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ABSTRACT
“White hydrogen” or “natural hydrogen” as a clean, carbon-free energy source is driven by need for sustainable alternative to current fossil fuel -based methods, it is a potentially cost- effective, carbon -free enery source that requires subsurface optimization for both exploration and production. Naturally occuring white hydrogen accumulates in geological formations, and research is focused on understanding the subsurface conditions ( e.g. Ultramatic rocks, fault zones) that generate and trap it. Identified natural generation processes include rock- water reactions ( like serpentinization), radiolysis of water, and therm maturation of organic matter. The study uses transient gas flow equations to model the complex and dynamic behaviour of hydrogen in the subsurface, real gas potential to accurately model hydrogen’s behaviour in the subsurface , which is crucial for optimizing production. This approach accounts for the non- ideal behaviour of gases under high pressure and temperature, aiming to improve the economic viability of natural hydrogen and guide future exploration and production efforts. By using a noval approach base on radical diffusivity gas equations to model its movement in the earth’s crust, study investigates the potential of white hydrogen as a clean source,highlighting its geological generation mechanisms, which helps improving the accuracy of predicting hydrogen concentration and flow which is more than natural gas, which is essential for efficient extraction methods to unlock its potential as a commercially viable and sustainable energy source.
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CHAPTER ONE
INTRODUCTION
 1.1 Background to the Study
Climate change is driving the increased focus on hydrogen as a promising energy carrier. The quest for natural or white Hydrogen exploration and production emanates from growing interest in clean, carbon -free hydrogen energy.(Aimikhe and Eyankware, 2023).  There is an increasing damand for sustainable and eco- friendly energy sources, with natural hydrogen emerging as an alternative among various clean options. Natural or geologic hydrogen, which forms and accumulates in the subsurface through natural processes, offers a promising potential source.  Hydrogen’s unique properties make it an attractive alternative as a low - carbon energy source , Natural hydrogen usually refers to hydrogen molecules naturally found in specific regions of the Earth’s crust. Hydrogen occurs naturally in large quantities under the ground, especially when certain iron rich minerals react with water. 
In today’s race to find ways to produce cheap Hydrogen, the natural Hydrogen wells in Bourakebougou field Mali offer a promising solution and are a good example of hydrogen can be produce in the natural environment.  Not only has one well been successfully exploited to generate electricity for the local village, but twenty-four other exploratory boreholes have also demonstrated the presence of natural hydrogen in the surrounding area ( Alain Prinzhofer et al, 2023).  
THE COLORS OF HYDROGEN
The colors of hydrogen are crucial for energy  transiton because each production pathway generats different amount of greenhouse gas emissions and results in different production costs.
Hydrogen is the most  common, simplest, and lightest element in the universe. Despite its abundance, it is not usually obtained directly, due to its high reactivity: it tends to combine with other elements to form compounds such as water( hydrogen and oxygen), hydrocarbon carbon and other organic and inorganic compounds.
Amid a frantic search for alternative energies , hydrogen is being extracted in many ways,some cleanerer than others. That is why it is classified by color, according to the raw material from which it is obtained and the carbon dioxide emissions associated with its extraction.
From the most polluting to the most sustainable:
i. Black or brown hydrogen: This is extracted by gasifiying coal, a process that transforms solid coal (usually coal and lignite) into a gas rich in hydrogen and carbon monoxide.the black and brown colors sometimes indicate the coal type: bituminous (black) and lignite(brown). this process generates significant  emissions (19t/t).
ii. Grey hydrogen: this is extracted through natural gas reforming, a process that transforms methane and water vapour from the fossil fuel into hydrogen and carbon dioxide. Refers to hydrogen produced from fossil fuels, mainly by steam gas reforming or coal gasification, it generates significant  emissions between  10 -19 tons of  t/t. over 95% of world hydrogen consumption is grey hydrogen.
iii. Yellow hydrogen: this is extracted from water by electrolysis, a process that breaks it down into oxygen and hydrogen, using electricity from the power grid or solar energy.
iv. Blue hydrogen: this is extracted from natural gas, but unlike grey hydrogen, the  generated during the process is captured , used and stored instead of being released into the atmosphere. Blue hydrogen is produced mainly from natural gas by steam gas reforming , paired with carbon capture and storage (CSS). Blue hydrogen has a much lower carbon intensity than grey hydrogen, with estimates ranging from 1-4t/t. Although using CCS increases costs, blue hydrogen remains the cheapest “clean” alternative to grey hydrogen.
v. Turquoise hydrogen: This is also extracted from natural gas, but through a process known as methane pyrolysis, which breaks down methane into hydrogen and solid coal instead of  , preventing the greenhouse gas from being emitted.
vi. Pink hydrogen: this is extracted from water by electrolysis, but unlike yellow hydrogen, it uses electricity from nuclear power, so it is low in carbon.
vii. Purple hydrogen: is produced by water electrolysis using nuclear power and heat.
viii. Red hydrogen: is produce by the high-temperature catalytic splitting of water using the heat and steam generated from nuclear plants. This procss requires much less electricity than traditional electrolysis
ix. Green hydrogen: it is also extracted from water by electrolysis, but unlike pink hydrogen, it  uses electricity from renewable sources( solar, wind or hydroelectric energy), so it is low carbon and does not produce radioactive waste. Green hydrogen costs are significantly more than those of grey hydrogen. It accounts for less than 0.1% of the world’s hydrogen production.
x. Orange hydrogen: refers to emerging processes that produce hydrogen using plastic waste as a feedstock. It may offer a solution to both the clean energy problem and issues surrounding plastic waste disposal. Orange hydrogen remain in the early development stages, with varios technologies and production processes, including pyrolsis, microwave catalysis, and photo- reforming, under evaluation.
xi. White or golden hydrogen or natural hydrogen: this is the hydrogen that is free in nature, which is formed by certain natural processes, such as the reaction of water to serpentinization processes in rock of the oceanic and earth crust, the decomposition of certain sedimentary rocks containing iron, natural electrolysis ( called radiolysis) and the degassing of the earth’s mantle.
Today’s world is in the process of an energy transition. Human development so far in the last century was tied to fossil fuels, so dependence between the two was created. The utilization of fossil fuel
Irrefutably led to significant technological advancement in a short time spawn. One of the major downsides was increasing pollution on such a scale, that Earth counld’t withstand any more without considering consequences.  Presently, these negative effects are visible in many forms, the most notable ones being connected to climatic change. In the eyes of society, climate changes represent the main argument for an energy transition, which is often perceived as financially unprofitable, but a necessary change for the benefit of humanity.
 Technological advances from that period resulted in numerous research and studies that were well analyzed. The hydrogen role in this progression was recognized from the start, both by the scientific community and the international Energy Agency (IEA).
The strongest support to the idea of hydrogen playing a substantial part in energy transition was received at the beginning of the 21st century.
The number of countries announcing pledges to achieve net zero emissions over the coming decades continues to grow. But the pledges by governments to date- even if fully achieved- fall well short of what is required to bring global energy - related carbon dioxide emissions to net zero by 2050 and give the world an even chance of limiting the global temperature rise to 1.5℃. this project is the world comprehensive study of how transition to a net zero energy system by 2050 while ensuring stable and affordable supplies, providing universal energy access, and enabling robust economic growth.
It sets out a cost - effective and economically productive pathway, resulting in a clean, dynamic and resilient energy economy.
As the major source of global emissions, the energy sector holds  to the responding to world’s climatic challenge.
Hydrogen and  hydrogen based fuels will need to fill the gaps where electricity cannot easily or economically replace fossil fuels and where limited sustainable bioenergy supplies cannot cope with demand. This includes using hydrogen based fuels for ships and planes, as well as hydrogen in heavy industries like steel and chemicals.
Hydrogen gas () , when combusted, produces heat and water. There is no pollution , just water vapour. When hydrogen combines with oxygen, there is no generation of carbon dioxide, no production of cyclic hydro - carbons, no sulfur oxides , no nitrogen oxides, no ozone cogeneration.  It seems that hydrogen, along with efficient energy production, solves many of our pollution problems, from urban air pollution to global warming.
The  Bourakebougou Hydrogen field offers a unique opportunity for Geoscientists to determine the key characteristics studies that were performed to better characterize the nature of the bearing Bourakebougou hydrogen bearing reservoirs.(Alain et al, 2023).


1.2   Statement  of the Problem
The problem of white hydrogen production and optimization from the subsurface is that despite its potential as a low cost, naturally renewable, and low - carbon energy source, commercial - scale expoitation faces significant technical, geological, and economic hurddles. Current knowledge gaps in exploration , extraction, and reservoir behaviour prevent the reliable and cost- effective development of this resource.
The oil and gas industry, with its expertise in exploration and drilling, is beginning to show interest in this resource. However, the technological maturity for its extraction and storage remains low.
Current infrastructure must be adapted to handle a highly diffuse and light gas, which poses a major challenge to large - scale commercialization
The exploration of natural hydrogen is based on techniques inspired by the oil and gas industry, with specific adaptations. Among the methods used, seismic exploration plays a key role in locating underground hydrogen reservoirs.
Reflection seismology is one of the main techniques used to map geological structures that may contain hydrogen. It involves sending seismic waves into the subsurface and analyzing the reflections and possible hydrogen accumulations. Unlike hydrocarbons, however, hydrogen is a much lighter and more mobile molecule, make its identification and capture more complex.
A major advancement in this exploration is the use of three- component (3c) seismic sensors. These sensors can record seismic waves along three axes ( vertical, north-south, and east -west), providing better resolution of underground structures. With this technology, it is possible to better differentiate hydrogen reservoirs from other geological formations and to more precisely detect faults or natural traps that facilitate the accumulation of this gas.
Improving the quality of seismic data with 3C Sensors is essential to optimize drilling operations and minimize exporation risks.


1.2.1.  The Challenges of Exploration and Production of White Hydrogen.
The use of natural hydrogen presents several challenges. First, accurate detectioin of reserves is a major issue. Geophysical tools must be adjusted to differentiate hydrogen from other natural gases present in the subsurface.
Secondly, the extraction process itself requires the development of technologies that allow hydrogen to be recovered without releasing it into the atmosphere. Unlike liquid hydrocarbons, hydrogen is more prone to leakage, requiring specialized infrastructure and advanced sealing techniques,
Another challenge is assessing the sustainability of reserves. Geological studies must determine whether natural hydrogen flows are sufficiently renewable to ensure longterm sustainable use.
1.3.  Aim and Objectives of the Study.
The overarching aim is to investigate and validate the potential of naturally occurring, or “white”, hydrogen as a commercially viable and sustainable energy source. This involves moving beyond exploration to understand and optimize the processes of generation, accumulation, and extraction from subsurface geological environments.
Natural hydrogen formation occurs through several geological processes, which serpentinization being the most significant mechanism. Rodolfo et al (2025)  Serpentinization is abotic reaction involving the hydration of ultramafic rocks, in which Fe(II) in primary minerals is oxidized to Fe(III) in secondary phases, reducing hydrogen atoms in water molecules to molecular hydrogen (). This  process is one of the primary natural mechanisms for hydrogen generation. The generation rate of molecular hydrogen ( hereafter referred to as hydrogen or ) and the rate of serpentinization are highly dependent on temperature, with maximumrates between 200 and 300. this mineral replacement reaction also affects the petrophysical properties of the rocks by decreasing density and seismic velocities, concomitant most often with increasing magnetic susceptibility, allowing serpentinites to be distinguished from fresh mantle rocks based on their geophysical characteristics, such as gravity, magnetic , and seismic properties.
Serpentinization is associated with some of the largest discoveries of natural occurrences of hydrogen .
The “hydrogen system” describes the generation, migration and sealing/ trapping of hydrogen. There are two parts to the ‘generic hydrogen system: the source- generation sub- system’ requires an ultramafic protolith, usually in basement, and a supply of water penetrating basement, and a supply of water penetrating basement rocks. In the ‘migration - retention sub - system’ migration, sealing and entrapment of gas- phase hydrogen behaves the same as for hydrogen behaves the same as for hydrocarbon gases.
The hydrogen system by serpentinization is used to develop play modes to guide exploration in the accessible and exploitable geotectonic settings of continental cratons, ophiolites and convergent margins.
1.4.  Siginificance of the Study
The pursuit of clean and reliable hydrogen sources intensifies as the world strives towards a future of greener energy. Hydrogen, with its abundance and potential for clean combustion, is a compelling alternative to fossil fuels across various applications.
White hydrogen stands out as a natural and potential low- cost source among the different hydrogen variants, making it a compelling option.
White hydrogen, also known as geologic, native or natural hydrogen, is trapped within underground geological formations, such as basalt rock. It’s formed through planetary geological processes, like the reaction of water with the rock. This set it apart from other hydrogen types, such as grey hydrogen, produced from natural gas, and green hydrogen, derived from renewable energy.
White hydrogen holds immense promise. Its geological origin and lack of energy - intensive processes for extraction differentiate it from other hydrogen sources. It could unlock a significant, low- cost, clean hydrogen source, potentially revolutionising the energy landscape.
However, challenges remain. The scientific community needs to comprehensively map the distribution of white hydrogen to fully grasp its potential. The industry also faces the challenge of overcoming the scarcity of examples and demonstrating successful applications of white hydrogen to gain wider acceptance.
As we venture into the possibilities of white hydrogen, it emerges as a wildcard in energy transition. This potential game- changer could reshape our approach to hydrogen and bridge the gap in renewable energy hydrogen production. While overcoming hurdles is inevitable,
White hydrogen’s promising characteristics make it a resource worth exploring on the path to a sustainable energy future.
A renewable resource with sustainability concerns. Unlike conventional hydrogen production methods, such as steam methane reforming(SMR) or gasification of coal, which rely on fossil fuels and emit carbon dioxide (), White hydrogen is sourced directly from geological formations within earth.
It’s crucial to note that while white hydrogen is considered renewable, its extraction and purification methods must also be sustainable to ensure a positive environmental impact.
Careful consideration and responsible practices are essential to harmonise white hydrogen’s potential with broader sustainability goals and the transition to cleaner energy sources.
White hydrogen can potentially play a significant role in the hydrogen economy, its extraction directly from geological formations offers several advantages:
i. Environmentally friendly: white hydrogen extraction has a minimal carbon footprint, making it a cleaner alternative to fossil fuel- based hydrogen production. White hydrogen could be crucial in decarbonising , industrial processes, and power generation.
ii. Cost- effectiveness: the lack of energy - intensive processing contributes to the potential for lower production costs compared to other hydrogen types.
iii. Abundance: white hydrogen reserves are estimated to be significantly larger than fossil fuels, offerring a long-term and sustainable energy source.
Addressing challenges for sustainable adoption despite its promising characteristics, white hydrogen faces particular challenges that need to be addressed for its widespread adoption:
iv. Limited availability:  while white hydrogen reserves are abundant, their distribution is uneven, with some areas having more resources than others.
v. Extraction complexity: extracting white hydrogen from underground formations can be technically challenging and costly
vi. Environmental considerations: the extraction process must be carefully designed to minimise environmental impact, including potential groundwater contamination.
White hydrogen reserves are estimated to be significantly larger than fossil fuels. The geological society of America (GSA) has estimated that white hydrogen reserves could meet at least half of the global damand for sustainable and clean hydrogen by 2100.
1.5.  Scope of Research Study
Over the past decade, nature hydrogen exploration has increased significantly on all continents. The Bourakebougou field is the most advanced case with the most significant data available.(Alain et al, 2023)
White hydrogen has been identified in several geological contexts, including ultramafic rocks, sedimentary basins, and tectonic fault zones(Zgonnik, 2020). advance in detection technologies, such as isotopic analysis and hydrogen flux measurement, have enhanced our ability to locate and quantify natural hydrogen deposits. Geological hydrogen represents a abundant yet underexplored energy resource with diverse occurrences across various geological settings. Its presence has been documented in free gas seeps, dissoved gas in groundwater, and inclusions within rocks( Neal and Stanger, 1983, Zgonnik, 2020, Malvoisin and Brunet, 2023) the significance  of these occurrence is underlined by the processes generating hydrogen, including serpentinization, radiolysis,and tectonics( Aimikhe and Eyankware , 2023).
1.5.1. Extraction Techniques
Accessing hydrogen - rich formations involves adapting existing technologies from  the oil and gas sector (Blay et al, 2024). extraction can occur through drilling into hydrogen traps of porous rock which are overlayered by impermeable layers, or through tapping into iron - rich deposits such as ultramafic .
Drilling operations penetrate deep geological layers to reach target formations, employing advanced materials and techniques to handle the unique challenges posed by hydrogen’s reactivity and diffusivity (Liu et al, 2022). the process begins with seismic studies to understand reserves, followed by exploratory drilling, during which engineers carefully monitor conditions such as  pressure and temperature (Boreham et al, 2021). steel casings and cement linings are installed to stabilize the borehole and prevent gas migration especially due to hydrogen mobility, reactivity and diffusivity (Zamani and Knez, 2024). Maintaining well integrity is critical, as hydrogen leaks could result in hazardous situations, including flammable mixtures with oxygen (Crowl and Jo, 2007).
High- pressure valves and real-time monitoring systems are integrated into the drilling setup to regulate gas flow and ensure operational safety (Ahad et al, 2023)
1.5.2.  Economic  Viability 
White hydrogen offers a cost - effective alternative to other hydrogen forms . Production costs are estimated to be between $0.50 to $1per kilogram, significantly lower than green hydrogen, which can cost around $5 per kilogram.
The natural occurrence of white hydrogen reduces the need for energy- intensive production processes, resulting in lower operational expenses.
The market for white hydrogen is rapidly emerging, supported by substantial investments and growing interest from key  players
1.5.3.   Environmental Impact.
White hydrogen stands out for its minimal environmental footprint. The natural formation process involves no carbon emissions, making it an environmentally friendly energy source.
CHAPTER TWO
LITERATURE REVIEW
2.1.  Conceptual Review
The climatic changes has necessitated an urgent need for managing and reducing green house gases in the environment in response to the extreme weather event that have occurred frequently in recent times at different locations worldwide ( Aimikhe and Eyankware, 2023).
There is a growing interest in natural hydrogen as a potential new source of energy with a negligible carbon - footprint, especially compared to all the order human- made hydrogen species. Especially the white ( or natural, geologic or geogenic) ( Gabor Tari, 2025). Geologic hydrogen may play an enabling role in the build out of the future hydrogen economy, particularly in the near -term (Yedinak, 2022) and hydrogen offers a viable carbon- free alternative(Muhammad et al, 2025). Hydrogen is projected to account for as much as 30% of the future energy supply in some sectors, with global demand increasing more than fivefold by 2050 (Geoffery and Sharah, 2024). Natural Hydrogen seeping out as a gas from hydrothermal systems in mid- oceanic ridges has been deteected in the 1970’s, hydrogen sourcing out has also been observed few years later in ophiolites and in continents. Recent exploratory wells in Mali (Bourabougou field) targeting natural hydrogen were a success and provide a new understanding of a first test well exploited by PETROMA (Bougou-1) and a comprehension of continental hydrogen functioning systems. ( Alain et al, 2018)   The main source of natural hydrogen are considered to be of mineral origin, water reduction  associated with iron oxidation, water radiolysis (Prinzhofer and Cacas, 2023). Natural Hydrogen, which freely degasses from below the earth’s surface, is constantly available without expensive refining or purification infrastructure (Vitaly et al, 2025). Exploration of natural hydrogen requires an understanding of the geological components and processes of a hydrogen system. Unlike petroleum systems, hydrogen system consist of two distinct subsystems, where hydrogen is produced in water - accessible basement rocks, and the migration-preservation system, which comprises migration, trapping, and accumulation as a gas. Main generation mechanisms include radiolysis, water- rock interactions, and the thermal decomposition of organic matter. These systems operate in various tectonic settings, including passive margins, convergent and divergent plate boundaries, and intraplate regions. Cordilleran and Tethyan ophiolites at plate boundaries are known for active serpentinization.(Juhwan et al, 2025)
2.2. Theoretical Framework
WHITE HYDROGEN GENERATION MECHANISMS
White hydrogen is produced through geological process, including : Serpentinization which is a chemical reaction between ultramafic rocks and water that releases hydrogen as a by product(Russell et al, 2010).  Radiolysis ; which is the breakdown of water molecules due to natural radiation, releasing hydrogen (Caer, 2011) . As well as tectonic activity couped with one one or both previous two which is the movement along fault lines faciliate  hydrogen generation through a combination of chemical and physical processes(Vaquand et al, 2018)
2.2.1.  Serpentinization
Serpentinization is one of the most well- decumented process contributing to white hydrogen formations. Ultramafic rocks , rich in minerals like olivine , react with water to form sepentine minerals,  releasing molecular hydrogen in the process. The reaction is summarized below
  2FeO +O  →   +  
Hydrogen generation in geological systems is predominantly driven by Fe(II) oxidation in ultramafic rocks, particulary during serpentinization processes( Wang et al, 2019). However, low dissolution rates of Fe(II) from olivine and its association with brucite often limit detectable hydrogen production (Kularatne et al, 2018). Experimental studies reveal that exposure  to hydrated   Conditions can enhance Fe(II)  release, promoting hydrogen generation, although carbonate precipitation (e.g., Magnesite and siderite) can reduce Fe availability for oxidation(Wang et al, 2019).  Temperature significantly influences hydrogen yields, with optimal ranges reported between 300 and 400℃ (Malvoisin et al, 2012). Research on serpentinized dunite from Oman as highlighted substantial hydrogen generation at 100℃,with Fe(II) oxidation as the primary pathway (Miller et al. 2017). Simultaneously, the hydrogen of ferrous iron leads to the  reduction of water, producing  hydrogen gas. additionally, oxidation and hydration processes yield magnetite () . furthermore, the hydration of olivine transforms it into serpentine and brucite, accompanied by the generation of hydrogen gas.
The key reactions are as follows:
1. Ferrous Iron Oxidation  F +  + O   → F  + 2O
2. Water Reduction  2F  +  4O  →  2F  +  4O  +     
3. Magnetite Formation:    3F   +  4O    →  F   +   2O
4. Serpentinization : 
3Si (Olivine)   +  4O    →  2 (Serpentine)  +  Mg (Brucite)  +  
Hydrogen detection was confirmed using a Gas chromatography(Miller et al, 2017).
Thr hydrogen production capacity of serpentinization in nature varies based on different studies due to the assumed amount of ultramatic rocks in specific  systems where outcrops from the earth’s mantle have been exposed to the surface . In some, cases, the mantle is exposed on rift zones in the oceans or raised to the surface via the ophiolites-belt. ( Aimikhe and Eyankware,  2023 ). Ophiolites, which are sequence of sedimentary and igneous ( mafic and ultramafic) rocks from the ocean crust and mantle uplifed and exposed on continents, host large volume of sepentinized peridotites and are therefore preferential targets of hydrogen exploration (Calin and Giuseppe, 2024).
2.2.2.  Water Radiolysis.
Radiolysis is the dissociation of water molecules  into hydrogen and other reactive species due to ionizing radiation ( Chapelle et al, 2002).  This process is fueled by the radioactive decay of uranium (, ), Thorium (), and Potassium (),  Present in geological formations ( Spinks and Wood, 1990). These radionuclides emit alpha(α), beta (), and gamma ( radiation,which ionizes water, producing molecular hydrogen alongside other chemical species( Dzaugis et al, 2016).
Radiolytic hydrogen has been recognized as a crucial energy source for microbial life in environments with limited organic carbon availability, such as subseafloor basaltic aquifers ( Blair et al, 2007, Dzaugis et al, 2016) . Radiolytic hydrogen emerged  as a dominant electron donor in basalt millions of years old, where iron oxidation rates diminish due to depletion of Fe(II) (Colwell, 2013).  Radiolytic hydrogen production can also support microbial communities in subseafloor basalt (Dzaugis et al, 2016). 
For instance, in the most radioactive basalt  samples, hydrogen fluxes could sustain up to 1,500 microbial cells per square centimeter of fracture surface ( Gregory et al. 2019).
2.2.3. Tectonic Activity
Tectonic processes play a pivotal role in generating natural hydrogen, particularly when coupled with serpentinization (Vacquand et al, 2018). The serpentinization reaction is facilitated by tectonic settings that enable water access to the mantle, such as mid - ocean ridges, passive margins, and ophiolite zones (Worman et al,2016)  The   reaction  is particularly prolific at high temperature (200-300℃), with serpentinization rates producing approximately 182 Bcf  k y of hydrogen at standard temperature and pressure (STP)(McCollom et al,2016),( Jackson et al,2024), vastly exceeding other geological hydrogen sources/ mechanisms.  At  divergent plate boundaries in mid- ocean ridges, serpentinization occurs along faults and transform zones where seawater penetrates exposed mantle rocks( Mevel, 2003). Hydrogen production here is sustained by tectonic extension, which continuously exposes  mantle rocks (McCollom and Bach, 2009). 
2.2.4.  Geological Occurrence and Detection
White Hydrogen has been identified in several geological contexts, including ultramafic rocks , sedimentary basins, and tectonic fault zones (Zgonnik, 2020). Advances in detection technologies, such as isotopic analysis and hydrogen flux measurements, have enhanced our ability to locate and quantify natural hydrogen deposits.  Geological hydrogen represents a abundant yet under explored energy resource with diverse occurrence across various geological settings. Its presence has been documented in free gas seeps, dissolved gas in groundwater, and inclusions within rocks ( Neal and Stanger, 1983, Zgonnik, 2020, Malvoisin and Brunet, 2023).  The significance of these occurrences is underlined by the processes generating hydrogen , including serpentinization, radiolysis, and tectonics ( Aimikhe and Eyankware, 2023) 
2.2.5.  Extraction Techniques
Accessing hydrogen- Rich formation involves adapting existing technologies from the oil and gas sector(Blay et al, 2024). Extraction can occur through drilling into existing hydrogen traps of porous rock which are overlayered by impermeable layers, or through tapping into-rich deposits such as ultramafic which may or may not be fractured for intersection or through enhanced stimulation, through the injection carbonated fluids to sequester C  and promote hydrogen generation. Drilling operations penetrate deep geological layers to reach target formations, employing advanced materials and techniques to handle the unique challenges posed by hydrogen’s reactivity and diffusivity( Liu et al, 2022). The process begins with seismic studies to understand reserves, followed by exploratory drilling , during which engineers carefully monitor conditions such as pressure and temperature (Boreham et al, 2021). steel casings and cement linings are installed to stabilize the borehole and prevent gas migration especially due to hydrogen’s mobility, reactivity, and diffusivity, similar to practices in salt cavern hydrogen storage (Zamani and Knez, 2024). Maintaining well integrity is critical, as hydrogen leaks could result in hazardous situations, including flammable mixtures with oxygen (Crowl and Jo, 2007). High- pressure vales and real - time monitoring systems are integrated into the drilling set up to regulate gas flow and ensure operational safety (Ahad et al, 2023). Gas Chromatography analysis of the phase in the shallower main reservoir of Bourakebougu field shows 98%  of Hydrogen(Alain et al, 2023).
2.2.6.  Geophysic (Basin - Scale Seismic)
The interpretation of deep faults in the existing seismic data has great relevance for understanding the possible migration paths for hydrogen from crystalline basement to the surface via advection and diffusion effects. The presence of these faults may help explain the migration of hydrogen to the surface
2.2.7. Neutron Log
This is the primary well log used to detect our white hydrogen in reservoir because it is highly sensitive to hydrogen atoms,which are present in both hydrogen gas and water.
Our neutron log is used to measure total hydrogen content, it needs needs to used in combinatin with other logs or mass spectrometry, to differentiate white hydrogen and hydrogen from other sources like hydrocarbon.
Our neutron log detect hydrogen(free phase  Gas) because the tool’s emitted neutrons are slowed down most effectively by hydrogen nuclei and  Gas has a  high concentration of hydrogen atoms compared to the surrounding rock . The log records this energy loss , which is measuured as a high hydrogen concentration or a high neutron porosity reading providing evidence for the presence of free gas in the formation
2.2.8. Sonic Log 
Our sonic log detect white hydrogen by measuring the significantly higher acoustic wave velocity it generates compared to other fluids like methane and water. sonic logs measure the time it takes for a sound wave to travel through a formation and hydrogen’s fast speed leads to a lower slowness (interval transit time) Compared to fluids like methane, which is often  used to identify hydrogen rich zones. This provides a clear differentiation between hydrogen filled and other types of reservoirs.
Hydrogen allows sound waves to travel much faster than they would through methane or water.
Because the wave travels faster, the interval transit time is significantly low.
The lower change in time value creates a unique signature on the sonic log, allowing geologist to identify and differentiate potential hydrogen filled zones from other fluids like methane.
2.2.9. Mass Spectrometry
It detect white hydrogen during our drilling by analyzing gas samples from the wellbore using a gas chromatography-mass spectrometry(GC-MS) system or a direct mass spectrometer.
Hydrogen gas () is separated from other gases by GC and then ionized and detected by the MS Based on mass to charge ratio ()
This technique can be calibrated to detect hydrogen at low concentrations (parts per million) , distinguish it from other gases like methane and even perform isotopic analysis to identify its natural origin.
Gas saples are collected from the wellbore in real time using mud logging techniques annd can also be analyzed in a lab.
The gas mixture is sent through a gas chromatograph, which separates the different components (like ,   and ) based on their physical and chemical properties.
The separeted gases then enter the mass spectrometer, here, they are ionized, typically by electron bombardment.
The hydrogen molecules () is broken into fragments or becomes an ion, such as  OR 
Our white hydrogen is compse of stable isotopes protium() and deuterium ()
The ions are then separated by their mass to charge ratio ()  using electric and magnetic fields.
The mass spectrometer identify and quantites the ions , which allows for the detection and measurement of the hydrogen concentration.
This allows for real time analysis and provisions of data while drilling, detecting low concentration and distinguishing hydrogen from other gases that may be present and identifying artifical hydrogen being generated  from alkenes, carbon monoxide and by the drilling mud.
2.2.10.  Gas Chromatographs
Our gas chromatograps(GC) measure white hydrogen during logging using a therma conductivity detector(TCD) which is effctive for analyzing hydrogen from 0% to 100% in simple gas mixtures. The GC can use hydrogen as a carrier gas for faster analysis times. It is used because it has a low viscosity which can lead to faster flow rates and shorter analysis times.
TCD IS highly effective for analyzing binary gas systems, such as a mixture of hydrogen and another background gas. This provide fast and accurate measurements of hydrogen during logging operations.
2.2.11. Mud Gas Logging
Gas released from our drilling mud is continuously analyzed using our gas chromatographs or mass spectrometers. This technique can detect high concentrations of hydrogen and other gases like methane and helium. It indicate the presence of natural hydrogen.
At depth of 112m we have 98% of hydrogen , 1% of nitrogen and 1% of methane.
Area across at leas five of  the reservoirs of natural hydrogen is  780 
At depth of 30m -135m to 1125m -1500m is composed of carbonate.
The main reservoir rocks here in Mali where white hydrogen occurred is carbonated despite indices of hydrogen shows also present in sandstone and other detritic.
The proterozoic sedimentary formations section is much poorer in organic matter content, less than 1%
The shallowest reservoir is a dolomitic carbonate formation that is highly porous and largely karstified, with high concentration of hydrogen gas.
The deeper reservoirs consists of porous sandstone rocks.
The reserviors are composed of both fractured carbonates and sandstones at various depths ranging from approximately 100meters to 1800meters
The hydrogen gas is trapped by impermeable dolerite sills which acts as a caprock.
Hydrogen gas accumulates in karst voids of the carbonate and also found in the porous sandstone reservoirs(Alain et al, 2023).
The porosity of white hydrogen reservoirs in Mali varies with the shallow dolomitic carbonate reservoirs having a degree of heterogeneous porosity ranging from 0.21% to 14.32%, with hydrogen accumulating in karst - related secondary voids. Deeper reservoirs consist of more homogeneous porous sandstones with porosities between 4.52% and 6.37%
The Bourakebougo field in Mali contains two distinct types of host rock reservoirs for natural hydrogen. The porosity is not a single value but differs significantly between the shallow, highly porous carbonate and the deeper, more uniform sandstones. Karstification in the carbonate reservoir creates ahigh porosity environment where free hydrogen gas is trapped.
The permeability of white hydrogen wells in Mali is very low in sealing caprock layers such as the dolerite sills, which are essential for trapping the hydrogen in reservoirs like dolomite carbonates and sandstone. While the hydrogen rich wells are highly permeable zones that allow for collection, the caprock’slow permeability with minimal fractures, prevents the gas from escaping and allows it to accumulate in commercial quantities.
Mali field involes permeable pathways for hydrogen migration and accumulation within the reservoirs, sealed by exceptionally low- permeability caprocks that prevent its escape into the atmosphere.
2.2.12. Shallow Wells (Bourakebougou Field Mali),  Between 30m to 520m
Bougou -3           	Shallow well                  	Carbonate reservoir 
Bougou -4.          	Deep  well.                  	Sandstone formation 
Bougou - 5           	Shallow well                  	Carbonate reservoir 
Bougou - 5A          	Shallow well.                 	Carbonate reservoir 
Bougou -  6.           	Deepest well.             		Iron- rich fine sandstone Reservoir   
Highest concentration of white Hydrogen 
Bougou - 7             	Shallow well.                 	Carbonate reservoir 
Bougou -8.             	Shallow well.                   	Carbonate reservoir 
Bougou - 9.           	Shallow well.                  	Carbonate reservoir 
Bougou -13.           	Shallow well.                    	Carbonate reservoir       
lowest concentration of white hydrogen 
Bougou - 14           	Deep well.                          Sandstone Reservoir 
Bougou - 18.          	Shallow well.                     Carbonate reservoir 
Bougou - 19.          	Deep well.                          Sandstone Reservoir 
Bougou - 20.          	Deep well.                         Sandstone Reservoir
2.2.13. Optimization Processes
Despite these precautions, Hydrogen’s low molecular weight and high diffusivity require specialized containment systems to prevent loss during extraction and transport. Innovations in drillig fluid management and well design are continually beig develop to address these challenges. Beyond naturally occurring accumulations, stimulating hydrogen producing within ultramafic deposits is also possible. By injecting carbonated water into ultramafic rocks at depths 5 to 10 kilometers, where temperatures range between 200 ℃ and 300 ℃, chemical reactions such as serpentinization can be induced(Klein and McCollom, 2013).  The use of high - pressure injection techniques, informed by hydraulic fracturing practices, enables efficient stimulation of these processes (Kalbani et al, 2024). However, creating and maintaining an environment conductive to sustained hydrogen production involves overcoming significant technical and lodistical hurdles. Identifying impermeable cap rocks to trap the generated hydrogen, managing the high costs of deep drilling, and addressing environmental concerns are key challenges. (Muhannad et al, 2025).
2.2.14. Mud Log Gases
Part of the outcome of the mud-loggings the mud gas data. The mud-gas logging process characterizes the liquid and solid components of the mud that are brought to the surface during the drilling of  hydrogen wells. The mud gas data is a quantitative measure of the gas liberated from the subsurface formations as the drill bit grinds through rock formations. Gas detectors (chromatographs and spectrometers) are used to separate and quantify the individual natural gas components, ranging from light to heavy as well as organic to inorganic, dissolved in the mud and circulated to the surface. These measurements are recorded in real time in addition to the other drilling parameters such as rate of penetration (ROP), mud weight, flowline temperature, pump pressure, flow rate, and hook load. 
2.2.15. Drilling Fluid
Water based muds are used to drill white hydrogen reservoir, water based muds (WBMs) are a type of drilling fluid where water serves as the primary liquid phase. They are commonly used in drilling operations to control formation pressure and temperature, prevent formation damage, and transport drill cuttings. WBMs are a versatile fluid, with different types and additives used to achieve specific drilling requirements. 
Features that make Water based mud used
i. Water as the Base used to drill White hydrogen reservoir are: The primary component of WBMs is water, which can be fresh water, seawater, or saltwater. 
ii. Additives: Various additives are incorporated to modify the properties of the mud and enhance its performance. These include:
iii. Weighting agents: Such as barite (barium sulfate) to increase density and control hydrostatic pressure. 
iv. Clay and polymers: Used to control viscosity, fluid loss, and wellbore stability. 
v. Thinners: To reduce viscosity when needed. 
vii. Filtration control agents: To minimize fluid loss into the formation. 
Categories: WBMs can be broadly categorized into dispersed and non-dispersed systems. 
Advantages of WBMs:
i. Environmentally Friendly: Generally considered more environmentally friendly than oil-based muds. 
ii. Cost-Effective: Often less expensive than other types of drilling fluids. 
iii. Versatile: Can be adapted for various drilling conditions with the appropriate additives. 
iv.Good Hole Cleaning: Effective at removing drill cuttings from the wellbore. 
Examples of WBMs:
i. Freshwater muds: Used in shallower sections where formation pressures are low. 
ii. Seawater muds: Used when drilling offshore or in areas with access to seawater. 
iii. Saltwater muds: Used to manage formation pressures and prevent clay swelling. 
iv. Polymeric systems: Advanced systems that utilize polymers to enhance performance and stability. 
2.2.16. Polycrystallline Diamond Compact Drill Bit (Pdc) 
The PDC non-coring drill bit is designed for efficient and durable performance in geological exploration and mining applications. Featuring high-quality polycrystalline diamond cutters, it delivers superior penetration rates and extended bit life in hard and abrasive formations. Its robust design ensures reliable drilling in challenging conditions, maximizing productivity and reducing downtime. 
Advantages:
i.  High Drilling Efficiency: PDC (Polycrystalline Diamond Compact) bits offer superior drilling speed, reducing time and costs in geological exploration and mining operations.
ii. Durability: These bits are highly resistant to wear and abrasion, ensuring a longer lifespan even in tough rock formations.
iii. Versatility: PDC bits can effectively drill through a wide range of formations, including soft to medium-hard rocks, making them adaptable to various geological conditions.
iv. Cost-Effective: Due to their durability and efficiency, PDC bits reduce the need for frequent replacements and downtime, lowering overall operational costs.
v. Stable Performance: PDC bits provide consistent and reliable performance, minimizing the risk of deviations and ensuring accurate drilling.
2.2.17. Cementing For Hydrogen Reservoir
Cementing design for hydrogen wells requires careful consideration to ensure long-term wellbore integrity and prevent hydrogen leakage. This involves selecting appropriate cement formulations, optimizing slurry properties, and implementing robust placement techniques. Key aspects include minimizing porosity and permeability of the cement sheath, achieving good bonding with the casing, and selecting materials that are resistant to hydrogen-related degradation. 
Considerations for Hydrogen Well Cementing are
i. Cement Additives: Retarders, fluid-loss additives, dispersants, silica, and weighting materials are crucial for tailoring slurry properties. 
ii. Casing: Austenitic stainless steels (like 316/316L) are preferred for their resistance to hydrogen embrittlement, especially in high-pressure environments. 
iii. Long-Term Integrity: Resistance to Hydrogen Embrittlement: Selecting materials that are resistant to hydrogen-induced cracking and degradation is crucial. 
iv. Corrosion Resistance: The cement sheath must withstand potential corrosion from hydrogen and other formation fluids. 
v. Monitoring: Regular monitoring of cement integrity and performance is necessary throughout the well's lifespan. 
2.2.18. Casing Design  For Hydrogen Reservior
Casing design for hydrogen wells requires careful consideration of potential hydrogen embrittlement and permeation.. Materials like carbon steel, stainless steel, and potentially plastic are used, with a focus on mitigating hydrogen-induced cracking and ensuring long-term well integrity. 
Special attention are pay to
Material Selection:
i. Hydrogen Embrittlement: Hydrogen can permeate steel, causing it to become brittle and crack, especially at high tensile stress locations like thread roots. 
ii. Material Properties: Carbon steel, stainless steel, and potentially plastic (like PVC) are used for well casings. Selecting materials with high resistance to hydrogen embrittlement and permeation is crucial. 
Casing Design Considerations:
i. Loading Conditions: Hydrogen storage wells can experience multiple pressure cycles (pure hydrogen or blends with methane) at high partial pressures. Casing designs must account for these pressure fluctuations and potential fatigue from repeated stress changes. 
ii. Deep Wells: Hydrogen storage wells are often drilled thousands of feet deep, requiring robust casing strings to withstand the pressure and temperature changes associated with depth. 
iii. Environmental Factors: The presence of hydrogen, whether pure or mixed with other gases like CO2, can accelerate corrosion and cracking. 
iv. Connections: Threaded connections are vulnerable to hydrogen embrittlement. Rigorous testing of connection types and seal materials is necessary to ensure they can withstand the service conditions. 
v. Corrosion Resistance: The casing design should consider the potential for corrosion, especially in sour gas environments (containing S). 
 Design Process:
i. Formation Evaluation: Thoroughly assess the geological conditions of the well, including formation pressures, temperatures, and potential for gas migration. 
ii. Load Calculations: Calculate the burst, collapse, and tension loads that the casing will experience during drilling, completion, production, and potential abandonment. 

2.2.19. Drilling Rigs
Drilling rigs are used to explore for and extract white hydrogen resource, is similar to how oil and gas are extracted. While the process is similar to traditional drilling, white hydrogen extraction doesn't necessarily require fracking. In natural Hydrogen exploration, Rotary drilling is predominantly, wellhead stability, change in temperature and pressure, Geo mechanical factors eg. circulation, wellborne stability were taken account for, to account for well integrity.
Operational parameters and pressure control were critical, since drilling fluid management is necessary to prevent formation collapse and avoid unexpected fluid influxes.
2.2.20. Production  Of White Hydrogen To The Surface (ESPS)
Electric submersible pumps (ESPs) are used to lift and dewater white hydrogen wells, the operation  involve installing an artificial lift system known as electrical submersible pump (ESP). An ESP is commonly deployed type of downhole pump that will be used to dewater the well and there by removing the hydrostatic pressure on the sub surface gases. this will allow hydrogen enriched gases to flow freely from the prospective zone, the zone are associated with elevated hydrogen concentration.










CHAPTER THREE
RESEARCH METHODOLOGY
3.1 Research Design 
The flow of hydrogen fluid from reservoir is divided into three time dependent.
Steady state flow
Pseudo steady state flow
Transient flow.
Steady state flow: is a flow regime where the pressure at any point in the hydrogen Reservoir remains constant over time. The constant pressure boundary can be aquifer or a water injection well 
Assumptions:
Homogeneity of Hydrogen reservoir 
Single - phase gas flow 
Isothermal conditions and
Steady state.
From Darcy law
                                        	(1)
For a laminar Hydrogen flow in a homogeneous linear system, the real gas equation of state can be applied to calculate the number of gas moles n at pressure p, temperature T and Volume V.
                                      			   (2)
at standard conditions, the volume occupied by the above n modes is given by:
           		                       (3)
Combining ( 2) and (3) expressions and assuming Zsc = 1 gives us
                                                    		(4)
Equivalently, the above relation can be expressed in terms of the flow rate as
                                       			(5)
Rearranging 
               			(5)
Where q = Hydrogen gas flow rate at pressure in bbl/day
Qsc = as flow rate at standard conditions Scf/day
Z = Gas compressibility factor
Tsc = standard temperature in °R
Psc = standard pressure in Psia.
Replacing (5) with  (1) gives 
               (5i)
0.001127 is to be convert from Darcy's unit to field units.
Separating variables and arranging gives
                        (6)
Assuming constant z and  over the specific pressure P1 and P2 and integrating gives
                                                        		         (7)

Where Qsc =Hydrogen gas flow rate at standard conditions, Scf/day
K = permeability, MD
T = Temperature, °R
 = Hydrogen gas viscosity, cp
A = cross - sectional area, ft²
L= total length of the linear system ft.
Setting our Psc =14.7psi and
Tsc = 520 ⁰R in the (7) above gives
             		       	(8)
It is essential to notice that those gas properties  z and are a very strong function of pressure, but they have been removed from the integral to simplify the final form of the gas flow equation.
The above equation is valid for application when our hydrogen Reservoir pressure is less than < 2000Psi.
Hydrogen Gas property must be evaluated at average pressure
                                      	     	 (9)
FOR RADIAL FLOW OF COMPRESSIBLE GASES
The basic differential form of darcy law for laminar flow is valid for describing the flow of both gas and liquid systems. For a radial gas flow, darcy equation takes the form of 
                     		      (10)
Where    = Hydrogen gas flow rate at r bb/day
r = radial distance, ft
h= zone thinkness, ft
  = gas viscosity, cp
P = pressure, psi
0.001127 = conversion from Darcy's unit to field units.
Qg , the Hydrogen gas flow rate  under pressure and temperature can be convert to that standard conditions by applying the real gas equation of state to both conditions       
                 				       (11)
Or
                           	      (12)
Where  = standard pressure, Psia 
 = Standard Temperature, ⁰R
 = hydrogen gas flow rate at radius, r bbl/day
P = pressure at radius r, Psia
T= Hydrogen reservoir Temperature, ⁰R
z = compressibility factor at P and T
 =  compressibility factor at standard conditions = 1
Combining  (12) and (11)
   
Assuming that Tsc = 520⁰R and Psc = 14.7 Psia
                                                  (13)
Integrating  (13) from wellborne conditions ( and ) to any point in the Hydrogen reservoir ( r and p) to give 
       			      (14)
Imposing Darcy's law Conditions on  (14), I.e.:
Steady -state flow which required that  is constant at all radii
Homogeneous formation which implies that k and h are constant gives
        		       (15)
This term     can be expanded to give;
 
Combining the above relationship yields
     (16)
The integral    is called real gas potential or pseudopressure and is denote by m(p) or ψ
                            		      (17)
 (17) can be written in terms of real gas potential 
                 			       (18)
The gas flow rate is commonly expressed in Mscf/day, or
                                    		       (19)
Where   = gas flow rate, Msc/day
When  = gas potential from 0 to Pe,  psi²/cp
 = real gas potential from 0 to Pwf , psi²/cp
K = permeability, md
h = thickness,ft
 = drainage radius, ft
 = wellborne radius, ft
 = gas flow rate, Scf/day
                        			      (20)
TRANSIENT FLOW EQUATION
Under the steady state flowing conditions, the same quantity of fuid enters the flow system as leaves it. In unsteady state flow condition, the flow rate into an element of volume of a porous media may not be the same as the flow rate out of that element the variables in unsteady state flow additional to those already used for our steady state flow therefore, become;
Time, t
Porosity, 
Total compressibility, 
This is based on combining three independent equations and specifying set of boundary and initial  conditions that consitute the unsteady state equation. These are
i. Continuity equation: the continuity equation is essentially a material balance equation that account for every mass of fluid produced, injected or remaining in the reservoir
ii. Transport equation: is a darcy equation in its generalized differential form.
iii. Compressibility equation: it is expressed in form of density of fluid volume as a function of pressure.
iv. Initial and boundary conditions: the formation produces at a constant rate into the wellbore.
 There is no flow across the outer boundary and the reservoir behaves as if infinite in size
According to material balance equation
                                                                                                                          	      (20)
mass entering volume element during interval 
                          		      (21)
Where v= velocity of flowing fluid, ft/day

A = area at (r+dr)

The area of element at the entering side is
                                  		      (22)
Combining equation 22 and 21 together gives
(                 		      (23)
Mass leaving the volume element
                           		       (24)
Total mass accumulation
 h
Differentiating the above equation with respect to r
 =2 
Or 
dv  =  (2                                       		       (25)
Total mass accumulation during time
]       		      (26)
Replacing terms of material balance equation with calculated relationship
 
Gives    [ r(vp)]  (                       		      (27)
Where 

V = fluid velocity, ft/day
(27) is called our continuity equation and it provides the principle of conservation of mass in radial coordinates
Transport equation is introduce into the continuity eqution to relate fluid velocity of mass in radial coordinates. Darcy equation is essentially the basic motion equation,which state that velocity is directly proportional to pressure gradient.
From equation 5i
  
                                  		       (28)
Where k = permeability
V= velocity, ft/day
Combining equation 27 and 28 gives
                      	      (29)
Expanding and eliminating the porosity on right side
                                     		       (30)
Porosity is related to formation compressibility
                                                          		       (31)
Applying chain rule of differentiation to 
    
Substituting  (31) into these.
    
Substituting the above relation into (30) and (29), gives
    	       (32)
(32) is the general partial differential equation used to describe the flow of any fluid flowing in a radial direction in porous media.
Redial Flow Of Compressible Fluids.
Gas viscosity and density vary significantly with pressure.
In order to develop the proper mathematical function for describing the flow of compressible in the reservoir. The Following two addition gas equations must be considered.
i.  Real Density equation:         
ii.  gas Compressibility equation            
Combining the above equation with General partial differential equation used to describe the flow of any fluid flowing in a radial direction in porous media in  (32)
                        	       (33)
Where  = porosity 
              t = time 
              K = Permeability 
                = total isothermal compressibility, psi
Al-Hussiny, Ramey and Crawford linearize the above basic flow equation by introducing the real gas potential m(p) to (33)
Recall previously our m(p) is defined as  
                        		       (34)
Differenting the above relation with respect top gives
                                                    		       (35)
Obtaining the following relationship by applying the chair rule 
                                                              (36)
                                                               (37)
Substituting (35) into  (36) and (37)
                               		                    (38)
and
                                                   	    (39)
 Combining  (38) and (39) yeilds
                  (40)
(40)  is the radial diffusivity equation for compressibe fluids. This differential equation relates the real gas pseudo pressure ( real gas potential) to the time t and the radius r.
3.2 VALIDATION OF RESEARCH DESIGN.
A Linear porous media, Hydrogen is flowing a 0.07 specific gravity at 120 . the upstream and downstream pressure are 2090 psia and 1884.77psia respectively. The cross- sectional area is constant at 4500. the total length is 2500ft with an absolute permeability of 60mD .calculate the gas flowrate in Scf/day (PSC=14.7psia, TSC= 520 Rankine)
Solution
P upstream = 2090 Psia
P downstream =1884.77 Psia
A = 4500 
K = 60mD
L = 2500ft
 = gas viscosity unkwon
T = Temperature in Rankine = 520 + 120 = 580
 
To get our average pressure we use  (9) designed ,  
average pressure                      			        (9)
Average pressure   =    =      =   =  1987.37 psia
Approximately 2000 psia
To get our pseudo- reduced pressure and temperature, we use our specific gravity that is given and subsituted into natural gas systems using Standing mathematical correlation.
  Tpc = 168 + 325  - 12.5
  Tpc = 168 + 325(0.07) - 12.5
  Tpc = 168 + 22.7 - 12.5(0.0049)
Tpc = 168 + 22.75 - 0.06125
  Tpc = 190.68875
   For our Ppc
Ppc = 667 + 15.0- 37.5
Ppc 667 + 15.0(0.07) - 37.5
Ppc  = 667 + 1.05  - 37.5(0.0049)
Ppc  =  667 + 1.05 - 0.18375
Ppc = 667.86625
Calculating our pseudo-reduced temperature and pressure
Tpc =    = 3.041
Ppc =  =  2.9946
Determining the Z factor from the standing - Katz chart to give z =  1.2
Using Lee-Gonzalez-Eakin empirical relationship in terms of temperature, methane density and its molecular weight to get its viscosity 

Where   
         
  Y = 2.4 0.2x
For Hydrogen molecular weight  Ma = 2.016 and T = 580
Subsituting  =  =  =  = 159.390              
                                                                      
                                                                                 

Y = 2.4- 0.2x = Y = 2.4- 0.2(5.22016) = 2.4 - 1.044032 = 1.355968
Substiting all the parmeters to get our viscosity

       = 0.0002139249cp
Calculating the gas flow using
                           		        (8)
  =   = 16661.356150106Scf/day
Using this our design model to compare with the flowrate of natural gas (methane)
A Linear porous media, methane is flowing a 0.554 specific gravity at 120 . the upstream and downstream pressure are 2090 psia and 1884.77psia respectively. The cross- sectional area is constant at 4500. the total length is 2500ft with an absolute permeability of 60mD .calculate the gas flowrate in Scf/day (PSC=14.7psia, TSC= 520 Rankine)
Solution
P upstream = 2090 Psia
P downstream =1884.77 Psia
A = 4500 
K = 60mD
L = 2500ft
 = gas viscosity unkwon
T = Temperature in Rankine = 520 + 120 = 580
 
To get our average pressure we use (9) designed , 
 average pressure                  		        (9)
Average pressure        =      =   =  1987.37 psia
Approximately 2000 psia
To get our pseudo- reduced pressure and temperature, we use our specific gravity that is given and subsituted into natural gas systems using Standing mathematical correlation.
Tpc = 168 + 325  - 12.5
Tpc = 168 + 325(0.554) - 12.5
Tpc = 168  + 180.05 - 12.5(0.306916)
Tpc = 168 + 180.05 - 3.83645
Tpc = 344.21355
For our Ppc
Ppc = 667 + 15.0- 37.5
Ppc = 667 + 15.0(0.554) - 37.5
Ppc  = 667 + 8.31 - 37.5(0.306916)
Ppc  =  667 + 8.31 - 11.50935
Ppc = 663.80065
Calculating our pseudo-reduced temperature and pressure
   Tpc =    = 1.685

  Ppc =  =  3.0129
Determining the Z factor from the standing - Katz chart to give z =  0.82.
Using Lee-Gonzalez-Eakin empirical relationship in terms of temperature, methane density and its molecular weight to get its viscosity

Where K = 
   
Y = 2.4 0.2x
For methane  Molecular Weight  Ma = 16.04 and T = 580
Subsituting K =   =  =  =  = 161.024
    
 
  
Y = 2.4- 0.2x = Y = 2.4- 0.2(5.36) = 2.4 - 1.072 = 1.328
Substiting all the parmeters to get our viscosity
 		
               			 = 0.016578 cp
Calculating the gas flow using 
                       		                 (8)
                =     = 314.7538513Scf/day
  














CHAPTER FOUR
RESULTS AND DISCUSSION
4.1  PRESENTATION OF DATA
Our white hydrogen is a gas that is naturally present in the subsurface, because it is a gas, it is compressible and its flow behaviour is significantly different from liquids.The compressibility factor for hydrogen is observed to be 1.2, this is because the intermolecular attraction force is negligible due to its small size due to which hydrogen exhibits intermolecular repulsive forces, causing actual voluems to be greater than ideal values. This shows that hydrogen gas can expand significantly to occupy a large volume at low pressure, and this is responsible for the high recovery factor from volumetric dry gas reservoirs. A radical flow model is a suitable mathematical framework for simulating the movement of compressible gases through porous media, such as the rock formations where white hydrogen may be found. This model allow for the development of a more accurate representation of how hydrogen gas will migrate and be extracted from subsurface, taking some assumptions eg. Homogeneity of hydrogen reservoir, single phase gas flow, isothermal conditions and steady state. It shows that hydrogen have a higher flowrate  16661.356150106Scf/day when compare to our nature gas (methane) 314.7538513Scf/day
4.2  DISCUSSION OF FINDINGS
Understanding the radical flow model of white hydrogen being design is important for optimizing our production strategies. This model help predict how to best design well placement, manage reservoir pressure, and maximize extraction efficiency, which is vital for this resources with relative little existing research, there is a significant lack of published information on white hydrogen’s occurrence, generation and recovery methods. Using this radical flow provides a structural approach to filling those gaps and offers new perspectives for future reseach on exploration and production
White hydrogen production is a dynamic process, the  transient flow equation accounts for the changing condittions over time, such as pressure build- up or depletion and the evolving flow paths of the gas. A steady- state model would be insufficient as it assumes all conditions are constant. The subsurface is a complex, non- homogneous environment, the transient flow equation can incorporate the specific properties of the subsurface reservoir, such as its permeability, porosity and heterogeneity. This allows for a more accurate and realistic simulation of how the hydrogen gas will more and behave. By simulating various scenarios, including potential issues like gas breakthrough or reservoir pressure loss, our transient flow model can help in assessing and mitigating risks associated with the production process.
Our modelling design approach allows for the prediction of future production volumes. This is vital for the long-term management of a hydrogen production project, including planning for infrastructure, storage and market supply. Transient model can be used to optimize the production process, by running simulations, researchers can test different extraction rates, injection pressures and well placements strategies to identify the most efficient methods for maximizing hydrogen recovery while miniming cocts and potential negative impacts on the reservoir
At the high pressure found underground, hydrogen does not behave as an ideal gas. The real gas potential equation accouts for factors like compressibility, transport equation, initial and boundary conditions, which is essential for accurate simulation of the gas flow, stroage and retrieval. This equation also allows to accurately simulate the movement of hyddrogen through a subsurface reservoir , which is a complex multiphase flow system involving water and gas. It is important for predicting how hydrogen gas will move and where it will accumulate.
Going by it nature,  Hydrogen is a small, light gas that exhibits non- ideal behaviour, deviating from the ideal gas law. It has a compressibility factor (Z) greater than 1, meaning repulsive forces dominate, especially at higher pressure. This model account for these deviations, ensuring a more realistic simulation than a simple ideal gas model. This model incorporate the complex physics of the subsurface environment, including the interplay between viscous and gravity forces, which can cause phenomena like viscous fingering or gas override.


CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS
5.1 CONCLUSION
White  hydrogen’s potential as a clean energy source hinges on its natural formation but subsurface production and optimization face challenges in detection, extraction and stroage. White hydrogen is a carbon- free energy source that doesn’t require fossil fuels for production. It has the potential to be a cost- competitive and environmentally sustainable alternatives to other forms of hydrogen and fossil fuels. Natural hydrogen exits in varous geological formation especially in regions with ultramatic rocks and active faulting. It often exist as an occluded gas within rock formations rather than as a free gas. Desipes its potential, research on its occurrence, generation and extraction is limited. Significant advancements in detection and extraction technologies are needed, more research is needed to understand the global distribution of white hydrogen, its generation processes and effective extraction methods. Optimization requires understanding the complex subsurface dynamics, including wettability, pore throat ratio and gas-water interaction, to improve recovery from geological storage sites.
5.2 RECOMMEDATIONS
i. There is urgent need by Government, companies and individuals to invest in advance detection and exploration technologies to improve the detection of white hydrogen deposits, which are currently scarce and difficult to find. 
ii. Shifting focus on creating and refining scalable cost-effective extraction methods, as current techniques need further development. More research into the subsurface is needed to improve geological modelling to better understand tapping mechanisms, flow dynamics and storage capacities in different geological formations. Identifying key geological formations by focus on regions whith ultramafic rocks and active tectonic faulting, as these are where naturally occuring white hydrogen is found.
iii. Lauch a pilot projects to test the commericial viability and environmental impact of white hydrogen extraction in real -wold conditions. Consider using in-situ generation hydrogen explore methods to generate hydrogen from existing resources in the subsurface, such as the reaction of water with certain rock formations. Howerer, these method still require futher reseach and optimization.
iv. Control extraction rates to prevent issues like fluid coning (where water is produced along with hydrogen) and pressure drops, maintain a constant pressure in the well during extraction processes. 
v. Develop a strategies for integrating the potential future supply of white hydrogen into the existing energy markets and infrastructure. The extracted hydrogen stream may still contain impurities and require futher  treatment to meet specific requirements.
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