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Abstract 

In the pursuit of clean and sustainable energy solutions, the attention has shifted towards 

hydrogen, an emerging contender with vast potential. This comprehensive review delves into 

the promise of geological formations as reservoirs for hydrogen, offering insights into the 

intricate processes governing its generation, migration, and accumulation. The article 

highlights the significance of this phenomenon within the renewable energy landscape, 

emphasizing its pivotal role in curtailing greenhouse gas emissions and fortifying energy 

security. This multidisciplinary analysis traverses the realms of geology, renewable energy, 

environmental science, and geography, providing a holistic comprehension of rocks' central 

role in the storage and release of hydrogen, thus contributing to the global endeavor to combat 

climate change and embrace sustainable energy sources. 
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1. INTRODUCTION: THE IMPERATIVE FOR SUSTAINABLE ENERGY 

 

 The 21st century has ushered in a global imperative, an imperative that resonates with a 

fundamental human need—the transition to sustainable energy sources. As humanity grapples 

with the critical challenges posed by climate change, environmental degradation, and the ever-

diminishing reservoirs of finite fossil fuels, the search for clean and renewable energy 

alternatives has become paramount[1]. In this endeavor, hydrogen has emerged as a beacon of 

hope, offering a promising alternative to traditional fossil fuels, replete with its clean-burning 

attributes and versatility in a spectrum of applications, encompassing transportation, industrial 

processes, and power generation[2]. 

 The importance of sustainable energy solutions cannot be overstated. The incessant 

combustion of fossil fuels over the centuries has engendered an escalating climate crisis, 

resulting in an upsurge of greenhouse gas emissions, destabilizing weather patterns, and a 

pervasive threat to the very fabric of global ecosystems. This exigency calls for an urgent shift 

towards cleaner and more sustainable sources of energy that can mitigate the environmental 

and climatic perils associated with fossil fuels[3]. 

 Hydrogen, in this regard, stands out as a beacon of environmental responsibility and ingenuity. 

It is endowed with the unique capacity to generate energy through combustion or 

electrochemical reactions, leaving only water vapor as a byproduct, thus, averting the noxious 

emissions of greenhouse gases and pollutants, which have hitherto plagued conventional 

energy sources[4]. Furthermore, hydrogen's versatility extends beyond mere environmental 

benefits. It can serve as an energy carrier that transcends the boundaries of individual sectors, 
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finding applications in the transportation sector through fuel cells, enhancing industrial 

processes through direct utilization, and playing a pivotal role in electrical power 

generation[5]. 

 This review embarks on an exploration that traverses the boundaries of geology, renewable 

energy, environmental science, and geography, with the aim of shedding light upon a 

phenomenon that is as intricate as it is interdisciplinary—the role of rocks in the generation, 

migration, and accumulation of hydrogen[6]. By delving into this multifaceted domain, our 

intent is to provide an exhaustive, evidence-based, and comprehensive understanding of the 

intricacies that surround the entanglement of rocks and hydrogen, illuminating their potential 

as a linchpin in the quest for sustainable energy solutions[7]. 

 In the ensuing sections, we will embark on a systematic journey, dissecting the geological 

processes that facilitate hydrogen generation within rock formations. We will unravel the 

complexities of hydrogen migration through various geological structures and elucidate the 

pivotal role of rocks in serving as repositories for this clean energy source[8]. The 

environmental and geographical dimensions of hydrogen storage in rocks will be explored, 

underscoring the role it plays in reducing greenhouse gas emissions and enhancing energy 

security. Our comprehensive analysis will culminate with a discussion on the technological 

advancements and ongoing research initiatives aimed at overcoming the challenges inherent in 

harnessing rocks as hydrogen reservoirs[9]. 

 As the world confronts the compelling need to transition to cleaner, more sustainable energy 

sources, the role of rocks in the hydrogen economy stands as a promising frontier that is rife 

with potential. The revelations emanating from this review bear the promise of not only 

advancing the scientific understanding of hydrogen in geological formations but also providing 

an impetus for practical applications, thereby contributing significantly to the global endeavor 

to combat climate change and steer the course toward a more sustainable energy future[10]. 

 

 

2. GEOLOGICAL CONSIDERATIONS 

2.1. Rocks as Hydrogen Generators 

  The genesis of hydrogen within geological formations stands as a foundational facet of our 

comprehensive exploration[11]. Hydrogen, in this context, is not merely a passive spectator 

within the rocky matrix but is intrinsically intertwined with various geological processes, each 

contributing to the reservoir of this remarkable energy source. In the realm of rock-hosted 

hydrogen, these processes manifest in the form of serpentinization, radiolysis, and geothermal 

activity, ushering in a symphony of transformations within Earth's lithosphere[12].Among 

these processes, serpentinization emerges as a prominent and widely acknowledged 

mechanism for the generation of hydrogen[13]. Serpentinization is, at its core, a hydration 

reaction that unfolds within ultramafic rocks, wherein the interaction with water results in the 

alteration of mineral assemblages, predominantly serpentine minerals. This transformation 

engenders hydrogen gas as a byproduct, thus making serpentinization a notable source of 

naturally occurring hydrogen[14]. The hydration of ultramafic rocks occurs through the 

introduction of water into the geological matrix, leading to mineralogical changes that 

encompass the dissolution of primary minerals and the formation of serpentine minerals, 

ultimately releasing hydrogen gas[15].A noteworthy locale where this phenomenon of 

serpentinization is witnessed in its full splendor is the enigmatic ophiolite complexes. These 

geological formations, replete with ultramafic rocks, serve as natural laboratories for the study 

of hydrogen generation within rocks[16]. The juxtaposition of water and these mineralogically 
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unique ultramafic rocks culminates in an intricate dance of chemical reactions, culminating in 

the liberation of hydrogen. The prodigious occurrence of serpentinization within ophiolite 

complexes, given their richness in ultramafic rocks, underscores the significance of these 

geological structures in facilitating the generation of hydrogen[17]. The relationship between 

ultramafic rocks, water, and hydrogen within ophiolites bears testament to the enthralling 

synergy between Earth's lithosphere and the formation of this clean energy source. 

2.2. Hydrogen Migration 

  In the journey of hydrogen within geological formations, migration assumes a critical role. 

Once liberated through geological processes such as serpentinization, hydrogen embarks on a 

voyage through the labyrinthine subsurface landscapes, replete with a plethora of geological 

structures, each exerting its influence on the rate and direction of hydrogen migration. The 

migration of hydrogen within rocks primarily occurs through two principal mechanisms—

diffusion and fluid flow[18]. 

  Diffusion, in the context of hydrogen migration, is the process by which hydrogen atoms 

disperse through the interconnected pore spaces and mineral grains of rocks[19].        This 

mechanism is governed by the concentration gradient, whereby hydrogen atoms move from 

areas of higher concentration to regions of lower concentration. The rate of diffusion is 

contingent upon various factors, such as temperature, pressure, and the intrinsic properties of 

the rock matrix. Notably, diffusion operates on a relatively slow timescale, making it pertinent 

for understanding long-term hydrogen migration within geological formations[20]. 

In contrast to diffusion, fluid flow pertains to the transport of hydrogen through porous rocks 

via the movement of fluids, typically aqueous solutions[21]. This mechanism is governed by 

the principles of fluid dynamics, where the flow velocity and direction are influenced by 

hydraulic gradients, rock permeability, and the interplay between fluids and rock surfaces. The 

interaction of hydrogen-laden fluids with geological structures, such as faults, fractures, and 

variations in rock permeability, significantly influences the pathways and velocities of 

hydrogen flow[22]. These geological structures serve as conduits that steer the migration of 

hydrogen, often channeling it along preferential routes. 

  The geological considerations encompassing the generation and migration of hydrogen within 

rocks unravel the complex interplay of Earth's lithosphere and this clean energy source.     From 

the enigmatic depths of serpentinization to the meandering journeys of hydrogen through 

geological formations, these processes underscore the dynamic nature of hydrogen-rock 

interactions and their crucial role in the transition towards sustainable energy sources[23]. The 

subsequent sections of this review shall further delve into the implications of these geological 

processes for energy production, environmental sustainability, and geographical distribution. 

 

 

3. THE ROLE OF ROCKS IN HYDROGEN   ACCUMMULATION 

  The realization of hydrogen's immense potential as a clean and versatile energy carrier hinges 

not only on its generation and migration but also on its storage capacity[24]. In this pivotal 

section, we delve into the multifaceted role that rocks play in the accumulation of hydrogen, 

examining the feasibility, safety, and the geological formations that bestow rocks with the 

mantle of hydrogen reservoirs[25].Rocks, it is important to recognize, have the capacity to 

serve as natural repositories for hydrogen, with the potential for long-term storage. This facet 

of rock-hosted hydrogen constitutes an integral component of the broader strategy to harness 

this clean energy source effectively. 
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  Porous rocks, notably sandstones and carbonates, emerge as key contenders in the realm of 

hydrogen storage[26]. These geological formations, characterized by their interconnected pore 

spaces, offer a conducive environment for storing hydrogen. The inherent porosity of these 

rocks permits the entrapment of hydrogen gas within their interstices, thereby enabling the 

preservation of this clean energy source over extended periods[27]. The significance of porous 

rocks in this context cannot be overstated, as their capacity to harbor significant volumes of 

hydrogen makes them prominent candidates for the construction of hydrogen 

reservoirs[28].Beyond porous rocks, a diverse array of geological formations unveils their 

potential to serve as hydrogen storage facilities[29]. Salt domes, for instance, possess the 

attributes necessary for hydrogen storage, primarily owing to their impermeable nature and 

expansive cavities. These geological structures can encapsulate substantial volumes of 

hydrogen gas, offering a secure and reliable storage option[30]. 

  Furthermore, depleted oil and gas reservoirs, a product of the hydrocarbon industry's 

historical activities, possess characteristics conducive to hydrogen storage[31]. The reservoirs, 

once filled with hydrocarbons, now lay vacant, beckoning the possibility of a second life as 

hydrogen reservoirs. These pre-existing infrastructures are augmented with the benefit of 

established infrastructure, making them a pragmatic choice for hydrogen storage. 

  The selection of appropriate storage sites for hydrogen accumulation in rocks is a task that 

demands meticulous consideration. The geological, environmental, and safety parameters must 

be rigorously assessed to ensure the feasibility and security of hydrogen storage[32].A 

comprehensive geological characterization is imperative, involving assessments of rock 

porosity, permeability, and structural integrity. An adept evaluation of the geological strata 

surrounding the storage site is crucial in order to prevent potential leakage or integrity issues. 

Moreover, environmental factors, such as proximity to population centers and water bodies, 

should be carefully evaluated to minimize risks. 

  Safety considerations, including the prevention of hydrogen leaks and the management of 

potential hazards, must be at the forefront of site selection[33]. This encompasses the 

implementation of advanced monitoring systems and emergency response protocols to mitigate 

the inherent risks associated with hydrogen storage.The role of rocks as hydrogen reservoirs 

signifies a crucial link in the chain of sustainable energy supply. From porous rocks to 

geological formations, these natural repositories offer the potential for reliable, long-term 

hydrogen storage[34]. However, their selection, guided by rigorous feasibility and safety 

assessments, is a pivotal endeavor, ensuring that the promise of hydrogen as a clean energy 

source is harnessed to its full potential while safeguarding the environment and the 

communities it serves. This exploration of rocks as hydrogen reservoirs lays the foundation for 

the realization of hydrogen's pivotal role in the transition towards a sustainable energy 

future[35]. 

 

 

 

4. ENVIRONMENTAL AND SUSTAINABILITY ASPECTS 

  The utilization of rocks as repositories for hydrogen is not merely a geological feat but an 

environmental and sustainability endeavor of profound significance. In this section, we 

illuminate the multifaceted dimensions of the environmental and sustainability aspects 

surrounding the interplay between rocks and hydrogen. 

4.1. Reducing Greenhouse Gas Emissions: The Promise of a Green Energy Carrier 
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  Hydrogen, aptly dubbed as a green energy carrier, assumes a pivotal role in the global quest 

to ameliorate the ominous specter of climate change[36]. Particularly when produced through 

renewable energy sources, hydrogen emerges as an emblem of environmental responsibility 

and ingenuity. The crux of this proposition lies in the fact that the production of hydrogen from 

renewable sources, such as wind, solar, or hydropower, circumvents the noxious emissions of 

greenhouse gases and pollutants that are the bane of conventional energy sources[37]. 

  The utilization of rocks as hydrogen reservoirs aligns seamlessly with this paradigm, for it 

facilitates the integration of intermittent renewable energy sources into the broader energy mix. 

The storage of excess energy generated during periods of abundance, when renewables operate 

at peak efficiency, subsequently, enables the release of this stored energy, in the form of 

hydrogen, when demand surges or during low production periods. This not only enhances the 

reliability and stability of the energy supply but also ensures that the energy thus supplied is 

clean and devoid of detrimental environmental effects[38]. 

  Moreover, by mitigating the effects of intermittency associated with renewable sources, rocks 

as hydrogen reservoirs act as a linchpin in reducing the carbon footprint and greenhouse gas 

emissions, thereby contributing meaningfully to global efforts aimed at climate mitigation. The 

symbiotic relationship between renewable energy sources, rocks, and hydrogen synthesis 

harmoniously underscores the intricate nexus between environmental consciousness and 

sustainable energy solutions[39]. 

4.2 Energy Security and Geographical Distribution: Liberating Regions from Fossil Fuel 

Dependence 

  The potential of rocks as hydrogen reservoirs extends far beyond ecological benefits, 

encapsulating implications for energy security and geographical distribution. As regions across 

the globe grapple with the perpetual challenge of securing reliable and sustainable energy 

sources, rocks offer a transformative prospect.Regions endowed with geological formations 

conducive to hydrogen storage possess a distinct advantage in this regard. The capacity to 

harness hydrogen within their geological strata empowers these regions to become self-reliant 

in terms of energy production[40]. The utilization of locally stored hydrogen, supplemented 

by its distributed infrastructure, reduces dependence on imported fossil fuels, thus, bolstering 

energy security[41].The geographical distribution of rock-hosted hydrogen repositories 

enables the diversification of energy resources on a global scale. It mitigates the vulnerability 

of regions solely dependent on external energy sources, averting the geopolitical intricacies 

and economic fluctuations that often accompany such dependence. Rocks as hydrogen 

reservoirs inaugurate a paradigm shift in energy security, where local self-sufficiency is 

coupled with a broader global distribution network to meet the energy needs of nations[42]. 

  The confluence of rocks and hydrogen within the ambit of environmental and sustainability 

considerations unveils a transformative pathway towards a cleaner, more secure, and 

geographically distributed energy landscape. The reduction of greenhouse gas emissions 

through the integration of renewable energy sources and the liberation of regions from the 

shackles of fossil fuel dependence emerge as pivotal facets of this paradigm. The role of rocks 

in this endeavor embodies a harmonious fusion of geology, sustainability, and global progress, 

offering an innovative solution for an energy-hungry world in the throes of climate crisis. 

 

 

5. TECHNOLOGICAL CHALLENGES ANDADVANCES 

  The exploration of rocks as a reservoir for hydrogen, spanning its generation, migration, and 

accumulation, is not without its share of challenges. In this section, we embark on a 
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comprehensive analysis of the technological obstacles that stand in the way of harnessing this 

clean energy source, while concurrently illuminating the advances in science and engineering 

that seek to surmount these challenges. 

5.1. Monitoring Hydrogen Migration: The Quest for Precision 

  One of the formidable challenges confronting the practical utilization of rocks for hydrogen 

involves the monitoring of hydrogen migration. In a subsurface environment replete with 

geological complexities, tracking the movement of hydrogen is a task fraught with intricacies. 

The rate and pathways of hydrogen migration must be closely observed to ensure its safe and 

efficient transport within geological formations[43]. The inherent limitations of direct 

observation make it necessary to develop sophisticated monitoring techniques that can provide 

real-time data on the hydrogen flow. 

  To address this challenge, innovative monitoring techniques are being developed and refined. 

Advanced geophysical methods, such as seismic and resistivity surveys, offer insights into the 

subsurface dynamics, allowing for the tracking of hydrogen migration. The integration of these 

methods with cutting-edge sensor technologies enhances our ability to precisely monitor the 

movement of hydrogen within rocks. Additionally, advancements in isotope tracing and 

remote sensing technologies contribute to the precision and comprehensiveness of monitoring 

hydrogen migration[44]. 

5.2. Optimizing Storage Technologies: Efficiency and Safety 

  Another critical challenge in utilizing rocks for hydrogen storage is the optimization of 

storage technologies. To maximize the efficiency and safety of hydrogen storage within 

geological formations, it is imperative to develop and implement advanced storage strategies 

that ensure both the containment and controlled release of hydrogen. 

  Geological modeling, a fundamental component of optimizing storage technologies, plays a 

crucial role in assessing the feasibility and performance of hydrogen reservoirs. It entails the 

creation of 3D geological models that simulate the behavior of hydrogen within specific rock 

formations. These models aid in the selection of suitable storage sites, the determination of the 

optimal injection and extraction strategies, and the prediction of potential risks associated with 

hydrogen storage. 

  Reservoir engineering, a specialized field within the oil and gas industry, offers valuable 

insights into the design and operation of hydrogen storage facilities. Engineers apply reservoir 

engineering principles to optimize well placement, injection rates, and pressure management, 

ensuring efficient storage and controlled release of hydrogen. Moreover, advancements in well 

design and materials technology are crucial for ensuring the integrity and safety of hydrogen 

storage wells. 

  The safe storage and utilization of hydrogen in rocks are paramount. Safety concerns related 

to potential leakages, hydrogen embrittlement, and underground pressure management must 

be diligently addressed. Advancements in materials science, leak detection systems, and risk 

assessment methodologies are essential in mitigating safety concerns[45].The practical 

application of rocks as repositories for hydrogen is a challenging yet promising frontier in 

sustainable energy. These challenges encompass the need for precise monitoring of hydrogen 

migration, the optimization of storage technologies, and addressing safety concerns. The 

multidisciplinary nature of these challenges necessitates the confluence of geology, 

engineering, and materials science. Ongoing advancements in monitoring techniques, 

geological modeling, and reservoir engineering are poised to revolutionize our capacity to 

harness rocks as hydrogen reservoirs, paving the way for a cleaner, more sustainable energy 

landscape[46]. 
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6. CASE STUDIES AND RESEARCH INITIATIVES 

  This section explores the pragmatic implementation of hydrogen storage in geological 

formations, as evidenced by a series of case studies and research initiatives. These endeavors, 

distributed across diverse geographical regions and environmental contexts, furnish invaluable 

insights into the feasibility and viability of employing geological formations as repositories for 

hydrogen. The investigation encompasses projects conducted in varied locations such as 

Oman, Iceland, and the United States, each shedding light on a distinct aspect of the endeavor 

to utilize geological formations for hydrogen storage and production. 

  Oman, situated within the Arabian Peninsula, presents a compelling case study in the realm 

of hydrogen generation through serpentinization in ophiolite complexes[47]. These geological 

wonders, rich in ultramafic rocks, have emerged as crucibles for hydrogen generation via 

hydration reactions.     In Oman, pioneering researchers have embarked on initiatives to harness 

the considerable potential of these ultramafic-rich geological formations. Through controlled 

serpentinization, where water interacts with the ultramafic rocks, substantial volumes of 

hydrogen gas are generated[48]. This resultant hydrogen is subsequently sequestered within 

the subsurface, thereby harnessing Oman's geological endowment for the purpose of clean 

energy production. This ambitious undertaking effectively demonstrates the practicality of 

geological formations as reservoirs for hydrogen and underscores the capacity of ultramafic-

rich ophiolites to serve as sustainable sources of hydrogen[49]. 

  Iceland, as an island nation, has gained renown for its abundant geothermal resources. It has 

undertaken research initiatives that exploit the synergy between geothermal activity and 

hydrogen production[50], [51]. Geothermal activity, frequently associated with the presence 

of high-temperature rocks, facilitates the extraction of hydrogen-rich fluids. In Iceland, 

ongoing projects are dedicated to harnessing this geothermal synergy, wherein high-

temperature rocks serve as conduits for liberating hydrogen gas from subsurface reservoirs. 

This distinctive approach capitalizes on the Earth's crust's innate heat to enable hydrogen 

generation, offering an enticing model for sustainable energy production. Iceland's pioneering 

endeavors underscore the intrinsic interplay among geothermal activity, geological formations, 

and hydrogen synthesis, thereby forging a path toward a paradigm of renewable energy[52]. 

  The United States, a country with a rich history of oil and gas extraction, is home to numerous 

depleted oil and gas reservoirs. In recent years, research initiatives within the nation have 

explored the conversion of these reservoirs into hydrogen storage facilities[53]. By 

repurposing these geological structures, the United States is leveraging its existing 

infrastructure to safely and sustainably store hydrogen. These transformed, depleted reservoirs 

possess the potential to enhance the nation's energy security and contribute to its sustainability 

objectives. This example highlights the adaptability of geological formations in serving as 

hydrogen repositories, even in regions historically associated with fossil fuel production[54]. 

  Collectively, these case studies and research initiatives underscore the expanding frontier of 

geological formations as hydrogen reservoirs. Through an examination of geological structures 

and processes in diverse regions, these endeavors offer empirical evidence regarding the 

feasibility and viability of harnessing geological formations for hydrogen storage and 

production. They provide invaluable insights into the practical application of hydrogen 

generation within geological formations, thus enriching our comprehension of the role of rocks 

in the transition toward clean and sustainable energy sources[55]. 
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7. CONCLUSION 

  The exploration of rocks as repositories for hydrogen unveils an exciting avenue for the 

development of sustainable energy solutions, extending far beyond a mere geological 

phenomenon. Through our journey into the geological processes that underlie hydrogen 

generation, migration, and accumulation within rocks, this review has illuminated the potential 

of harnessing this clean energy source to address the pressing challenges of climate change 

and the imperative of energy sustainability.Our comprehensive analysis underscores that rocks 

are not passive substrates but dynamic actors in the transition to cleaner and more sustainable 

energy sources. These geological formations, from ultramafic-rich ophiolites in Oman to 

geothermal realms in Iceland and depleted reservoirs in the United States, reveal their capacity 

to house and produce hydrogen. These revelations, however, extend beyond mere scientific 

inquiry; they hold profound implications for diverse fields, spanning geology, renewable 

energy, environmental science, and geography. 

  The multidisciplinary dimensions of hydrogen in rocks are palpable. Geologists investigate 

the mechanisms of hydrogen generation, driven by processes like serpentinization, while 

renewable energy experts seek to harness this clean energy source. Environmental scientists 

find promise in the reduced greenhouse gas emissions facilitated by hydrogen storage in rocks, 

and geographers chart a path towards diversified, regionally self-sufficient energy sources. 

  In closing, as the world stands at the precipice of profound energy transformation, the role of 

rocks in the hydrogen economy beckons as a promising frontier. The revelations of this review, 

while informative, only mark the nascent stages of this journey. It is a call to action for further 

exploration, investment, and collaborative research endeavors, as we collectively endeavor to 

unlock the potential of rocks as hydrogen reservoirs on a global scale. 

The fusion of science and sustainability is a beacon in an era when the imperative of 

addressing climate change and ensuring energy security reigns supreme. The synergy between 

geological formations and renewable energy sources holds the promise of a sustainable and 

cleaner future, where rocks serve not only as the foundation of the Earth but also as a 

cornerstone of our transition towards an ecologically balanced, reliable, and secure energy 

landscape. 
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