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Abstract 

For nations heavily dependent on fossil-fuel exports, hydrogen is emerging as a promising 

solution to reduce carbon emissions while preserving economic stability and promoting 

countries’ energy independence. This research study examines hydrogen potential as a 

renewable energy source to facilitate the transition toward a sustainable economy with a 

special focus on Middle East and North Africa (MENA) countries. The analysis delves into 

policy frameworks, technological advancements, and infrastructure adaptations to build 

a reliable green hydrogen supply chain for a scalable and bankable future. The role played 

by other renewable energies like solar and wind, together with the risk related to the high 

demand for water resources to achieve the green hydrogen transition, has also been as-

sessed. Furthermore, key challenges have been highlighted, including the repurposing of 

the existing pipelines into the energy networks, public–private partnerships to secure in-

vestment, and legislation requirements to encourage the adoption of novel hydrogen ap-

plications. In order to do that, a SWOT-PESTEL analysis has been carried out to identify 

the main decarbonization strategies for achieving a replicable framework. Moreover, a 

multi-criteria decision analysis was performed, applying 11 indicators across supply-side 

(e.g., solar/wind potential, LCOE, and water stress), demand-pull/logistics (e.g., maritime 

connectivity, steel production, and LNG export capacity), and risk/regulation dimensions 

(e.g., governance effectiveness, regulatory quality, and fossil rent dependence). The Ana-

lytic Hierarchy Process (AHP) was used for weighting, the entropy method for weighting 

variability (hybrid 50/50 combined weights), min–max normalization for costs, 5% Win-

sorization for outliers, and TOPSIS for aggregation following OECD-JRC composite indi-

cator guidelines. Results have been validated through a multiple scenario analysis (base, 

supply-led, and risk-aware) and sensitivity testing via Dirichlet bootstrapping (5000 iter-

ations) with ±20% weight perturbations. Six countries of the MENA region have been 

studied. The multi-criteria decision analysis outcomes rank Egypt (composite score 0.518), 

Algeria (0.482), and Oman (0.479) as the most suitable countries for large-scale green hy-

drogen and ammonia production/export, while Saudi Arabia, Qatar, and Kuwait 

achieved lower supply scores in the base case due to higher perceived risks. 
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1. Introduction 

Hydrogen is widely regarded as the cornerstone of the green energy transition, espe-

cially for hard-to-abate sectors where direct electrification is technically, physically, or 

economically unfeasible [1]. Currently, the majority of produced hydrogen originates 

from fossil fuels through steam reforming, which occurs without CO2 capture and results 

in less than 1% being released; it is therefore considered low-emission [2]. Nevertheless, 

this production approach raises substantial concerns regarding the associated greenhouse 

gas emissions. A promising alternative has been identified as green hydrogen, generated 

via the electrolysis of water in a process powered by renewables with a reduction in the 

carbon footprint [3]. Green hydrogen provides substantial benefits for industries transi-

tioning to sustainable practices as it enables participation in emerging energy markets by 

utilizing hydrogen surplus in flexibility markets, either by reintegrating stored hydrogen 

into the grid or optimizing self-consumption through electrolysis [4]. 

Currently, ammonia production, methanol synthesis, and petroleum refining repre-

sent the primary industrial uses of hydrogen [5]. Gas turbines can use hydrogen-rich 

blends or pure hydrogen by adjusting fuel flow and/or accelerating flame speeds in mix-

tures exceeding 30% [6]. The multi-purpose nature of green hydrogen establishes it as a 

functional alternative for powering demanding industrial processes such as aviation and 

the maritime sector. In fact, aviation represents 2.6% of global CO2 emissions, which is 

projected to rise to between 4.6% and 20.2% by 2050 [7]. Concerns also persist in the mar-

itime sector, where unmanaged shipping is expected to contribute about 15% of global 

CO2 emissions by 2050 [8]. 

This trend highlights the global imperative for low-emission fuels to alleviate envi-

ronmental impacts. Green hydrogen emits about 85% less carbon dioxide equivalent than 

blue hydrogen and roughly 95% less than gray hydrogen since its production relies on 

renewable energy sources [7]. This positions it as an essential tool for reducing emissions 

in carbon-intensive sectors such as steelmaking, cement production, and transportation—

sectors where other decarbonization options are limited. EU policies and legislative 

frameworks are designed to bridge green hydrogen with renewable sources, formalizing 

its integration into existing energy systems, although current production costs, together 

with water availability, remain major obstacles to its large-scale adoption [9]. Thus, the 

high-water intensity of green hydrogen electrolysis represents a significant constraint for 

its deployment in water-stressed areas. 

In such contexts, wastewater and desalinated seawater serve as sustainable inputs, 

especially for coastal areas. A previous study established green hydrogen as able to reduce 

about 60 gigatons of CO2 by 2050, which represents 6% of the total reduction needed to 

meet the established net-zero targets [10]. 

The levelized cost of hydrogen (LCOH) is an important indicator to assess its eco-

nomic feasibility. Exploring the LCOH involves different parameters, including capital 

expenditure (CAPEX), operational costs (OPEX) for the energy consumed, capacity factors 

(CF), the cost of water, and the weighted average cost of capital (WACC). For electrolyz-

ers, depending upon the type of technology and system configuration, the CAPEX can 

differ substantially. CAPEX for proton-exchange membrane (PEM) electrolyzers for the 

entire system (>10 MW) ranges from 700 to 1400 USD/kW, while alkaline electrolyzers 

offer a more cost-effective range between 500 and 1000 USD/kW [11]. Operational ex-

penditure (OPEX), which includes maintenance, labor, and energy costs, will also largely 

define the total LCOH as energy costs can be as high as 50 to 75% of the total LCOH, 

illustrating the significance of energy price risk [12]. 

According to the 2030 International Energy Agency (IEA) LCOH Map [13], CAPEX 

assumptions are estimated at 380–1300 USD/kW for solar PV, 980–3260 USD/kW for on-

shore wind, and 620–960 USD/kW for electrolysis, while OPEX assumptions rank between 
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8 and 26 USD/kW for solar PV, 25 and 83 USD/kW for onshore wind, and 19 and 30 

USD/kW for electrolysis. Currently, green hydrogen production costs range from 3.4 to 

7.5 USD/kg [14], and the LCOH is expected to globally drop below 5 USD/kg by 2030 using 

solar and wind energy [15]. Blue hydrogen produced from natural gas (NG) with carbon 

capture and storage (CCS) costs between 1.17 and 1.56 US dollars per kilogram in the 

United States, while conventional hydrogen without carbon capture is estimated at 1.04 

USD/kg [16]. 

The capacity factor (CF), which indicates the actual output, is a key determinant in 

the calculation of the LCOH since it is directly linked to the price and source of electricity 

used for the electrolysis process, whether it is derived from renewables or the grid. In fact, 

integrating renewables with electrolyzer operations reduces the risks and impacts of fluc-

tuating energy prices, which can stabilize the LCOH [17]. The capacity factor (CF), which 

indicates the actual output compared to the maximum theoretical output over time, can 

also have a substantial effect on the LCOH. Higher capacity factors are usually related to 

renewables that have more consistency, like wind or solar with energy storage, enabling 

good overall hydrogen production [18]. Water availability may present a factor in deter-

mining the LCOH in areas that do not have substantial amounts of freshwater; however, 

desalination remains negligible in terms of the overall costs of the system [19]. New eval-

uations also indicate that utilizing alternative water sources like produced water from 

industrial processes or effluents from water-resource-recovery facilities could diminish 

costs associated with water [20]. Producing green hydrogen through electrolysis requires 

significant water input. The stoichiometric requirement is approximately 9 L of water per 

kilogram of hydrogen produced; however, practical total operational water consumption 

can escalate to 15 to 25 L per kilogram due to additional needs, such as purification, cool-

ing, and evaporation losses ranging from 6 to 16 L/kg [21]. The World Resources Institute 

(WRI) Aqueduct 4.0 tool [21] has been taken into consideration to identify water-related 

risks, including physical scarcity, aquifer depletion, and overall hydrological stress. Fig-

ure 1 shows that the overall water risk on a yearly basis, calculated by aggregating all 

existing indicators from the Physical Quantity, Quality, and Regulatory and Reputational 

Risk categories, is high. This risk is extremely high in 75% of the MENA region [22]. 

 

Figure 1. Annual water risk in the MENA region (data source: WRI Aqueduct 4.0 tool [21]). 

The cost of financing projects (WACC) is another factor to take into account, as a 

decrease in WACC can attract hydrogen production investments, allowing for a favorable 

economic evaluation of projects and positively affecting the LCOH over time [23]. Fur-

thermore, the concept of equivalent operating hours, often defined as expected production 

hours per year, is vital since it delineates the actual operational efficiency of the 
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electrolyzer systems. Operational strategies can also improve available hours by utilizing 

energy during low-price or surplus production periods [24]. 

Regarding the implementation of a hydrogen industrial hub, while blending hydro-

gen into the existing NG system is feasible, its transportation requires careful assessment 

of material compatibility and precise pressure regulation. In fact, existing infrastructure 

made of steel can experience embrittlement when transporting hydrogen [25]. Trials car-

ried out in the framework of the HyDeploy project have shown the hydrogen blending 

into NG up to 20% to be safe without requiring a major pipeline upgrade [26]. Reductions 

in capacity, fuel delivery mechanisms, and different operational pressures are dictated by 

the blending type applied in distribution versus transmission systems. Transmission sys-

tems, which operate under higher pressures and larger scales, encounter many challenges 

compared to distribution networks [27]. This differentiation is critical, as blending impacts 

the combustion efficiency and emissions profiles of end-use appliances [28]. Global green 

hydrogen policies tend to achieve net-zero goals by integrating hydrogen into diverse sec-

tors, such as using the waste heat generated by electrolysis to cover 2.5–4% of EU district 

heating (DH) demand [29]. The aggregation of small loads by means of a DH configura-

tion, as done in the NG sector, can allow utilities and consumers to efficiently manage 

hydrogen consumption and promote the creation of a new energy market model [30,31]. 

Based on IRENA’s World Energy Transitions Outlook 1.5 °C pathway, the role of hydro-

gen will be central to achieving net-zero emissions by 2050, accounting for 14% of the final 

energy production, together with the projected cost reductions for electrolyzers that are 

expected to be equal to 60% by 2030 [26,31]. Both South Africa’s commitment to the Paris 

Agreement [32] and West Africa’s strategic cooperation with Europe to align climate and 

development goals [33] are policies that emphasize that scaling the hydrogen economy 

relies on technological innovation to afford lower pricing and global net-zero transition 

[34]. 

While prior hydrogen readiness assessments and multi-criteria decision analysis 

(MCDA) studies have already evaluated production pathways and supplier selection, the 

present research study aims to overcome the remaining problem gaps. Among them, read-

iness indicators often overemphasize the technical maturity and economic viability of hy-

drogen applications, neglecting social pillars, resource constraints (e.g., water scarcity), 

and implementation issues. Only 7% of announced hydrogen projects reached Final In-

vestment Decisions (FIDs) in 2023 [35]. Furthermore, MCDA applications frequently rely 

on subjective weighting without the support of hybrid data-driven methods, uncertainty 

boundary analysis, and focus on global scales, underrepresenting regional FFED contexts. 

This article is designed to provide an in-depth examination of the role of green hydrogen 

in fossil-fuel export-dependent (FFED) economies. As part of the novelty of this research 

study, an MCDA analysis based on 11 indicators has been carried out in order to evaluate 

the main factors of FFED economies in MENA countries—fossil dependence, geopolitical 

risks, export-oriented demands, and water stress. While standard MCDA overlooks gov-

ernance (WGI) and logistics proxies (LPI/LSCI), our research focuses on assessing the fea-

sibility of selected countries for hydrogen production according to the weighted criteria 

selected. 

Section 2 describes the research methodology: definition of FFED countries, data 

sources, indicators, and the overall analytical workflow. Section 3 contains mathematical 

methods indicating normalization, entropy, and TOPSIS equations used in the MCDA 

analysis. Section 4 quantifies solar and wind resource potential across MENA and com-

pares six FFED countries (Algeria, Egypt, Kuwait, Oman, Qatar, and Saudi Arabia) on 

energy mix, existing hydrogen projects, policies, decarbonization targets, and infrastruc-

ture readiness. Sections 5 and 6 present, respectively, a PESTEL and SWOT analysis of the 

green hydrogen transition in MENA FFED countries. Section 7 introduces and applies a 
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transparent multi-criteria decision analysis (MCDA) with 11 indicators and AHP–entropy 

weighting to rank six MENA countries for green hydrogen/ammonia export potential. 

2. Research Methodology Design 

In this section, the research methodology designed to evaluate the potential for hy-

drogen adoption in FFED countries is presented. The aim is to examine readiness and 

capability for hydrogen as a sustainable alternative in MENA FFED countries, where the 

green transition can generate substantial economic risk. 

Candidate countries were identified using strict economic thresholds and established 

international datasets—IEA and World Bank datasets[36,37]—for the methodology vali-

dation. Two main selection criteria were applied to identify them: the export dependency 

ratio and the proportion of Gross Domestic Product (GDP) generated from fossil fuels. 

Countries in which fossil-fuel exports account for more than 50% of total merchandise 

exports were classified as high-dependence, countries with more than 10% were classified 

as low-dependence. Countries that account for less than 10% were excluded from the anal-

ysis. 

Following the identification of countries, a structured analysis of the selected coun-

tries based on their energy mix was carried out. Data from government energy reports 

and IEA enabled the distribution between fossil fuels, renewable sources (mainly solar 

and wind), and other energy sources, such as nuclear energy. 

Later, existing applications of hydrogen were investigated, focusing on the industrial 

and transport sectors and considering previous academic research, pilot projects success-

fully implemented, and demonstration initiatives still ongoing. The objective is to map 

existing use and identify barriers. 

Furthermore, established policies and regulations for hydrogen-infrastructure hub 

deployment, together with financial support mechanisms, were reviewed. In parallel, na-

tional decarbonization goals were analyzed through the contributions to net-zero pledges, 

sourced from International Climate Reporting Platforms [38]. Moreover, data on pipeline 

systems, storage capacity, industrial clusters, ports, and shipping facilities were collected. 

Subsequently, a comparative analysis was conducted among the selected MENA 

countries based on the following political, technical, and economic criteria: 

▪ Economic Reliance: Defined as the proportion of fossil-fuel exports relative to gross 

domestic product. 

▪ Policy Strength: Assessed by the presence of national hydrogen strategies and the 

level of government funding and institutional support. 

▪ Infrastructure Adaptability: Measured by the extent to which existing oil and gas in-

frastructure can be repurposed for hydrogen applications. 

▪ Market Potential: Calculated based on projected domestic hydrogen demand and po-

tential export opportunities, as reported in trade assessments. 

▪ Decarbonization Ambition: Estimated by comparing national climate policy targets 

with actual emission outcomes. 

This methodology offers a clear way to evaluate the potential for hydrogen adoption 

in these countries by bringing together economic, policy, infrastructural, and environmen-

tal dimensions; this can be seen in the visual block diagram in Figure 2, which summarizes 

the designed methodology. 
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Figure 2. Research methodology for assessing hydrogen adoption in MENA FFED countries. 

Once the current state of hydrogen adoption in MENA FFED countries was assessed, 

a scoring process based on 11 indicators was applied to benchmark countries against each 

other. The indicators were fed into a scoring MCDA system, allowing the identification of 

countries better positioned as long-term participants in the hydrogen economy. Addition-

ally, a cluster analysis was used in parallel to group states with similar profiles, distin-

guishing early adopters, transitional cases, and late movers. This dual method provides 

both detail and comparability across fossil-fuel-dependent economies. 

The final ranking identified relative hydrogen readiness among selected countries. 

3. Modeling of the Multi-Criteria Decision Analysis 

A multi-criteria decision analysis was applied to rank the MENA countries by eval-

uating them against multiple criteria and complex decisions. The raw data of 11 indicators 

(Table 1) were converted to comparable, dimensionless scores through a fully objective, 

data-driven process consisting of two main steps: outlier treatment and min–max normal-

ization with directional inversion for cost-type indicators. This approach follows standard 

recommendations in the OECD-JRC’s Handbook on Constructing Composite Indicators [39]. 

Outliers were treated via Winsorization at the 5% level to reduce extreme influence with-

out removal. The analysis primarily utilizes Technique for Order Preference by Similarity 

to Ideal Solution (TOPSIS), supported by entropy weighting for objective weight determi-

nation [40]. 
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Table 1. Identification of the multi-criteria decision analysis indicators. 

Indicator MCDA Group Description 

S1, S2 (PVOUT, Wind) Supply 
Renewable energy potential influencing supply cost and availa-

bility. 

S3 (LCOE) Supply Cost of energy. 

S4 (Water Stress) Supply 
Water stress levels affecting resource availability (WRI Aque-

duct). 

D1 (LPI) Demand Logistics performance. 

D2 (LSCI) Demand Maritime sector connectivity. 

D3 (Steel Production) Demand Raw material availability. 

D4 (LNG Export Capacity) Demand Potential for hydrogen export. 

R1 (WGI Government Effectiveness) Risk 
Political stability and the government’s ability to commit to an-

nounced projects. 

R2 (WGI Regulatory Quality) Risk Country’s ability to comply with hydrogen project standards. 

R3 Risk Country’s reliance on fossil fuels. 

3.1. Min–Max Normalization 

Normalization is a critical step in MCDA in which heterogeneous criterion values are 

transformed into comparable information [41]. During the normalization process, raw 

data is transformed into a dimensionless scale [0, 1] where 0 represents the worst perfor-

mance and 1 represents the best performance for a given criterion. This is crucial for com-

bining criteria with different units and ranges. The formula is 

xij
′ =

xij −  mini(xij) 

 maxi(xij)  −  mini(xij) 
 (1) 

For negative cost indicators (lower is better, e.g., S3 LCOE, S4 water stress, R3 fossil 

rent dependence before inversion), inversion is performed first by taking the reciprocal or 

subtracting from a suitable benchmark, then applying the positive formula above. Specif-

ically: 

xij
′ =

maxi(xij) − xij

maxi (xij) − minj(xij) 
 (2) 

where 

mini(xij) is the minimum value observed for criterion j across all alternatives i; 

maxi (xij) is the maximum value observed for criterion j across all alternatives i. 

3.2. Derivation of AHP Base Weights (𝑤𝐴𝐻𝑃𝑏𝑎𝑠𝑒
) 

The Analytic Hierarchy Process (AHP) was employed to determine the subjective 

weights for each criterion, resulting in the w{AHP{base}} vector. This process involved col-

lecting expert judgments through pairwise comparisons. Experts evaluated the relative 

importance of each criterion against every other criterion using Saaty’s nine-point funda-

mental scale [42]. This scale assigns numerical values to verbal judgments of relative im-

portance (e.g., 1 for equal importance, 3 for moderate importance, 5 for strong importance, 

and so on, up to 9 for extreme importance). For each pair of criteria (Ci, Cj), an expert de-

termined how much more important the former was compared to Cj. If Ci was rated x 

times more important than Cj, then Cj was implicitly 
1

x
 times as important as Ci. These 

judgments were structured into a pairwise comparison matrix. Considering a subset of 

criteria (S1, S2, D1), a simplified expert judgment might result in A 
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A =  [
1 3 ½
⅓ 1 ¼
2 4 1

]  

where 

S1 is moderately more important than S2 (3); 

S1 is moderately less important than D1 (1/2); 

S2 is moderately less important than S1 (1/3); 

S2 is strongly less important than D1 (1/4); 

D1 is moderately more important than S1 (2); 

D1 is strongly more important than S2 (4). 

From the full pairwise comparison matrix (covering all 11 criteria), the relative 

weights (e.g., using the eigenvector method) were mathematically derived. The con-

sistency ratio (CR) was calculated to ensure the logical coherence of expert judgments, 

with values typically below 0.10 indicating acceptable consistency. The w{AHP{base}} array 

in the code directly represents these calculated and normalized AHP weights. 

3.3. Entropy Weighting 

Entropy weighting is an objective method used to determine the relative importance 

(weights) of each criterion. Criteria with higher variability across alternatives (i.e., lower 

entropy) are assigned higher weights as they are considered more discriminatory; con-

versely, criteria with little-to-no variability (higher entropy) receive lower weights. 

Hybrid weights are computed by taking into account the weight based on the Ana-

lytic Hierarchy Process (AHP) and the entropy weight as follows: 

wcombined = 0.5 × wAHP + 0.5 × wEntropy  (3) 

Subsequently, they are normalized using a normalized decision matrix: 

X′ = (x′ij)m × n (4) 

The first step for calculating entropy weights is the construction of the Probability Matrix 

(P ) where for each criterion j − th  across m alternatives, the probability p{ij}  is deter-

mined as follows: 

pij =
x′ij+ϵ

∑ (xij
′ +ϵ)m

i=1

, i=1,2,…,m, j=1,2,…,m (5) 

where 𝜖 is a correction constant to ensure that pij > 0. 

 

Then, the calculation of the entropy (Ej) for each criterion j is given by: 

Ej = −k ∑ (pij ln pij )
m
i=1  , j=1,2,...,n (6) 

where k =
1

ln(m) 
 and when xij = 0, it is assumed pijln pij is equal to 0.  

  

After that, the Degree of Divergence (Dj) for criterion j  is computed as outlined be-

low: 

Dj = 1 − Ej (7) 

Finally, in order to guarantee uniform weights are assigned, the entropy weights (wj) 

for criterion j − th are evaluated by normalizing the divergence values: 

wj =
Dj

∑ Dj
n
j=1

 , j=1,2,...,n (8) 
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3.4. TOPSIS Method 

The TOPSIS method is an MCDA tool for identifying the best option and ranking 

alternatives based on their distance from an ideal solution [40]. The alternative should 

have the shortest geometric distance from the Positive Ideal Solution (PIS) and the longest 

geometric distance from the Negative Ideal Solution (NIS). In the Weighted Normalized 

Decision Matrix (V), each normalized criterion value is multiplied by its assigned weight: 

vij = wj ⋅ xij
′  (9) 

where X′ = (xij
′ )

m×n
  is the normalized decision matrix and W = (w1, w2, … , wn)  is the 

vector of criterion weights. Then, the Positive Ideal Solution (PIS, V+) and Negative Ideal 

Solution (NIS, V−) are identified as follows: 

V+ = (v1
+, v2

+, … , vn
+) = (max

i
vij│j ∈ JB) , (min

i
vij│j ∈ JC) (10) 

 V− = (v1
−, v2

−, … , vn
−) = (min

i
vij│j ∈ JB) , (max

i
vij│j ∈ JC)  

where JB represents the benefit criteria, and JC represents the cost criteria. 

Afterwards, the maximum value for PIS and minimum value for NIS across all vij 

are selected: 

V+ = (vi1 , vi2 , … , vin ) (11) 

V− = (vi1 , vi2 , … , vin )  

Subsequently, the Euclidean distance of each alternative from the PIS (Si
+) and NIS 

(Si
−), called Separation Measures, is calculated: 

Si
+ = √∑ (vij − vj

+)
2n

j=1   (12) 

Si
− = √∑ (vij − vj

−)
2n

j=1    

The Relative Closeness Ci
∗ for each alternative i is computed as outlined below: 

Ci
∗ =

Si
−

Si
+ + Si

− (13) 

This score ranges from 0 to 1, where higher values indicate better performance. As 

can be seen, the MCDA methods adopted to carry out the FFED MENA country analysis 

provide a comprehensive evaluation of alternatives under various criteria, considering 

both objective and subjective weight influences (through combined AHP/entropy 

weights). Finally, the Relative Closeness Ci
∗ was used to rank possible alternatives in or-

der to identify the best option. 

4. Comparative Analysis Among MENA FFED Countries 

The design of renewable energy systems for green hydrogen production critically 

depends on prior evaluations of solar irradiance and wind speed in the target regions. 

Across MENA regions, Global Horizontal Irradiance (GHI) and Direct Normal Irra-

diance (DNI), as well as wind speed to a standard height, show highly favorable potential 

(Figure 3) [43]. In fact, photovoltaic power-production potential in the MENA region ac-

counts for almost over than 1899 kWh/kWp annually. Specifically, in areas with high lev-

els of solar energy, GHI reaches levels above 2000 kWh/m2/year, while DNI reaches 1800 

kWh/m2/year in desert areas, such as Egypt and Saudi Arabia [44]. GHI is the total amount 

of solar radiation received overall on a horizontal surface, making it important for 
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photovoltaic (PV) system assessments, while DNI provides the amount of direct sunlight 

received, which is crucial for solar thermal applications. Consequently, areas with high 

DNI, like Algeria, are particularly suitable for concentrated solar power (CSP) technolo-

gies [45]. 

 

Figure 3. Photovoltaic power-production potential in the MENA region [45]. 

Similarly, the Global Wind Atlas (GWA)  shows that typical wind speeds in MENA 

regions can range from 5 to 9 m/s at a height of 100 m [46], reaching peak value in the 

coastal areas. As shown in Figure 4, countries such as Algeria, Saudi Arabia, Egypt, and 

Oman—marked by large coastal areas and abundant deserts—are characterized by an av-

erage wind speed above the thresholds that result in an effective use of wind turbines for 

energy production (typically >6 m/s) [47]. Validation of these datasets can be further 

achieved through on site measurements and meteorological data collected over several 

years, which helps refine the accuracy of resource assessments [48,49]. 

The data presented in Figure 4 were estimated using solar and wind potential for 

selected countries from the World Bank’s Global Solar Atlas [43] and Global Wind Atlas 

[46]. Solar potential was calculated based on average annual Global Horizontal Irradiance 

(GHI) values, typically ranging from 1800 to 2400 kWh/m2/year across these countries, 

converted to gigawatts (GW) using a simplified land-use assumption. Wind potential was 

calculated using average wind speeds at 100 m (4.5–9.0 m/s) and corresponding power 

densities (150–600 W/m2), converted into GW with similar land constraints. 
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Figure 4. Renewable energy mix potential in MENA countries, expressed in GW. Source: own elab-

oration from [43,46]. 

The land area used was estimated by excluding protected areas, high-slope terrain 

(>34%), urban/agricultural land, and biodiversity zones, potentially reducing available 

area depending on the country [50]. For consistency, 1000 km2 of usable land per coun-

try—with solar yielding 0.2–0.25 GW/km2 (20–25% capacity factor) and wind yielding 0.01 

GW/km2 (30–40% capacity factor, assuming 10 MW/km2 turbine density)—was assumed 

[51]. Finally, the assumptions considered to carry out the analysis are presented in Table 

2. 

Table 2. Technical assumptions for renewable potential estimation in MENA countries. 

Parameter Solar (PV)  Wind (Onshore)  Assumptions 

Resource Input 1800–2400 kWh/m2/year (GHI) 4.5–9.0 m/s at 100 m 
Based on Global Solar and Wind Atlases 

[43,46] 

Power Density 200–250 MW/km2 10 MW/km2 
Solar ~20–25% CF on high GHI; wind 10 

MW/km2 installed → 30–40% CF [51] 

Usable Land Area 
1000 km2 (assumed net, exclud-

ing land-use constraints) 

1000 km2 (assumed net, 

excluding land-use con-

straints) 

Applied uniformly across selected coun-

tries 

Capacity Factor 20–25% 30–40% IRENA reports [51] 

The intentional integration of green hydrogen practices in MENA economies aims to 

foster a reliable, sustainable energy transition while addressing climate change concerns. 

A comparative analysis (Table 3) was carried out among six selected MENA countries 

according to the political, technical, and economic criteria presented in Section 2. 

Table 3. Comparative analysis among six selected MENA FFED countries. 

Country FFED  
2023 En-

ergy Mix  

Hydrogen Utiliza-

tion 

Policy & Regula-

tory Support 

Decarbonization 

Goals 

Infrastructure 

Readiness 

Algeria 

[12,19] 
99%  

Oil (34.7%), 

NG (64.9%), 

Wind and 

Solar (0.1%)  

Emerging interest 

in green hydrogen; 

pilot projects ongo-

ing (i.e., MedHySol 

1–1000 MW). 

Developing hy-

drogen strategy: 

Algerian Strategy 

on Green Hydro-

gen 2040  

Committed to 

GHG emission re-

duction 

by 2030  

Moderate; exist-

ing gas infra-

structure availa-

ble for hydro-

gen export  

Egypt 

[52] 
93%  

Oil (44%), 

NG (49%), 

Biofuel 

(3.2%)  

Target 8% of the 

global green hydro-

gen market and to 

emerge as a major 

exporter  

Green hydrogen 

included in the 

National RES 

Strategy  

RES target of 42% 

by 2030, green 

ammonia and hy-

drogen produc-

tion for shipping 

fuels and indus-

trial use 

21 projects un-

derway for 

green hydrogen 

production  

Kuwait 

[25,53] 
~100% 

Oil (48%), 

NG (52%)  

Emerging interest 

in green hydrogen; 

white paper for na-

tional strategy  

Developing hy-

drogen strategy 

with an RES target 

of 15% by 2030  

NDC targets to 

reduce emissions 

by 7.4%; net-zero 

by 2035  

Advanced oil 

and gas infra-

structure poten-

tially adaptable 

for hydrogen  
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Oman 

[54,55] 
~99%  

Oil (13.2%), 

NG (86.2%), 

RES (0.7%)  

Pilot projects ongo-

ing with the goal of 

1 Mtpa of green H2 

by 2030  

Strong interest in 

green hydrogen as 

a part of net-zero 

vision by 2050  

RES target of 30% 

by 2030; net-zero 

by 2050 

Developing hy-

drogen infra-

structure capa-

bility; 50,000 

km2 of land for 

green hydrogen  

Qatar 

[56,57] 
99.8%  

NG (92%); 

Oil (6.8%); 

limited RES  

Main investments 

in blue ammonia 

plant  

Strong policies en-

couraging diversi-

fication of the en-

ergy mix 

Committed to 

GHG emission re-

duction 

by 2030; net-zero 

by 2050 

Advanced oil 

and gas infra-

structure, large 

capacity for 

LNG exports, 

hydrogen de-

ployment ongo-

ing  

Saudi 

Arabia 

[58,59] 

~100%  

Heavy Reli-

ance on Oil 

and NG  

Major green hydro-

gen initiatives (i.e., 

NEOM: ~600 

tH2/day → ~1.2 

Mtpa NH3) 

Comprehensive 

hydrogen strategy 

with a 2030 GHG 

emission-reduc-

tion target  

RES target of 50% 

by 2030; net-zero 

target set for 2060 

Advanced and 

adaptable 

transport infra-

structure  

Figure 5 shows the worldwide fossil-fuel energy-dependency rates, highlighting 

MENA countries as the area with highest FFED rate, between 90 and 100%. The natural 

endowment of these countries, which hold some of the largest proven oil and gas reserves 

in the world, has made fossil-fuel energy sources the more convenient asset for their econ-

omies. However, the historical fossil-fuel dependency that affects these countries is not 

just due to the large availability of fossil fuels, but also to their reliance on extensive infra-

structure—including power plants and LNG terminals for fossil-fuel exports—strongly 

influenced by the economic models and political institutions that completely dominate 

the oil and gas companies of their respective countries [60]. 

 

Figure 5. Worldwide map displaying fossil-fuel dependency. Source: own elaboration from [60]. 

In spite of that, the comparative analysis shows MENA countries to be characterized 

by their abundance of renewable energy resources, which results in a unique opportunity 

for MENA countries to reshape their economies and to become major exporters of green 
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hydrogen. Algeria, Egypt, Oman, and Saudi Arabia are projected to drive 85% of the re-

gion’s renewable capacity growth by 2027, and they are heavily investing in wind farms 

too [61]. In particular, Saudi Arabia, historically one of the major oil exporters, is now 

exploring energy production technologies based on hydrogen with the aim of leading en-

ergy exports towards a green economy. However, transitioning to a diversified and sus-

tainable economy requires important investments, new technologies, and policy planning 

to balance the required economic needs and achieve long-term sustainability objectives. 

Economic Analysis of HY Integration in the FFED Countries’ Energy Mix 

Currently, producing green hydrogen is far more expensive than creating blue or 

gray hydrogen, primarily because it depends on renewable energy and high-cost electro-

lyzers (Figure 6). From recent estimates, green hydrogen can cost anywhere from about 3 

to 8 USD/kg, depending on how much one pays for electricity and how efficiently the 

electrolyzers operate [62]. 

 

Figure 6. Cost comparison of green hydrogen production methods. Source: own elaboration from 

[62,63]. 

Blue hydrogen, made from NG with carbon capture and storage (CCS), costs about 

1.5–3 USD/kg. Gray hydrogen, made from NG without CCS, can be as low as 1–2 USD/kg 

[63]. This shows the cost challenge green hydrogen faces against fossil-fuel methods. Its 

cost depends on electricity, electrolyzer efficiency, and production scale. Electricity is the 

biggest factor, so regions with cheap wind or solar power can produce hydrogen at a 

lower cost [64]. Furthermore, as the technology for electrolyzers—especially advanced 

polymer electrolyte membranes (PEMs)—improves, researchers expect the setup and op-

erating costs to decrease, which would help reduce the price of green hydrogen [65]. Also, 

if production occurs on a larger scale, one benefits from economies of scale, making each 

unit of hydrogen cheaper. Experts predict that green hydrogen could rival fossil-fuel hy-

drogen in price by 2030 to 2050, particularly in scenarios where renewable energy plays a 

significant role [33]. Green hydrogen could become appealing as electrolyzers improve 

and renewable energy becomes less expensive. Moreover, by emphasizing the true cost of 

blue and gray hydrogen, starting to factor in the environmental cost through carbon pric-

ing could make green hydrogen even more competitive [66]. However, achieving that de-

pends on following technological developments and implementing regulations support-

ing investment in green hydrogen systems. Transporting hydrogen from point A to point 

B and storing it properly is highly important if researchers aim to integrate it into the 

energy mix, especially since it does not pack much energy per volume (Figure 7) [67]. 

Researchers have several main ways to store hydrogen: as compressed gas, liquid 
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hydrogen, or in ammonia, each with its own advantages and disadvantages. Compressed 

hydrogen gas is forced into tanks at very high pressures, up to 700 bar. This is fairly com-

mon for hydrogen fuel-cell cars and industrial use because it is relatively straightforward, 

and researchers already know how to implement it. Furthermore, compressing it requires 

substantial energy, and with the high levels of pressure, there are safety concerns. Then 

there is liquid hydrogen, which, kept very cold at around −253 °C, offers greater energy 

density. For large-scale applications like space flight or some industrial configurations 

where every unit of space and weight matters, it is suitable. As a counterpart, it takes 

considerable energy to turn hydrogen into a liquid, and one needs advanced, insulated 

tanks to maintain it that way, which increases the logistics and cost. Ammonia is begin-

ning to appear very promising for transporting hydrogen because it holds more energy, 

and researchers already have the systems in place to produce and move it. 

 

Figure 7. Green hydrogen supply chain [67]. 

Ammonia is made from hydrogen and nitrogen via the Haber–Bosch process, and it 

is easier to handle than pure hydrogen [68]. Additionally, it is safer to transport. The chal-

lenge is converting ammonia back to hydrogen, which involves catalysts and can poten-

tially release CO2 if one is not careful. Aiming to make ammonia a more practical option 

for hydrogen storage and transportation, there is some interesting work in progress with 

novel catalysts to make this conversion more efficient [69]. Despite these benefits, cheaper 

catalysts are required to facilitate more efficient conversion of ammonia to hydrogen. Ta-

ble 4 summarizes key economic and technical aspects of the hydrogen storage methods. 
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Table 4. Technical and economic comparison between different hydrogen storage methods. 

Storage Method Energy Density Cost Safety Ref. 

Compressed Gas 

Moderate energy 

density, requires 

high pressures up to 

700 bars. 

Generally lower cost 

compared to other 

methods, but high 

compression costs. 

Safety concerns due to high 

pressure, requiring robust con-

tainment. 

[10,16,70] 

Liquid Hydrogen 

High gravimetric 

and volumetric den-

sities. 

High cost due to liq-

uefaction and stor-

age at cryogenic tem-

peratures. 

Safety issues related to ex-

tremely low temperatures and 

hydrogen boil-off. 

[3,71,72] 

Solid-State Storage 

High energy density 

potential, but not yet 

fully realized. 

Potentially lower 

costs with advance-

ments in materials. 

High safety levels due to stable 

storage, but requires further 

development for industrial use. 

[14,70,73] 

5. PESTEL Analysis for Assessing Green Hydrogen Suitability in 

MENA FFED Countries 

A PESTEL analysis was used to assess the influence of macro factors on strategies 

and initiatives implemented in FFED countries to enable the transition towards a green 

hydrogen-based economy. Moreover, the PESTEL analysis also allows the identification 

of external opportunities and challenges related to this transition. 

Table 5 summarizes the results of the PESTEL analysis into a comparison matrix by 

addressing each one of the macro-environmental factors and showing their correlation 

with the MCDA indicators. 

Findings demonstrated the critical influence of political and economic factors on the 

development of hydrogen hubs in FFED economies. Government regulations, like Saudi 

Arabia’s Vision 2030 and Egypt’s Renewable Energy Plans, can contribute to determining 

the scale of hydrogen integration, but political stability in the MENA region remains cru-

cial for attracting foreign investment. International trade policies are expected to evolve 

toward fostering cross-border hydrogen markets, but EU partnerships with neighboring 

FFED economies are crucial to meet the targets established by the 2030 Agenda [74]. FFED 

countries face a major challenge, reducing their fossil-fuel energy dependence—that for 

some countries exceeds 90%—while focusing on building new green energy sectors. In 

this framework, hydrogen production cost represents a strong challenge, as its cost will 

impact competitiveness and deter private investors, especially in FFED economies vulner-

able to inflation, with fluctuating interest rates, and with high unemployment. However, 

long-term projections suggest that new production technologies could reduce hydrogen 

costs to 1–2 USD/kg by 2050, benefitting FFED economies [33]. 

From a social perspective, the rapidly growing young population in the MENA re-

gion intensifies the need for job creation. The development of a green hydrogen-based 

economy could generate new employment opportunities, although extensive workforce 

training and skill development will be necessary to support the reliability of this sustain-

able energy market [75]. Public acceptance of hydrogen technologies is still limited in 

many MENA regions, as fossil-fuel dependency is still heavy in these countries [13]. 

Awareness campaigns are necessary to promote the use of hydrogen as part of a low-

carbon lifestyle. On the other hand, advancements in hydrogen production technologies 

are strongly required in order to enable its deployment in FFED economies. In fact, 
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electrolyzer advancements, smart grid integration, and storage breakthroughs are central 

to lowering costs and improving system reliability [76]. 

Furthermore, ongoing research in water electrolysis and methane decomposition is 

building a viable roadmap for MENA nations to use their RES potential to enhance hy-

drogen production [77]. Finally, effective collaboration between governments and the pri-

vate sector is crucial for establishing the foundations of a solid hydrogen-based economy 

and facilitating hydrogen integration into industrial sectors traditionally dominated by 

fossil fuels [78]. 

Table 5. PESTEL matrix for assessing green hydrogen suitability in MENA FFED countries and in-

fluence of the PESTEL macro factors on MCDA indicators. 

PESTEL 

Dimen-

sion 

Algeria Egypt Kuwait Oman Qatar Saudi Arabia 
MCDA  

Indicators 

Political 
2040 H2 tar-

get 

Ambitious ex-

port goals (8% 

of global mar-

ket)  

Net-zero 

target 2035 

Net-zero 

2050 Vi-

sion  

National 

Vision 

2030  

Vision 2030; 

net-zero by 

2060; 50% 

RES by 2030  

R1, R3 

Economic 99% FFED  93% FFED  

~100% 

FFED; 

high un-

employ-

ment/in-

flation 

risks  

~99% 

FFED 

99.8% 

FFED 

strong in-

vestment 

capacity 

~100% FFED 

robust fund-

ing 

S1, S2 

(PVOUT, 

Wind), S3 

(LCOE), D2 

(LSCI), D3 

(Steel Produc-

tion), R3 

Social 

Young pop-

ulation; lim-

ited public 

awareness 

Growing pop-

ulation; job 

creation po-

tential 

High un-

employ-

ment; so-

cial stabil-

ity con-

cerns in 

transition 

Youth di-

versity; 

job op-

portuni-

ties  

Limited 

domestic 

demand; 

expatriate 

workforce 

Large popu-

lation; Vision 

2030 requires 

jobs/skills 

shift 

R1, R2 

Technolog-

ical 

Solar/wind 

potential 

high; infra-

structure 

adaptation 

possible 

21 projects; 

strong RES in-

tegration; elec-

trolysis focus 

Limited 

RES; ad-

vanced 

oil/gas 

technol-

ogy adapt-

able 

Hydro-

led infra-

structure  

Advanced 

NG/LNG 

infrastruc-

ture  

NEOM 

mega-project 

ongoing; ad-

vanced RE 

and electroly-

sis 

D1 (LPI), D2 

(LSCI), D4 

(LNG export 

capacity), R2 

(WGI Regula-

tory Quality) 

Environ-

mental 

Water stress 

moderate 

(Saharan aq-

uifers); low 

RES share 

High RE po-

tential; high 

water stress; 

desalination 

needed 

High wa-

ter stress; 

limited 

RES 

High so-

lar/wind; 

high wa-

ter stress; 

coastal 

ad-

vantages 

High wa-

ter stress; 

gas-domi-

nant 

High RE po-

tential; ex-

treme water 

stress 

S1, S2 

(PVOUT, 

Wind), S4 (Wa-

ter Stress) 
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Legal 
NDC align-

ment 

National strat-

egy; incen-

tives for green 

investment 

Emerging 

regula-

tions; 

NDC tar-

gets 

Strong 

frame-

works 

(Vision 

2040) 

Vision 

2030 poli-

cies; emis-

sion-re-

duction 

laws 

Saudi Green 

Initiative; 

regulatory 

support 

R2 (WGI Regu-

latory Quality) 

Ref. [12,19,21,37] [21,37,79] [21,55] 
[21,37,54,

56] 
[21,56,57] [58,59]  

6. SWOT Analysis for Assessing Green Hydrogen Suitability in MENA 

FFED Countries 

A SWOT analysis was carried out in order to evaluate internal capabilities and exter-

nal conditions of MENA FFED countries in the context of the ongoing energy transition. 

Table 6 highlights the readiness and limitations of MENA countries to embrace a green 

hydrogen economy, discussing the strengths, weaknesses, opportunities, and threats that 

MENA FFED countries are facing. 

Many of the countries in the MENA region have valuable renewable-energy poten-

tial—mainly in solar and wind. Previous studies highlighted MENA countries as charac-

terized by high GHG-mitigation potential that can be enhanced by capitalizing on solar 

potential [26]. This advantage can make hydrogen production easier, allowing for newly 

developed infrastructure to accommodate the hydrogen energy approach. MENA coun-

tries already have substantial energy-related infrastructure, and this infrastructure is 

adaptable to new energy types, including green hydrogen production and storage [80]. In 

transitioning to green hydrogen, the MENA countries would benefit from new revenue 

streams associated with the sale of renewable energy certificates and/or hydrogen. In fact, 

green sukuks are currently gaining attention as financial instruments for funding some of 

these ventures [81]. The opportunity to harness green hydrogen offers countries such as 

Saudi Arabia and Qatar, given their stable geopolitical contexts, a pathway to shape the 

global green hydrogen landscape while diversifying their economies [82,83]. MENA coun-

tries are collectively aware of the need to transition towards a sustainable and green econ-

omy, as any disruption in the global fossil-fuel markets can lead to immediate and severe 

economic instability, limiting investment for hydrogen technologies [84]. Although 

MENA countries possess considerable green energy potential, renewable energy sectors 

are still less developed than fossil-fuel-based industries, and the transition will require 

significant financial investment and technological innovation [85]. Policy–action misalign-

ment represents a key obstacle to renewable-energy project deployment. Moreover, insuf-

ficient public awareness may trigger social opposition, while incumbent fossil-fuel indus-

tries may hinder the transition due to legacy dependencies and economic interests [27]. 

MENA countries could play a crucial role as hydrogen exporters in the global scenario, 

taking advantage of their local availability of renewable energy and foreign partners’ in-

vestments in the development of a reliable green hydrogen hub [86]. Moreover, employ-

ment opportunities across a range of areas of expertise—from research and development 

to manufacturing to distribution—can support FFED local economies [87]. Participation 

in global climate accords and initiatives can also provide valuable opportunities for 

MENA countries to get financial support for renewable projects, including hydrogen pro-

jects [88]. 

On the other hand, geopolitical instability and energy price volatility—which affect 

the MENA region—remain significant risks for hydrogen development, while economic 

recessions could constrain investment and reduce export competitiveness [39]. In fact, the 
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increasing climate awareness and stricter environmental regulations may accelerate pres-

sure on MENA countries to transition rapidly to a low-carbon economy, potentially with-

out adequate preparation. Moreover, rapid technological advancements could undermine 

MENA’s competitiveness, requiring costly infrastructure adaptations and developments, 

broadening economic crises in these fossil-fuel-dependent regions [89,90]. 

Table 6. SWOT analysis of FFED economies in the MENA region. 

Strengths Weaknesses 

Abundant renewable resources, especially solar and wind (e.g., 

Iran’s solar potential for major GHG reductions) [26] 

High dependence on fossil-fuel export reve-

nues, causing vulnerability to market disrup-

tions [84] 

Existing energy infrastructure that can be adapted for hydrogen 

production and storage [80] 

Underdeveloped renewable energy sector com-

pared to fossil fuels, requiring large invest-

ments [91] 

Revenue from fossil fuels historically funded development; po-

tential to redirect financing into green hydrogen (e.g., green 

sukuks) [81]. 

Governance and regulatory frameworks for re-

newable energy lag behind fossil-fuel policies 

[85] 

Strategic geopolitical positioning (e.g., Saudi Arabia) to lead in 

global hydrogen markets [82,83] 

Social backlash possible from communities reli-

ant on fossil-fuel industries, fearing job losses 

[92] 

Recognition of the need for economic diversification and adop-

tion of green hydrogen strategies [84] 

Resistance from fossil-fuel businesses with 

vested interests, complicating transition [27] 

Opportunities Threats 

Rising global demand for green hydrogen, positioning MENA as 

a competitive exporter [93] 

Global energy market volatility and price fluc-

tuations could disrupt hydrogen investment 

[39] 

Innovation and technological advancements tailored to regional 

needs [94] 

Stricter international environmental regulations 

may accelerate transition pressures [95] 

International partnerships for investment, technology transfer, 

and knowledge sharing [86] 

Competing regions (the EU, US, and Asia) may 

advance hydrogen technologies faster [89] 

Job creation across R&D, manufacturing, and distribution [87] 
Large infrastructural changes are needed; slow 

adaptation could hinder competitiveness [15] 

Access to funding and support through international climate 

agreements [88] 

Rapid transition risks economic disruption, un-

employment, and social unrest [90] 

7. MCDA Application for Assessing Green Hydrogen Suitability in 

MENA Countries 

To achieve a replicable framework for evaluating the suitability of selected countries 

in the MENA region for developing renewable hydrogen (H2) and/or ammonia (NH3) 

value chains, an MCDA analysis was carried out. 

There are multiple approaches available for multi-criteria decision analysis (MCDA). 

As already mentioned in Section 3, in this research study, a TOPSIS method was adopted 
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as it is among the methods widely recognized for their effectiveness in solving complex 

MCDA problems. The TOPSIS method was selected because it uses only Euclidean dis-

tances and does not demand extra user-defined functions. This makes the entire analysis 

transparent, replicable, and easy to communicate to a broad audience. It ranks alternatives 

(countries) based on their relative distances from a Positive Ideal Solution and a Negative 

Ideal Solution through an easily interpretable process [40]. 

Alternatively, PROMETHEE focuses the multi-criteria decision analysis on outrank-

ing through pairwise comparison, which results in the need to specify preference func-

tions and thresholds for each criterion, while VIKOR focuses on compromise solutions 

and is particularly useful when no single alternative is perfect across all criteria [96]. Fur-

thermore, due to the existing gap in the MCDA methods, as the use of different ap-

proaches could lead to different solutions, future studies of this research will aim to use 

PROMETHEE and VIKOR and to compare their results with the TOPSIS analysis carried 

out in this study. 

According to the MCDA method that was selected, the multiple indicators shown in 

Table 7 are evaluated across supply-side, demand-pull/logistics, and risk/regulation di-

mensions, aligned with EU regulations such as Renewable Fuels of Non-Biological Origin 

(RFNBO) and demand signals from sectors like shipping, chemicals, and steel. The rank-

ings will help select the most suitable countries for green hydrogen production. 

Table 7. Technical specifications of the MCDA indicator dataset. 

Indicator Unit Code/Note Source Sign 
Year/ 

Period 

S1. PVOUT kWh/kWp/day 
Tech report GSA 2.0; 

raster/point 

Global Solar 

Atlas [44] 
+ 2025 

S2. Wind @100 m m/s Dataset v4 (250 m) 

Global Wind 

Atlas (DTU) 

[46]  

+ 2025 

S3. LCOE  USD/kWh Regional benchmarking 
LCOE Global 

Map [43] 
- 2024 

S4. Water Stress Projected score % Baseline/projected 2030 
WRI Aqueduct 

4.0 [21]  
- 2030 

D1. LPI (logistics) Score (1–5) 
Complete dataset 2007–

2023 

World Bank 

LPI 2023 [97] 
+ 2023 

D2. LSCI (maritime 

connectivity) 

Index, mean = 100 in 

Q3-2023 
IS.SHP.GCNW.XQ UNCTAD [98] + 2025 (Q3) 

D3. Steel Production Mtpa 
Report 2025; NH3 out-

look 
IFA [18] + 2024 

D4. LNG Export Capac-

ity 

Number of LNG 

berths 
Gas/LNG infrastructure GIIGNL [99] + 2024 

R1. WGI Government 

Effectiveness 
% DataBank/metadata 

World Bank 

WGI [36] 
+ 2023 

R2. WGI Regulatory 

Quality 
% 

DataBank/metadata 

(average) 

World Bank 

WGI [36] 
+ 2023 

R3. Fossil Rent Depend-

ence 
% of GDP 

NY.GDP.TOTL.RT.ZS 

inverse 

World Bank 

WGI [36] 
+ 2020–2021 
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As discussed in Section 3, following the OECD-JRC guidelines for composite indices 

[100], Analytic Hierarchy Process (AHP) was used for weighting, min–max normalization 

(with inversion for cost indicators), Winsorization (5% for outliers), and TOPSIS aggrega-

tion. The robustness of the MCDA assessment is examined through scenario analysis 

(base, supply-led, risk-aware) and sensitivity tests. The MCDA process flow employed in 

this study is schematically presented in Figure 8, while the mathematical methods are 

described in Section 3. 

 

Figure 8. Methodology implemented to carry out the multi-criteria decision analysis. 

The first stage of the MCDA process involved normalizing all criteria using min–max 

scaling to place them on a common 0–1 scale. Positive and negative indicators were nor-

malized; this step allows for logical aggregation using the weighting techniques applied 

later. As a result, every country’s performance becomes directly comparable across sup-

ply, demand, and risk indicators. To reflect both expert judgment and data-driven infor-

mation, the analysis used a hybrid weighting framework. AHP weights represented the 

subjective importance assigned by domain experts, while entropy weights measured the 

degree of informational variability in each criterion, giving more weight to indicators with 

higher discriminative power across countries. The final combined weights were calculated 

as the average of the AHP and entropy weights and then normalized. Scenario-specific 

variations, including supply-led and risk-aware configurations, were also produced by 

selectively boosting relevant criterion groups. This resulted in a balanced and transparent 

weighting system that captures expert priorities, objective data patterns, and policy-

driven alternatives. To assess uncertainty around the final weights, we applied the 

https://doi.org/10.3390/su18042157


Sustainability 2026, 18, 2157 21 of 36 
 

https://doi.org/10.3390/su18042157 

Dirichlet bootstrapping method [4], generating 5000 alternative weight vectors that pre-

serve the overall weight distribution. The resulting intervals reveal the sensitivity of each 

indicator, and wide intervals are more sensitive to variability. A large-scale sensitivity 

analysis was conducted by perturbing weights randomly within ±20% and recalculating 

TOPSIS scores for 5000 simulations. This allowed the analysis to assess a country’s rank-

ing stability under possible changes in weighting. Spearman’s correlation between simu-

lated rankings and baseline rankings offers a measure of overall stability, while score 

standard deviations and rank ranges report uncertainty at the country level. Countries 

with small score variations and narrow rank intervals demonstrate solid positions. To en-

hance the interpretation of results, sub-scores for each country across supply, demand, 

and risk categories were calculated by aggregating the criteria within each group using 

the combined weights (Table 8). 

Table 8. Replicable dataset for selected countries in the MENA region. 

Country S1 S2 S3 (2024) S4 D1 D2 (Q3/2025) D3 D4 R1 R2 R3 

Oman 5.62 8.31 0.08 5 3.3 142 3.03 2 62 66 29.2 

Kuwait 4.89 7.98 0.09 4 3.2 34 1.01 2 51 63 29.3 

Saudi Ara-

bia 
5.67 7.59 0.09 5 3.4 244 9.6 0 79 69 25.6 

Egypt 5.74 8.7 0.08 5 3.1 282 10.73 3 42 26 5.1 

Algeria 5.5 8.36 0.09 2 2.5 71 4.52 4 27 16 22.6 

Qatar 5 6.7 0.09 5 3.5 90 1.1 17 86 81 27.3 

A country may score well in supply potential but lag in demand or carry high risk 

exposure. Data preprocessing, normalization, entropy weighting, AHP integration, scor-

ing, and sensitivity simulations were performed in a Python environment. The code relies 

on transparent, open-source libraries such as NumPy, pandas, and Plotly, ensuring that 

all results can be independently replicated and verified. The complete Python code [101] 

used to generate the tables, figures, and HTML map was published previously, providing 

transparency while enabling future researchers to reproduce, extend, or adapt the analysis 

for related applications. 

8. Results and Discussions 

The potential of renewable hydrogen to replace fossil fuels in the MENA region and 

drive FFED countries towards a green energy transition by serving hard-to-electrify sec-

tors, such as transportation and heavy industry, have been discussed by carrying out a 

combined PESTEL-SWOT analysis. Specifically, the PESTEL analysis allows the identifi-

cation of how political, environmental, social, technological, and legal macro factors are 

affecting the deployment of a reliable hydrogen economy in fossil-fuel-based economies. 

Furthermore, this analysis allows the identification of how PESTEL macro factors can be 

modeled into the MCDA indicators. The findings of the PESTEL analysis point out that 

economic incentives and governmental support are key for the development of the hy-

drogen supply chain, for promoting innovation, and for reducing social pressure [102]. 

Likewise, the SWOT analysis suggests that hydrogen deployment could promote eco-

nomic growth in MENA countries through the integration of domestic renewable energy 

sources (solar and wind) and strategic cooperation with European partners [103]. In addi-

tion, MENA countries should harmonize their regulations with European hydrogen strat-

egies [34]. In this framework, the Social Impact Assessment Matrix, Table 9, summarizes 

how energy access, environmental quality, and community development have been 
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identified as the driving factors of the MENA region’s green energy transition. Results 

emphasize the positive and negative impacts that the deployment of a green hydrogen-

based economy can have on them. 

Table 9. Social Impact Assessment Matrix (SIAM). 

Impact Factor Positive Impacts Negative Impacts 

Energy Access 
Enhanced reliability of electricity supply 

in remote areas 

High initial costs may exclude low-income 

communities 

Environmental Quality 
Reduction in GHG emissions and local 

pollutant levels 

Potential water uses during hydrogen pro-

duction 

Community Develop-

ment 

Creation of jobs and promotion of eco-

nomic diversification 

Displacement of communities due to infra-

structure development 

The implementation of hydrogen-based energy systems can make a significant im-

pact on remote areas where energy supply is unreliable. In fact, rural electrification 

through small-scale hydrogen energy production may substantially enhance living stand-

ards by providing essential community services, health care, and education. Nevertheless, 

the trade-off of the advantages must be balanced against the heavy investment costs, tech-

nology transfer costs, and project development costs, which could ultimately deny many 

of the lower-income communities access to hydrogen technology [28]. This inequity rein-

forces the necessity for positive policy intervention to reduce economic inequalities as hy-

drogen infrastructure is rolled out in MENA nations [104]. Despite the environmental ben-

efit in terms of GHG emission reduction, producing hydrogen requires the availability of 

local water for electrolysis, and in dry-arid environments, it can result in a constraint due 

to water scarcity [105]. In terms of community development, hydrogen employment may 

present a strong opportunity for job creation and economic diversification, especially for 

hydrocarbon-dependent regions [5]. However, there is a responsibility to explore negative 

externalities like community displacement caused by infrastructure projects, along with 

health risks associated with construction activities and operational emissions during ini-

tial deployment phases. 

8.1. Circular Economy Integration with Hydrogen Microgrids 

As fossil-fuel-dependent MENA economies attempt to modernize their energy infra-

structure, the concept of a circular economy becomes significantly pertinent to society, 

especially in considering hydrogen microgrids and how materials may be utilized circu-

larly, similar to current fossil-fuel precincts. Overall, this could lead to a more sustainable, 

economically viable energy model by processing waste streams from already existing cir-

cular economies as a part of hydrogen production. Anaerobic digestion of organic resi-

dues, notably agricultural biomass, can be used as a feedstock to generate hydrogen. 

Countries such as Algeria are examining the potential for agricultural waste in the pro-

duction of biogas that could be converted into hydrogen [106]. This has the benefit of 

providing a renewable feedstock for energy supply, and it also mitigates the environmen-

tal externalities related to conventional waste management techniques, such as open burn-

ing and landfilling. The use of carbon capture, utilization, and storage (CCUS) technolo-

gies enables the transition to blue hydrogen by utilizing the CO2 emissions from fossil-

fuel resources. Countries such as Saudi Arabia are considering the production of hydro-

gen with CO2 filtered via CCUS technologies, as it can simultaneously create a closed-loop 

process that reduces the environmental impact while ensuring energy security. The added 
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cost of CCUS will have long-term economic gains by finding opportunity in valuations 

from CO2 captured that could be concentrated into many different industrial uses. More-

over, using industrial byproducts for hydrogen production could open up another layer 

of circular economy integration. Wastewater treatment plants, especially in the densely 

populated areas of the MENA region, are a largely untapped resource for hydrogen pro-

duction from their advanced treatment processes [104]. The impact of transitioning to a 

circular economy approach for a better relationship with resources will produce meaning-

ful benefits through resource efficiency, economic growth, and sustainability on a global 

scale. Transitioning, however, comes with challenges. The technology scalability of biogas 

cleaning technologies and CCUS integration continue to be significant barriers in devel-

oping hydrogen systems that synergize the principles of a circular economy. Facilitating 

innovation, investments in research and development, as well as regulatory frameworks 

to promote the use of creative financing, are essential first steps [32]. Governments and 

institutions in the MENA region are encouraged to advance the development of technol-

ogies with circular economy principles through hydrogen production systems. By ex-

panding the use of hydrogen through a circular economy framework, it will not only en-

hance the economic rationale for hydrogen microgrids but also create the socio-environ-

mental factors for continued economic growth for fossil-fuel-producing economies, which 

are essential for improving sustainability and ongoing growth. The addition of hydrogen 

microgrids into the energy portfolios of developing MENA countries presents a monu-

mental opportunity to decarbonize and broaden the economic diversity from the fossil-

fuel-based economy they have always relied upon. Both the interaction with this hydro-

gen pathway and achieving integration through traditional means depend on effective 

policies and proper commitment to the identified socio-economic/environmental weak-

nesses. One key element of the proposed policy change must focus on equity and social 

inclusiveness by providing access to hydrogen technologies for communities. It should 

include the development of financial models and incentives that will allow low-income 

households access to affordable hydrogen, such as reaching inclusive growth targets, as 

the MENA context shifts to hydrogen-fueled energy systems. Furthermore, the necessary 

capacity-building initiatives for local expertise and community participation in hydrogen 

projects should be implemented and deployed. These would establish the socio-technical 

component of the energy transition, providing the most necessary infrastructure suited 

for sustainable development [107]. It is important that ongoing research continues to take 

into account the economic implications of incorporating various waste streams into hy-

drogen production processes, the establishment of comprehensive studies of the emis-

sions associated with these practices [90], and that long-term studies of socio-environmen-

tal impacts of hydrogen microgrids in real-world settings will provide critical insights to 

guide future strategies. While the hydrogen economy has many opportunities for devel-

opment and innovation, carbon-free hydrogen integration in the MENA region requires a 

technological, economic, social, and environmental approach. Addressing these issues 

will be critical in leveraging the hydrogen integration opportunities to decarbonize fossil-

fuel-based economies and clear a path for a sustainable future [108]. 

8.2. Multi-Criteria Decision Analysis Results 

Table 10 illustrates how indicator importance shifts under various methodological 

approaches. The initial weights (AHP base) were assigned through the Analytic Hierarchy 

Process, representing a subjective expert-driven assessment of indicator importance. For 

instance, S1 (0.12) and S4 (0.13) have relatively high AHP weights, suggesting their initial 

importance in the supply group. We observe that entropy weights (data-driven) often di-

verged from the initial AHP base weights (expert judgment), particularly for indicators 

like ‘S3’ and ‘S4,’ where entropy assigned considerably higher weights (0.205 and 0.230, 

https://doi.org/10.3390/su18042157


Sustainability 2026, 18, 2157 24 of 36 
 

https://doi.org/10.3390/su18042157 

respectively) compared to their AHP weights, suggesting that these indicators show con-

siderable variation across countries. The ‘combined base’ weights, a 50/50 blend, success-

fully integrated both perspectives. The consistency ratio (CR) being ‘<0.1’ for AHP-de-

rived weights confirms the internal logical consistency of the expert judgments, adding 

credibility to the AHP component. This comparison demonstrates the value of a hybrid 

approach in balancing expert opinion with data-driven insights. 

Table 10. AHP weights for base/supply-led/risk-aware scenarios with CR. Source: Author’s dataset 

and open-access repository [101]. 

Indicator 
AHP 

(Base) 
Entropy 

Combined 

Base 

Combined 

Supply-Led 

Combined 

Risk-Aware 

S1 0.12 0.058 0.089 0.107 0.082 

S2 0.1 0.04 0.07 0.084 0.065 

S3 0.1 0.205 0.153 0.184 0.141 

S4 0.13 0.23 0.18 0.217 0.166 

D1 0.08 0.037 0.059 0.047 0.054 

D2 0.08 0.073 0.077 0.062 0.071 

D3 0.1 0.102 0.101 0.081 0.093 

D4 0.09 0.111 0.101 0.081 0.093 

R1 0.07 0.054 0.062 0.05 0.085 

R2 0.07 0.055 0.062 0.05 0.086 

R3 0.06 0.035 0.048 0.038 0.066 

CR <0.1 - <0.1 <0.1 <0.1 

Table 11 and Figure 9 reveal insights into the importance and stability of the indicator 

weights. ‘S4’ (water stress) showed the highest mean weight (0.1618), with a 95% confi-

dence interval of [0.1148, 0.2146]. The national water-stress scores (S4) were derived by 

averaging the baseline/projected 2030 values from WRI Aqueduct 4.0. This indicates that 

water stress was highly influential, suggesting its critical role in the MENA region’s en-

ergy transition to green hydrogen. After reviewing several hydrogen studies, we note that 

desalination energy costs are negligible in the overall LCOH calculation; specifically, 

LCOW from large-scale reverse osmosis desalination is around 2 Euro/m3. With a practical 

water consumption of ~20 L per kg of hydrogen (including losses and cooling), this trans-

lates to only ~ 0.04 Euro/kg of hydrogen—a very minor fraction (<1–2%) compared to the 

dominant electricity cost component in the LCOH (typically 50–75% of the total). This 

negligible impact is reported in similar studies. In addition, LCOW is almost the same in 

selected countries for large-scale RO plants thanks to the low energy costs in FFED, espe-

cially in the MENA region. 

Other indicators report varying degrees of mean weight and confidence intervals, 

providing a clear understanding of their contributions and reliability. 

Table 11. Weight intervals (expert bootstrap). Source: Author’s dataset and open-access repository 

[101]. 

Indicator Mean Weight 2.5th Percentile 97.5th Percentile 

S1 0.089 0.041 0.152 

S2 0.07 0.029 0.128 
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S3 0.153 0.09 0.231 

S4 0.18 0.112 0.261 

D1 0.059 0.022 0.113 

D2 0.077 0.033 0.136 

D3 0.101 0.05 0.167 

D4 0.101 0.051 0.165 

R1 0.062 0.023 0.117 

R2 0.062 0.024 0.117 

R3 0.048 0.015 0.098 

Table 11 provides the mean weights (combined base) and their 95% confidence inter-

vals (2.5th and 97.5th percentiles) derived from 5000 Dirichlet-based simulations. In Fig-

ure 9, the Dirichlet-based weight intervals are visually represented with error bars around 

the mean weights. 

 

Figure 9. Bootstrapped weight intervals (95% confidence). Source: Author’s dataset and open-access 

repository [101]1. 

Table 12 discusses the main scores, their standard deviations, and the rank stability 

(min/max ranks) for each country; this identifies the countries with more stable or variable 

ranks—refer to Figure 10 for a visual representation of scores and uncertainty. Egypt 

(score: 0.5177), Algeria (score: 0.4819), and Oman (score: 0.4789) are the top three perform-

ers, indicating they are the most suitable countries for hydrogen production and export 

based on the combined base weights. Kuwait (score: 0.2929) is the lowest-ranked country, 

followed by Qatar (score: 0.3517) and Saudi Arabia (score: 0.3983). These countries appear 

less suitable under the current criteria and weighting scheme. 

Table 12. MENA region’s selected countries’ ranking. Source: Author’s dataset and open-access re-

pository [101]. 

Country Score Score_Std Rank Rank_Min Rank_Max 

Egypt 0.518 0.025 1 1 2 

Algeria 0.482 0.026 2 1 4 
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Oman 0.479 0.025 3 2 3 

Saudi Arabia 0.398 0.02 4 3 5 

Qatar 0.352 0.019 5 4 5 

Kuwait 0.293 0.012 6 6 6 

The ‘Score_Std’ column represents the standard deviation uncertainty. Algeria re-

ported the highest score (0.02635), indicating its score is slightly more sensitive to changes 

compared to others. Kuwait has the lowest standard deviation (0.01233), implying its 

score is quite stable, although it is also the lowest score. Egypt, despite being ranked 1, 

shows a range from 1 to 2, meaning that, in some simulations, another country (likely 

Algeria or Oman) could briefly surpass it (Figure 10). Algeria has the widest rank range, 

from 1 to 4, indicating that while its main rank is 2, it could potentially move up to first 

place or drop down to fourth, highlighting a greater sensitivity to weight changes than 

the other top countries. 

 

Figure 10. Ranking with uncertainty bars. Source: Author’s dataset and open-access repository [101]. 

Table 13 discusses selected countries’ scores in supply, demand, and risk. Oman has 

a strong risk rating of 0.769 and a good supply rating of 0.581, but a low demand rating of 

0.336. It is then considered moderately reliable in green hydrogen production, but has a 

small domestic market. Kuwait’s supply (0.213) and demand scores (0.157) are both very 

low, with a moderate risk score (0.686). 

Table 13. Sub-scores for spider chart. Source: Author’s dataset and open-access repository [101]. 

Country Supply Score Demand Score Risk Score 

Oman 0.581 0.336 0.769 

Kuwait 0.213 0.157 0.686 

Saudi Arabia 0.229 0.614 0.848 

Egypt 0.634 0.685 0.147 

Algeria 0.614 0.213 0.201 

Qatar 0.023 0.526 0.977 

As shown in Figure 11, Kuwait’s supply capacity and domestic demand for green 

hydrogen results are found to be significantly limited, although quite stable through the 

risk profile. 

https://doi.org/10.3390/su18042157


Sustainability 2026, 18, 2157 27 of 36 
 

https://doi.org/10.3390/su18042157 

 

Figure 11. Spider chart of sub-scores for the six MENA countries under analysis. Source: Author’s 

dataset and open-access repository [101]. 

Saudi Arabia has a strong risk profile, with an outstanding rating of 0.848 and a good 

demand score (0.614); however, its supply score is low (0.229), which implies that while 

the country has a highly favorable risk profile and a robust demand for green hydrogen, 

there are limitations in producing large quantities of green hydrogen. Egypt has very high 

supply (0.634) and demand (0.685) levels, indicating a strong ability to produce and con-

sume green hydrogen. However, its risk score is the lowest at 0.147, suggesting significant 

political, regulatory, and/or investment risks that could limit project development. Similar 

to Egypt, Algeria has strong supply potential (supply score = 0.614) but has low demand 

(0.213) and risk (0.201) levels. This means that Algeria has a lot of resources and infra-

structure but has not yet developed a significant domestic demand for green hydrogen, 

and is facing relatively high operational risks due to lower governance indicators, espe-

cially in government effectiveness and regulatory quality. Qatar has a unique profile; it 

has a very high-risk score (0.977), a good demand score (0.526), and a low supply score 

(0.023), demonstrating a very stable and attractive risk environment and a moderate level 

of domestic demand but very limited supply potential. 

Figures 12 and 13 provide an interactive geographical visualization of ‘Aqueduct 

Stress’ and ‘S-Index (Supply)’ across the selected countries. Egypt and Algeria display 

darker green shades, indicating the highest supply score. This suggests strong potential 

or favorable conditions for hydrogen supply in these two countries. Most countries in the 

study—like Oman, Saudi Arabia, Egypt, and Qatar—are shown in dark red, meaning they 

are expected to face extremely high-water stress by 2030. Given that all of the analyzed 

countries are located in arid or desert environments, Kuwait is still under serious stress 

but slightly less so than its neighbors, with a lower score. Algeria stands out as the least 

stressed, shown in light red, mainly because it has large fossil groundwater reserves in 

the Sahara that are not heavily used yet, giving it an advantage that the other countries 

do not have. Robustness is a necessary standard for any composite index to ensure that 

the final ranking is stable and not simply determined by subjective choices in weightings 
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or only slight error in the input data. The Dirichlet sampling method has been used to test 

this stability. The Dirichlet sampling simulation (5000 runs) was performed, where each 

individual weight was sampled from a uniform distribution within a 20% interval of its 

original value. 

 

Figure 12. Choropleth map of water-stress overlay, WRI Aqueduct Risk (S4). Source: own elabora-

tion. Basemap: © OpenStreetMap contributors: ODbL; License: Creative Commons Attribution 4.0; 

Water-risk overlay: WRI Aqueduct 4.0. Source: Author’s dataset and open-access repository [101]. 

 

Figure 13. Choropleth map of S-index (hydrogen supply potential). Source: own elaboration. Base-

map: © OpenStreetMap contributors: ODbL; License: Creative Commons Attribution 4.0; Water-

risk overlay: WRI Aqueduct 4.0. Source: Author’s dataset and open-access repository [101]. 

The ultimate measure of the index’s structural stability is Spearman’s Rank Correla-

tion (ρ) across all the weight perturbations (both Dirichlet and the ±20% OAT tests). Spear-

man’s ρ is calculated for the ranks of every country pair across all 5000 simulations. 

Figure 14 summarizes the percentages of times each country achieved a particular 

rank across 5000 sensitivity simulations. The sensitivity heatmap reveals that while some 

countries like Kuwait, Qatar, and Saudi Arabia maintain relatively stable positions (espe-

cially at the lower ranks), countries like Oman and Algeria exhibit higher rank variability, 

suggesting that their final ranking is more sensitive to the precise weight distribution used 

in the MCDA model. Egypt maintains a strong but not absolute lead. 
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Figure 14. Global sensitivity heatmap of rank variation and Spearman’s Rho from weight perturba-

tions. Source: Author’s dataset and open-access repository [101]. 

9. Conclusions 

Green hydrogen can play a pivotal role in FFED countries’ decarbonization process 

if properly supported by technology advancements and governmental investments. Many 

challenges still need to be solved to make green hydrogen affordable and effective. Cur-

rent production costs are from 3 to 8 USD/kg, compared to 1–3 USD/kg for blue or gray 

hydrogen. New materials can accelerate hydrogen production, scaling up the technology 

and enhancing electrolyzer performance to reduce the cost of green HY to 1–2 USD/kg by 

2050. Moreover, by linking hydrogen production with traditional renewable energy like 

solar, which represents more than 90% of the MENA region’s renewable potential, the 

fluctuations in energy supply can be addressed, enhancing energy network reliability and 

cost-effectiveness. 

Furthermore, this research study underscores that green hydrogen, derived from re-

newable-powered electrolysis, offers a zero-emission alternative capable of decarbonizing 

sectors such as transportation, industry, and power generation, providing a strategic op-

portunity to nations with high potential of REN, such as the African region, to redefine 

their roles in global energy markets. On the other hand, the HY’s great versatility has been 

evidenced by its applications in microgrids and fuel cells, alongside the advancements in 

storage methods using ammonia and compressed gas. Moreover, hydrogen has been 

demonstrated to be especially promising for sectors like steel and cement, where electrifi-

cation is not straightforward. Additionally, the implementation of a green hydrogen sup-

ply chain will have a beneficial impact in developing countries’ economies by creating 

new employment opportunities and ensuring long-term energy sustainability. In line with 

that, the SWOT analysis reinforces this duality: strengths in established technologies and 

renewable integration are tempered by weaknesses in cost and efficiency, yet opportuni-

ties for decarbonization and circular economy innovations outweigh threats posed by 

competing technologies and geopolitical uncertainties. Building out hydrogen infrastruc-

ture will require substantial investment, particularly for storage and transport. Hydrogen 

is challenging because it is not as energy-dense, and it is flammable, so new safe methods 
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to store it need to be tested—such as in liquid form or in emerging solid-state technologies 

and liquid organic hydrogen carriers (LOHCs)—to transport hydrogen safely across the 

globe. Successfully achieving all of this is crucial for meeting the future demand for green 

hydrogen and for meeting the ambitious sustainable targets established for 2050. 

The results of the MCDA identify Egypt as the most suitable MENA FFED country 

for large-scale green hydrogen and green ammonia production and export (composite 

score 0.52), followed by Algeria (0.82). Oman, Saudi Arabia, Qatar, and Kuwait rank con-

siderably lower (0.35–0.29), mainly because of higher water-stress risks. The entire analy-

sis—including raw data, normalization procedures, AHP–entropy weighting, scenario 

definitions, sensitivity tests, Dirichlet simulations (5000 iterations), and all figures—is 

fully transparent, replicable, and openly available at the Zenodo repository [101]. 
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Nomenclature 

AHP   Analytic Hierarchy Process 

BAU   Business as Usual 

CAPEX   Capital Expenditure 

CCS   Carbon capture and storage 

CCUS   Carbon capture, utilization, and storage 

CF   Capacity factor 

CO2  Carbon dioxide equivalent 

CR   Consistency ratio 

CSP   Concentrated solar power 

DH   District heating 

DNI   Direct Normal Irradiance 

EU   European Union 

FFED   Fossil-fuel export-dependent  

GHI   Global Horizontal Irradiance 

GHG   Greenhouse gas 

GSA   Global Solar Atlas 

GWA   Global Wind Atlas 

IEA   International Energy Agency 

IRENA   International Renewable Energy Agency 

LCOE   Levelized cost of electricity 

LCOH   Levelized cost of hydrogen 

LNG   Liquefied Natural Gas 

LOHC   Liquid organic hydrogen carrier 

LPI   Logistics Performance Index  

MCDA   Multi-criteria decision analysis 

MENA   Middle East and North Africa 

NDC   Nationally Determined Contribution  
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NG   Natural gas 

OPEX   Operational expenditure 

PEM   Proton-exchange membrane  

PESTEL  Political, Economic, Social, Technological, Environmental, Legal  

PV   Photovoltaic 

RES   Renewable energy 

RFNBO   Renewable Fuels of Non-Biological Origin  

SIAM   Social Impact Assessment Matrix 

SWOT   Strengths, Weaknesses, Opportunities, Threats  

WACC   Weighted average cost of capital 

WGI   Worldwide Governance Indicators  

WRI   World Resources Institute 

ZERO-H   Net-Zero Emissions Scenario with Clean Hydrogen 

ZERO-NH  Net-Zero Emissions Scenario without Hydrogen  
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