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Abstract

This study introduces an integrated Life Cycle Assessment-Multi-Criteria Decision Analysis—Nash
Equilibrium (LCA-MCDA-NE) framework to assess the feasibility of hydrogen energy storage (HES)
in Philippine island grids. It starts with a cradle-to-gate LCA of hydrogen production across various
electricity mix scenarios, from diesel-dominated Small Power Utilities Group (SPUG) systems to
high-renewable configurations, quantifying greenhouse gas emissions. These impacts are normalized
and integrated into an MCDA framework that considers four stakeholder perspectives: Regulatory
(PRF), Developer (DF), Scientific (SF), and Local Social (LSF). Attribute utilities for Maintainability,
Energy Efficiency, Geographic—Climatic Suitability, and Regulatory Compliance inform a 2x2
strategic game where net utility gain (A) and switching costs (Ci;, Cz) influence adoption behavior.
The findings indicate that the baseline Nash Equilibrium favors non-adoption due to limited utility
gains and high switching barriers. However, enhancements in Maintainability and reduced costs can
shift this equilibrium toward adoption. The LCA results show meaningful decarbonization occurs
only when low-carbon generation exceeds 60% of the electricity mix. This integrated framework
highlights that successful HES deployment in remote grids relies on stakeholder coordination,
reduced risks, and access to low-carbon electricity, offering a replicable model for emerging
economies.

Keywords: hydrogen energy storage; Nash equilibrium; multi-criteria decision analysis;
sustainability transition; island grids; Philippines

1. Introduction

Island and off-grid power systems across the Philippine archipelago face persistent challenges,
including reliability issues, high generation costs, and dependence on imported diesel fuel [1-5].
Many remote communities are supplied by Small Power Utilities Group (SPUG) facilities, which
primarily rely on diesel generators. These facilities experience frequent supply disruptions,
maintenance burdens, and elevated greenhouse gas (GHG) emissions [2]. This reliance on fossil fuel-
based generation hinders progress toward national clean energy goals and limits the potential for
integrating variable renewable energy (VRE) resources.

Hydrogen energy storage (HES) has gained international attention as a potential long-duration
storage option for remote and island systems. Research worldwide indicates that hydrogen can
enhance flexibility, support the integration of VRE, and reduce carbon emissions. However, its
environmental performance varies significantly depending on the production pathways [6-11]. Life
Cycle Assessment (LCA) studies consistently show that hydrogen's climate impact relies heavily on
the carbon intensity of the electricity used for electrolysis. Systems powered by diesel or coal produce
markedly higher GHG emissions than those powered by renewable energy [7-10]. These insights are
vital for the Philippines, where many island grids still depend on diesel.
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Evaluating energy storage options in the Philippines requires consideration of diverse
stakeholder priorities. Multi-Criteria Decision Analysis (MCDA) studies highlight how technical,
economic, and environmental attributes —such as maintainability, efficiency, geographic suitability,
and social acceptance —affect technology preferences among policymakers, developers, technical
experts, and local communities [11-14]. Research in the Philippines further shows that public
acceptance of hydrogen is influenced by perceptions of safety, institutional trust, and familiarity with
emerging technologies [15]. These findings underscore the importance of a multidimensional
assessment framework.

In addition to stakeholder valuations, strategic interactions and coordination significantly
influence technology adoption outcomes. Game-theoretic studies in energy systems reveal that even
when low-carbon technologies offer clear benefits, misaligned incentives, switching risks, and
coordination failures can hinder adoption [16-20]. These behavioral and institutional dynamics are
particularly relevant in archipelagic contexts, where infrastructure decisions involve multiple actors
with varying interests.

Despite advances in LCA, MCDA, and game-theoretic research, three major gaps remain in the
Philippine hydrogen literature. First, the environmental implications of hydrogen production in
diesel-reliant island grids have not been adequately explored. Second, no existing studies capture
stakeholder heterogeneity in evaluating hydrogen energy storage. Third, the interaction between
environmental performance (LCA), stakeholder-derived utilities (MCDA), and strategic coordination
behavior (Nash Equilibrium) has not been previously analyzed.

To address these gaps, this study develops an integrated Life Cycle Assessment-Multi-Criteria
Decision Analysis—-Nash Equilibrium (LCA-MCDA-NE) framework for assessing hydrogen energy
storage adoption in Philippine island grids. LCA quantifies cradle-to-gate GHG emissions under
various electricity mix scenarios that reflect SPUG and transition pathways [7-10,21-29]. MCDA
captures stakeholder valuations across four frameworks: Policy/Regulatory (PRF), Developer (DF),
Scientific/Technical (SF), and Local Social (LSF), drawing from both Philippine and international
studies [11-15,30]. Nash Equilibrium modeling evaluates how net utility gains and switching costs
shape strategic adoption behavior between developers and communities [16-20].

By integrating environmental impacts, stakeholder priorities, and strategic behavior, this study
provides a unified decision-support tool tailored to the Philippine island context. The framework
identifies conditions under which hydrogen becomes environmentally advantageous, socially
aligned, and strategically viable, supporting evidence-based policymaking for clean energy
transitions in remote and archipelagic regions.

This article makes three key contributions to the literature on hydrogen and energy systems by
introducing an integrated framework designed for islanded power systems in emerging economies
that combines Life Cycle Assessment (LCA), Multi-Criteria Decision Analysis (MCDA), and Nash
Equilibrium, explicitly linking environmental performance with stakeholder utilities and adoption
behaviors. It quantifies the conditions under which hydrogen energy storage can be both
environmentally beneficial, in terms of Global Warming Potential (GWP), and strategically stable,
highlighting the significance of upstream decarbonization and improvements in maintainability.
Furthermore, the article presents a decision-support tool for regulators, developers, and communities
to evaluate hydrogen deployment in remote grids, which is also applicable to other archipelagic and
off-grid regions.

2. Materials and Methods

2.1. Overall Theoretical and Analytical Framework

This study utilizes an integrated framework combining Life Cycle Assessment (LCA), Multi-
Criteria Decision Analysis (MCDA), and Nash Equilibrium (NE) to assess the adoption of hydrogen
energy storage (HES) in island grids of the Philippines [1-5]. The framework integrates
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environmental assessment, stakeholder preference modeling, and strategic interaction analysis to
capture the various factors influencing technology adoption.

The analytical structure comprises three interconnected components. First, LCA quantifies the
cradle-to-gate greenhouse gas (GHG) emissions associated with hydrogen production under
different electricity-mix scenarios that reflect diesel-dominated Special Purpose Utilities Group
(SPUG) grids and possible clean-energy transitions [7-10,21-29]. Second, MCDA evaluates
technology features using the specific weights and performance scores assigned by stakeholders,
drawing on both Philippine and international studies [11-15,30]. Third, Nash Equilibrium (NE)
modeling examines the strategic behavior of two key decision-makers: developer/financial
stakeholders (Player 1) and scientific/local social stakeholders (Player 2), focusing on their utilities
and switching costs [16-20].

The integration of these components is sequential: LCA results contribute to the environmental
performance scores used in MCDA, the MCDA utilities generate A values for the NE payoff matrix,
and the NE analysis determines whether hydrogen adoption can achieve a stable outcome.

2.2. Life Cycle Assessment (LCA)

The life cycle assessment (LCA) quantifies the climate impacts of hydrogen production for grid-
scale storage, following the ISO 14040/14044 framework [21,22]. The functional unit is defined as 1 kg
of hydrogen produced, in line with international standards for hydrogen LCA studies [7-10,25-29].
This systematic approach allows for a comprehensive evaluation of the environmental implications
of hydrogen generation processes.

The system encompasses five primary stages: electricity supply, water treatment, electrolysis,
compression, and storage. Among these, electricity supply emerges as the dominant contributor to
greenhouse gas (GHG) emissions in hydrogen production, a finding supported by previous LCA
studies [7-10]. The assessment considers various electrolysis technologies, including alkaline,
polymer electrolyte membrane (PEM), and anion exchange membrane (AEM) pathways, which have
been extensively documented in the literature regarding their life-cycle profiles [25-29].

To evaluate GHG emissions from hydrogen production, different electricity mix scenarios are
considered, ranging from present SPUG conditions, which predominantly rely on diesel generation
[1-5], to transitional scenarios that incorporate renewable sources such as solar and wind, and finally
to low-carbon configurations aligned with long-term decarbonization strategies [23,24]. Emission
factors for electricity generation, electrolysis, and compression are derived from established
hydrogen LCA studies to aggregate GHG emissions across the various stages [7-10,25-29]. These
emissions contribute to the computation of global warming potential (GWP), serving as a crucial
environmental performance input for multi-criteria decision analysis (MCDA).

2.3. Multi-Criteria Decision Analysis (MCDA)

In the context of MCDA (Multi-Criteria Decision Analysis), four stakeholder frames are
prominently utilized in both Philippine and international energy planning research:
Policy/Regulatory Frame (PRF), Developer/Financial Frame (DF), Scientific/Technical Frame (SF),
and Local Social Frame (LSF) [11-15,30]. These frames are essential for understanding the diverse
perspectives that influence energy decisions. To guide the analysis, three core attributes—
Maintainability, Energy Efficiency, and Geographic—Climatic Suitability —have been selected,
drawing on insights from previous studies focused on energy storage technologies [11-14].
Normalized performance scores are then computed using min-max scaling, enabling the evaluation
of utilities and better decision-making in energy planning.

The utilities of technology j are computed using;:

{n}
Uj= Z Wi P (1
{i=1}
Where: Wi = MCDA weight for attribute i
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pi,j =normalized performance score of technology j
Net utility gain (A) is:
A= Upypsy — Uyng

Table 1. Summary of weights assigned by stakeholders for three core attributes: Maintainability, Energy
Efficiency, and Geographic—Climatic Suitability, as derived from the MCDA results [20].

Attribute LSF SF DF PRF

Geographic-Climatic

0.041 0.029 0.007 0.008

Suitability
Energy Efficiency 0.048 0.027 0.010 0.007
Maintainability 0.055 0.024 0.007 0.007

A positive A indicates that stakeholders prefer hydrogen. At the same time, a negative A signifies
that the incumbent remains more attractive. MCDA outputs feed directly into the NE payoff matrix.

The weights presented in Table 2 were obtained from earlier MCDA research on grid-scale
storage technologies in the Philippines [20,27]. In that study, preferences were gathered from four
stakeholder groups—PRF, DF, SF, and LSF—using structured questionnaires and subsequently
normalized through min-max scaling. This paper uses published weights as inputs to the integrated
LCA-MCDA-NE framework.

2.4. Nash Equilibrium (NE) Game-Theoretic Modelling

In this analysis, we model two primary players: Player 1, representing developers and
regulatory stakeholders, and Player 2, encompassing scientific and local social entities. Each player
faces a strategic decision: switch to hybrid energy systems (HES) or maintain their current approach.
This framework applies established game-theoretic principles commonly used in sustainable energy
research, enabling a systematic exploration of the interactions and decisions involved in transitioning
to HES [16-20].

The payoff structure incorporates several crucial factors: baseline utility (a), the change in utility
(A), switching costs for each player (Cy, Cz), and a miscoordination penalty (P) [16-20]. In the baseline
diesel-dominated scenario, we set the switching costs to C; = 0.05 and C, = 0.03, and the
miscoordination penalty to P = 0.05. These values reflect the associated costs and penalties relevant
to our analysis. Expected utilities for mixed strategies are derived from well-established Nash
Equilibrium (NE) formulations (see formula 3) that balance potential payoffs based on each player's
decisions. By equating expected utilities across strategies, we can ascertain equilibrium adoption
probabilities. In this mixed-strategy framework, ( p ) represents the probability that Player 1 (the
Developer or Financial and Regulatory stakeholder) chooses to adopt hydrogen (labeled as S), while
(1-p)represents the probability of maintaining the status quo (labeled as NS). Similarly, ( q ) denotes
the probability that Player 2 (the Scientific or Technical, and Local Social stakeholders) chooses to
adopt hydrogen (S), with ( 1 - q ) representing the probability of non-adoption (NS). These
probabilities are utilized to calculate expected utilities based on the weighted payoff outcomes
indicated in the payoff matrix. Ultimately, the integration of Life Cycle Assessment (LCA) with Multi-
Criteria Decision Analysis (MCDA) informs the calculation of A, while the NE framework elucidates
the stability of adoption behaviors, providing a comprehensive behavioral and environmental
assessment of HES suitability for island microgrids.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The expected utility for the Developer when using mixed strategies is expressed as follows:

Upe(p, @) = pqUss + p(1-q)Usns + (1-p)qUnss + (1-p)(1-q)Unss ®)

3. Results

3.1. Life Cycle Assessment (LCA) Results

Life Cycle Assessment (LCA) results show significant differences in the greenhouse gas (GHG)
intensity of hydrogen production across various electricity mix scenarios that reflect the conditions
of Philippine island grids [7-10,21-29]. These five electricity mix scenarios (S1-S5), summarized in
Table 2, range from a diesel-only SPUG baseline to low-carbon mixes incorporating wind,
biomass/waste-to-energy, and nuclear imports. Under the diesel-dominated Small Power Utilities
Group (SPUG) baseline, hydrogen production has the highest global warming potential (GWP),
primarily due to the carbon intensity of the electricity used for electrolysis. Transitioning to scenarios
that include a higher proportion of wind energy reduces GWP accordingly. Low-carbon scenarios,
which are characterized by energy mixes dominated by renewable sources or including nuclear
imports, achieve the lowest GWP values. This demonstrates that hydrogen provides substantial
climate benefits only when the upstream electricity supply is significantly decarbonized. These
findings align with international LCA studies, highlighting that the electricity mix is the key factor
influencing hydrogen's environmental performance.

Table 2. (a) Electricity-mix scenarios (S1-S5) for hydrogen production in Philippine island grids, showing the
share of each generation technology and the resulting grid carbon intensity. Values under S1-S5 denote the
fractional share of each technology in the electricity mix (summing to 1.0 per scenario). Scenario definitions are
as follows: S1 = diesel-only SPUG baseline (100% diesel); S2 = diesel-wind transitional mix (~78% diesel, 22%
wind); S3 = diesel-wind-nuclear low-carbon mix (~39% diesel, 22% wind, 39% nuclear); S4 = diesel-
biomass/waste-to-energy—wind mix (~39% diesel, 39% biomass/WtE, 22% wind); S5 = diesel-wind hybrid with
equal shares (50% diesel, 50% wind). (b) GWP (kg CO,e/kg H,) for Alkaline, PEM, and AEM electrolyzers under
five electricity-mix scenarios, calculated as the grid carbon intensity multiplied by the technology's electricity
requirement. (50 kWh/kg H; for Alkaline [32][31] and PEM [32-34] ; 49 kWh/kg H, for AEM [35,36]).

GHG
Scenarip | Mtensities s1 s2 s3 sa
(8C02¢e/
kWh)
Biomass,
Waste To 230 0 0 0 0.39 Technology s1 s2 s3 sS4
Ener, Alkaline
Win 36.250 28.396 14.493 18.744
Energy 11 0 0.22 0.22 022 | (kg Ose /g Ha)
Nuclear PEM
Energy 12 0 0 0.39 0 (ke COge kg Ha) 36.250 28.396 14.493 18.744
Diesel / Oil 725 1 0.78 0.39 0.39 AEM 35.525 27.828 14.203 18.369
Weighted (kg COze /kg Ha)
gCO2e per 725.00 567.92 289.85 374.87
kWh
Weighted
kg COze/ 0.725 0.56792 0.28985 0.37487
kwh
(a) (b)

3.2. MCDA Attribute Performance and Stakeholder Ultilities

The MCDA results reveal differing valuations among stakeholders for Maintainability, Energy
Efficiency, and Geographic—Climatic Suitability [11-15]. Maintainability consistently receives high
importance from Policy/Regulatory (PRF) and Developer/Financial (DF) stakeholders, who are
concerned about technical reliability and operational risks in remote locations. In contrast,
Scientific/Technical (SF) stakeholders prioritize Energy Efficiency, while Local Social (LSF)
stakeholders place greater emphasis on Geographic—Climatic Suitability, given the diverse terrain
and climatic conditions of island communities.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Hydrogen performs moderately well in terms of Geographic—Climatic Suitability, but it scores
lower in Maintainability and Efficiency due to current technological limitations and supply-chain
challenges. As a result, the utility values indicate only small or slightly negative net utility gains (A)
for hydrogen under baseline conditions, which helps explain stakeholders' hesitancy.

3.3. Nash Equilibrium (NE) Payoff Matrix and Baseline Equilibrium

The baseline payoff matrix indicates that both players achieve higher expected utilities when
they coordinate on non-adoption (NS, NS) rather than adopting hydrogen. This is primarily due to
modest A values and significant switching costs (C; and C;) [16-20]. Although the (S, S) option offers
some positive utility, it is insufficient to overcome the switching barriers in the diesel-based life-cycle
assessment (LCA) scenario. As a result, the Nash Equilibrium under baseline conditions favors non-
adoption.

On the other hand, miscoordination outcomes (S, NS, or NS, S) yield the lowest payoffs, as they
incur penalties for project delays, community resistance, and developer risk exposure. This situation
underscores the importance of coordinated decisions —where both parties either adopt or do not
adopt— consistent with the concepts found in coordination games within the energy literature [16-

Player 1 Payoft Player 2: S Player 2: NS Where: U, =X (waxSk)lork=110n Player 1 Payoff Player 2: Player 2: NS Climate-impact contribution to each payoff in
the Nash Game.
Player1:8 0.331818121818182 *i=player (1 or2)
= e « = choice (S or NS) Player1:S 0.831818181818182 | 0.481818181818182 For Player 1:
« k= attribute index
Player 1: NS 0363636363636 | 0.1863636363636 Wes wsigh!l of attribute k for player | +  IfP1 chooses S, add +0.2 to P1 ?ayoﬁ
-5 = sc0re of tecology | on attribute k Player1:NS | 04363636363636 | 0186363636363 bmﬁ IfP1 chooses NS, add +0 (no climate
t)
Player 2 Payoff Player 2: S Player 2: NS
Player 2 Payoff Player 2:S Player 2: NS For Player 2:
Player1:§ 0.32384615384615 | 0.21538461538462 Action Pair |Player 1Payff|Player 2 Payoff «  IfP2chooses S, add +0.3
Player1:S 0.82384616384615 | 0.41538461538461 +  IfP2 chooses NS, add +0
Player 1:NS 0.30384615384615 | 0.2653846153846 s, u1(s)-c1 u2(s)-c2 —
§NS | UNSI-CI-P |uz(Ns)-c2-P Player1:NS | 060384615384615 | 0.26538461538461 mﬂ_t; NS = dirty — high emissions — low
Where: Player 1 = PRF + DF I " 2
Player 2= LSF + SF NS, S UI(NS)-P | U2(3)-P *  S=low-carbon — high utility
C, = Developer switching cost = 0.05 Where: NS = worst climate option -» lowest score GWP is max = 36.250 3
C, = Social switching cost = 0.03 NS, NS U1(NS) U2NS) And P2 cares more about climate (0.3) than P1
P = Penalty for miscoordination = 0.05 ' S = greenest option - highest score GWP is min = 14.493 02).
(a) (b)

Figure 1. (a) The Nash Equilibrium Payoff Matrix illustrates the strategic choices of Player 1 (PRF + DF) and
Player 2 (LSF + SF) between Hydrogen (S) and Status Quo (NS). Payoffs are influenced by switching costs (C1 =
0.05, C2 =0.03) and a miscoordination penalty (P = 0.05). Optimal coordination (5, S) yields the highest payoffs:
0.3318 for Player 1 and 0.3238 for Player 2. Miscoordination results in lower payoffs: (S, NS) at 0.1364 and 0.2818;
(NS, S) at 0.3038 and 0.2154; and (NS, NS) at 0.1864 and 0.2654. The matrix highlights the importance of
coordinated strategies in maximizing outcomes in Hydrogen Energy Storage deployment. (b) The Nash
Equilibrium Payoff Matrix for Player 1 (PRF + DF) and Player 2 (LSF + SF) illustrates the strategic choices between
Hydrogen (S) and Non-Switch or Status Quo (NS), with payoffs affected by Global Warming Potential (GWP).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Joint Equilibrium Score (S,5)
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06

08

C1: PRF and DF Switch Cost C2: LSF and SF Switching Costs

—8—C1_PRF and DF SwitchCost  —8=—Joint_NE =8=(2_Switch Costs  ==Joirt NE

(a) (b)

Figure 2. (a) Shows that when switching costs and perceived risks for hydrogen are high, the equilibrium
outcome tends toward non-adoption. However, as policy support and learning in technology reduce these costs,
the Nash Equilibrium shifts toward coordinated adoption of hydrogen, consistent with the preferences revealed
by the MCDA results [20]. (b) The impact of social-scientific switching costs (Cz) on hydrogen adoption under
the Nash Equilibrium framework reveals that at low switching costs (C; < 0.08), social resistance leads to a
dominant non-adoption equilibrium. A transition occurs around C, = 0.10, where social hesitation lessens,
allowing for coordination. Stable positive adoption is observed at higher acceptance levels (C, = 0.15-0.20),
indicating that hydrogen technologies become viable when social trust and acceptance meet required thresholds

alongside technical and economic readiness.

3.4. Attribute Sensitivity and Convergence Behavior

Sensitivity analysis indicates that increases in the Maintainability score significantly increase the
change (A) across different stakeholder perspectives, thereby shifting incentives toward adopting
hydrogen. Adoption of hydrogen becomes feasible once the Maintainability score exceeds a critical
threshold. This highlights the significance of operational familiarity, component reliability, and
maintenance support capacity, especially in island environments.

On the other hand, Energy Efficiency has a more gradual effect on equilibrium outcomes. While
improvements in energy efficiency do increase A, they require larger gains to significantly influence
the equilibrium. Geographic and Climatic Suitability strongly impacts LSF stakeholders but has a
lesser effect on PRF and DF groups, suggesting that these groups value local environmental and
terrain factors differently.

Overall, these findings demonstrate that enhancing maintainability and efficiency —whether
through technological advancements, capacity building, or supply chain improvements—can
substantially change the incentives for adopting hydrogen.

Probability of Choasing NE vs Utility of NE Maintainability Probability of Choosing NE vs Utility of NE Energy Efficiency
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Figure 3. (a) This figure describes the increasing maintainability utility at the Nash Equilibrium, which drives
stakeholder alignment, with the PRF showing over 90% support at a utility of 0.12. At the same time, the LSF
indicates cautious, gradual responses. (b) This figure shows that as utility from Energy Efficiency increases, PRF
and DF stakeholders rapidly align with Nash Equilibrium strategies, surpassing 90% support before reaching
UNE = 0.10. (c) This figure shows PRF's strong alignment with policy incentives for site suitability, achieving

over 90% agreement at a utility of 0.10, while LSF responds more cautiously to local concerns.

3.5. Integrated LCA-MCDA-NE Scenario Results

Integrating Life Cycle Assessment (LCA), Multi-Criteria Decision Analysis (MCDA), and NE
results indicates that adopting hydrogen becomes favorable only in scenarios with cleaner electricity
sources. In transition scenarios, the change (A) increases as the Global Warming Potential (GWP)
decreases, thereby reducing the environmental penalties in the MCDA evaluation. Under low-carbon
scenarios, the (5,5) payoff increases sufficiently, allowing hydrogen adoption to reach a stable
equilibrium.

In contrast, when hydrogen is produced using electricity from fossil-heavy sources, negative or
marginal A values reinforce the non-adoption equilibrium. These findings are consistent with LCA
literature, which highlights that the climate benefits of hydrogen are not inherent; they depend on
upstream energy sources [7-10]. Additionally, these results align with game-theoretic insights,
suggesting that strategic adoption relies on both technology performance and stakeholder
coordination [16-20].

3.6. International Contextualization

The findings are consistent with previous research on remote and island energy systems
worldwide. Studies focused on island microgrids and off-grid communities highlight the importance
of customized technology assessment frameworks that incorporate environmental, technical, and
social factors [1-6,11-15,30]. Life Cycle Assessment (LCA) studies consistently demonstrate that the
electricity mix significantly impacts the environmental performance of hydrogen [7-10,21-29].
Additionally, game-theoretic analyses indicate that the adoption of hydrogen energy storage not only
depends on technical and environmental advantages but also on the alignment of incentives and the
reduction of switching risks [16-20].

Overall, these integrated results suggest that hydrogen energy storage can become a viable
option for island grids in the Philippines, provided that environmental impacts are minimized,
technology performance is enhanced, and stakeholder collaboration is achieved.

4. Discussion

4.1. Interpretation of LCA Findings in the Philippine Island-Grid Context

The LCA (Life Cycle Assessment) results indicate that hydrogen's environmental performance
is highly dependent on the carbon intensity of the electricity used for electrolysis [7-10,21-29]. In
diesel-dependent off-grid (SPUG) systems [1-5], hydrogen production is associated with high global
warming potential (GWP) values because electricity contributes the majority of upstream emissions.
This finding reinforces the idea that hydrogen produced with fossil-based electricity is not inherently
a low-carbon solution. Instead, it can shift emissions upstream while providing limited benefits for
decarbonization.

In the Philippines, where many island systems heavily rely on diesel, this emphasizes the urgent
need to expand renewable energy sources before hydrogen can emerge as an effective climate
mitigation strategy. Transition scenarios reveal that GWP decreases incrementally as the share of
solar and wind energy increases, indicating that hydrogen becomes progressively cleaner as power
grids decarbonize. Low-carbon scenarios yield the most favorable environmental outcomes,
underscoring the strategic link between hydrogen deployment and renewable energy development.
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These findings are consistent with international LCA studies that identify the electricity mix as the
primary factor influencing hydrogen’s climate performance [7-10].

4.2 Stakeholder Dynamics and Technology Preferences

The results of the Multi-Criteria Decision Analysis (MCDA) show that different stakeholders
place varying levels of importance on technology attributes [11-15]. Among policy-makers and
developers, maintainability emerges as the primary concern. This is largely due to operational risks,
limited technical support, and logistical challenges in remote settings. Lower maintainability scores
partly explain the negative or minimal change values associated with hydrogen technologies, which,
in turn, reduce the incentives for adoption.

LSF stakeholders place greater value on Geographic-Climatic Suitability, reflecting their
sensitivity to environmental conditions and the diverse terrain across the Philippine islands. In
contrast, Scientific/Technical Framework (SF) stakeholders focus more on Energy Efficiency, which
aligns with their concerns regarding system performance and energy losses. These differing priorities
underscore the need for tailored engagement strategies that address the specific concerns of each
stakeholder group.

4.3. Strategic Coordination and the Persistence of Non-Adoption

Modeling confirms that, even when hydrogen offers some technical or environmental
advantages, high switching costs (C; and C;) and coordination challenges can result in a stable
outcome in which adoption does not occur [16-20]. In the baseline diesel scenario, the (NS,NS)
outcome prevails because the A values are not high enough to overcome these switching barriers.
Situations of miscoordination lead to the lowest payoffs, highlighting the importance of aligned
decisions and coordinated actions.

These results underscore that adoption decisions are not driven solely by technology.
Behavioral, institutional, and risk-related factors can overshadow technical benefits, especially in
contexts with limited experience, infrastructure gaps, and safety concerns. Therefore, even positive
techno-economic evaluations may not lead to adoption without stakeholder alignment.

4.4. Pathways to a Positive Adoption Equilibrium

Sensitivity analysis indicates that improvements in maintainability and energy efficiency can
shift incentives toward adopting hydrogen. These improvements may result from technological
advancements, capacity-building initiatives, supply chain development, or enhanced maintenance
support. Additionally, reducing switching costs through financial incentives, regulatory support, or
community engagement can increase the value of adopting hydrogen and change equilibrium
outcomes.

In scenarios with low-carbon electricity, the value of adopting hydrogen becomes sufficiently
positive, leading to a stable equilibrium. This suggests that deploying renewable energy and
adopting hydrogen are mutually reinforcing strategies. As islands decarbonize their electricity
supply, hydrogen becomes increasingly attractive from both an environmental and strategic
perspective.

4.5. Implications for Policy and Planning

These findings emphasize several priority areas for policymakers and planners. First, the
deployment of hydrogen should be aligned with the expansion of renewable energy to ensure
genuine climate benefits. Second, implementing capacity-building programs and maintenance
support structures can help alleviate stakeholder concerns about operational risks. Third, targeted
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policies, such as incentives, guarantees, or risk-sharing mechanisms, can lower switching costs and
promote coordinated adoption.

Finally, incorporating environmental assessments, stakeholder valuations, and strategic
considerations into decision-making frameworks can provide a more realistic and comprehensive
foundation for evaluating emerging technologies such as hydrogen. This integrated approach helps
identify the conditions under which hydrogen becomes viable, supporting evidence-based planning
for clean energy transitions in remote and archipelagic regions.

5. Conclusion

This study developed an integrated Life Cycle Assessment-Multi-Criteria Decision Analysis—
Nash Equilibrium (LCA-MCDA-NE) framework to evaluate the feasibility of deploying hydrogen
energy storage (HES) in the island grids of the Philippines. The findings demonstrate that hydrogen's
environmental performance, stakeholder acceptability, and strategic viability are highly dependent
on upstream electricity sources, the perceived performance of the technology, and coordinated
stakeholder action.

The LCA results indicate that hydrogen produced under diesel-dominated conditions in the
Small Power Utilities Group (SPUG) has high Global Warming Potential (GWP), limiting its climate
benefits. Significant decarbonization only occurs when hydrogen production is powered by low-
carbon electricity sources, such as grids that are largely renewable or supported by nuclear energy.
These results align with international LCA literature, highlighting that the electricity mix is the
primary determinant of hydrogen's climate impact [7-10,21-29].

The MCDA findings reveal varying stakeholder priorities concerning Maintainability, Energy
Efficiency, and Geographic-Climatic Suitability [11-15]. The baseline performance scores show
marginal or negative net utility gains for hydrogen, which explains stakeholder hesitance given the
current technological and institutional conditions. Furthermore, the Nash Equilibrium modeling
indicates that switching costs and coordination challenges lead to a stable non-adoption equilibrium
in the baseline scenarios [16-20]. Even when moderate technical benefits exist, adoption remains
unlikely without aligned incentives and reduced risks.

The integrated results indicate that hydrogen becomes a viable and stable option only under
cleaner electricity scenarios, combined with improved maintainability, enhanced efficiency, and
reduced switching barriers. These findings emphasize the interdependence of energy transition
strategies: expanding renewable energy strengthens hydrogen's environmental and strategic value,
while training, capacity building, and policy support enhance stakeholder alignment.

Overall, the study concludes that hydrogen energy storage is not inherently the optimal solution
for Philippine island grids, but it can become viable under specific environmental, technical, and
social conditions. The LCA-MCDA-NE framework provides a comprehensive decision-support tool
that captures these multidimensional dynamics and can guide policymakers, developers, and
communities in evaluating emerging energy technologies. Future research could incorporate techno-
economic cost modeling, dynamic adoption pathways, and real-world demonstration data to
enhance further decision-making for clean energy transitions in remote and archipelagic regions.
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