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Abstract: Hydrogen plays a vital role as an energy carrier in the global effort to combat climate
change, with significant applications in sectors such as transportation and ammonia production.
However, traditional hydrogen production methods are heavily carbon-intensive, with over
98% of hydrogen derived from fossil fuels. This primarily occurs through steam methane
reforming (76%) and coal gasification (22%). While steammethane reforming is cost-effective,
it generates approximately 9 kg of CO₂ per kg of hydrogen. Consequently, advancing green
hydrogen production methods has become a critical area of research. This study explores
and compares various green hydrogen production techniques powered by renewable energy
sources, including solar, wind, hydro, biomass, and hybrid systems. Production methods such
as electrolysis, thermal, chemical, photonic, and biological processes are evaluated using a
Pugh matrix, accounting for factors including efficiency, hydrogen yield, resource availability,
operating conditions, cost, and greenhouse gas emissions. The findings indicate that alkaline
electrolysis currently represents the most viable option for green hydrogen production. These
findings affirm alkaline electrolysis as themost appropriate near-term technology for large-scale
green hydrogen implementation in Oman and the GCC, while also advocating for the ongoing
development of PEM and emerging pathways to ensure long-term diversification. Ultimately,
this study provides a clear and practical decision-support framework for the strategic selection
of hydrogen technologies in renewable-rich arid regions.

Keywords: green hydrogen; Pugh matrix technique; renewable energy; fossil fuels;
water splitting

1. Introduction

Global energy demand is rising due to population growth, industrial expansion,
urbanization, and rapid technological advancement [1]. Currently, fossil fuels remain
the predominant source of energy for electricity generation, transportation, and
industrial processes, resulting in substantial emissions of greenhouse gases (GHGs) and
air pollutants, including CO₂, NOₓ, SOₓ, and particulate matter [2]. The energy sector
alone accounts for nearly three-quarters of global greenhouse gas emissions, thereby
constituting the primary contributor to climate change [3]. In response, international
initiatives have increasingly concentrated on attaining net-zero carbon emissions by
2050, with the aim of restricting the global temperature increase to 1.5 °C, as delineated
in major global energy roadmaps [3]. Realizing these ambitious objectives necessitates
a fundamental transformation of energy production systems, emphasizing a significant
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transition toward low-carbon and carbon-free energy carriers.
Hydrogen offers unique advantages as an energy vector, including high

gravimetric energy density, versatility in end-use applications, and zero carbon
emissions at the point of use [4, 5]. Beyond its conventional role in ammonia and
methanol production, hydrogen is increasingly recognized as a strategic medium for
long-duration and seasonal energy storage and for sector coupling between electricity,
industry, transport, and synthetic fuel production [6, 7]. In power-to-gas-to-power
(P2G2P) systems, surplus renewable electricity can be converted into hydrogen via
electrolysis, stored for extended periods, and reconverted to electricity or used as
an industrial feedstock. Although the round-trip efficiency of such chains typically
remains below 35–40%, hydrogen remains one of the few technically viable options
for large-scale and seasonal energy storage [8–10]. Moreover, hydrogen–ammonia
coupling provides an attractive pathway for long-distance energy transport and export,
particularly in regions with established ammonia infrastructure and strong renewable
resource potential [11,12].

Recent state-of-the-art studies increasingly emphasize that hydrogen production
technologies cannot be evaluated in isolation but must be assessed within integrated energy
storage and conversion systems. Large-scale system analyses highlight electrolysis-based
hydrogen as a cornerstone of future low-carbon energy systems, enabling long-duration
storage, renewable curtailment mitigation, and sector coupling [13–16]. Techno-economic
assessments indicate that alkaline and PEM electrolysis currently dominate commercial
deployment, while solid oxide electrolysis remains at the demonstration stage due
to durability and system-integration challenges. Parallel research underscores the
growing importance of hydrogen conversion to ammonia and synthetic fuels to improve
volumetric energy density, transportability, and export competitiveness, particularly for
renewable-rich regions [17,18].

Hydrogen can be utilized in transportation, power generation, industrial heating,
and chemical manufacturing, particularly in ammonia andmethanol production [19,20].
When produced using renewable energy sources, hydrogen, commonly referred to
as “green hydrogen”, offers a pathway to deep decarbonization that is difficult to
achieve through direct electrification alone. The current hydrogen production remains
overwhelmingly carbon-intensive. More than 98%of global hydrogen production relies
on fossil fuel–based methods, primarily steam methane reforming (SMR) and coal
gasification, which collectively contribute substantial CO₂ emissions, approximately 9
kg of CO₂ per kg of hydrogen produced via SMR [21]. This reality has intensified global
research efforts to identify sustainable, environmentally benign hydrogen production
technologies powered by renewable energy sources such as solar, wind, hydropower,
and biomass. The literature has extensively examined a diverse array of green
hydrogen production technologies, encompassingwater electrolysis (including alkaline,
proton exchange membrane, and solid oxide methods), thermochemical water splitting,
photonic processes, and biomass-based pathways [4, 21–23]. These technologies
differ significantly in terms of efficiency, hydrogen yield, operating conditions, cost,
resource availability, and technological maturity. While many studies have focused on
thermodynamic, techno-economic, or exergy-based evaluations of individual hydrogen
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production routes [23–25], fewer have addressed the comparative selection problem:
how to systematically identify the most suitable green hydrogen production method
when multiple, often conflicting, criteria must be considered simultaneously.

Existing comparative studies often utilize sophisticated multi-criteria decision-
making (MCDM) tools, such as AHP, TOPSIS, or fuzzy-based methodologies. While
these tools are highly effective, they necessitate extensive data, hierarchical structuring,
and expert judgment, which may not always be readily accessible, particularly in
the context of emerging hydrogen markets [4, 22]. Consequently, there is a practical
necessity for transparent and low-complexity decision-making frameworks that
can facilitate early-stage planning, policy development, and technology evaluation.
Moreover, a significant gap exists in the regional contextualization of green hydrogen
technology selection. The majority of published studies adopt a global or generic
perspective, with limited consideration of country-specific factors such as renewable
resource availability, water constraints, infrastructure readiness, and economic
priorities. This limitation is particularly pertinent for countries in the Middle East and
North Africa (MENA) region, where renewable energy potential is substantial, yet
techno-economic and environmental conditions vary considerably across locations.

Oman represents a strategically essential and underexplored case for green
hydrogen deployment. The country has one of the world’s highest levels of solar
irradiation, ample land, and strong ambitions to diversify its energy mix and reduce
dependence on fossil fuels. At the same time, Oman faces challenges related to water
scarcity, infrastructure development, and cost competitiveness, making the selection of
an appropriate hydrogen production technology a critical decision [26,27]. Choosing
a suboptimal technology could lead to high costs, inefficient resource utilization,
or delayed adoption, undermining national decarbonization objectives. Despite
these strategic considerations, there is a lack of structured, technology-selection
studies specifically tailored to Oman’s context. Existing research largely focuses
on resource assessments or individual technology analyses, without offering a
systematic comparison of green hydrogen production pathways that balances technical
performance, economic feasibility, operational conditions, and environmental impact.

To bridge this gap, the present study uses the Pugh matrix decision-making
technique to assess 15 green hydrogen production methods against six critical criteria:
efficiency, hydrogen yield, raw material availability, required operating conditions,
cost, and greenhouse gas emissions. The Pugh matrix is selected for its simplicity,
transparency, and appropriateness for early-stage technology evaluation, rendering it
particularly advantageous for policymakers, planners, and engineers in nascent hydrogen
economies. This study offers a comprehensive comparative analysis of major green
hydrogen production technologies through a structured yet accessible decision-making
framework. It highlights the trade-offs among competing technologies across multiple
performance criteria, thereby facilitating a clearer understanding of their relative
strengths and limitations. Additionally, it provides insights specific to Oman to support
strategic decision-making for sustainable hydrogen deployment. By addressing both
methodological and regional gaps, this work aims to support informed and pragmatic
decisions toward the large-scale adoption of green hydrogen in Oman and other regions
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rich in renewable resources.

2. Materials and methods

This study employs a structured multi-criteria evaluation framework to identify
the most suitable green hydrogen production technology, accounting for technical,
economic, and environmental considerations. The methodology integrates a
comprehensive review of green hydrogen production pathways with a Pugh matrix
decision-making technique to rank alternative technologies transparently and
systematically. An extensive review of peer-reviewed journal articles, International
Energy Agency reports, and recent review studies was conducted to identify
relevant green hydrogen production pathways [4, 5, 21, 28]. Based on this review,
fifteen hydrogen production methods were selected for evaluation, representing
the most prominent renewable-based and low-carbon hydrogen production routes
discussed in the literature. The identified technologies were classified into five major
categories: electrolysis-based processes, thermolysis and thermochemical water-
splitting processes, photonic processes, biological biomass-based processes, and
thermochemical biomass-based processes. This classification facilitates a systematic
comparison across fundamentally different production mechanisms while ensuring
comprehensive coverage of current green hydrogen technologies. The overall
classification of green hydrogen production technologies is illustrated in Figure 1,
adapted from [22,29].

Figure 1. Green hydrogen production technologies.

2.1. Electrolysis
Electrolysis is a process in which water is decomposed into hydrogen and oxygen

gases at two electrodes immersed in a liquid medium. The electrochemical cell,
comprising solely pure water and two electrodes connected to an external power source,
constitutes the core of an electrolysis unit. Upon reaching the critical voltage between
the electrodes, hydrogen gas is generated at the cathode, which is negatively charged,
while oxygen gas is produced at the anode, which is positively charged.

There are primarily three types of water electrolysis: (a) Alkaline Electrolysis.
Alkaline water electrolysis was the first commercially viable water electrolysis technology
and remains the most prevalent today. This method utilizes energy to dissociate
water molecules into hydrogen and oxygen, with the requisite electrical energy for
producing green hydrogen potentially sourced from renewable energy [30]. (b) Proton
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Exchange Membrane (PEM) Electrolysis. The proton exchange membrane (PEM) water
electrolysis technique, initially developed by General Electric for fuel cell applications
and subsequently for electrolysis, employs a polymeric proton exchange membrane as the
solid electrolyte. Nafion is the most widely used membrane, consisting of a sulfonated
fluorinated polymer. The thickness of the Nafion membrane ranges from 25 to 250 μm,
with the specific thickness required for a given application determined by the operating
conditions of the electrolyzer. The efficiency of electrolysis is enhanced with increased
membrane thickness. (c) Solid Oxide Electrolysis (SOE). Solid oxide electrolysis (SOE)
is increasingly recognized for its enhanced capability to generate ultra-pure hydrogen and
convert electrical energy into chemical energy. The operational temperature of a solid
oxide electrolyzer, typically ranging from 800 to 1000 °C, sets it apart from both alkaline
and proton exchange membrane (PEM) systems. At these elevated temperatures, steam is
introduced into the electrolyzer instead of water. The primary components of SOE include
two porous electrodes and a dense ionic conducting electrolyte. Yttria-stabilized zirconia
(YSZ) is the most frequently utilized electrolyte in SOE, owing to its robust mechanical
strength and high oxygen-ion conductivity [31,32]. The schematic diagrams for alkaline
electrolysis, PEM electrolysis, and Solid oxide electrolysis are shown in Figure 2.

(a)

(b)

Figure 2. Cont.
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(c)

Figure 2. (a) Alkaline electrolyser [33]; (b) PEM electrolysis; (c) Solid oxide electrolysis [34].

2.2. Thermolysis and thermochemical water splitting
Thermolysis and thermochemical water splitting are methodologies that employ

thermal energy to produce hydrogen from water. Thermolysis is a single-step process
that involves the dissociation of water and necessitates a high-temperature energy source
exceeding 2500 K. It is crucial to achieve adequate dissociation to prevent the formation
of an explosive mixture. This requirement imposes stringent demands on the materials
due to the extremely high temperatures involved. Thermochemical water splitting, in
contrast, entails a sequence of cyclic chemical reactions that ultimately result in the
dissociation of water into hydrogen and oxygen. Notably, this process frequently does
not necessitate the use of a catalyst or a membrane for the separation of hydrogen and
oxygen. The operational temperature generally ranges from 600 to 1200 K. Employing
higher temperatures reduces the number of cycles required for thermochemical water
splitting. Moreover, the incorporation of electrical energy to facilitate the process
introduces the concept of hybrid cycles [35]. Various chemicals and metals can be
employed in distinct thermochemical water splitting cycles. Notably, the two-step and
three-step thermochemical cycles represent the fundamental forms [36, 37]. Figure 3
shows the thermolysis reaction of thermochemical water-splitting processes.

Figure 3. Thermolysis reaction.
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In the two-step thermochemical cycles depicted in Figure 4, a metal oxide in a low
valence state can undergo reduction to form the metal and release oxygen. Alternatively,
a metal oxide with a higher valence state may be reduced to produce a metal oxide with a
lower valence state. In this process, a temperature range of 1700–3000 Kmust be supplied
by the heat source, and a solar collector can be utilized to harness concentrated solar
radiation. To date, the primary limitations of this type of thermochemical cycle include the
necessity of materials that can withstand very high temperatures and the relatively lower
efficiency of two-step thermochemical cycles compared to electrolysis [37].

Figure 4. Two-step thermochemical metal oxide cycle [38].

Three-step processes can be derived from two-step processes by replacing the
reaction that occurs at the highest temperature with a two-step reaction process. This
alteration serves to lower the maximum temperature requirement for the cycle. The
Sulphur-Iodine (S-I) cycle, also referred to as the General Electric cycle, is the most
prominent example within this category. It was initially proposed in the 1970s by
General Electric [37]. A schematic diagram of the Hybrid Sulfur cycle is presented
in Figure 5.

Figure 5. Schematic diagram for a three-step S-I thermochemical cycle [39].
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2.3. Photonic process
Hydrogen can also be produced using a photonic process in which photon

energy is used. This can be classified into two processes: photocatalytic and
photoelectrochemical (also known as photoelectrolysis) water splitting.

2.3.1. Photocatalytic water splitting

The photocatalytic process uses direct sunlight in the presence of a photocatalyst,
such as titanium oxide (TiO2), which is used in powdered form and dispersed in water.
Light will be radiated in this water, and the water will split into hydrogen and oxygen.
This is a very flexible and cheap method of hydrogen production. The benefit of
photocatalysts is that water splitting can occur in the homogeneous phase without
the need for transparent electrodes or direct illumination. However, there are some
disadvantages and challenges of employing this method in large-scale production.

In a photocatalytic cell, a semiconductor such as platinum (Pt) or Titanium oxide
(TiO2) can be considered a photoelectrochemical cell, which provides both oxidation
and reduction at its surface. It happens in a series of steps. Figure 6 shows the
schematic representation of photocatalytic overall water splitting on a metal-loaded
semiconductor (such as Pt/TiO2) particle system [40].

Figure 6. Process of the photocatalytic system [40].

2.3.2. Photoelectrochemical

The basic principle behind photoelectrochemical water decomposition, shown in
Figure 7, is that light energy is converted into electricity in a cell made up of two
electrodes submerged in an aqueous electrolyte, one of which must be made of a
semiconductor to absorb light. Water is then electrolyzed using this power. Numerous
photoelectrode materials, including WO3, Fe2O3, and TiO2, have been researched for
usage as thin films in the photoelectrochemical process, and TiO2 is found to be the
most promising photoelectrode for this reaction [41].

2.4. Biomass process
Biomass can undergo two distinct processes: biological and thermochemical

processes. The primary biological processes encompass bio-photolysis and fermentation,
with bio-photolysis further categorized into direct and indirect bio-photolysis.
Similarly, fermentation can be classified as dark fermentation and photo-fermentation.

8



Energy Storage and Conversion 2025, 3(4), 3891.

Thermochemical conversion stands out as the leading technology for producing hydrogen
from biomass, building on methodologies used in biofuels such as biomethane, which is
derived from steam methane reforming (SMR). The three main thermochemical routes
involved in this process are gasification, pyrolysis, and aqueous phase reforming [21].

Figure 7. Process of photoelectrochemical cell (PEC) water splitting [42].

2.4.1. Biological process

Biophotolysis
There are two types of biophotolytic H2 generation processes: Direct and indirect

biophotolysis. Direct biophotolysis is a straightforward water-splitting mechanism
that produces biohydrogen in either cyanobacteria or green algae. Various types of
microalgae are used for biophotolysis, but the most used species is the microalgae
Chlamydomonas reinhardtii (C. reinhardtii). Green algae in anoxic conditions can
convert around 22% of the light energy by using hydrogen as an electron donor during
carbon dioxide fixation, even at low light intensities. Green microalgae produce
hydrogen in the dark under anaerobic conditions to support hydrogen metabolism.

Indirect biophotolysis was created to solve the issue of oxygen suppression of
biohydrogen synthesis in direct biophotolysis. Cyanobacteria (green-blue algae) and
Chlamydomonas reinhardtii are the most commonly used in this process. Production
of biohydrogen and the separation of oxygen are the two steps in this process.
Photosynthesis in an open pond converts atmospheric CO2 into carbohydrates and
oxygen, serving as the primary phase of the oxygen separation process, which
comprises two stages. The subsequent stage involves inducing anaerobic, dark
conditions in a closed bioreactor, where the generated carbohydrates are metabolized
to yield acetic acid and biohydrogen [43].
Fermentation

Biomass rich in carbohydrates can be used as a renewable resource to
assist photoheterotrophic (light fermentation) and anaerobic (dark fermentation)
microorganisms in their production of biohydrogen. Dark fermentation is one of
the most promising biological pathways for producing biohydrogen. It occurs under
anaerobic conditions in the absence of light and uses the fermentative conversion of
organic substrates and biomass to biohydrogen. Organic waste can also be used in this
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process to form hydrogen. The pH, organic food, feed rate of nutrients, temperature,
solids retention time, and partial pressure of hydrogen must all be controlled in the
dark fermentation process in order to enhance the hydrogen yield [43].

In photofermentation or light fermentation, light energy is converted into biomass,
and photosynthetic bacteria break down a variety of substrates to produce hydrogen.
In this procedure, organic acids such as acetate, lactate, and butyrate are converted by
purple nonsulfur (PNS) photosynthetic bacteria, such as Rhodobacter species, under
anaerobic and anoxic conditions. Bacteria absorb solar energy, produce Adenosine
triphosphate (ATP) through their photosynthetic mechanism, and use nitrogenase to
turn organic acids into Hydrogen. The nitrogenase enzyme is responsible for producing
hydrogen in this method as well. Because purple non-Sulphur bacteria can perform
anoxygenic photosynthesis, in which no oxygen is evolved, there are no issues during
photo fermentation despite nitrogenase being oxygen-sensitive. As a result, the
nitrogenase activity is not inhibited, which is a significant advantage over the direct
biophotolysis [22,44].

2.4.2. Thermochemical process for biomass

One of the most efficient ways to extract hydrogen-rich gases from biomass is
using thermochemical processes. The key tenets used in these technologies include
gasification, pyrolysis, and hydrothermal liquefaction.

Gasification is the thermochemical breakdown of biomass at high temperatures
(800–900 ℃) in a limited-oxygen environment. Various product ratios, including H2,
CO, CO2, CH4, CxHx, and tars, are generated depending on operating parameters,
such as temperature, catalysts, and the gasification medium. A catalyst used during
gasification will accelerate the cracking reaction and lower the activation energy,
thereby reducing energy consumption. Various types of catalysts are used, but the
nickel-based catalyst showed better performance [45–50].

Pyrolysis resembles gasification but occurs at lower temperatures (400–800 °C)
and is carried out without oxidizing agents. Therefore, the pyrolysis of biomass
yields three distinct products: a liquid called bio-oil, a solid called bio-char, and
a gaseous product called syngas. The relative proportions of these products are
influenced by factors such as the composition of the feedstock and the pyrolysis process
parameters. Pyrolysis can be categorized into twomain types: rapid (fast) pyrolysis and
traditional pyrolysis, depending on the specific operational conditions. Fast pyrolysis,
which involves high temperatures and short residence times, is chosen for hydrogen
production because charcoal is the main byproduct of conventional pyrolysis. Catalytic
pyrolysis utilizes metal-based catalysts, such as Ni or alkali metals, or non-metal-based
catalysts, such as activated carbon. Both have demonstrated their capability to enhance
the production of hydrogen [48–50].

Hydrothermal liquefaction is a relatively low-temperature (300–400 °C),
high-pressure (40–200 bar) process that produces bio-oil from a relatively wet biomass
in the presence of a catalyst and hydrogen. A liquid biocrude, along with hydrogen
and other byproducts, is the major outcome of this process [51].
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2.5. Green hydrogen production method selection
Selecting an optimal green hydrogen production pathway in Oman and the broader

Gulf Cooperation Council (GCC) region is a complex multi-criteria decision-making
(MCDM) challenge. While the region boasts some of the highest levels of solar irradiation
globally, abundant land resources, and a strong governmental commitment to hydrogen
export and energy diversification, it also confronts significant constraints. These include
acute water scarcity, harsh operational conditions, infrastructure readiness issues, and
the need to compete on cost with fossil-fuel-based hydrogen [52–54]. The unique
characteristics of specific regions highlight the need for a decision-support framework that
effectively balances technical performance, resource availability, operational feasibility,
economic viability, and environmental impact. Relying solely on single-criterion or purely
economic optimization approaches is inadequate. Consequently, structured Multi-Criteria
Decision-Making (MCDM) techniques have gained prominence in the assessment of
hydrogen technology, particularly in arid and resource-constrained regions such as Oman
and the Gulf Cooperation Council (GCC) [55–57].

In this study, we employ the Pugh matrix decision-making technique to evaluate
and prioritize green hydrogen production technologies suitable for implementation in
Oman and comparable GCC environments. The Pugh matrix functions as a comparative
evaluation tool, facilitating the assessment of multiple alternatives against a common set of
criteria relative to a defined baseline [57]. While advanced multi-criteria decision-making
(MCDM) methods such as AHP, TOPSIS, PROMETHEE, and ELECTRE have been
widely applied in studies of hydrogen and renewable energy [58–60], the Pugh matrix
is particularly well-suited for the early-stage strategic technology selection required
in the Omani and GCC hydrogen roadmap for several reasons: Compatibility with
early-phase hydrogen planning: Oman’s green hydrogen sector is currently in a scaling and
infrastructure-development phase. At this stage, decision-makers necessitate a transparent
and adaptable screening tool rather than a data-intensive optimization model. The Pugh
matrix facilitates rapid comparison of multiple production routes under conditions of
limited or evolving data [57, 61]. Equal-level evaluation of interdependent criteria: In
the GCC context, criteria such as efficiency, water use, operating conditions, and cost are
strongly interrelated. Hierarchical decomposition, as required by AHP, may oversimplify
these interactions. The Pugh matrix permits all criteria to be evaluated at the same level,
which aligns more closely with the integrated nature of hydrogen system challenges in arid
regions [62]. Transparency for policy and industrial stakeholders: Hydrogen development
in Oman involves multiple stakeholders, including policymakers, utilities, investors, and
export-oriented industries. The intuitive scoring structure of the Pugh matrix enhances
interpretability and facilitates stakeholder engagement and consensus-building [63]. Proven
relevance in engineering and process selection: The Pugh matrix has been extensively
applied in engineering design, process selection, and sustainability-driven technology
screening, rendering it well-suited for the comparative assessment of hydrogen production
technologies under region-specific constraints [57,64].
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2.6. Criteria definition and weighting with regional relevance
The Pugh matrix is implemented through a structured seven-step procedure that

explicitly considers Oman/GCC conditions.
Step 1: Definition of Alternatives—The alternatives consist of technically viable

hydrogen production pathways that can be integrated with Oman’s renewable energy
potential, particularly solar and wind resources, and aligned with export-oriented
hydrogen strategies.

Step 2: Definition of Evaluation Criteria—Six criteria have been identified
following a comprehensive review of hydrogen production technologies and the
principal regional challenges impacting the deployment of green hydrogen in Oman
and the GCC. These criteria are as follows: Energy efficiency, which underscores
the necessity to optimize output from renewable electricity resources; Hydrogen yield,
which affects land use, scalability, and export potential; Raw material availability,
with a particular focus on access to water and feedstocks in arid environments;
Required operating conditions, which consider high ambient temperatures, dust, and
infrastructure constraints; Cost, which continues to be a significant barrier to the
competitiveness of green hydrogen in the region; and Emissions, which are alignedwith
Oman’s decarbonization and net-zero objectives. These criteria collectively address the
technical, environmental, and socio-economic realities of hydrogen production in arid,
high-temperature regions [53,55,56,65].

Step 3: Criteria Prioritization—The criteria are ranked in descending order of
importance based on their relevance to overcoming the dominant barriers to green
hydrogen competitiveness in Oman. Efficiency and hydrogen yield are prioritized due
to the capital-intensive nature of renewable-based hydrogen systems, followed by raw
material availability and operating conditions, which are critical in water-scarce and
high-temperature environments. Cost and emissions, while still essential, are ranked
lower due to ongoing policy support and long-term decarbonization commitments.

Step 4: Assignment of Relative Weightages—Linear weightages from 6 (highest
priority) to 1 (lowest priority) are assigned to the criteria. This weighting scheme
reflects strategic priorities specific to Oman’s hydrogen ambitions while maintaining
simplicity and methodological transparency [61].

Step 5: Baseline Selection—A conventional hydrogen production pathway or a
reference green hydrogen method is selected as the baseline and assigned a neutral
score of zero, enabling relative comparison across alternatives.

Step 6: Evaluation Scale Definition—A discrete qualitative-to-quantitative
evaluation scale is adopted (Table 1), ranging from Excellent (+3) to Not acceptable
(−2). This scale allows expert judgment to be systematically translated into numerical
values while accommodating uncertainty typical of emerging hydrogen technologies.

Step 7: Score Aggregation and Ranking—Weighted scores are calculated by
multiplying criterion weightages with the corresponding evaluation scale values. The
aggregated scores are then used to rank hydrogen production pathways according to
their suitability for deployment in Oman and the GCC.
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Table 1. Evaluation scale points.

Description Scale

Excellent +3
Very good +2
Good +1
Acceptable/OK 0
Poor −1
Not acceptable −2

2.7. Sensitivity analysis in the regional context
A sensitivity analysis is conducted to assess the robustness of the technology

rankings under uncertainty in criterion importance. Criterion weightages are varied
by ±10–20% to reflect alternative policy priorities, such as increased emphasis on
water availability or cost reduction. This analysis is particularly relevant in the
Oman/GCC context, where hydrogen strategies are evolving in response to infrastructure
development, desalination integration, and export market dynamics [63,66]. The results
confirm whether the preferred production pathway remains dominant across plausible
regional scenarios.

3. Results and discussion

The Pugh matrix methodology was applied to evaluate fifteen green hydrogen
production pathways using six criteria relevant to the Oman/GCC context: efficiency,
hydrogen yield, raw material availability, required operating conditions, cost, and
greenhouse gas (GHG) emissions. The results provide a structured comparison of
the relative suitability of each technology for deployment under arid-climate and
resource-constrained conditions.

3.1. Criterion-level performance analysis
From an efficiency perspective, proton exchange membrane (PEM) electrolysis,

solid oxide electrolysis (SOEC), and hydrogen liquefaction achieved the highest
weighted scores. These technologies benefit from advanced electrochemical and
thermodynamic characteristics that allow high conversion efficiencies [53, 55].
However, high efficiency alone does not guarantee regional suitability, particularly
in Oman, where water scarcity, operational robustness, and capital cost remain
dominant constraints [67]. In terms of hydrogen yield, alkaline electrolysis emerged
as the leading technology. This outcome reflects its proven capability for continuous
large-scale hydrogen production and its compatibility with industrial-scale deployment,
both of which are essential for export-oriented hydrogen strategies envisioned in
Oman and the GCC [68, 69]. Raw material availability is a critical factor in arid
regions. Alkaline electrolysis, fermentation-based routes, gasification, pyrolysis,
and liquefaction achieved the highest scores in this category due to their reliance on
widely available materials or mature supply chains. In contrast, PEM electrolysis and
photoelectrochemical routes scored lower because of their reliance on scarce noble
metals and specialized membranes, which increase supply-chain vulnerability and
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costs [70,71].
Regarding operating conditions, alkaline electrolysis and PEM electrolysis

performed strongly due to their moderate temperature and pressure requirements. These
characteristics enhance reliability and safety under Oman’s high ambient temperatures
and dust-prone environments, compared to high-temperature thermochemical cycles
that require complex thermal management systems [72]. Cost analysis indicated that
photolysis, fermentation, gasification, pyrolysis, and liquefaction achieved relatively
favourable scores. However, many of these technologies remain at laboratory or pilot
scales and face significant challenges related to efficiency, scalability, and system
integration, limiting their short-term applicability in the GCC [73, 74]. For GHG
emissions, electrolysis-based routes powered by renewable electricity achieved the
highest scores, confirming their potential for near-zero operational emissions. In
contrast, biomass and thermochemical conversion pathways exhibited comparatively
higher emissions due to upstream processing and auxiliary energy requirements [53,75].

Although the present analysis adopts a structured qualitative–quantitative MCDM
approach, the ranking outcomes are broadly consistent with reported quantitative
performance indicators in the literature. Typical specific electricity consumption for
alkaline and PEM electrolysis ranges between 48–55 kWh kg⁻¹ H₂, corresponding
to system efficiencies of 65–75%, while solid oxide electrolysis may exceed 80%
under high-temperature operation but with significantly higher system complexity.
When embedded in power-to-gas-to-power chains, overall round-trip efficiencies
decline to approximately 35–40%, highlighting the importance of coupling hydrogen
primarily to long-duration storage, industrial feedstocks, and ammonia or synthetic
fuel production rather than short-term grid balancing [76, 77]. Incorporating such
thermodynamic and techno-economic performance indicators into future extensions of
the present framework would further strengthen the robustness of technology selection
for large-scale deployment in Oman.

3.2. Overall ranking and technology prioritization
The aggregated weighted scores (Table 2) reveal that alkaline electrolysis

achieved the highest overall score: 55, followed by PEM electrolysis: 50, and
solid oxide electrolysis: 39. A significant performance gap exists between these
leading technologies and the remaining alternatives, indicating a clear preference
for electrolysis-based hydrogen production in the Oman/GCC context. This result
highlights the importance of balanced performance across multiple criteria rather than
optimization of a single parameter. Technologies that scored highly in efficiency but
poorly in cost or material availability were outperformed bymature electrolysis systems
that offer robustness and scalability.

Table 2. Production processes and the results of the Pugh matrix.

Criteria Weight Baseline

Electrolysis Thermochemical water split Photonic Biological processes Thermochemical processes

Alkaline PEM
Solid
oxide

Ther-
molysis

Two
steps
(Mox)

Three
steps
(S-I)

Photo-
catalytic
water split

PEC
Direct
photo-
lysis

Indirect
photo-
lysis

Dark
ferment-
ation

Photo
ferment-
ation

Gasifi-
cation

Pyrolysis Liquification

Efficiency 6 0
6 × 2
= 12

6 × 3
= 18

6 × 3 =
18

6 × (−1)
= −6

6 × 0
= 0

6 × 1
= 6

6 × (−2) =
−12

6 × (−2)
= −12

6 × 2
= 12

6 × (−2)
= −12

6 × 1
= 6

6 × (−2)
= −12

6 × 1
= 6

6 × 0 =
0

6 × 3 =
18
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Table 2. Cont.

Criteria Weight Baseline

Electrolysis Thermochemical water split Photonic Biological processes Thermochemical processes

Alkaline PEM
Solid
oxide

Ther-
molysis

Two
steps
(Mox)

Three
steps
(S-I)

Photo-
catalytic
water split

PEC
Direct
photo-
lysis

Indirect
photo-
lysis

Dark
ferment-
ation

Photo
ferment-
ation

Gasifi-
cation

Pyrolysis Liquification

Yield 5 0
5 × 3
= 15

5 × 2
= 10

5 × 1 =
5

5 ×(−1)
= −5

5 × 0
= 0

5 × 1
= 5

5 × (−2) =
−10

5 ×(−1)
= −5

5 ×
(−2)
= −10

5 × (−2)
= −10

5 × 1
= 5

5 × 1 =
5

5 × 1
= 5

5 × (−1)
= −5

5 × (−2)
= −10

Raw
Material
Availability

4 0
4 × 3
= 12

4 × 2
= 8

4 × 2 =
8

4 × 1 =
4

4 × 1
= 4

4 × 1
= 4

4 × 2 = 8
4 × 2 =

8
4 × 1
= 4

4 × 1 =
4

4 × 3
= 12

4 × 3 =
12

4 × 3
= 12

4 × 3 =
12

4 × 3 =
12

Required
Condition

3 0
3 × 3
= 9

3 × 3
= 9

3 × 1 =
3

3 × (−1)
= −3

3 × 0
= 0

3 × 1
= 3

3 × 1 = 3
3 × 1 =

3
3 × 3
= 9

3 × 3 =
9

3 × 3
= 9

3 × 3 =
9

3 × 0
= 0

3 × 1 =
3

3 × 1 =
3

Cost 2 0
2 × 2
= 4

2 × 1
= 2

2 × 1 =
2

2 × (−1)
= −2

2 × 1
= 2

2 × 1
= 2

2 × (−2) =
−4

2 × (−2)
= −4

2 × 3
= 6

2 × 3 =
6

2 × 3
= 6

2 × 3 =
6

2 × 3
= 6

2 × 3 =
6

2 × 3 =
6

Emission 1 0
1 × 3
= 3

1 × 3
= 3

1 × 3 =
3

1 × 3 =
3

1 × 3
= 3

1 × 3
= 3

1 × 3 = 3
1 × 3 =

3
1 × 3
= 3

1 × 3 =
3

1 ×
(−1)
= −1

1 × (−1)
= −1

1 ×
(−1)
= −1

1 × (−1)
= −1

1 × (−1)
= −1

Total 55 50 39 −9 9 23 −12 −7 24 0 37 19 28 15 28
The evaluation scale used in the Pugh matrix is as follows:
Evaluation
Scale

Value

Excellent 3
Very
Good

2

Good 1
Acceptable 0
Poor −1
Very
Poor

−2

3.3. Comparative discussion: Alkaline vs. PEM electrolysis
Alkaline electrolysis ranked first due to its technological maturity,

cost-effectiveness, and operational simplicity. Operating at moderate temperatures
(50–80 °C) and pressures (up to 30 bar), it is well suited for large-scale deployment
in Oman. The use of low-cost electrolytes such as potassium hydroxide (KOH)
or sodium hydroxide (NaOH), along with non-noble metal catalysts, significantly
enhances economic viability and material availability [68,78].

PEM electrolysis ranked second, benefiting from higher efficiency (up to 90%),
compact system design, and high hydrogen purity (up to 99.9%). These features make
PEM particularly attractive for integration with variable renewable energy sources
such as solar and wind [79]. However, its reliance on platinum-group metals and
polymer membranes increases capital cost and supply-chain risk, which currently
limits its competitiveness for large-scale deployment in Oman [70, 80]. While PEM
technology is expected to improve as material costs decline and recycling pathways
mature, alkaline electrolysis remains the most practical near-term solution for Oman
due to its established industrial base and lower economic risk.

3.4. Implications for Oman and the GCC
The findings suggest that alkaline electrolysis currently represents the most

appropriate technology for green hydrogen production in Oman, considering regional
limitations related to water availability, cost sensitivity, climatic conditions, and
infrastructure readiness. Proton exchange membrane (PEM) electrolysis serves as a
robust complementary option, particularly for prospective decentralized or flexible
operational scenarios. Other production methods, such as thermochemical cycles,
photolysis, and biological processes, hold promise for long-term diversification but
necessitate significant technological advancement before they can be adopted on a large
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scale in the Gulf Cooperation Council (GCC) region.

4. Conclusion

Hydrogen is anticipated to assume a pivotal role in future low-carbon energy
systems, particularly in the decarbonization of sectors that are challenging to abate
and in facilitating the export of renewable energy. Nevertheless, the sustainability and
competitiveness of hydrogen are critically contingent upon the selection of suitable
production technologies. This study assessed fifteen green hydrogen production
methods utilizing a structured Pugh matrix decision-making framework specifically
adapted to the Oman/GCC context. Six efficiency criteria which are: hydrogen yield,
raw material availability, required operating conditions, cost, and greenhouse gas
emissions, were employed to encapsulate the technical, economic, and environmental
dimensions pertinent to arid regions.

The findings suggest that alkaline electrolysis and PEM electrolysis are the
most viable methods for green hydrogen production, with total scores of 55 and
50, respectively. Alkaline electrolysis outperforms PEM in terms of yield, material
availability, cost, and technological maturity, whereas PEM exhibits superior efficiency
and hydrogen purity. Given Oman’s existing infrastructure, climate, and cost
constraints, alkaline electrolysis is identified as themost suitable short-term solution for
large-scale green hydrogen implementation. Therefore, it is recommended that alkaline
electrolysis be prioritized for near- and medium-term hydrogen initiatives in Oman
and the GCC. Meanwhile, PEM electrolysis should be supported through targeted
research, development, and pilot projects, particularly for integration with variable
renewable energy sources. Additionally, emerging technologies such as photolysis,
thermochemical cycles, and biological routes should continue to be explored as part
of a long-term hydrogen diversification strategy.

While the Pugh matrix offers a transparent and practical framework for decision
support, it is important to acknowledge several limitations. The method’s reliance
on expert judgment may introduce subjectivity, influenced by regional experience
and data availability. Additionally, the linear weighting approach does not explicitly
account for nonlinear trade-offs between water consumption, energy efficiency, and
cost, which are critical considerations in arid regions such as Oman. Furthermore,
the Pugh matrix generates relative rankings rather than absolute performance metrics.
Despite these limitations, when combined with sensitivity analysis and region-specific
criteria definition, the method provides a robust and defensible approach for early-stage
screening of green hydrogen technology in Oman and the GCC. Future research should
incorporate quantitative techno-economic analysis and water–energy nexus modeling
to complement the qualitative MCDM approach. The proposed methodology offers a
transparent and robust framework for the early-stage selection of hydrogen technologies
and can be readily adapted to other arid, resource-constrained regions pursuing green
hydrogen development.
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