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Abstract
This dissertation investigates the feasibility and potential benefits of utilising or storing excess hydrogen at Vale's nickel refinery in Clydach, Swansea. Hydrogen, a gas used heavily in the nickel manufacturing process, is currently vented to the atmosphere when production exceeds demand, resulting in financial and environmental waste. 
This study aims to explore hydrogen storage technologies, including gaseous and liquid storage, to seek suitable solutions for capturing excess hydrogen which could either be utilised within the refinery or potentially for external sale. The research evaluates the economic implications of hydrogen waste, potential cost savings, and additional revenue streams from hydrogen sales.
Further to storage, the use of hydrogen as a fuel will be studied to determine its suitability for Vale. With its clean burning properties and minimal environmental impact, hydrogen presents a promising solution for decarbonising energy-intensive industries. As research and technological advancements continue, hydrogen is increasingly seen as a promising alternative to traditional fossil fuels and a fuel which may help Vale achieve their sustainability goals. 
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Introduction
Vale are an international metals and mining company which have a nickel refinery in Clydach, Swansea. Here, nickel ore is transformed into high-grade powders and pellets before being shipped to worldwide customers. The process of manufacturing Nickel requires 3 gases which are Hydrogen, Carbon Monoxide and Carbon Dioxide, these gases are required to be high purity to create such a high-quality product. The process of creating high purity gases takes place on the Process Gas Plant (PGP) which is located at the Clydach refinery.
The project aims to evaluate Hydrogen storage technologies by investigating and assessing what methods are available, which includes but is not limited to gas storage, liquid Hydrogen storage and advanced storage methods. Additionally, cost implications will be explored to determine how much money Vale are wasting by not utilising excess Hydrogen and what savings could potentially be made if the excess Hydrogen was to be used as a fuel alternative at the refinery or even sold to generate an additional income stream. Through an exploration of these aims, this project seeks to provide valuable insights into the practical implementation of hydrogen storage strategies or fuel usage. The findings of this research aim to assist Vale in improving their sustainability and determine if there are economical solutions to utilise excess hydrogen within the refinery, further aligning the refinery with the goals of global energy transition and reduced emissions.




Timing Plan
In the planning phase of the project, a comprehensive timing plan has been developed in the form of a Gantt chart. This detailed schedule serves as a roadmap, outlining key milestones, tasks, and deadlines throughout the duration of the project. By breaking down the project into manageable components and assigning realistic timeframes to each, the Gantt chart provides a visual representation of the sequential flow of activities. This will enable effective time management, close monitoring of progress and ensure that the project stays on course. The Gantt chart not only enhances organisational efficiency but also serves as a dynamic document that can be regularly updated to reflect real-time progress and any necessary adjustments. 
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Figure 1 – Gantt Chart, Excel (2023)









Hydrogen(H2) What Is It?
Hydrogen is an odourless, colourless and tasteless gas which is one of the most abundant elements in the universe and the simplest of all atoms. Not only is Hydrogen one of the most abundant, but it is also the lightest element in the universe, however it does not occur naturally as a gas, it is normally combined with other elements, most often with oxygen as water (Magdalena, M. 2005). 
To obtain hydrogen as a gas, it must be processed, and depending on which process is utilised depends on what colour grade is given. ‘Grey Hydrogen’, currently the most common form of hydrogen being responsible for 48% of global production (Oni, et al., 2022), refers to hydrogen that is produced from fossil fuels, primarily natural gas, through a process called steam methane reforming (SMR). The "grey" indicates that this method produces significant carbon emissions, making it environmentally less desirable compared to cleaner methods. ‘Blue hydrogen’ is also produced from natural gas using steam methane reforming (SMR), but it incorporates carbon capture to reduce emissions. The captured CO2 is typically stored underground or used for other industrial purposes, making the process more environmentally friendly than grey hydrogen production. The most desirable would be ‘Green hydrogen’, also referred to as ‘Clean hydrogen’. This is produced through electrolysis using renewable energy sources such as wind or solar power. Electrolysis splits water molecules (H2O) into hydrogen (H2) and oxygen (O2) using electricity. The "green" indicates that this method produces no emissions if powered by renewable energy sources, making it the cleanest form of hydrogen production (Ajanovic, et al., 2022).
Hydrogen is very useful energy carrier and can be stored and/or transported to be used as a fuel or even converted to electrical energy such as fuel cells (Rosen & Koohi-Fayegh, 2016). Hydrogen is also highly combustible, releasing a significant amount of energy when burnt as a fuel with only water vapour as a by-product, due to this hydrogen has the potential to be a clean energy carrier and help in reducing global emissions (Lubitz & Tumas, 2007) and potentially have a significant impact on reducing climate change.
A further major benefit, and one of the most important, is the fact that hydrogen is global and can be produced anywhere in the world. Hydrogen, unlike oil and natural gas, is not found naturally, instead, it must be produced through various methods. This characteristic sets hydrogen apart, as it can be generated virtually anywhere, providing a level of flexibility not typically associated with traditional fossil fuels. This aspect of hydrogen production enables a decentralised approach, allowing for production closer to the point of use, which can have significant benefits for energy distribution and sustainability. 
This also mitigates the risk of countries leaving themselves vulnerable to energy shortages, or severe price fluctuations for their energy, like what has been seen in recent times with the war between Russia and Ukraine and the resultant effect on the energy supply and costs to much of Europe. 
With these benefits of hydrogen in mind and with much of the world’s nations aiming to reach a target of net-zero emissions by 2050, hydrogen could be one of the key components in switching to a low carbon economy and it is expected that hydrogen will play a key role in the future of energy systems and the world economy (Oni, et al., 2022) which is supported by the graph below in figure 2 displaying he increase in demand for hydrogen over the past 50 years.
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Figure 2 – Yearly Demand increase of Hydrogen, Qazi, U (2022) Available at: https://www.mdpi.com/1996-1073/15/13/4741 Accessed - 03/05/2024

The Process
The PGP is one of the main process plants at Vale, here three main process gasses are produced via steam methane reforming (SMR) which is a widely used, mature industrial process to produce Hydrogen. SMR involves combining a natural gas feed with super-heated steam, this mixture is then passed over a nickel oxide catalyst in a furnace that is heated to approximately 860°C. From this, a reaction takes place to provide reformed gas containing Hydrogen, Carbon Dioxide (CO2), Carbon Monoxide (CO) and Methane. The reformed gas then passes through several vessels which are used to separate and purify the individual gases, the hydrogen produced when PGP is running to specification is +99% purity. Once separated and purified, the gases are then piped to the plants which require them for their processes, these plants control the flow of the gases into them and additional gas which is being produced by the PGP to what they require is sent to large storage holders as seen in Figure 2. These holders are maintained to levels between 60-100%, when the holder reaches 100% any excess Hydrogen is vented to atmosphere via a vent valve at the top of the holders and is therefore waste. As discussed, hydrogen is classed in colours depending on how it is produced, currently the hydrogen that is produced at Vale is ‘grey’ hydrogen as there is no facility for carbon capture.  
The Kiln plant, which takes the hydrogen and CO to produce nickel carbonyl, plays a pivotal role in determining the gas requirements from the PGP. In essence, as the feed rates of the Kilns increase, there is as escalation in the demand for gas. However, if the Kiln plant is to experience unplanned stoppages, this can lead to the hydrogen holder level suddenly increasing at an accelerated rate and result in hydrogen being vented to atmosphere until the output of the PGP can be reduced enough to lower the holder level and prevent gas being vented. The reaction of steam methane reforming is highly endothermic and therefore requires a large amount of heat, due to this the PGP must reduce its output in a controlled manner to aid maintaining the furnace temperature.  
Figure 3 displayed below shows one of the PGP control room graphics which is used by the operator to control the pressure and flow of hydrogen through the tail end of the plant. Here you can see the hydrogen, displayed as the purple line, flowing through the last section of the process which involves displacing any water remaining in the gas via the final gas knock out pot. From there, a small proportion of the hydrogen is recycled to the start of the process to be mixed with the natural gas feed as this aids the reaction which occurs in the reformer. The remaining hydrogen is then piped to the two hydrogen storage holders and the levels are indicated to the operator, so they have full visibility. Note that during the time the image was taken, hydrogen holder No2 was out of service due to maintenance which is why the level is displaying -1. The control screen also displays the CO2 and CO holder levels for the operator to have visibility for control of those holder levels also.
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Figure 3 - Control room IA Screen, C Scrine (2023,Vale)
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Description automatically generated]The tail end pressure control screen, figure 3, also displays to the operator the final hydrogen flow value, which is being supplied to the Kiln plant and/or holder, as ‘F901’ and is a key reading that the operator takes note of whilst controlling the plant. The maximum output of the PGP is around 2850 m3/kWh of hydrogen, this can vary depending on certain conditions such as atmospheric temperature.  If both Kiln plants are running at their full capacity and utilising maximum hydrogen usage this can often require them utilising the full 2850 m3/ kWh of hydrogen that the PGP can provide with little or no redundancy.








Figure 4 – Gas Storage Holders, C Scrine (2023,Vale)



Figure 4 shows some of the gas storage holders that the PGP have at their disposal to store excess gas they are producing. The two larger vessels on the right of the image are the two hydrogen holders, with the smaller vessel on the left of the image being the carbon monoxide holder and the CO2  Holder being just out of the image. These holders store varied quantities of gas with the hydrogen holders having the largest capacity and the carbon monoxide and carbon dioxide holders being smaller due to less quantities required for the processes.
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Hydrogen Holder Pipework




Figure 5 – Hydrogen Holder Pipework, C Scrine (2023,Vale)


Figure 5 displayed above shows the pipework which contains the product hydrogen from the PGP which is being piped to the holders/ Kiln plant. If the kiln plant is using more hydrogen than the PGP are producing, the full output of the PGP hydrogen will be taken by the Kiln plus any additional required to match their demand which will be drawn from the holder and therefore dropping the holder level. 
For example, if the PGP are producing 2500 m3/kWh and the Kiln are using 2700 m3/kWh then the holder will supply the 200 m3/kWh difference. The same principle applies if the Kiln are not using all the hydrogen that the PGP are producing, then any surplus hydrogen will divert to the hydrogen holder and then increase the holder level, and as mentioned previous, if this level continues to rise the holder level will eventually reach 100% and any excess hydrogen will be vented to atmosphere. This can often be the case when one, or both, of the Kiln plants encounter issues which result in them stopping their hydrogen import.
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Figure 6 – Kiln Process Screen, C Scrine (2024, Vale)


Figure 6 displays one of the Kilns process screens, here the purple lines mimic the hydrogen pipework, and it can be seen that F205, highlighted with the red circle, is the hydrogen import flow from the PGP/Hydrogen holder. This instrument shows the operator what flow rate (m3/kWh) of hydrogen is currently being used, there are other points which use the hydrogen where the flow rate is not captured however these quantities are very small. This flow rate would be a useful measurement to determine how much hydrogen is being vented when a Kiln was to experience an unexpected stoppage.  


Costs
Natural gas, a fossil fuel primarily composed of methane, is limited to certain geographical regions worldwide. This geographic constraint significantly influences its availability and pricing. Recent events, such as Covid 19 and the conflict in Ukraine, can exacerbate this situation, further impacting the global supply and demand dynamics of natural gas. Consequently, the price of natural gas can fluctuate, affecting industries that rely on it for various processes, including energy production, heating, and manufacturing. These price fluctuations translate into increased operational costs for industries and can ultimately impact consumers through higher prices for goods and services.
Although lower than has been in recent times, natural gas is still expensive compared to its price point a few years ago, this increase then also means that it is costing Vale more to produce their hydrogen and gases for their processes. This also means that any waste that is created is becoming more and more expensive for the company. 
Vale currently pays approximately £1.10/therm for their natural gas (Jan 2024), which equates to approximately £0.412 per m3/kWh. As described, hydrogen at Vale is produced by blending the natural gas feed with super-heated steam and passing it over a nickel catalyst which creates a reformed gas, for each m3 of reformed gas which leaves the reformer around 78% of it is hydrogen, with the remainder being a mixture of CO and CO2. Using that cost point and hydrogen quantity per m3, they can be used to calculate the cost of the hydrogen per m3  which can be done as £0.412/100 x 0.78 = 32.136p/m3 of hydrogen. £0.32 per m3/kWh of hydrogen seems relatively cheap when looking at the cost of a single m3/kWh but when putting this in perspective of the quantities used, the costs soon begin to rise. 
Depending on the how much feed stock (nickel ore) is at the refinery will determine the feed rate for the Kilns, which will in turn determine the output requirements of the PGP. Typically, the PGP runs at a rate of 760 m3/kWh, this will fluctuate depending on how steady the holder level remains, but this is the average rate. This hourly production rate relates the how much natural gas per hour the PGP is consuming to create the hydrogen output required, so the 760 m3/kWh is referring to the natural gas supply. Using the costings provided this would equate to:
760m3 (feed rate) x £0.412 (natural gas price per therm) = £313.12/hr.
313.12 x 24 = £7,514.88 per day 


The ratio in which the PGP produces hydrogen from its natural gas supply is approximately 1:3.5. A feedrate of 760 m3/kWh (natural gas) produces a hydrogen output of around 2680 m3/kWh, as mentioned previous, this value can alter due to certain conditions such as ambient temperature.
The costings mentioned are just the costs for the natural gas feed stock, which is then used to be converted into hydrogen, for the process to operate there requires a large amount of fuel gas also to heat the vaporiser and reformer to adequate temperatures. These fuel quantities are collected daily by the operator and logged. For the PGP running at a feed rate of 760 m3/kWh, the quantity of gas used to heat the vaporiser and reformer is 890 m3/kWh and 16,100 m3 respectively per day. This signifies additional costs to the price of the hydrogen produced. Therefore, when determining the cost of the hydrogen these values must also be factored in. There is on average around 17,000m3 of natural gas per day used to fuel the process, at the £0.412 per therm price this equates to an additional £7,004 per day, which results in a daily total cost of around £14,519. Including this cost to the feed stock cost results in a price of hydrogen per m3 to become £0.80. 


As shown in figure 3, the operators have visualisation of the hydrogen holder levels and can see when the holders are full, these levels also have trends which can be looked back and viewed as shown in figures 7 and 8, two random weeks have been selected to show as an example to highlight the fluctuation of the holder level which can occur during any given week. 
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Figure 7 – Hydrogen Holder Level, C Scrine (2023,Vale)
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Figure 8 – Hydrogen Holder Level, C Scrine (2023,Vale)



The blue line on each image shows the holder level through the weeks shown, the sharp rises of the line (holder level) would indicate that there has been a sudden, and large, reduction in use of the hydrogen and therefore a large quantity of hydrogen would have been vented during that period, whilst the PGP reduced their output rate.  From analysing figures 7 and 8 it can be noted that on several occasions in each trend image the holder level can be seen to be at 100%, therefore resulting in hydrogen being vented to atmosphere. 
When totalled up, the week displayed in figure 7, week from November 17th to 24th, a total of 23.5 hours was spent with the holder at 100% and venting. For the second week, figure 8, week starting November 28th, a total of 33 hours was spent with the holder at 100% and therefore venting. Combing the two weeks values, that totals to 56.5 hours spent venting hydrogen, which equates to around 17% of the time during that two-week period, that hydrogen is being wasted. At the costs of fuel and feedstock, plus additional costs such as electricity to run to the process this is a large expense to the company that is being wasted, and something which could otherwise potentially be being used.
When the PGP is running at a feed-rate of 760 m3/kWh, the hydrogen output is around 2680 m3/kWh which would be providing two Kilns with the hydrogen required. For the sharp rises in the holder levels seen in figures 7 and 8, it would indicate that one of the Kiln lines has encountered process issues and has stopped importing hydrogen. This would result in approximately half of the hydrogen currently being produced not being utilised, hence the sudden increase in holder level. Using the holder trend from figure 7, and the Kiln process screen, figure 6, these can be used to obtain an average figure of hydrogen vented to get an idea of the quantities and costs. Using one of the time periods that hydrogen was being vented on figure 6 trend, the PGP was venting hydrogen from Nov 22nd 11.00am until Nov 23rd 00:30am, which is a total of 13.5hours. Using the Kilns process screen, it is noted that at the time of their stoppage, they were importing 945 m3/kWh of hydrogen, from the time the kiln stopped this was then not being used and instead raising the holder level before venting to atmosphere. Whilst this excess hydrogen is being vented the PGP will be reducing their output, but this is to be done in a controlled manner as to maintain steady temperatures, sometimes the PGP output is not dropped enough to prevent venting if the kiln stoppage is only going to be for a short period of time, which if the kiln stoppage then proceeds to be longer than anticipated can lead to excess venting. 



It is difficult to obtain exact figures for how much hydrogen was being wasted during that time period as the hydrogen output of the PGP is constantly being reduced so an average will be calculated to obtain some figures. Using the time of the 13.5 hours of venting, hour one being 945 m3/kWh wasted and hour 13.5 being 0 m3/kWh wasted:
945/13.5 = 70m3/hr average reduction over the 13.5 hours to get to 0m3/hr wasted
Reducing the wasted hydrogen by 70m3/hr over 13.5 hours results in a total wastage of 6860 m3/kWh.
6860m3/hr  /   13.5 = 508m3/hr average wasted over the time venting
508 m3  x £0.80/ m3  = £406.51/hr	
Over 2 weeks  = £406.51 x 56.5 = £22,968	

These figures start to become very large when totalling them up, and over a yearly period would start to become very large sums of money which is why it would be highly beneficial to utilise the wasted hydrogen.


Solutions?
Organisations, including Vale, are always looking for ways to be leaner in their processes, and utilising waste is one of the key aspects of achieving this. Hydrogen is frequently being wasted as seen, so if Vale could harness a way of utilising the hydrogen instead of wasting it, it could possibly either save the company money or even perhaps be used to generate money. Additional to this, utilising the hydrogen could not only provide the company with financial benefits, but it could potentially help lower Vale’s carbon footprint which is another target that all organisations are currently striving to achieve, especially with the government goals for 2030 and 2050 to cut emissions greatly and be net-zero carbon emissions respectively.
Throughout Vale’s site at Clydach, there are numerous processes which require heat to perform their operations. Each of these processes use natural gas as their fuel source along with burners to produce the heat that is required, however, as discussed natural gas is becoming more expensive and less favourable due to its carbon emissions so alternative fuels would be desirable. Hydrogen is becoming ever more popular as a fuel, whether that be fuel for vehicles or industrial uses, to try and combat climate change and lower carbon emissions. The use of hydrogen as a fuel and its characteristics will be explored to see if this could be a viable solution for Vale and its use of wasted hydrogen. 
Another possible solution for the hydrogen would be to store it, this can be done in several different ways. Methods and capabilities of storing hydrogen will be explored to see if this is a suitable option for Vale to pursue, the storage of hydrogen could open the possibility of utilising it elsewhere within the refinery/business or even potentially for selling on as a separate product to Nickel.











Hydrogen Storage 
Hydrogen storage is a crucial component of the hydrogen economy, enabling the utilisation of hydrogen as a clean and versatile energy carrier. Hydrogen can be stored by a variety of methods, with each method having its own advantages and disadvantages. Here, some of the most common methods will be discussed and their suitability for use at Vale will be assessed. 
The most common method of hydrogen storage is compressed hydrogen gas, compression is required as hydrogen is a low-density element, and it would require a large space to store significant quantities of it if it was not compressed. This method involves compressing hydrogen gas at high pressures, dependant on cylinder tensile strength, but typically between 35 MPA and 70 MPa (Orlova, et al., 2015), and storing it in pressure vessels or tanks made of strong and durable materials such as carbon fibre composites or metallic materials i.e. aluminium or steel (Usman, 2022). Compressed hydrogen offers a relatively simple and mature storage solution which can be implemented through either mechanical or non-mechanical compressors, the choice of which would depend on the suitability to the process required and cost dependant. Mechanical compression is achieved by the two most common methods of either using reciprocating or screw compressors (Preuster, et al., 2017) and an important consideration of lubrication selection must be considered when implementing hydrogen compression.
Once compressed, the hydrogen storage vessels come in several different types, some of which are shown below (Orlova, et al., 2015). The type of vessel will determine what pressures can be stored in them and equally what price they are, the higher the pressure, the more expensive they become. 
Type 1 – Vessels made from steel which have a maximum pressure rating of 35 MPa, this type of vessel is most frequently used for hydrogen storage which stays stationary.
Type 2 – These are storage vessels which have a metal liner that then have a composite material wrapped over them, they have a maximum pressure rating of 70 MPa and most frequently found for fuel cell vehicles.
Type 3 -  These tanks have a polymer liner with a composite overwrap and a maximum pressure rating of 70 MPa. They are lightweight and commonly used for fuel cell vehicles. 
Type 4: Again, these tanks have a polymer liner with a composite overwrap and a maximum pressure rating of 87.5 MPa. They are the lightest and most expensive type of high-pressure hydrogen tank.
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Figure 9 – Hydrogen Storage tanks, Orlova, S. (2015) Available at: file:///C:/Users/User/Downloads/Compression-of-Hydrogen-Gas-for-Energy-Storage-A-Review.pdf Accessed 01/04/2024



When looking at costings for this type of hydrogen, a 15-cylinder MCP (Manifold Cylinder Pallet) of high purity hydrogen (99%) would cost £1592.16 (BOC, 2024) to purchase with an additional £105 delivery charge. The 15-cylinder MCP holds 108.15m3 of hydrogen, which at that quantity and using previously discussed costings, this would cost Vale around £90 to produce which is considerably less than the going rate to purchase that quantity of gas. There would of course be additional costs to Vale such as the installation of the storage equipment, running costs of the additional process and purchases of storage cylinders/MCP’s that would impact on the overall price, however when comparing to the possible re-sale price that can be achieved it could possibly prove to be quite lucrative for the company. 
A consideration that would also have to be made if excess hydrogen was to be compressed to be sold would be transportation. As hydrogen has the characteristics of being highly flammable and explosive, the transportation of compressed bottled hydrogen must be planned rigorously with a high level of safety measures in place to ensure no incidents occur. Vale would have to consider whether they would wish to manage and control the transportation of their compressed hydrogen cylinders to customers or if they would prefer to outsource the transportation side to a reputable company who could manage this for them. Either choice would incur costs which would impact the profitability of selling compressed hydrogen.



Another possible storage method is liquefied hydrogen. The critical temperature for hydrogen, which refers to the temperature at and above where vapour/gas cannot be liquified, is -240°C (Usman, 2022), so by cooling gaseous hydrogen to very low temperatures, -253°C and below, it undergoes a phase transition to become a dense liquid. This liquid hydrogen occupies significantly less volume than its gaseous state and therefore increases its energy density for storage. To utilise this method, three key components are required: a liquification unit to sufficiently cool the hydrogen gas to a liquified state, a storage vessel suitable for liquid hydrogen storage and a regasification unit to convert the liquid back into a gas (Zhang, et al., 2023). There are also three key points which determine the effectiveness of the process: the pressure of the hydrogen feed, the efficiency of the pre-cooling and refrigeration system and the efficiency of the heat exchanger, for a successful and efficient liquification process these three aspects need to be monitored and running to correct set points.
Liquid hydrogen provides a higher energy density when compared to compressed gas, making it suitable for applications where space constraints are an issue. However, the liquification process requires a significant amount of energy, especially if being implemented on a large scale (Eckroll, 2017) and it is estimated that the energy lost during this process corresponds to approximately 30% of the total energy (Tarhan & Çil, 2021). These factors make the case for liquefaction more challenging and expensive than compressed gas storage, alongside the high cost of the energy required, the specialised equipment required to perform the liquification process can be very costly which is why it is not usually considered other than for the aerospace industry where low density is a key aspect (Rand & Dell, 2008). There are also losses associated with liquefaction, mainly being boil off which occurs when the liquid hydrogen begins to vaporise and turn into a gas (Al Ghafri, et al., 2022) and it is estimated that losses during this vaporisation can range between 1-3% per day (Usman, 2022). This can happen due to factors such as heat ingress, insulation losses, or mechanical agitation. As the liquid hydrogen vaporises, it creates pressure inside the storage tank, which must be managed to prevent over-pressurisation and potential safety hazards. To mitigate these risks, over pressurisation is avoided by the use of components such as pressure relief valves, however this vents excess hydrogen to atmosphere and is therefore waste, whereas the other option, which is currently being researched, are hydrogen recovery systems which try and achieve ‘zero boil off’ (ZBO) by utilising a cryocooler to re-liquify any hydrogen which is vaporises within the tanks (Morales-Ospino, et al., 2023). Aside from losses, the other downside which liquid hydrogen introduces is the risk of cold burns (De Falco & Basile, 2015), as the gas is required to be chilled to such low temperatures, associated pipework and containment can become extremely cold and causing cold burns if touched. These risks could be mitigated with well installed lagging, but these are considerations which must be made before following through with liquefaction.
When considering hydrogen storage, a crucial aspect which must be considered is leakage, which can occur in both gaseous and liquid storage systems, and preventing it is crucial to ensuring safety, reducing losses, and maintaining the integrity of storage systems. Due to hydrogens structure and it being the smallest molecule and lightest element, it has the ability to leak easily from systems and pipework, especially fittings and flanges. Due to this, joint integrity, which refers to the soundness of a bolted or welded joint, is imperative when dealing why hydrogen. Bolted joints are very common on pipework systems and involves connecting flanges together via bolt and nut with a gasket between the two flange faces (Nelson, et al., 2023), ensuring good joint integrity involves proper assembly by trained personnel, correct gasket selection and routine inspection and maintenance. Leaking joints are costly, both in the sense of a loss of production/inefficiency and in terms of safety with the potential to cause damage to plant and equipment or the environment (Sahoo, 2013). Due to the high risk of leakage, safety concerns would arise from its storage and strict compliance with PSSR(Pressure Systems Safety Regulations) must be adhered to, however Vale are already experienced and capable of maintaining these types of systems and have a functioning disturbed parts list (DPL) system to track when flanges are disturbed/broken to ensure they are tested before being put back into service. Vale is also experienced in dealing with hydrogen at their site, this would just be an additional facility for them to manage.
Another essential aspect of dealing with hydrogen which must be considered is hydrogen embrittlement (HE). Hydrogen embrittlement is a widely known phenomenon in materials that involves hydrogen atoms diffusing into the material it is contained within and is responsible for crack growth, fracture initiation and potential catastrophic failure in components with a loss in mechanical properties such as ductility, toughness and strength (Dwivedi & Vishwakarma, 2018). 
Where high pressure hydrogen gas is present, the development of hydrogen embrittlement (HE) typically occurs in three steps (Xinfeng, et al., 2020), each contributing to the overall degradation of the material, which are explained here. Step one is physical absorption, this involves the physical absorption of hydrogen gas onto the surface of a solid material. This absorption occurs due to van der Waals interactions between the hydrogen molecules and the surface of the material. Physical absorption is a reversible process, meaning that hydrogen molecules can easily attach to or detach from the material's surface. The second step, chemical absorption, is where hydrogen atoms penetrate into the material's structure and form bonds with its atoms. This occurs within a single atomic layer beneath the material's surface. Unlike physical absorption, chemical absorption is an irreversible process, meaning that once hydrogen atoms are bonded to the material, they are unlikely to detach. Chemical absorption is comparatively slower than physical absorption and can lead to hydrogen atoms being trapped within the material. The third step is hydrogen dissolution. After chemical absorption, hydrogen atoms begin to diffuse deeper into the material, driven by the concentration of hydrogen within the material. This diffusion process involves the movement of hydrogen atoms toward regions of lower hydrogen concentration within the material's structure. As hydrogen atoms continue to penetrate deeper into the material, they can accumulate at high-stress regions, such as grain boundaries or dislocations, where they exert pressure and contribute to embrittlement.
This degradation even effects normally high performing materials, via either hydrogen-induced cracking or hydrogen-assisted fracture, and as discussed, hydrogen storage is often at high pressure, especially when stored as compressed gas, so the risk of hydrogen embrittlement becomes greater meaning knowledge on this matter is crucial when selecting materials for hydrogen pipework and containment as highlighted by (Shreenag, et al., 2023). Depending on the storage method chosen and the pressure in which the hydrogen will be stored will have an impact on the materials required for safe storage. High strength steel offers hope for hydrogen storage and should be encouraged due to its high yield strength, high reliability, and ability to reduce weight. However, due to the challenges hydrogen embrittlement introduces, high strength steel is often being avoided in the hydrogen storage systems that are being used today as it leads to premature cracking and resulting in material failure (Shreenag, et al., 2023) although linings, or multi-layer linings could significantly reduce the materials susceptibility to embrittlement and encourage its use in the future. Commonly accepted materials for use in hydrogen storage include austenitic stainless steels, aluminium alloys and copper alloys whilst Nickel and most nickel alloys should be avoided as they are subject to severe hydrogen embrittlement.
When assessing storage methodologies for the excess hydrogen which is being generated at times at Vale, unfortunately storage does not seem a suitable solution due to several factors such as quantities, costs and efficiencies. From the storage methods discussed, gaseous storage would likely be the most suitable for Vale as it would not involve changing the state of the hydrogen and would therefore involve less equipment to implement. This method of storage could also generate another profit stream for the company through selling bottled hydrogen to customers, however, it is evident when assessing figure 10 that the demand for purchasing hydrogen may not generate a large quantity of sales as the majority of hydrogen users produce it at their own sites with only a small amount purchasing, although this is increasing. However, there would need to be a significant investment into equipment, training and potentially more staff to control and monitor the system. 
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Figure 10 - Hydrogen Global Market, De Falco, M (2016) 


Although currently quite a large quantity of hydrogen is wasted over time at Vale, it is not such a significant amount that it would make storage a viable solution, as any installation of a storage facility would incur great costs and as highlighted in a report by (James, et al., 2013) there is a near linear relationship between cost and hydrogen storage capacity, meaning the more hydrogen you store the cheaper it becomes per m3/kWh and the quantities at Vale that would currently be excess and useful for storage would make the costs per m3/kWh high. Also, currently the venting of hydrogen is sporadic and therefore any storage system would have to be stop/started regularly to match when the hydrogen was being vented or not, this would prove to be troublesome when trying to run storage facilities and lead to inefficiencies and process problems.
Where these solutions may be more practical is if Vale were to increase their hydrogen production to be consistently, and considerably, beyond the requirements for their production and therefore continuously be producing excess hydrogen. This scenario would then always have a requirement for a storage facility and would become a much more efficient system with stored hydrogen potentially providing another revenue stream for the business. This could be paired with, what Vale are currently in the infancy stages of, project ‘ASPIRE’ which is a project to achieve cleaner hydrogen by using biofuel as the feedstock to produce their hydrogen rather than using natural gas. This project aims to move away from the current ‘grey’ hydrogen being produced and provide ‘Blue’ hydrogen, which by doing so would improve Vale’s carbon footprint and lower emissions. 

Hydrogen Fuel 
Hydrogen's burning properties make it a desirable option for various applications. It burns cleanly with water being its only waste product, unless burning at high temperatures where there may be low levels of nitrogen oxides present (Rand & Dell, 2008), and therefore offers potential solutions to decarbonise energy-intensive sectors and reduce greenhouse gas emissions. As a result, it is regarded as one of the most environmentally friendly and promising energy solutions for the future (Capurso, et al., 2023) which is why there is continuous extensive research, and investigations are ongoing to path a way for hydrogen to become a more commonly used fuel. 
Utilising hydrogen as a fuel can be in the form of adding it to already used fuels known has hydrogen enrichment. Hydrogen enrichment, which is a mixture of natural gas with a determined percentage of hydrogen, is one example of this and these mixtures can be stored, transported and used in the gas infrastructure which is already in place (De Falco & Basile, 2015).  From ongoing studies, it is becoming evident that hydrogen enrichment not only helps to reduce carbon dioxide emissions but also has high combustion characteristics and lower NOx (nitrogen Oxide) emissions (Miranda, 2018). With these advantages, it could be a possibility for Vale to utilise excess hydrogen as a fuel addition throughout the refinery, this could potentially not only reduce emissions but also reduce their energy bill. 
Across the three main process plants at Vale, all processes require heat, some of which is quite significant, to successfully produce the high-quality nickel. This heat is provided by industrial burners which use a natural gas and air mixtures for combustion to provide the heat required. This results in a large usage of natural gas at the refinery which is not only costly but detrimental to the environment so the prospect of utilising waste and reducing their costs and environmental impact could provide good benefits. Encouragement can be taken from SSAB, a Swedish steel manufacturer who have developed HYBRIT (Hydrogen Breakthrough Ironmaking Technology) to produce fossil free steel (SSAB, 2024), they have managed to do this by producing hydrogen through renewable sources and then utilising the hydrogen instead of coal and natural gas in the steel making process which enables them to produce steel with dramatically reduced carbon emissions. They have successfully built a pilot plant which has produced steel using the new HYBRIT technology, before going into full production in 2026, this is confirmation that heavy industry can utilise hydrogen instead of fossil fuels to help reduce emissions and global warming.
Vale could use excess hydrogen being wasted by adding it to their natural gas fuel pipework  to enrich the natural gas fuel. If Vale were to introduce hydrogen into their natural gas supply to their burners, the effect of this on the heat produced, flame speed and stability has to be considered to ensure it would not disrupt the processes. There have been numerous investigations by researchers to determine what effect blending hydrogen into the methane fuel stream has and using this research will help determine if this is a possibility for Vale.    
One of the characteristics that must be considered is the laminar burning velocity (LBV), known as flame speed, which refers to the velocity at which the flame advances into the unburned mixture. The laminar flame speed relates to the burning rate in a combustor, which in turn affects the combustion efficiency (Chong & Ng, 2021), higher laminar flame speeds generally lead to faster combustion rates. In a combustor, this means that the fuel-air mixture burns quicker, resulting in improved efficiency. The flame speed for pure hydrogen is around ten times higher than for methane (Oakley, 2015), therefore for hydrogen enriched mixtures, as the hydrogen content increases, the flame speed will also increase which is supported by figure 11 where it can be seen that as the hydrogen percentage increases, the LBV also increases. It is also worth noting that as the hydrogen percentage and the LBV increase, there are greater fluctuations between the measured values, when the hydrogen percentage is lower, from around 0-30% the measurements are steady whereas when the hydrogen content increases these measurements begin to alter from one another indicating a less stable flame. The laminar burning velocity depends on the fuel, initial temperature, pressure and the mixing ratio with oxidiser (Eckart, et al., 2022), this mixture and the flame velocity it produces is one of the most important physical properties of a flammable mixture.
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Figure 11 -  Laminar burning velocity As Hydrogen % Increases (Eckart, et al., 2022)



The LBV is something which would have to be accounted for if hydrogen was to be added to the natural gas fuel supply as each burner on site is fitted with flame detectors for safety purposes. When a flame is extinguished, the flame detector should detect the lack of flame and this signal is used to close the gas supply solenoid valves to prevent unburnt gas entering the combustion chamber and is therefore a safety critical piece of equipment. These flame detectors are programmed and commissioned to the flame present when burning purely natural gas, so the addition of hydrogen to the fuel and the change that has on the flame would have an effect on the flame that the flame detectors see, and they may likely require re-programming to the new flame. This change of flame is supported by (Dutka, et al., 2015) who in their investigation look at the effect hydrogen enrichment has on flame shape which is shown in figure 12. It is evident when comparing flames that a 15% enrichment of hydrogen changes the shape of the flame from the burner, and therefore would likely have a knock-on effect on flame detectors and possible nuisance tripping. 







Figure 12 – Burner Flame Shape Change with Hydrogen Enrichment (Dutka, et al., 2015)



An investigation was conducted by (Cellek, 2018) to determine the characteristics of an industrial burner while burning natural gas, hydrogen-enriched natural gas and hydrogen as fuels and the differences noted. The study involved burning a range of gases and mixtures including 100%NG, 75%NG + 25%H2, 50%NG + 50%H2, 25%NG + 75%H2, 100%H2 under a constant load to investigate the effect hydrogen enrichment has on combustion performance. Figure 13 displays the temperatures captured from the flames when burnt using the different gas mixtures. When analysing the flames, it can be noted that the natural gas flame reaches out to around 1.3m from the burner head and the temperature slowly decreases from the flame tip into the combustion space. On the natural gas flame, it can be seen that the flame tip and middle are the hottest points of the flame which reach a temperature of 2069K, whereas when hydrogen is added at a content of 25%, the flames hottest temperature increases to 2231K. It is evident that not only the flame tip is hotter, but all other temperature readings also increasing with the furthest temperature of the natural gas only burn reaching 766K but the 25% hydrogen enrichment flame recording a temperature of 864K. Additionally, to increasing the flame length and temperature, the addition of hydrogen has also increased the diameter of the flame and increased the temperatures around it. When comparing all five flames, it becomes clear that as the hydrogen enrichment percentage increases it does not have much further effect on the temperatures provided. As the hydrogen content increases the flame tip shortens but does not gain temperature, there is however a slight temperature increase to the temperatures around the sides of the flame. From this experiment, it would indicate that if hydrogen enrichment to natural gas was to be utilised, it is only really beneficial to do so at around 25% hydrogen to 75% natural gas.  
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Figure 13 - The effect of the hydrogen-enriched natural gas combustion on the temperature distribution (Cellek, 2018)


These flame effects are further supported by (Araoye, et al., 2023) who investigated the shape and stability of flames when using hydrogen enriched natural gas as a fuel. In their investigation they found that when hydrogen content was increased the flame became shorter and more “robust”. They also found that the flame became brighter and more intense as the hydrogen content is increased which was due to enhanced reaction of the combustion. Whilst investigating, (Araoye, et al., 2023) also monitored the laminar flame speed changes whilst hydrogen content was increased. It was found that the higher the hydrogen content, the more effect it had on the flame speed, with recorded measurements doubling between 30%-70% hydrogen content, which supports (Eckart, et al., 2022) findings.
The burners used at Vale are low NOx burners, which are burners designed to minimize the formation of nitrogen oxides (NOx) by controlling the combustion process and optimising air-fuel mixing ratio. These burners are manufactured by Lanemark, a reputable manufacturer, and come in a range of sizes. The size burners used at the PGP are rated at 1MW and according to Lanemark’s online information on the burners they are suitable for use with hydrogen as a fuel. 
An issue that would be present at Vale with using the excess hydrogen to be used as a fuel is that the supply of hydrogen into the fuel main would not be constant. In normal running conditions the hydrogen being produced by the PGP would be utilised by the Kiln plants and there would be no excess hydrogen. During these conditions, there would be no hydrogen being added to the fuel main, after looking at several investigations and the effect the hydrogen enriched fuels have on flames and temperatures, this would have an effect on the process plants operating conditions. It would likely prove difficult to run the process plants utilising fuel, which was enriched by hydrogen intermittently, as it would affect the temperatures of the heating chambers used within the various process plants and could cause process and quality problems if the temperatures were to fluctuate. As hydrogen enrichment also effects the flame of the burners, it would also cause issues on the process plants with their flame detectors and would be troublesome to alternate between just pure natural gas flames and hydrogen enriched natural gas flames. It would be much more beneficial to Vale if they could provide a constant enrichment of their fuel lines to maintain steady operating conditions for their process plants.
Controlling the mix ratio of the hydrogen enrichment into the natural gas fuel pipework would have to be considered, from (Cellek, 2018) and (Eckart, et al., 2022) investigations it is evident that the most efficient enrichment percentage is around 20%. To achieve a constant enrichment percentage, flow control valves would have to be installed into the system to ensure the correct amount of hydrogen was being added into the natural gas fuel pipework to have the desired effects. 
There is also a contradiction to the use of hydrogen as a fuel at vale. As mentioned, currently the hydrogen that is produced at Vale is ‘Grey’ hydrogen and therefore not environmentally friendly as the CO2 produced during the process is not captured and released to atmosphere. Therefore, although the use of the excess hydrogen may reduce some emissions, it is still created from a highly polluting method. It would be highly advantageous to Vale to invest in projects, such as ASPIRE, to try and achieve their hydrogen from cleaner methods and would then be more beneficial to be used as a ‘clean’ fuel. 
As highlighted previously, the PGP use around 17,000m3 of natural gas per day used to fuel the process, which at a rate of £0.412 per therm results in a cost of £7,004 per day. If Vale were able to utilise hydrogen to enrich their fuel at a rate of 20% this would result in savings to their natural gas bill of around £1,400 per day, resulting in around £42,000 savings per month. There would of course be costs involved in producing the blue (or green) hydrogen which would have an impact on the savings but there would undoubtedly be savings to make with hydrogen enrichment, not only financially but also environmentally.









Conclusion
In conclusion, hydrogen storage is a critical factor in realising the potential of hydrogen as a clean and versatile energy carrier. Various storage methods offer different advantages and challenges, with each being suited to different applications and operational requirements. Compressed hydrogen gas storage, the most mature method, involves compressing hydrogen at high pressures and storing it in vessels made of materials such as carbon fibre composites or metallic alloys depending on pressure requirements. This method provides the simplest solution, although considerations such as equipment selection and lubrication are crucial for safe and efficient operation. While compressed hydrogen could present an opportunity for Vale to generate additional revenue through possible sales, transportation and safety measures would need to be factored in. However, (De Falco & Basile, 2015) highlight that most hydrogen users produce it themselves at source so there may be limited customers. It has been clear through research on use of hydrogen as a fuel, that the most common use and optimism for hydrogen as a fuel is for its use within vehicles and this hydrogen would need to come from somewhere, so if Vale could increase their hydrogen production beyond their own production requirements this could be a potential market. Liquid hydrogen storage offers a second storage method and provides higher energy density but requires significant energy input for liquefaction and faces challenges such as boil-off losses and potential safety concerns such as cold burns, additional to the challenges, liquid hydrogen would pose no real use to Vale so would not be a viable solution nor worth the effort and energy to perform the process.
Also, there are concerns which arise from storage, one being leakage due to hydrogens structure. However, with systems such as joint integrity, these risks could be mitigated with safety and efficiency ensured. Hydrogen embrittlement is also another significant factor which would require consideration, with the importance of proper material selection and maintenance practices at the forefront.
Hydrogen enrichment of natural gas offers a promising solution for reducing emissions whilst saving money on energy bills. Studies have shown that blending hydrogen with natural gas can increase flame temperature, speed and stability whilst also reducing NOx emissions. Understanding the laminar burning velocity and flame characteristics is essential for optimising combustion efficiency to ensure smooth production at an enriched percentage of around 20% to achieve the best results. Whilst the potential to add excess hydrogen to the fuel supply offers promise, the use of excess hydrogen to be used as a fuel would be intermittent and lead to process issues which would prove troublesome to production and quality and therefore not suitable for Vale in this situation.
Vale also has an issue with the hydrogen being produced there being classed as ‘grey’ which is highly impactful on the environment and global warming. It would be highly advantageous for Vale to follow through with project ASPIRE which is in the near future to obtain their hydrogen from more sustainable methods, during this project they could aim to produce greater volumes than required for their production, the volume beyond production requirement could then be utilised to enrich the fuel system and reduce emissions.
Overall, in the current situation, the best solution for the excess hydrogen which gets vented to atmosphere at Vale would be to install more large storage vessels which could be used to store the hydrogen in its gaseous, non-compressed state. Providing additional storage vessels for the PGP to store excess hydrogen would provide the buffer time for them to reduce their output when required to do so before venting hydrogen. This would also provide time for the extra storage holders to be emptied when production ramped back up, whilst the PGP could stay at a lower output whilst these storage vessels were being emptied, therefore saving money. 
When assessing the study against the timing plan created, it is noted that the timing was on schedule until around halfway through the study. A significant amount of time was lost due to personal circumstances in the second half of the project, this resulted in less time than scheduled being spent on research into both storage and fuel uses for hydrogen and their suitability and integration into Vale. 
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Figure 6. The yearly increase in the global demand for hydrogen since 1975 (Reprints
from [43]. Copyright (2022), with permission).
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