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[bookmark: _Hlk184924709]This report aims to investigate the suitability for the storage and use of hydrogen as a fuel source for military vehicles. To do this several existing vehicles will be researched and explained with attention being given to current fuel systems. The design of a hydrogen fuel system will then be assessed with the materials used in its construction analysed and their properties evaluated for suitability. The manufacturing techniques that could be used to build these components will then be discussed with the cost of doing so evaluated for suitability.
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1 [bookmark: _Toc183800112][bookmark: _Toc184718650][bookmark: _Toc187670270]Introduction
1.1 [bookmark: _Toc187670271]Overview of Hydrogen Engines 
Hydrogen gas as a fuel has increasingly been explored as a method of powering vehicles in recent times. This has largely been explored as a replacement for traditional foil fuel-powered combustion engines due to global concerns for fossil fuel dependence, Energy Security, and Environmental impact [1]. Civil power generation and commercial automotive development have largely led the way for this change, but options for military use have also emerged. Reducing carbon footprints and moving away from fossil fuels due to pollution are concerns for military vehicles, however, the driving factor behind an alternative solution is Energy security [2]. This is due to the UK controlling less than 1% of global oil production with a large part being controlled by countries that could be hostile to the UK in the event of war [3]. Therefore, military vehicles shouldn't be dependent on foreign supply in the interest of national security.  
Hydrogen fuel can be used in two different types of engines. The first of these operates similarly to traditional fossil fuel engines utilising internal combustion [4]. Unlike a typical which uses petrol or diesel for combustion, a hydrogen engine uses hydrogen gas and oxygen from the air to drive pistons [4]. The other type of engine is a hydrogen fuel cell engine, which instead of relying on combustion generates electricity through chemical reactions. Both types of engines produce no carbon emissions with water vapor being the primary emission [4].
1.2 [bookmark: _Toc187670272]Military Vehicle Fuel Systems
 (
Figure 
1
)[image: ]Across the British military, many different vehicles are used most of which rely on diesel fuel for propulsion. For this report, three different types of vehicles will be explored for use with hydrogen fuel systems to assess the compatibility of hydrogen fuel for different aspects of military use. The first of these vehicles is the FV54034 Challenger 2 main battle tank used by the British army shown in Figure 1. This has been selected as it is one of the heaviest and largest vehicles in use. The Challenger 2 currently uses a Perkins CV12-6A V12 26.1L diesel engine producing 1.200hp with a fuel capacity of 1,592 Liters giving the vehicle a range of 550km and a top speed of 59km/h [5]. Any engine used on this platform will need to provide a very high horsepower to compensate for the vehicle's weight and due to the frontline role must protect the crew from damage.
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Figure 
2
)[image: ]The next vehicle that will be explored in this report is the Force Protection Ocelot designated the Foxhound by the British Army shown in Figure 2. This vehicle is an example of a wheeled armoured vehicle used to transport troops on the battlefield offering armour protection and mine resistance. The vehicle is powered by a Styer 3.2L M16-Monblock 6-cylinder diesel engine providing 210hp allowing the Foxhound to travel at speeds of up to 132km/h [6]. The foxtrot has a fuel capacity of around 200 litres giving it a range of 500km. This vehicle is an example of a compact fast-moving vehicle requiring a powerful engine for high speed able to fit in a small space.
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3
)[image: ]The final vehicle that will be explored in this report is the HX58 6X6 logistics Support vehicle (LSV) used by the British army shown in Figure 3. This vehicle is described as the Army’s ‘Workhorse’ and is the most numerous vehicle in use with the British armed forces. This vehicle features a MAN D2066 10.5L inline 6 engine producing 440hp. This vehicle has a fuel capacity of 400 litres with a range of 800km and can achieve a top speed of 100km/h [7]. Due to the large carrying load, this vehicle requires a high-powered engine but unlike the Challenger and Foxhound, this vehicle is designed for transport and logistics and does not feature armour protection.

1.3 [bookmark: _Toc187670273]System Design 
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)[image: ]As mentioned, there are two types of hydrogen engines currently being explored for use in vehicles however for this report only hydrogen combustion engines will be explored. This is because the technology behind combustion engines is in a more mature state and relies on less complex technology [8]. Hydrogen combustion engines have several advantages such as lower costs from being a familiar technology, this also means that maintenance and development are much easier. However, hydrogen combustion engines produce nitrous oxide as an emission and are less efficient than hydrogen fuel cells [8]. An example of commercial hydrogen combustion can be seen below in Figure 4 which shows a commercially available from Cummins. For safety reasons, the use of multiple smaller fuel storage tanks is also desirable, as should one become damaged the others can still function.

This form of engine relies on the storage of pressurised hydrogen that is then fed into a combustion engine and mixed with oxygen from an air intake. This gaseous mixture is then injected into the engine where it is combusted and drives pistons then turning a crankshaft to propel the vehicle [4]. This design uses hydrogen gas rather than liquid hydrogen. This is because despite having the benefit of storing 75% more fuel compared to hydrogen gas storage the fuel has to be stored at -253°C [4]. These cryogenic temperatures can only be achieved with constant cooling which is not practical for a military vehicle as power would be required constantly when fuel was stored.
If the system used pure oxygen the only emissions released would be water, this can be seen with the equation 2H2 + O2 = 2H2O [9]. However, this is impractical for use in vehicles due to the space requirement. Therefore, hydrogen is reacted with air typically in an air-to-fuel ratio of 34:1 by mass, however, the air is largely made of oxygen and nitrogen which can be seen in the equation H2 + O2 + N2 = H2O + N2 + NOx [9]. This shows that when nitrogen is added to the combustion chamber nitrogen oxides are created. While not a greenhouse gas nitrogen oxides are air pollutants which can have health impacts. However, by using high-pressure hydrogen gas injection a hydrogen combustion engine can achieve up to 42% more power output than petrol engines by weight [9]. 

1.4 [bookmark: _Toc187670274]Considerations for Hydrogen
Hydrogen as a fuel source has several factors that need to be considered when designing vehicles powered by hydrogen fuel. One of the most important considerations regarding hydrogen as a fuel source is the storage of the fuel. This is a critical issue as hydrogen is the smallest element on the periodic table, which means that it is incredibly difficult to store [9]. This is due to the small size of hydrogen atoms allowing them to eventually pass through most solid materials because of this the only options to store hydrogen are to do so at very high pressure or to store liquid hydrogen which is to be stored at cryogenic temperatures. One of the other key issues with the use of hydrogen is the dangers that it poses, this has been a challenging safety issue in the civilian automotive industry so is especially important for military vehicles. This is due to hydrogen being an extremely flammable gas, a pressurised gas that can explode if heated, an oxygen displacer that can cause suffocation, forming an explosive mixture in air, and burning with an invisible flame [10]. 
2 [bookmark: _Toc187670275]Task 1 Materials
2.1 [bookmark: _Toc187670276]Material Criteria 
To store hydrogen several key material properties must be met. This includes resistance to low temperatures, high tensile strength, low permeability, and resistance to hydrogen-induced corrosion. Additionally, because of the application of hydrogen for use in military vehicles, the storage vessel must be lightweight, resistant to high temperatures, and have a high toughness. Due to the nature in which military vehicles are exposed to a wide range of environments, the material must be able to cope with low and high temperatures. To understand the temperature requirements for this new system previous environments that equipment has been used in can be explored. Using Challenger 2 as an example the tank was previously used in Iraq and is currently in use in Ukraine, using these locations as temperature extremes a temperature criterion can be set. For a minimum operating temperature, Ukraine has seen temperatures drop regularly to -30°C [11]. In the case of Iraq temperature can reach above 50°C [12]. Using these two extremes as bounding cases with a tolerance of ±10°C any material used must remain viable in climates from -40°C to 60°C.
Additionally due to the likelihood of use of vehicles in proximity to water including salt water a material that is resistant to water-initiated corrosion is essential.  Other environmental factors such as the use of vehicles in tropical and desert environments must also be considered so abrasion and humidity resistance are desirable. In the case of the Foxhound and Challenger 2 as armour-protected combat vehicles a high-strength material is essential as there is a high likelihood of the vehicle being attacked with projectiles or explosion. Because of this, the fuel storage tanks should be designed in a way that prevents fire and explosion from impacting other fuel tanks or harming crew. The containment vessel which stores the hydrogen gas must also be able to safely store the gas at a pressure of 700 bar [9]. Due to typical hydrogen gas being stored at around 25°C materials with insulative properties are also required this is only an issue for high temperatures, risk can also be managed with the use of pressure relief valves [9]. 


2.2 [bookmark: _Toc187670277]Unsuitable Materials 
From the material criteria set out, several common materials can be discounted for use in the storage containers. Because of the high reactivity of hydrogen, it is prone to react with metals which can cause hydrogen embrittlement. This is due to hydrogen being absorbed into a metal causing them to become brittle and fracture. This is especially common in materials such as steel, iron, nickel, titanium and cobalt therefore they cannot be used for the pressure vessel [13].
 Additionally, types of materials such as ceramics and plastics can be ruled out of forming the body of the containment vessel. For ceramics, this is because of the inherent material properties not being suitable for high-pressure gas storage. This can be seen in the high brittleness, lack of ductility, sensitivity to thermal shock, and permeability to gases for many ceramics. Plastics similarly have unsuitable material properties such as brittleness, thermal sensitivity, and poor strength. Plastics such as polypropylene, PVC and elastomers such as natural rubber are also permeable to hydrogen gas with certain synthetic rubbers also absorbing hydrogen. 
2.3 [bookmark: _Toc187670278]Appropriate Materials 
[image: ] (
Figure 
5
)From the research conducted into material selection, it is apparent that the most suitable materials are metal alloys and composite materials. For metal alloys, the inherent benefits are the material strength and toughness with many alloys able to withstand the high pressures of up to 700 bar required for hydrogen storage without fracturing [9]. Additionally, many metal alloys are resistant to corrosion, which is essential for preventing deterioration over time, especially in environments with moisture and other corrosive elements. Alloys also typically have low permeability to hydrogen, minimising leaks and ensuring safe storage. Finally, certain alloys, such as specific grades of stainless steel and nickel-based alloys, are resistant to hydrogen embrittlement [14]. To narrow down the search for materials a database was used to search and compare material properties as shown in Figure 5.
 



Composites, such as glass or carbon fibre-reinforced polymers, offer exceptional strength while being much lighter than metals [15]. This is particularly beneficial for military vehicles where weight needs to be kept low to allow for thicker armour to be used. Composites can also withstand cyclic loading and high-stress conditions well without significant degradation, which is important for maintaining integrity with dynamic pressure as tanks are filled and emptied. Composites can also maintain their mechanical properties across a range of temperatures, ensuring consistent performance even in extreme conditions. The material is also very versatile so can be moulded into complex shapes and sizes, allowing for the design of efficient and compact storage solutions that maximize available space. Because of these composite materials are commonly used in vehicle design, aerospace applications, and industrial gas storage due to their combination of strength, and resistance to environmental factors [15]. 
2.4 [bookmark: _Toc187670279]Material Properties 
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Description automatically generated]After using the material database to compare several different types of alloy aluminium-magnesium alloy was selected as the best for use in the containment vessel. This is due to the benefits 5000 series aluminium alloy has specifically regarding corrosion resistance [16]. This is because adding magnesium to aluminium provides significant corrosion protection specifically from water-induced corrosion. Aluminium alloy 5052 was then specifically selected as the alloy features hydrogen embrittlement resistance solving the main issue with aluminium. Additionally, this alloy features a high strength-to-weight ratio as the alloy is lightweight the material properties of this alloy can be seen in figure 6.   

The aluminium alloy will be wrapped in a Carbon Fiber Reinforced Epoxy (CFRE) to provide extra strength to the pressure vessel. This will allow for increased strength to contain the high-pressure gas and provide additional protection from external threats. This is possible because of the durability of carbon fibre composite and surface hardness. This will allow fuel tanks to retain structural integrity and maintain their shape when stressed. 




3 [bookmark: _Toc187670280]Task 2 Manufacturing
3.1 [bookmark: _Toc187670281]Final Design 
After researching the current designs of military vehicles currently in use with the British military and commercially available hydrogen-powered vehicles a final design can be created. For this report, the engines used are taken to be the hydrogen internal combustion engines designed by Cummins.  For the military vehicles selected two engines can be used to meet the requirements. The first of which is the H2 15L hydrogen internal combustion engine capable of producing 530hp [17]. This engine runs on hydrogen gas pressurised to 700 bar but can also use natural gas. This engine is designed for use in heavy goods vehicles as shown in Figure 4, this means that it could be easily incorporated into a vehicle such as the Logistics Support Vehicle. Due to the similar purposes for both vehicles, this engine could easily be incorporated into the Logistics Support Vehicle and would provide 90 hp more than the current engine. 
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Figure 
7
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Description automatically generated]For Challenger 2 the same 15L H2 can be used however only using one engine would make the vehicle severely underpowered despite the H2 being one of the largest commercially available engines [17]. To solve this issue two engines could be used being capable of providing 1,060hp combined however this will still result in a drop in performance being less powerful than the original engine. The hydrogen tanks could then be located behind the engine to provide a large standoff distance from the crew for better safety. An example of this setup can be seen in Figure 7 which shows the engine and fuel tank position with a pressure relief valve in a Challenger 2. The concept for this design could also be applied to the Foxhound vehicle with both designs requiring additional armour to protect the fuel tanks.  However, as the Foxhound is a smaller vehicle the X15 6.7L hydrogen engine from Cummins could be used instead providing 290hp while fitting in the smaller space.
3.2 [bookmark: _Toc187670282]Manufacturing Considerations
Retrofitting a new propulsion system into a range of preexisting military vehicles would come with several challenges. The most apparent of these issues is the complexity of fitting this new system in a preexisting space without vehicle modification. This is where using hydrogen combustion engines is useful as unlike a fuel cell they function in the same way as traditional engines allowing parts to be reused. For optimal performance, these vehicles would likely have to undergo a thorough re-design process.
The logistics of the modification of these vehicles would also have to be considered. This is due to the extensive facilities and resources that would be required to perform the upgrade. As there are currently 398 Foxhound, 227 Challenger 2, and 6606 Support vehicles in use the storage space, components, and effect of removing these vehicles from use must also be reviewed. 
3.3 [bookmark: _Toc187670283]Manufacturing Process 
To convert these vehicles to hydrogen power several steps are needed each with different manufacturing criteria. For the purposes of this report, it is assumed that the Engine and associated components such as pressure relief valves will be manufactured externally as they are commercially available. To manufacture the fuel tanks the first stage is to prepare the Aluminium Alloy liner and CFRE wrap. To do this sheet of aluminium must be cut to shape and then formed using a roller. The stands of carbon fibre must then be weaved into sheets to ensure strength in both the x and y directions. 
 (
Figure 
8
)[image: ]Once the alloy has been formed into a cylinder shape it can then be welded but first must undergo a cleaning process to ensure no contamination, for this an acetone bath and wash can be used before thoroughly drying the material. The cylinder can then be sealed and capped by Tungsten Inert Gas (TIG) welding as this is best suited for thin materials requiring high precision [18]. To ensure consistency over the large quantities of manufacture this could be done via computer numerical control (CNC) welding machines as shown in Figure 8. 
To further protect the aluminium alloy liner the material will then be anodized, this will require the cylinder to be cleaned again using a degreaser. This can then be placed in an electrolyte bath such as sulfuric acid and a current is applied; this causes an oxide layer to form providing protection from corrosion and increased hardness [19]. 
Once the liner is complete the CFRE wrap can then be formed. This requires the surface to be coated with the epoxy and the sheet then wrapped around the liner and coated in epoxy. To ensure a consistent curing the cylinder will then be placed in a vacuum bag to remove all air and uniform pressure as the resin cures. Any Excess material can then be removed and the surface sanded to ensure that it is smooth. This will then allow for final assembly which will involve removing the old engine and fuel tanks. The new engine can then be bolted into the frame and individual fuel tanks inserted in a welded steel cage. Armour plating can then be attached to this cage to protect the vehicle and crew in the event of insult to the fuel tanks, additionally, this could be arranged so in the event of an explosion the force is directed up and out of the vehicle via a blow-out panel. 
3.4 [bookmark: _Toc187670284]Quality Control
 (
Figure 
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)[image: ]To ensure quality and consistency in the manufacturing process and final product, several quality control measures should be used. The first of these is the inspection and testing of the materials before use. To ensure good quality materials tests such as the Vickers hardness, ultimate tensile strength, and salt spray tests should be conducted on the materials [20]. This will ensure that the materials meet the criteria and tolerance created by the manufacturer. Additionally, thickness tests should be completed for the walls of the pressure container. Once the final assembly is complete the pressure vessels should undergo non-destructive testing such as ultrasonic or x-ray tests to detect any defects. Pressure and leak tests should also be completed for the storage tanks and all pipe fittings as a hydrogen leak could be catastrophic. Destructive tests could also be completed to determine the maximum pressure the tank can hold and ensure the correct functioning of the pressure relief valve. This test would also show how the tank fails so that if needed reinforcement can be added, the results of a similar test can be seen in Figure 9.

4 [bookmark: _Toc187670285]Task 3 Costs
4.1 [bookmark: _Toc187670286]Materials Procurement
To calculate the costs associated with these changes the quantities must first be known. Using the logistics support vehicle as an example the range was stated as 800km on a 400L fuel tank. The Cummins 15L H2 engine is stated to have a range of 965 km using 80kg of hydrogen gas with a consumption rate of 12.87 km/kg of fuel. To maintain the same range as the current system the vehicle would therefore have to contain over 62kg of hydrogen. Using 65kg of gas to allow for a margin of error this can be divided by the molar mass of hydrogen of 65,000g divided by 2g / mol a molar mass of 32,500 is achieved. Using the ideal gas law shown in figure 11 32,500 mols of hydrogen at 25°C and 700 bar the volume can be worked out as 1,150.9 Liters. As this is the minimum amount of fuel needed to achieve the same range the hydrogen tanks will contain 385L with a total of three used to give 1,155L of fuel. This means that roughly 3 times more hydrogen is needed by volume when compared to diesel, applying this logic to the other vehicles means a Challenger 2 would require 12 cylinders and a Foxhound 2. Applying this across all current vehicles would mean a minimum of 23,361 fuel tanks would need to be manufactured to convert all current models of these three vehicles to hydrogen power, not including spares.
To produce the 385L cylinder it is assumed to require 3.12m^2 of aluminium alloy and CFRE each. Using the figure of 23,361 units produced this would require around 72,886m^2 of each material for production. Current prices of 1.3mm Aluminium alloy 5052 are £11.78 per square meter [21] and CFRE manufacturing typically costing £26 per square meter [22]. This gives an overall cost on materials alone at over £2,753,633.
[bookmark: _Toc183800122][bookmark: _Toc184718662][bookmark: _Toc187670287]4.3 Production Costs 
For a project of this scale an appropriate timeline would be a minimum of 10 years. Using this as an assumption to meet the goal of 23,361 units 7 units would have to be produced every day for 10 years. To allow for set-up time and maintenance periods assuming a throughput of 1 unit per day 10 production lines would realistically have to be set up. Each would require metal rolling and forming equipment, degreasing baths, galvanising bath, TIG welding machine, epoxy vacuum curing machine, pressure testing equipment, and a final assembly line. Using average costs from industry as an example this would likely cost £1,000,000 per line [23]. Therefore, setup costs would likely range as high as £10,000,000 in initial investment. With the average salary cost of a production line worker in the UK being £24,009 a year assuming 3 workers across each line also totals £7,202,700 across a 10-year manufacturing plan [24]. This gives a total cost of manufacturing of just under £20 million which does not factor inflation. Additionally, the cost of the engine is not publicly available yet however costs are estimated at around £75,000 and with over 7,450 engines being required this would add £559,350,000 to the total costs [25].




5 [bookmark: _Toc187670288]Findings
[bookmark: _Toc183800124][bookmark: _Toc184718664][bookmark: _Toc187670289]5.1 Conclusion
This report has shown the stages that need to be considered when designing a new fuel system. The current systems used in military vehicles have been discussed with the factors and implications of switching to hydrogen also explored. From the findings discussed in this report, there are several major disadvantages to using hydrogen In military vehicles. The first clear issue is safety as storing an explosive gas near ammunition in an environment where it is likely to be shot at poses a severe threat. However, this can be mitigated with use of advanced materials such as the carbon fibre composite discussed and armour protection. Additionally, by using several independent smaller fuel tanks the risk is also reduced. However, when researching commercially available engines the technology is not in a mature enough state for large scale use. This can be seen in the engines discussed when using in heavier vehicles not producing suitable horsepower. As shown in the costs analysis this would also be by far the largest experience of the project, with in some instances the engine costing more money than the vehicle it would be used in. 
However, the results from the material and manufacturing analysis show that while the engine technology is not sufficient, the storage capability of hydrogen is. This is possible because of the advanced materials such as the composites and alloys discussed in this report that can store hydrogen in large quantities at high pressure in a variety of environments. Therefore, the limiting factor in the use of hydrogen in military vehicles is not the materials used for the storage but rather the engine technology.
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