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Abstract
This report details the use of hydrogen gas in military vehicles, discussing methods of compressed hydrogen gas storage as well as pressure vessel material selection, production methods and a cost estimate. A carbon fibre pressure vessel was selected due to its good value for military applications, reliable use in a variety of terrains and vehicle types, and resistance to hydrogen embrittlement.
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1 Introduction
Hydrogen gas is increasingly being explored as a source of fuel for military vehicles due to a variety of benefits compared to currently used fuels. By 2040 it has been suggested that the US military may be completely dependent on it for their energy requirements. (Rickleff, 2004) This report will explore the use of hydrogen gas and provide suggestions for hydrogen storage, manufacturing processes for pressure vessels, and some cost estimates to ensure suggestions are sensible. While a variety of storage methods exist, compressed hydrogen gas pressure vessels will be the focus of this report.














2 Hydrogen Gas Usage in Military Vehicles
The use of hydrogen fuel is being actively explored in military spheres around the world. (Katalenich S, 2022) Current examples of research into this technology include BAE Systems’ hydrogen fuel cell trucks and the Chevrolet Colorado ZH2. (BAE Systems, 2024), (Aliotta, 2018)
There are many benefits to the use of hydrogen in military vehicles. With a reduced thermal signature due to water being the only byproduct of hydrogen fuel cells, as well as a quieter output than standard combustion engines, hydrogen vehicles are more difficult for enemy operators and infrastructure to detect. Hydrogen also has a higher energy density per unit weight compared to most viable fuels, providing energy for longer periods of time with a reduced requirement for refuelling. It can also improve the safety of supply lines in warzones by providing transportable refuelling systems. A further advantage of hydrogen is a reduced dependency on fossil fuels, which are an increasingly difficult and expensive fuel to acquire, particularly in challenging global political climates in which supplies may be limited to enemy states. (Rickleff, 2004) Hydrogen fuel also signals a move to energy sources from clean, renewable sources. Transitioning US Army vehicles to hydrogen fuel could have the equivalent effect of removing approximately 700,000 vehicles from public roads. (Katalenich S, 2022)
Significant challenges remain in the use of hydrogen in military vehicles, however. Hydrogen is a relatively expensive resource to use compared to other fuels due to its complex production and storage requirements. Hydrogen gas is also highly flammable and presents a major safety hazard to operators. Another major challenge is the storage of hydrogen, with storage tanks being required to operate safely in a variety of conditions while being light enough to be a viable fuel source for a range of military vehicles and terrains. (Katalenich S, 2022)
Potential uses for hydrogen include fuel cells in ground vehicles, providing improved stealth operability with reduced smoke, noise, smell and thermal signatures to conduct silent watch or mobility missions in combat conditions. (Aliotta, 2018) Aerial vehicles such as UAVs are capable of conducting longer-duration missions due to the increased energy density of hydrogen fuel while also outputting lower acoustic signatures. Submarines such as Germany’s Type 212A also utilise hydrogen fuel for reduced traceability and longer time between refuelling on operations, while commercial naval vessels may use it due to its improved carbon emissions over traditional fuel sources. (Smutny, 2023)  






















3 Hydrogen Gas Storage
There are a variety of hydrogen gas storage methods currently in use. In general, these methods can be defined by two categories: physical-based and material-based storage. Physical-based storage involves the alteration of hydrogen’s physical state, namely by increasing its pressure or by decreasing the temperature below its evaporation temperature. A combination of both is also possible. With material-based storage, additional materials are added to bond with the hydrogen and improve storage density compared to physical based storage. (Yang, 2023) Examples of material-based storage include liquid organic hydrogen carriers, metal hydrides and power fuels. (Yang, 2023) Examples of physical-based storage include liquid hydrogen, compressed gas pressure vessels, underground storage and cryo-compressed hydrogen. (Yang, 2023) This report will focus on compressed gas pressure vessels.
Pressure vessels are the simplest method of storing hydrogen gas. The gas is compressed to approximately anywhere between 10 and 100MPa, with Table 1 showing the four types of pressure vessel currently in use.
	Type
	Material/description
	Typical pressure (MPa)
	Cost ($/kgH2)
	Typical gravimetric density (weight%)
	Main application fields

	I
	Fully metallic pressure vessel (e.g. steel, Al)
	15–30
	240
	1.7
	Store the H2 as industrial gas 

	II
	Metallic pressure vessel hoop-wrapped with glass fibre composite
	10–95, highest pressure tolerance (up to over 100 MPa possible)
	360
	2.1
	Stationary applications, such as high-pressure H2 storage (cascade) at H2 refuelling station (HRS)

	III
	Full composite wrap with metal liner
	30–70
	700
	4.2
	H2 tube trailer; H2 trailer; on-board H2 storage

	IV
	Fully composite (e.g. high-density polyethylene inner with glass or carbon fibre)
	30–70
	500–1200
	5.7
	Stationary low-pressure hydrogen storage at HRS; H2 tube trailer; H2 trailer; on-board H2 storage



 Table 1 – Categorisation and comparison of different pressure vessel types (Yang, 2023)
Type 1 pressure vessels were created at the end of the nineteenth century, using a steel cylinder vessel to store 25 Nm3 of hydrogen at 12 MPa. (Barthelemy, 2017) Today they may only be used for stationary applications such as large-scale on-site storage of hydrogen gas. (Yang, 2023)
Type 2 pressure vessels are able to store higher pressures of hydrogen gas than Type 1 by hoop-wrapping the middle of the cylinder with resin-impregnated fibre. The thickness of the fibre defines the pressure of hydrogen gas able to be stored within and are able to store higher pressures than other vessel Types. Typical usage includes cascade hydrogen storage at hydrogen refuelling stations. (Parks, 2014)
Type 3 pressure vessels have their metallic inners fully wrapped with fibre, resulting in a significantly reduced mass and improved transportability. This makes them preferable for hydrogen transportation, as they can achieve a lower mass but relatively high-pressure hydrogen storage.
Type 4 pressure vessels have their polymeric inners fully wrapped with fibre, also reducing mass significantly and offering similar benefits to Type 3, but with the addition of composite advantages such as improved corrosion resistance. (Barthelemy, 2017)












4 Pressure Vessel Material Selection
Due to the lightweight requirements of vehicle pressure vessels, Type 1 and 2 can be immediately discounted. Therefore, Types 3 and 4 will be focused on. As well as a lightweight requirement, materials must also be relatively shock resistant to function under combat conditions.
A sensible metal for Type 3 pressure vessels would be aluminium or stainless steel (inox). Aluminium 6061 has a high strength-mass ratio, is easily welded or machined into a variety of shapes and offers relatively good corrosion resistance. Its lightweight properties ensure its suitability for the requirements of a vehicular pressure vessel and can be used in a variety of terrains such as ground or air. (Aerospace Specification Metals, 2024) Aluminium 5083 may be more suitable for a marine environment, offering improved resistance to galvanic corrosion and pitting in high-salt environments, but with increased stress corrosion and creep at higher temperatures making it unsuitable for warmer climates. (Smiths, 2023) 
Austenitic steels such as 304 or 316 stainless steels could be used in ground vehicle Type 3 pressure vessels, offering relatively good strength and corrosion resistance, as well as being easily welded for pressure vessel applications. 316 stainless steel has similar properties to 304 while also being more resistant to pitting and crevice corrosion, while both offer good performance in acidic environments. (United Performance Metals, 2024) For higher pressures of hydrogen storage, duplex steels such as 1.4462 steel may be used due to their improved mechanical properties resulting in significantly higher strength. They also offer higher resistance to stress corrosion cracking compared to the stainless steels discussed above. (aalco, 2024)
While metals generally offer a cheaper alternative to fully composite pressure vessels, they may also be susceptible to hydrogen embrittlement, particularly steels. (Barthelemy, 2017) One solution to this is to coat the metals with a softer material, to be discussed in Section 4. Another alternative is the use of Type 4 pressure vessels, using only composites.
A suitable material for Type 4 pressure vessels and the composite wrapping of Type 3’s could be carbon fibre reinforced polymer. While more expensive than other materials such as glass fibre reinforced polymer, it provides improved corrosion resistance, is lightweight and has a high tensile strength. This may be combined with an epoxy resin for good adhesion and resistance to corrosion. Where cost may be a concern, cheaper alternatives are available. A glass fibre reinforced polymer combined with a polyester resin offers a low-cost composite wrapping material, however it is likely that military pressure vessels will require relatively high-end materials to withstand the stresses of combat scenarios. (Kudo, 2023) Many vehicle components also use carbon fibre reinforced polymer with epoxy resin due to the increased stress under load, particularly in the aerospace industry. (Kudo, 2023)
While generally more expensive than Type 3 pressure vessels, Type 4’s using a composite of carbon fibre reinforced polymer and epoxy resin are lighter and unaffected by hydrogen embrittlement, making them more effective pressure vessel materials where performance, not cost, is not the main concern.















5 Pressure Vessel Processing Routes
There are three main processes in which Type 1-3 pressure vessels may be manufactured. The first is from plates by deep-drawing to form the shape. The second is formed from billets, whereby they are heated and then processed by rolling or extrusion to form the required shapes. The third is from tubes, in which the neck is formed by hot-spinning. Ports are then machined from excess metal left from the spinning. (Barthelemy, 2017) There are hazards involved in hot works during the manufacturing process, such as heat and steam hazards to personnel, as well as the flammable and explosive nature of hydrogen gas.
Type 4 pressure vessels may be formed from filament winding of the fibre embedded in a resin by wet winding or pre-impregnated fibres. Depending on the required properties, the fibre may be wrapped using a circumferential angle, helical or polar angle. The resin may be cured through UV exposure or being placed in an oven. (Barthelemy, 2017)
While heat and effervescence will result in a hazard to manufacturing staff, thermal stress to materials must also be considered, particularly metals, to ensure that materials are not embrittled during production. The shaping of pressure vessel components may also involve heavy and sharp machinery, therefore staff training and automated processes are important to prevent injury. Toxic gases such as nitrogen oxide or carbon monoxide during welding may also be produced and present a hazard to staff. (Katalenich S, 2022)
A significant issue with polymer manufacturing is the permeation of gas. Hydrogen gas in particular may result in the production of water within polymetric pressure vessel components and may require additional drying steps to reduce this effect. (Barthelemy, 2017) A further consideration when manufacturing carbon fibre pressure vessels is that fast emptying of a carbon fibre pressure vessel may lead to deformation of the inner liner due to diffusion and coalescence of gas molecules in the interfaces and voids of the polymer matrix. (Barthelemy, 2017) Higher pressures exacerbate this and residual pressure valves are required during manufacture to prevent deformation during manufacture. (Barthelemy, 2017)

6 Cost Estimates
The cost of Type 4 hydrogen storage pressure vessels is approximately $3000-3500, when including all components. The composite material cost makes up approximately 75% of this, while hydrogen accounts for 0.5%. (SLD Cylinder, 2025)
Periodic inspection of carbon fibre pressure vessels is a regulatory requirement and consists of internal and external visual inspections, as well as a hydraulic proof test. (Barthelemy, 2017) Cheaper non-destructive forms of testing, such as acoustic emission testing, are currently in development but not widely available for use. (Barthelemy, 2017)

















7 Conclusion
In conclusion, a Type 4 pressure vessel was chosen for military vehicle hydrogen storage, using a carbon fibre and epoxy resin for the vessel and its liner. This was due to the material’s excellent corrosion resistance, low weight and high tensile strength. While relatively expensive, it offers good value for military applications compared to less reliable materials, can be used in a variety of terrains and vehicle types, and is unaffected by hydrogen embrittlement.  
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