
1 

International Journal of Chemical Science 

www.chemicaljournals.com 

Online ISSN: 2523-2843 

Received: 17-02-2026, Accepted: 19-03-2026, Published: 03-04-2026  

Volume 10, Issue 2, 2026, Page No. 1-5 

 

Economic challenges and innovations in hydrogen storage technologies 

Mamta Kumari, Devesh Kumar 

Department of Chemistry, Major S.D. Singh University, Farrukhabad, Uttar Pradesh, India 

 

Abstract 

Hydrogen is poised to be a cornerstone of the global energy transition, offering a pathway to decarbonize hard-to-abate sectors 

such as heavy industry, long-haul transport, and grid-scale energy storage. However, the economic viability of the hydrogen 

economy is critically dependent on the development of cost-effective, efficient, and safe storage solutions. This paper analyzes 

the primary economic challenges hindering the adoption of current hydrogen storage technologies, including high capital 

expenditures (CAPEX), operational inefficiencies, and the lack of a mature supply chain. It then investigates recent 

innovations in physical storage (Type IV/V vessels, salt caverns) and material-based storage (liquid organic hydrogen carriers, 

metal hydrides, ammonia) that promise to overcome these barriers. Through a comparative techno-economic analysis utilizing 

the Levelized Cost of Storage (LCOS) metric, this paper finds that while no single storage method is optimal for all 

applications, a hybrid approach leveraging geographical resources (for geological storage) and advanced carriers (for long-

distance transport) presents the most economically feasible path forward. 
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Introduction 

The global push towards net-zero emissions by 2050 has 

intensified the focus on hydrogen as a versatile energy 

vector [1, 2]. Unlike electricity, hydrogen can be stored for 

long periods (seasonally) and transported over long 

distances, addressing the intermittency of renewable energy 

sources like solar and wind [3, 4]. Despite this potential, the 

hydrogen economy faces a "chicken-and-egg" problem: 

demand cannot scale without reliable and affordable supply 

chains, and supply chains cannot scale without cost-

effective storage [5, 6]. 

The physical properties of hydrogen, low volumetric 

density, small molecular size (leading to embrittlement), and 

an extremely low boiling point (-252.87°C), make it 

inherently difficult and expensive to contain [7, 8]. Current 

storage costs can account for up to 30-50% of the total 

delivered cost of hydrogen, a figure that must be reduced to 

make hydrogen competitive with fossil fuels [9, 10]. 

 

This paper aims to: 

1. Categorize and evaluate the economic barriers of major 

hydrogen storage technologies. 

2. Present recent technological innovations aimed at 

reducing costs and improving efficiency. 

3. Provide a comparative economic analysis using a 

standardized table and graphical representation. 

4. Propose a strategic framework for economically viable 

hydrogen storage deployment. 

 

Literature Review 

1. The Economic Landscape of Hydrogen 

The economic feasibility of hydrogen storage is typically 

measured by the Levelized Cost of Storage (LCOS), which 

accounts for CAPEX, operational expenditure (OPEX), 

efficiency losses, and discharge duration [11, 12]. Recent 

analyses by the International Energy Agency (IEA) and the 

U.S. Department of Energy (DOE) suggest that for 

hydrogen to achieve cost parity with natural gas, storage 

costs must fall below $0.5/kg for large-scale applications [13, 

14]. The Hydrogen Council has projected that global 

hydrogen storage capacity will need to increase by 50-100 

times current levels by 2050, representing a cumulative 

investment of over $150 billion [15]. 

 

2. Classification of Storage Technologies 

Hydrogen storage technologies are broadly classified into 

two categories: physical storage and material-based storage 
[16, 17]. Physical storage includes compression (gaseous), 

liquefaction (cryogenic), and geological storage (salt 

caverns, depleted reservoirs, aquifers). Material-based 

storage involves the reversible absorption or adsorption of 

hydrogen onto solid materials (metal hydrides, complex 

hydrides, metal-organic frameworks) or within liquid 

carriers (liquid organic hydrogen carriers, ammonia, 

methanol) [18, 19]. 

 

Economic Challenges 

The economic landscape of hydrogen storage is defined by a 

trilemma of cost, efficiency, and safety. The key challenges 

are: 

1. High Capital Expenditure (CAPEX) 

Compressing hydrogen to 350-700 bar requires multi-stage 

compressors and specialized composite vessels (Type IV), 

which are expensive due to carbon fiber costs. Carbon fiber 

accounts for approximately 60-70% of the total vessel cost, 

and its price volatility presents a significant economic risk 
[20, 21]. Similarly, liquefaction plants require cryogenic 

cooling systems with CAPEX ranging from $200-300 

million for a 10-ton-per-day facility, primarily due to the 

energy-intensive ortho-to-para hydrogen conversion process 
[22]. 
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2. Operational Inefficiencies and Energy Penalties 

Storage technologies incur significant energy losses during 

the storage and release cycle. Compression to 700 bar 

consumes approximately 10-15% of the hydrogen's lower 

heating value (LHV). Liquefaction is far more energy-

intensive, consuming 30-40% of LHV [23]. These parasitic 

energy losses directly increase the Levelized Cost of 

Hydrogen (LCOH) and reduce the overall well-to-wheel 

efficiency of hydrogen value chains [24]. 

 

3. Supply Chain Immaturity and Material Availability 

Unlike natural gas storage infrastructure, which has been 

developed over a century, hydrogen storage supply chains 

are nascent. There is a shortage of qualified manufacturers 

for Type IV vessels, and the supply of high-grade carbon 

fiber is constrained [25]. For material-based storage, the 

scarcity of certain metals (e.g., platinum, palladium, rare 

earth elements) used in catalysts and hydride formulations 

poses scalability and geopolitical risks [26]. 

 

4. Safety and Regulatory Costs 

Hydrogen's wide flammability range (4-74% by volume in 

air) and propensity for embrittlement necessitate stringent 

safety measures, including specialized monitoring systems, 

leak detection, and setback distances, all of which increase 

both CAPEX and permitting costs [27]. 

 

Innovations in Hydrogen Storage Technologies 

1. Innovations in Physical Storage 

1.1 Type V and Composite Vessels: Recent innovations 

have led to the development of Type V vessels, which 

are linerless, all-composite tanks that eliminate the 

metal-composite interface responsible for delamination 

and hydrogen embrittlement. These vessels offer weight 

reductions of 15-20% and projected cost reductions of 

25% compared to Type IV vessels [28, 29]. 

 

1.2 Advanced Salt Caverns and Underground Storage: 

While salt caverns remain the gold standard for 

geological storage due to their low permeability and 

self-healing properties, innovations are expanding their 

applicability. Researchers are developing techniques for 

"cushion gas" reduction, where nitrogen or CO₂ is used 

as a buffer gas to minimize the volume of hydrogen left 

unrecoverable, reducing effective storage costs by up to 

30% [30, 31]. Additionally, new leaching techniques allow 

for faster cavern creation, reducing pre-investment lead 

times. 

 

2. Innovations in Material-Based Storage 

2.1 Liquid Organic Hydrogen Carriers (LOHCs): 

LOHCs, such as benzyltoluene and dibenzyltoluene, 

offer a pathway to store hydrogen at ambient 

temperature and pressure. Innovations focus on 

improving the dehydrogenation catalysts (e.g., using Pt-

based alloys) to lower the energy required for hydrogen 

release. The current energy penalty of 25-30% LHV is 

being targeted for reduction to below 20% through 

novel catalyst architectures [32, 33]. Economically, 

LOHCs leverage existing liquid fuel infrastructure, 

reducing the need for new storage tank investments. 

 

2.2 Metal Hydrides and Complex Hydrides: Low-

temperature metal hydrides (e.g., LaNi₅H₆, TiFeH₂) 

offer safe, low-pressure storage with high volumetric 

density. Recent innovations include the development of 

high-entropy alloys that combine multiple metal 

elements to improve hydrogen absorption kinetics and 

reduce material costs [34]. Complex hydrides like 

sodium alanate (NaAlH₄) are being enhanced with 

carbon-based additives to improve reversibility and 

reduce operating temperatures, potentially lowering 

OPEX by reducing thermal management requirements 
[35]. 

 

2.3 Ammonia and Methanol as Hydrogen Carriers: 

Ammonia (NH₃) and methanol (CH₃OH) serve as high-

density hydrogen carriers. Innovations in "crackers" 

that reconvert these carriers back into pure hydrogen 

are driving cost reductions. New catalytic membrane 

reactors enable direct hydrogen separation at lower 

temperatures, reducing the energy required for 

reconversion by 15-20% [36, 37]. Economically, ammonia 

benefits from an existing global trade and storage 

infrastructure, offering a significant cost advantage for 

long-distance maritime transport. 

 

Comparative Techno-Economic Analysis 

1. Methodology 

To evaluate the economic viability of various hydrogen 

storage technologies, this study utilizes the Levelized Cost 

of Storage (LCOS) metric. LCOS represents the total 

lifetime cost of a storage system divided by the total amount 

of hydrogen discharged over that period. This metric 

enables a standardized comparison across different 

technologies by accounting for all relevant cost components, 

including capital investment, operational and maintenance 

expenses, energy inputs, and efficiency losses. A discount 

rate of 8% and a project lifetime of 20 years are assumed 

based on industry standards. Data are aggregated from peer-

reviewed literature, industry reports, and DOE Hydrogen 

Program records [11, 13, 14]. 

 

2. Comparative Table 

 
Table 1: Techno-Economic Comparison of Key Hydrogen Storage Technologies 

 

Technology LCOS (USD/kg H₂) Round-Trip Efficiency (%) Maturity (TRL) Primary Application 

Salt Cavern (Geological) 1.5 - 3.0 95 - 98 TRL 7-8 Grid-scale seasonal storage 

Ammonia (NH₃) 4.0 - 7.0 60 - 75 TRL 7-8 Long-distance maritime transport 

LOHC 5.0 - 8.0 70 - 80 TRL 6-7 Intercontinental hydrogen shipping 

Type-V Compressed (700 bar) 6.0 - 10.0 87 - 92 TRL 6-7 Heavy-duty mobility 

Metal Hydrides 7.0 - 12.0 85 - 92 TRL 5-7 Stationary backup power 
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3. Graphical Analysis 

 

 
 

Fig 1: Levelized Cost of Storage (LCOS) Comparison Across Hydrogen Storage Technologies 

 

The following graph illustrates the LCOS range (USD/kg 

H₂) for each storage technology, demonstrating the 

economic advantages of geological storage for large-scale, 

long-duration applications and the cost challenges 

associated with mobile storage. 

Salt cavern storage demonstrates the lowest LCOS due to 

economies of scale, geological permanence, and minimal 

parasitic energy losses. Ammonia and LOHC offer mid-

range LCOS values, leveraging existing liquid infrastructure 

but incurring reconversion penalties. Compressed gas 

storage (Type V) is cost-competitive for mobile applications 

but suffers from material costs. Metal hydrides provide safe, 

low-pressure storage suitable for urban stationary 

applications. 

 

Discussion and Strategic Framework 

1. Application-Specific Economics 

The techno-economic analysis reveals that no single storage 

technology is optimal for all use cases. Instead, economic 

viability is dictated by the specific application requirements: 

▪ Grid-Scale Seasonal Storage: Salt caverns and 

depleted gas fields offer the lowest LCOS ($1.5-3.0/kg) 

and are the only economically viable option for 

terawatt-hour scale storage. Geographic limitations 

necessitate regional clustering of hydrogen production 

and storage [38]. 

 

▪ Long-Distance Maritime Transport: Ammonia and 

LOHCs provide the most favorable economics for 

intercontinental hydrogen shipping, leveraging existing 

liquid fuel infrastructure and offering higher volumetric 

density than compressed or cryogenic hydrogen [39]. 

 

▪ Heavy-Duty Mobility: Type V compressed storage at 

700 bars currently offers the best balance of cost, 

weight, and refueling time for fuel cell electric vehicles 

(FCEVs), though cost reductions in carbon fiber remain 

critical [40]. 

▪ Stationary Backup Power: Metal hydrides provide 

safe, low-pressure storage suitable for urban 

environments where geological storage is unavailable 

and high-pressure vessels may pose siting challenges 
[41]. 

 

2. Strategic Recommendations 

Based on the economic analysis, the following strategic 

recommendations emerge: 

1. Prioritize Geological Storage Development: Govern

ments should accelerate the characterization and 

development of salt cavern and depleted reservoir 

storage sites, recognizing them as critical national 

infrastructure for seasonal energy security [42]. 

 

2. Invest in Carbon Fiber Alternatives: To reduce the 

cost of compressed gas storage, research should focus 

on alternative high-strength materials (e.g., basalt fiber, 

advanced polymers) that can reduce dependence on 

carbon fiber [43]. 

 

3. Support LOHC and Ammonia Pilot 

Projects: Demonstration-scale projects for LOHC and 

ammonia-based hydrogen transport are essential to de-

risk the technology, establish safety protocols, and 

drive down costs through learning-by-doing [44]. 

 

4. Develop Standardized LCOS Frameworks: Consiste

nt and transparent reporting of LCOS across 

technologies is necessary to enable accurate 

comparisons and inform policy and investment 

decisions [45]. 

 

Conclusion 

The economic challenges facing hydrogen storage 

technologies are substantial but not insurmountable. High 

CAPEX, energy penalties, and immature supply chains 

currently elevate storage costs, representing a significant 
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barrier to the hydrogen economy. However, a wave of 

innovations—from linerless Type V vessels and advanced 

salt cavern leaching techniques to improved LOHC catalysts 

and high-entropy alloy hydrides—is steadily driving costs 

downward. 

The comparative analysis presented in this paper 

demonstrates that geological storage (salt caverns) offers the 

lowest LCOS for large-scale, seasonal applications, while 

material-based carriers (ammonia, LOHC) present the most 

economically viable pathways for long-distance transport. 

Compressed gas storage remains dominant for mobility 

applications, contingent upon continued material cost 

reductions. 

Achieving the cost targets necessary for hydrogen 

competitiveness will require a diversified portfolio 

approach, strategic investment in infrastructure, and 

continued innovation in materials science and process 

engineering. By addressing these economic challenges, 

hydrogen storage can fulfill its critical role in enabling a 

resilient, decarbonized global energy system. 
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