very low barrier significance. Because
Oman has ample sunlight and wind resources, the intermittency of these sources can pose challenges for continuous
hydrogen production. However, Energy storage solutions can help in this issue.

3) Market Demand and Acceptance

This is the second barrier overall, as it is new market. Respondents ensured that the development of a green hydrogen
market in Oman depends on creating demand across various sectors, for example, the transportation sector, industrial,
and power generation. Establishing consumer and industry acceptance of green hydrogen can take time.

4) Infrastructure Development

It was not in the top significant barriers nor the lowest. Survey takers think building the necessary infrastructure for
green hydrogen production, storage, and transportation is a complex and costly endeavor. This includes the
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construction of electrolysis plants, pipelines, and hydrogen refueling stations. However, one respondent added that
hydrogen is not complex to handle.

5) Regulatory and Policy Challenges

Answers were very varied for this statement. A survey taker added regulatory frameworks and policies that encourage
the growth of the green hydrogen sector are crucial. Delays in establishing supportive regulations and incentives can
hinder investment and project development. Overall respondents were not sure about regulations and policy as it was
evolving, and it differed from country to country in some cases.

6) Technology Readiness

All the respondents don't consider it a barrier, they indicate have realization that the maturity of green hydrogen
technologies and equipment can impact their reliability and cost-effectiveness. Advancements and innovations in these
areas are necessary to improve efficiency and reduce costs.

7) Financing and Investment

Answers were very diverse for this account, respondents commented securing adequate financing and attracting
investment for green hydrogen projects can be a barrier, particularly in a competitive investment landscape.

C. Analysis of Tier 2 Survey and Interview — Drivers

Participants were given 6 flashcards, placed randomly in front of them. Each card listed a “driver” for the utilization
of green hydrogen in Oman. They were asked to put them in order of significance. Following the ranking of these
barriers, respondents were then asked to elaborate on their ‘top’ barrier, and most importantly, to propose what might
be done better to support the utilization of green hydrogen in Oman in achieving this objective.

The responses were very easily ranked overall (in contrast to the ranking of “barriers” which were very evenly
weighted (Table 4).

Table 4. Tier 2 Survey and Interview — Drivers

Most Significant Driver | Factors Driving Utilization of Green | Score
Hydrogen in Oman

Abundant Renewable Energy 8
Resources

Global Energy Transition 17
Energy Export Opportunities 20
Economic Diversification 22
Energy Security 26
Innovation and Technology 33

Least significant driver | pevelopment

It is very clear that Oman's abundant renewable energy resources have won the race and won all other driving factors,
all respondents agreed that having abundant renewable energy resources, global energy transition and energy export
opportunities are the top three driving factors, adding to comment that we are very blessed to solar and wind energy
and very unique and safe place to be able to gain the trust from other countries and attract their investment.

5.2 Proposed Improvements

In Oman's pursuit of a sustainable and prosperous future, the utilization of green hydrogen emerges as a strategic
imperative. It is not merely an energy source but a catalyst for economic growth, environmental stewardship, and
energy security. As Oman advances in this endeavor, it has the potential to not only transform its energy landscape
but also set an inspiring example for the region and the world. The journey toward green hydrogen is a visionary one,
charting a course toward a cleaner, more sustainable, and prosperous future for the Sultanate of Oman.
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A. Conclusion by objective
Objective 1: Determine feasible methods for green H2 production in Sultanate. Evaluate the current state of renewable
energy and compare it with other countries in the region.

From the data collected and from a survey the induction for the feasibility of hydrogen production in approved and
signed agreements is already done. The projects determined to use solar and wind resources to produce green
hydrogen. Oman's cost of manufacturing renewable hydrogen might be as low as USD 1.6/kg H2 due to Oman’s
abundant renewable energy resources (Virgilli 2023)

Objective 2: Examine projects in Oman related to green hydrogen production and future possibilities to expand.

Oman's goal is to generate at least one million tons of green H2 annually by 2030, with a target of 3.75 million tons
by 2040. The interview shows that we might have a delay in reaching the production target by 2030 as the green
hydrogen market is not thriving because high levelized cost of green hydrogen and the high initial capital cost of these
projects. Oman's future expansion plan will be much easier as literature and interviews indicated, reasoning that after
having first projects of green hydrogen, real data will be displayed, and optimizations can be implemented from the
learning collected from the first projects.

Objective 3: Determine requirements and roadmap for other sectors to utilize green hydrogen in Oman as a fuel,
including transportation of green hydrogen, storage, and industrial application.

Developing a roadmap for other sectors to utilize green hydrogen in Oman as a fuel involves a multifaceted approach
that encompasses infrastructure development, policy support, and industry engagement. A step-by-step guide to
determine the requirements and roadmap for the adoption of green hydrogen in various sectors, including
transportation, storage, and industrial applications in illustrated in Fig. 3 and summarized below:

For Transportation. The determination of initial projects of green hydrogen in Oman will be in the south nearby Dugm
area, the transportation for green hydrogen should be instructed by a new pipeline that is customized to be used for
green hydrogen to Dugm industrial area. The government already intends to build a pipeline from the production
facilities to Dugm port which is in the industrial area. The pipeline can be used for both purposes which are exporting
to international customers and transporting green hydrogen to companies in the Dugm industrial area.

=  For Storage. By harnessing that energy to create hydrogen and storing it in salt domes, the intermittent nature
of its creation from renewable sources may be controlled. Salt domes that about 150 kilometers separate the
Dugm area from the Qarn Shamah salt dome can be used as storage for green hydrogen.

=  Utilizing Green hydrogen in OQ8. OQS8 can hydrotreat and hydrocrack using just green hydrogen. Hydrogen
is directly used in refinery processes to provide cleaner, higher-quality fuels, to comply with environmental
requirements, and to increase overall refinery efficiency.

= Utilizing Green hydrogen in intel Shadeed. In Oman, Jindal Shadeed will build a $3 billion green steel
facility. The planned factory is anticipated to generate five million metric tonnes of green steel annually when
it is finished in 2026. The strategy will serve the consumer products, automotive, and wind turbine sectors in
Europe, Japan, and other nations (Figure 2).
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Figure 2. Utilization of green hydrogen Oman

=  Utilizing Green hydrogen in producing synthetic. The green hydrogen and captured CO2 are combined and
subjected to various chemical processes, such as Fischer-Tropsch synthesis, methanation, or other catalytic
reactions. These processes convert hydrogen and CO2 into synthetic hydrocarbons, including synthetic
gasoline, diesel, or aviation fuels.

6. Conclusion

Future work in the study of the utilization of green hydrogen in Oman should be guided by the same approach that
takes into account economic, environmental, and social considerations while aligning with Oman's broader energy
and sustainability goals. All current research limitations must be avoided as much as possible and more collaboration
among government entities, academia, industry stakeholders, and international partners will be essential for the
successful development of Oman's green hydrogen study. A need for a comprehensive study of green hydrogen
policies globally that involves a thorough analysis and assessment of government policies, regulations, and incentives
in various countries and regions. To match the green growing hydrogen sector and learn from others as policies and
incentives is one of the primary driving factors for green H2. Research more on utilizing green hydrogen in the
production of synthetic fuels involves exploring the feasibility, benefits, and challenges of using green hydrogen as a
key feedstock for the synthesis of various synthetic fuels. These synthetic fuels can include synthetic gasoline, diesel,
aviation fuels, and more. Prioritizing customer needs in the utilization of green hydrogen is paramount for its
successful integration into our energy landscape. By tailoring solutions to meet customer demands, ensuring
affordability, safety, and reliability, and advocating for supportive policies, green hydrogen can become a cornerstone
of a sustainable and environmentally responsible energy future. In doing so, we can meet the expectations and
aspirations of customers while mitigating the impact of climate change.
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	Major corporations must demonstrate a larger demand for green hydrogen, especially in more demanding industrial sectors. To encourage investment in this nascent market, new business models must be created. Standardized contractual procedures will even...
	C. Green Hydrogen Applications
	Modern industrial uses for hydrogen predominate. The main four individual usages of hydrogen nowadays (in both pure and mixed states of hydrogen) are the following: steel manufacture through direct reduction of iron ore (3%), ammonia production (27%),...
	Due to the absence of moving parts, fuel cells increase the vehicle's efficiency and quietness. Heavy-duty tractor-trailers and public transportation buses, which frequently travel hundreds of miles, are perfect candidates for hydrogen fuel since it e...
	For using pure hydrogen, a spark-ignited gas engine must have its fuel injection system and combustion chamber modified, and it must use components that are compatible with hydrogen. According to the EUGINE Hydrogen-Ready Concept, the adjustments are ...
	D. Current and Future Roadmap for Green Hydrogen in Oman
	The nation is well situated to create significant amounts of renewable hydrogen and fuels based on hydrogen. Due to its strategic location and easy access to important import markets like Europe and Japan, the sultanate profits from excellent renewabl...
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	To meet all of the existing hydrogen demand in Europe, Oman aims to produce at least 1 million tons of renewable hydrogen annually by 2030, up to 3.75 million tons by 2040, and up to 8.5 million tons by 2050. The 2040 hydrogen goal would be equivalent...
	Oman has developed natural gas transmission pipelines totaling more than 4000 km. owned by OQ Gas Networks (OQGN), the only company in the Sultanate of Oman responsible for the network's operation and delivery of natural gas. The introduction of green...
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	Fortunately, there is a lot of potential for solar and wind energy in the Duqm. The intermittent nature of H2 generation from wind and solar energy can be managed by using that energy to manufacture it and store it in salt domes. It says the distance ...
	3. Methods
	This research technique will combine both qualitative and quantitative analysis to produce a well-organized and
	Figure 1.  Conceptual Framework
	thorough response to the research questions (Figure 1). In contrast to the quantitative technique, which assists in measuring data and supplying numbers to provide a comprehensive perspective, the qualitative method aids the visualization of informati...
	The available population to survey and interview is naturally limited by the specialized area of study. The research
	question is focused on determining facts rather than public perceptions or opinions. Whilst it would be interesting to survey the general populous to determine general awareness of green hydrogen application developments, that is not part of the scope...
	Even those working within the energy environment do not necessarily have the requisite experience to contribute to the study, unless they operate within the field of renewable energy, and are senior enough within the organization to have first-hand ex...
	Due to this limited set of available expertise, it was concluded that a two-tier approach to survey and interview would be conducted as described below.
	4. Data Collection
	A. Tier 2 interview and survey
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	Step 4: Participant was then asked to comment on why they had ranked the top flashcard as the number 1 barrier. The participant was then asked to propose how this barrier might be overcome in the future.
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	C. Interview Conduct
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	d. Overview of research being performed in the interview
	2. Structure of discussion/agenda
	a. An initial simple survey in order to gauge the consistency of responses (tier 2 only)
	b. Deeper discussion of areas of special interest from the survey.
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	d. Reminder of anonymity of responses
	Interviewees were asked not to confine their answers to their current role, but also to respond from prior experience of new energy technology developments in other companies where relevant.
	Open questions were used to promote long answers. Given the specialist area of study, a large population of interviewees was not expected (4-6 were targeted). Those who undertook the survey and interview (a total of 7) did, however, fully meet the req...
	As shown, merely working in Green Hydrogen engineering was deemed insufficient for the interview. Similarly, being a junior developer in low carbon molecules would not provide the high-level overview required for contribution to the research – only le...
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	X6: Business Development Manager (Company Official)
	An official interviewee has explicitly requested that their contact information not be added to the research or disclosed in any way, and it's essential to respect their privacy and confidentiality preferences.
	This provided a meaningful population of experts against which results could be assessed. The ‘flashcard’ system worked well – allowing respondents to read and consider the question carefully before responding to statements made. To preserve confident...
	The flashcards also proved extremely effective in examining the priorities that each respondent assigned to “barriers to successfully utilize green hydrogen in Oman” and “factors driving the utilization of green hydrogen in Oman”. The system allowed c...
	5. Results and Discussion
	Analysis of Tier 2 Survey and Interview – Statements
	Statement 1 “It is easy to determine the benefit of green hydrogen development on a global scale”
	Many details were shared by respondents to determine the benefits of green hydrogen development on a global scale, researchers and policymakers use a combination of qualitative modeling involving collaboration between government agencies, research ins...
	Statement 2 “Green hydrogen has a thriving current market landscape, including production capacity, demand, and pricing trends”.
	A huge sign of agreement was provided with this statement from respondents, however, it was added that the green hydrogen market was indeed showing signs of growth and gaining momentum (Table 1), but it was still in the early stages of development. It...
	Table 1. green hydrogen thriving current market survey
	Statement 3 “Economic incentives and policies are the main driving investments in green hydrogen projects.”
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	Table 2.  Economic incentives and policies survey
	Statement 4 “There is no major safety and environmental concerns associated with the production or use of green hydrogen.”
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	Statement 6 “There will be many promising technological advancements in green hydrogen production methods (e.g., electrolysis, biomass, etc.)”
	Most of the respondents range from strongly agree to agree that there is significant promise for technological advancements in green H2 production methods by way of it use of solar and wind energy sources and environmentally friendly processes, which ...
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	B. Analysis of Tier 2 Survey and Interview – Barriers
	As previously noted, participants were given 6-7 flashcards, placed randomly in front of them. Each card listed a potential “barrier” to the development of green hydrogen. They were asked to put them in order of significance. Following the ranking of ...
	The rankings established from this process are shown in Appendix B. Note that number 1 is used to represent the most significant barrier, hence the highest scores represent the least significant barrier. Several significant observations can be drawn f...
	 All of the barriers proposed by the flashcards are considered relevant to some extent, thus validating their initial selection. None can therefore be discounted as irrelevant.
	 There was a “stand out” barrier consistently placed higher than others. This shows that individual experiences similar considerably from project to project.
	 There was no ability to rank barriers from the set of results, as overall scores for each barrier were close enough to prevent them from being ranked in a statistically relevant way (neither a crude average of scores for each barrier nor any other s...
	Overall, the exercise worked well, with participants giving careful thought to ranking and optimizing their responses before settling on a final order. Having established this order, participants were then asked to propose ways to alleviate or elimina...
	1) High Initial Costs
	Three of the respondents had chosen this to be the number one barrier, and they commented that the establishment of green hydrogen production facilities and associated infrastructure will require substantial upfront investments. These costs had to be ...
	2) Limited Renewable Energy Resources
	The majority of the respondents didn’t agree with the statement as it gave very low barrier significance. Because Oman has ample sunlight and wind resources, the intermittency of these sources can pose challenges for continuous hydrogen production. Ho...
	3) Market Demand and Acceptance
	This is the second barrier overall, as it is new market. Respondents ensured that the development of a green hydrogen market in Oman depends on creating demand across various sectors, for example, the transportation sector, industrial, and power gener...
	4) Infrastructure Development
	It was not in the top significant barriers nor the lowest. Survey takers think building the necessary infrastructure for green hydrogen production, storage, and transportation is a complex and costly endeavor. This includes the construction of electro...
	5) Regulatory and Policy Challenges
	Answers were very varied for this statement. A survey taker added regulatory frameworks and policies that encourage the growth of the green hydrogen sector are crucial. Delays in establishing supportive regulations and incentives can hinder investment...
	6) Technology Readiness
	All the respondents don't consider it a barrier, they indicate have realization that the maturity of green hydrogen technologies and equipment can impact their reliability and cost-effectiveness. Advancements and innovations in these areas are necessa...
	7) Financing and Investment
	Answers were very diverse for this account, respondents commented securing adequate financing and attracting investment for green hydrogen projects can be a barrier, particularly in a competitive investment landscape.
	C. Analysis of Tier 2 Survey and Interview – Drivers
	Participants were given 6 flashcards, placed randomly in front of them. Each card listed a “driver” for the utilization of green hydrogen in Oman. They were asked to put them in order of significance. Following the ranking of these barriers, responden...
	The responses were very easily ranked overall (in contrast to the ranking of “barriers” which were very evenly weighted (Table 4).
	It is very clear that Oman's abundant renewable energy resources have won the race and won all other driving factors, all respondents agreed that having abundant renewable energy resources, global energy transition and energy export opportunities are ...
	5.2 Proposed Improvements
	A. Conclusion by objective
	Objective 1: Determine feasible methods for green H2 production in Sultanate. Evaluate the current state of renewable energy and compare it with other countries in the region.
	From the data collected and from a survey the induction for the feasibility of hydrogen production in approved and signed agreements is already done. The projects determined to use solar and wind resources to produce green hydrogen. Oman's cost of man...
	Objective 2: Examine projects in Oman related to green hydrogen production and future possibilities to expand.
	Oman's goal is to generate at least one million tons of green H2 annually by 2030, with a target of 3.75 million tons by 2040. The interview shows that we might have a delay in reaching the production target by 2030 as the green hydrogen market is not...
	Objective 3: Determine requirements and roadmap for other sectors to utilize green hydrogen in Oman as a fuel, including transportation of green hydrogen, storage, and industrial application.
	Developing a roadmap for other sectors to utilize green hydrogen in Oman as a fuel involves a multifaceted approach that encompasses infrastructure development, policy support, and industry engagement. A step-by-step guide to determine the requirement...
	 For Storage. By harnessing that energy to create hydrogen and storing it in salt domes, the intermittent nature of its creation from renewable sources may be controlled. Salt domes that about 150 kilometers separate the Duqm area from the Qarn Shama...
	 Utilizing Green hydrogen in OQ8. OQ8 can hydrotreat and hydrocrack using just green hydrogen. Hydrogen is directly used in refinery processes to provide cleaner, higher-quality fuels, to comply with environmental requirements, and to increase overal...
	 Utilizing Green hydrogen in intel Shadeed. In Oman, Jindal Shadeed will build a $3 billion green steel facility. The planned factory is anticipated to generate five million metric tonnes of green steel annually when it is finished in 2026. The strat...
	 Utilizing Green hydrogen in producing synthetic. The green hydrogen and captured CO2 are combined and subjected to various chemical processes, such as Fischer-Tropsch synthesis, methanation, or other catalytic reactions. These processes convert hydr...
	6. Conclusion
	Future work in the study of the utilization of green hydrogen in Oman should be guided by the same approach that takes into account economic, environmental, and social considerations while aligning with Oman's broader energy and sustainability goals. ...
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