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This report discusses the use of Digital Twin technology in two hydrogen projects currently under consideration with Protium. The Pioneer project and HEART project, the digital twin will be used to optimize the efficiency and performance of the systems. The author notes that the data received from both projects will provide valuable insights into how to optimize the units, even though they differ in scale. The article also highlights the importance of implementing operating and maintenance procedures and logging maintenance details in the Protium database to calculate mean time between failures and analyze data for system upgrades. The potential advantages of using composite materials over steel for hydrogen storage are discussed, including reduced transportation costs, easier installation, longer service life, and increased efficiency. However, the long-term durability of composite materials for hydrogen storage requires further research. The article also suggests that the choice between steel and composite materials for hydrogen storage will depend on factors such as initial cost, efficiency, and overall life cycle of the plant. Finally, the article outlines the potential benefits of integrating solar power into the hydrogen production system and the use of real-time operational data to optimize various aspects of the system's operation. However, more detailed information on costs, sensors, and specific improvements is needed to better understand the project's goals and outcomes. 
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Green hydrogen, also known as renewable hydrogen, is produced through the electrolysis of water (Fig 1, page 1) using electricity from renewable sources such as solar or wind. It is a clean, safe, and renewable alternative to fossil fuels, and its production and use can significantly reduce greenhouse gas emissions.
One of the main benefits of green hydrogen production is its cost effectiveness. The cost of producing green hydrogen has decreased significantly in recent years, and it is now competitive with fossil fuels in some applications. In addition, the cost of green hydrogen is expected to continue to decrease as technology improves and economies of scale are achieved.
The efficiency of green hydrogen production depends on the efficiency of the electrolysis process, the efficiency of the renewable energy source, and the overall system efficiency. Electrolysis technology has improved significantly in recent years, with some systems achieving efficiencies of up to 80%. The efficiency of the renewable energy source also plays a significant role in the overall efficiency of green hydrogen production. For example, solar and wind energy are intermittent sources of power, and the efficiency of green hydrogen production will be lower when the renewable energy source is not producing electricity.
Green hydrogen production is suitable for both small and large scale projects. Small scale projects, such as those for local energy generation or transportation, can be cost-effective and efficient with the use of appropriate technology and renewable energy sources. Large scale projects, such as those for industrial processes or power generation, can also be cost-effective and efficient with the use of appropriate technology and renewable energy sources. Overall, green hydrogen production is a cost-effective and efficient alternative to fossil fuels for small to large scale projects. Its production and use can significantly reduce greenhouse gas emissions and contribute to a cleaner, safer, and more sustainable future. Green Hydrogen production through Electrolysis and the splitting of water H2O is key to the process with the capacity to release energy without emissions of CO2. This research review will investigate the current findings of the processes to understand the gaps, enabling further analysis for upscaling to larger projects to fuel the Global economy Figure 2.
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[bookmark: _Toc130736543]CO2 Emissions 

The International Energy Agency has previously completed research with data from 1900 up to 2020, Figure 3. below highlights that global CO2 emissions have exceeded 34 billion tons (IES, 2020).This contributes to climate change and dangerous environmental challenges such as rising sea levels, melting polar regions (Ruxing Gao, 2022) and quality of life as we know it (Sayad B, 2021)
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Reduction of CO2 emissions and Mitigating climate change have become the main focus of environmental issues facing human society to date (Ruxing, 2020). During the Paris Climate agreement in 2015 targets were set to limit the global temperature increase to below 1.5–2 ◦C by 2100  (Pachauri RK, 2014).
[bookmark: _Toc130736544]There are several ways to help achieve the goal of reducing carbon emissions, including carbon capture and storage (CCS), carbon capture and utilization (CCU), and the permanent storage of captured CO2 (CCS). Additionally, there are CCU technologies that make use of CO2 as a raw material to produce valuable fuels and chemicals, such as synthetic natural gas (SNG). Among these CCU technologies, power-to-liquids (PTL) and power-to-gas (PTG) processes are highlighted as capable methods to help reduce CO2 emissions and achieve carbon neutrality, ultimately fighting against global warming. (Ruxing Gao, 2022)


Green Hydrogen Production

Power-to-liquids (PTL) and Power-to-gas (PTG) process intentions are to transform and store the surplus and intermittent renewable energies into steady chemical energies by either a CO2 capture section, which separates CO2 from the exhaust gas of industrial plants such as the steel, cement and power plants via chemical and, or physical absorption techniques, membrane separation and pressure swing adsorption processes (Ruxing Gao, 2022). Or  Via a H2 generation section, which produces H2 via water electrolysis technologies using renewable energy (e.g., wind and solar energy) (Alliche M, 2021)
 Based on previous literature (Zhang C, 2019) (Ruxing Gao, 2021) it is observed that H2 production is a key step, which has substantial impacts on both the technical and economic performances of PTL and PTG processes. 
There are several H2 production types, one being water electrolysis, electrolysis is seen to be a good fit for green hydrogen production via electricity from solar, wind or marine energies Figure 4. compared with steam methane reforming or coal gasification (Nana Yaw Amponsah, 2014).
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[bookmark: _Toc130129820][bookmark: _Toc130137116][bookmark: _Toc130652796] Figure 4. Power-to-Gas process chain. (Manuel Gotz, 2016)

Additionally, water electrolysis can be favourable in transforming sporadic and unstable renewable energy sources into steady hydrogen energy production (Power to Gas, PTG) , expanding grid steadiness (Blanco H, 2018).
Water Electrolysis can be categorised as alkaline electrolysis (AEL or sometimes referred to as alkaline water electrolysis AWE), anion exchange membrane electrolysis (AEM), proton exchange membrane electrolysis (PEM) and solid oxide electrolysis (SOEC). 

Where the AEL system uses alkaline electrolyte solutions with hydroxide passing through a diaphragm, AEL is the most established process of electrolysis and has been used commercially for numerous years, (Manuel Gotz, 2016) efficiency ranging from 51 to 60% on the source of lower heating value (LHV) (Buttler A, 2018)

[bookmark: _Hlk123569845]AEM Electrolysis is an improved AEL technology (Immanuel Vincent, 2017), which uses a polymeric anion exchange membrane to move hydroxide in alkaline electrolysis solutions. AEM efficiency is 63–78% (LHV basis) (Buttler A, 2018), which is greater than that of AEL system by 12–18%.
The PEM system uses an acidic electrolyte solution, with the use of polymer membranes to transfer protons, small scale uses with a system efficiency of 53–65% (LHV basis) (Buttler A, 2018)
Alternatively, the SOEC systems use metal oxides as electrolytes with high conductivity for oxygen ions at high temperatures. SOEC system efficiency of 76–81% (LHV basis) (Ruxing Gao, 2022)

These efficiencies highlighted can be misleading as the SOEC is generally more efficient due to the electrolysis cell energy usage (Stack Efficiency) as below in efficiency example Figure 5. (Ruxing Gao, 2022)
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[bookmark: _Toc130129821][bookmark: _Toc130137117][bookmark: _Toc130652797]Figure 5. Exergy destruction distribution. (Ruxing Gao, 2022)

Furthermore, the SOEC system currently requires a high temperature preheating system fuelled by Nat Gas to enable superheated steam to be produced to facilitate the Hydrogen production, this in turn generates a large quantity of CO2 emissions therefore SOEC is one of the less carbon efficient ways for H2 production out of the 4 technologies. Figure 6 below highlights the operating conditions required.
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Hydrogen storage in conventional steel storage vessels has been the industry standard due to its high durability and low cost (Kumar, 2019). However, the use of composite material storage vessels for hydrogen storage is gaining traction due to several advantages. Composite materials have higher specific strength and stiffness, making them lighter and able to store more hydrogen at higher pressures. This translates into improved fuel efficiency and longer driving range for fuel cell vehicles (Yoshida, 2018).
Moreover, composite materials are not susceptible to corrosion and have better resistance to material fatigue compared to steel (Xie, 2020).  Material fatigue can lead to hydrogen embrittlement, which can compromise the integrity of steel storage vessels over time. Composite material storage vessels are also more flexible and less brittle, making them more resistant to cracking and other types of damage (Hegger, 2019).
Despite these advantages, there are also some challenges associated with the use of composite material storage vessels for hydrogen storage. One major concern is the potential for hydrogen embrittlement of the composite materials, which can reduce their long-term durability. In addition, composite materials can be more expensive to produce compared to steel (Hegger, 2019).
Several studies have investigated the performance of composite material storage vessels for hydrogen storage. According to a study by Yoshida et al. (2018), composite material storage vessels exhibited lower fatigue damage compared to steel storage vessels. Another study by Ahmed et al. (Ahmed, 2019) reported that composite material storage vessels had higher burst pressures and lower weight compared to steel storage vessels.
Green hydrogen, produced by the electrolysis of water using renewable energy sources such as wind and solar power, is increasingly being seen as a key component of the transition to a low-carbon economy (Ogden, 2019). However, one of the challenges of using green hydrogen is that it needs to be stored safely and efficiently. Composite material storage vessels are one possible solution to this challenge (European Commission Joint Research Centre., 2019).
Composite material storage vessels have a number of benefits for storing green hydrogen. One of the most important is their high strength-to-weight ratio. This means that they can store large amounts of hydrogen at high pressures (up to 700 bar) without becoming too heavy to transport or handle safely (Bhattacharya, 2021). In addition, composite material storage vessels are resistant to corrosion, which is important for storing hydrogen, as it can cause materials to become brittle and crack (Ogden, 2019).
Another benefit of composite material storage vessels is their durability. They can withstand extreme temperatures, and they are resistant to impacts and other types of mechanical stress. This makes them a good choice for use in a wide range of environments, including offshore installations and transportation applications (Composites, 2021).
One of the main negatives of composite material storage vessels for green hydrogen storage is their cost. They are typically more expensive than metal storage vessels, which can make them less attractive to some users (Bhattacharya, 2021). In addition, composite material storage vessels can be more difficult to manufacture and repair than metal vessels, which can add to their cost over the long term (European Commission Joint Research Centre., 2019).

Another potential negative of composite material storage vessels is their susceptibility to damage from UV radiation. This can cause the composite material to degrade over time, which can affect the vessel's ability to store hydrogen safely. However, this can be mitigated by using appropriate coatings and other protective measures (Wright, 2020).
In conclusion, composite material storage vessels are a promising solution for storing green hydrogen at high pressures. They have a number of benefits, including their high strength-to-weight ratio, resistance to corrosion, and durability. However, they do have some drawbacks, including their cost and potential susceptibility to damage from UV radiation.
To address concerns related to hydrogen embrittlement and cost, further research and development is needed. Ongoing studies have investigated the performance of composite material storage vessels for hydrogen storage. For instance, a study by H. Yoshida et al. published in the International Journal of Hydrogen Energy found that composite material storage vessels exhibited lower fatigue damage compared to steel storage vessels. Another study by S. Ahmed et al. published in the Journal of Composites Science and Technology reported that composite material storage vessels had higher burst pressures and lower weight compared to steel storage vessels (Ahmed, 2020)
Despite the challenges, composite material storage vessels represent a good option for green hydrogen storage, particularly in applications where weight and durability are important considerations. As the demand for green hydrogen continues to grow, the development of composite material storage vessels will play an important role in enabling the widespread adoption of this clean energy source.

[bookmark: _Toc130736546]Digital Twin

The digital twin of a green hydrogen electrolysis facility is a virtual replica of the physical plant, which is built using advanced digital technologies such as artificial intelligence, machine learning, and simulation. The digital twin provides a real-time, comprehensive view of the facility's performance, enabling operators to optimize and control the process variables, and quickly identify any issues that may arise (Scholten, 2021)
The benefits of using a digital twin in a green hydrogen electrolysis facility are numerous. For instance, it can improve the efficiency of the plant, reduce energy consumption, increase the lifespan of the equipment, and enhance safety by predicting and mitigating potential hazards. Additionally, the digital twin can facilitate remote monitoring and control, reducing the need for on-site personnel, and providing greater flexibility in the operation of the facility. (Liu, 2021) Furthermore, the digital twin can also help in the development of new, innovative solutions for the production of green hydrogen by providing a testing ground for new process designs, materials, and technologies. This can ultimately lead to a more cost-effective and sustainable production of green hydrogen, which can help to accelerate the transition to a low-carbon economy.








[bookmark: _Toc130736547]Literature Review Conclusion

In conclusion, the literature review highlights the importance of reducing CO2 emissions and mitigating climate change by utilizing carbon capture and utilization technologies, such as power-to-liquids (PTL) and power-to-gas (PTG), which can transform surplus and intermittent renewable energies into steady chemical energies through water electrolysis. The use of composite material storage vessels for green hydrogen storage shows promise, but further evaluation is needed for large-scale commercial use.

Among the available electrolysis technologies, anion exchange membrane (AEM) and proton exchange membrane (PEM) systems are particularly advantageous due to their ability to produce high-pressure hydrogen, while the solid oxide electrolysis (SOEC) system is not considered a green technology. Comprehensive comparisons of various electrolysis technologies and storage solutions are necessary to determine the most suitable technology for green hydrogen production and storage.

The implementation of a digital twin in a green hydrogen electrolysis facility is a promising technology that can provide several benefits, including improved efficiency, safety, and sustainability. However, its implementation requires careful consideration of its benefits and challenges, and ongoing maintenance to ensure its continued performance. The use of advanced digital technologies, such as artificial intelligence, machine learning, and simulation, can provide a real-time view of the facility's performance, enabling operators to optimize and control process variables and identify issues quickly. The digital twin can also facilitate remote monitoring and control, leading to greater flexibility in the operation of the facility, reducing the need for on-site personnel, and ultimately lowering costs. Additionally, the digital twin can serve as a testing ground for new process designs, materials, and technologies, leading to a more cost-effective and sustainable production of green hydrogen, which is essential for accelerating the transition to a low-carbon economy.

In summary, the review highlights the potential of carbon capture and utilization technologies, water electrolysis, composite material storage vessels, and digital twin technology to reduce CO2 emissions, mitigate climate change, and accelerate the transition to a low-carbon economy. However, further evaluation, optimization, and implementation of these technologies are needed for their full potential to be realized.
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Both the anion exchange membrane (AEM) and proton exchange membrane (PEM) electrolysis technologies are suitable for larger scale electrolysis plants, but the most suitable technology will depend on the specific goals and constraints of the plant. Here are some potential factors for us to consider when deciding between AEM and PEM electrolysis for a large scale plant:
Efficiency: Both AEM and PEM electrolysis technologies have relatively high efficiencies compared to other electrolysis technologies. AEM electrolysis has an efficiency range of 63-78% on a lower heating value (LHV) basis, while PEM electrolysis has an efficiency range of 53-65% on an LHV basis. However, it is important to critically evaluate the efficiency claims of these technologies, as they may not take into account all relevant factors or be based on idealized conditions.
Cost: The cost of AEM and PEM electrolysis can vary depending on factors such as the size of the plant, the source of electricity, and the cost of materials. In general, PEM electrolysis may be less expensive to build and operate than AEM electrolysis due to its simpler design and lower operating temperatures. However, the long-term cost-effectiveness of these technologies will depend on factors such as their efficiency, durability, and maintenance requirements which are yet to be established.
Hydrogen pressure: AEM and PEM electrolysis technologies can both produce high-pressure hydrogen, which is beneficial for storage and transportation.
Hydrogen production rate: AEM and PEM electrolysis technologies can both produce hydrogen at a high rate, but the specific production rate will depend on factors such as the size of the plant, the source of electricity, and the efficiency of the electrolysis process. It may be possible to optimize the production rate of either technology by carefully designing the plant and operating conditions.

[bookmark: _Toc130736549]PIONEER Project

My current role within Protium is to develop and commission the Pioneer project, which involves the deployment of a 100kw AEM electrolysis system in South Wales for the production of hydrogen. As part of its digital strategy, current plans are underway to build a digital twin of the Pioneer system to increase efficiency, optimize operations, improve asset management, enhance productivity and safety, and in turn reduce costs. 
The Pioneer project involves the use of 40 Enapter EL 2.1 units to generate approximately 45 kg/day of electrolytic hydrogen at a pressure of up to 450 bar Figure xxx.  In the initial phase, a low-pressure buffer storage will consist of four manifolded manifold cylinder pallets (MCP’s) with a total capacity of 3,200 litres. The hydrogen will be produced from grid power, with the potential to integrate solar power in the future to generate green hydrogen. The electrolysis system consists of an electrolysis container with 40 Enapter 2.1 LC electrolysis units and eight Enapter 2.1 dryer modules. Each 2.4 kW AEM module produces around 1 kg/day of hydrogen at a pressure of 35 bar. The system also includes a reverse osmosis system for water filtration and deionization, and a packaged chiller for cooling. The system can be connected to buffer storage through an externally mounted manifold panel and uses a reciprocating compressor to compress hydrogen into the storage system at a maximum rate of 2 kg/hr. The system is operated and monitored through an app and includes safety features such as safety valves and ATEX-rated fans.
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[bookmark: _Toc130129823][bookmark: _Toc130137119][bookmark: _Toc130652799]Figure 7. Pioneer Project
The main goal of the Digital Twin development project for Protium's Pioneer system is to increase the overall system efficiency, I am currently working with Siemens to generate the optimization operations model, this will improve the asset management, the systems productivity, and safety, helping to achieve cost savings. This will be done through the construction of a model of the key process unit operations Fig 7. including the electrolyser package (100 kW), hydrogen buffer storage (35 bar), hydrogen compressor (35-450 bar), and valves. The constructed model will enable me to optimize the system for minimal start/stop cycles, minimal energy costs, optimization of production schedules, optimal electrolyser running profile, and maximization of overall system efficiency. The model will also allow me to optimize the filling time for the hydrogen buffer storage, the correct sensors will be identified and installed to provide real-time operational data. The model can be validated and integrated with this data, and I can create a customized dashboard through the Aveva digital twin software to monitor the various system parameters, including current hydrogen production, energy and water usage, system efficiency, CO2 emissions, and more. Predictive maintenance alerts and forecasting of future unit outputs will also be included. This data will allow me to forecast efficiency of future small and large-scale facilities.
A demonstration of the digital twins effectiveness to increase efficiency of the plant and its optimisation and flexibility has been produced Figure 8. and Figure 9. for comparison below.
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[bookmark: _Toc130129824][bookmark: _Toc130137120][bookmark: _Toc130652800]Figure 8. System Optimisation with Full-Stack shut down.

This Level of load flexibility Fig 8. takes maximum advantage of production at low electricity prices but requires significant start up and shut down of stacks.
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[bookmark: _Toc130129825][bookmark: _Toc130137121][bookmark: _Toc130652801]Figure 9. Optimisation with Semi-Stack shut down.
This scenario Fig 9.  achieves lower system load by keeping some stacks off for the whole day, which has less flexibility to take advantage of electricity pricing but avoids total shut down of system.

The optimisation approach can be configured by user inputs of hourly electricity price profiles and daily Hydrogen demand which can be optimised by the systems Load profile over time and the number of stacks to be shut down at each time interval (which has a cost implication).
Cost of system can then be calculated by
Cost of running the system (power consumption x electricity price) + cost penalty for shutting down stacks








[bookmark: _Toc130736550]HEART Project

Another Project I am working on with Protium is also underway, I am considering using either a proton exchange membrane (PEM) or an alkaline electrolyser for the Hydrogen electric and automated regional transportation project (HEART project) in South Wales. The decision will be based on the efficiency, maintenance, and digital twin data analysis of the Pioneer project, for which a digital twin will also be created to study efficiency of the HEART project. One option is the HyProvide A-Series hydrogen production system that uses alkaline electrolysis technology. It is available in modular configurations for efficient, versatile, and scalable operation and is designed to handle input fluctuations from renewable energy sources. The system is known for its high output, low power consumption, and pure and dry hydrogen supplied at 28 bar. The technology behind the HyProvide A-Series is based on a decade of research and development and has proven to be cost-competitive. It can be used for standalone operation or clustered for larger volumes of green hydrogen production at a multi-MW scale. The efficiency of the HyProvide A-Series varies based on factors such as temperature and load. The table below in Figure 10. shows the beginning of life efficiencies at different load levels for the cell stack and stack power supply (Green Hydrogen Systems, 2023).
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[bookmark: _Toc130129826][bookmark: _Toc130137122][bookmark: _Toc130652802]Figure 10. The efficiency of the HyProvide A-Series 
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By Using the Digital Twin on both the Pioneer Project and the HEART Project I can fully understand the efficiencies of both technologies, even though the Pioneer will be a 100KW system and HEART will be between 1 and 1.5MW the data I receive will be far greater than the knowledge I currently have on how to optimise the units.
Whilst the systems are up and running, operating and maintenance procedures will be put in place and I will be able to log the details of maintenance on the Protium data base, this will enable me to calculate mean time between failures and the data can be analysed and system upgrades can be used to benefit efficiency of plant for the life cycle of all components.
Increasing life cycle will also benefit the efficiency and costs of the plant.

In terms of the overall life cycle of the plant and Hydrogen storage, composite materials may offer some advantages over steel. Composite materials are lighter than steel, which can reduce transportation costs and make installation easier. In addition, composite materials have a longer service life than steel, which can reduce replacement costs and increase the overall efficiency of the plant. However, the long-term durability of composite materials for hydrogen storage is still an area of active research, and further studies are needed to fully evaluate their performance over the long term.
Overall, the choice between steel vessel storage and composite materials for hydrogen storage will depend on a range of factors, including initial cost, efficiency, and the overall life cycle of the plant. While steel vessel storage is generally less expensive, composite materials offer several advantages in terms of efficiency and durability that may make them a more attractive choice for some applications. Ultimately, the choice will depend on the specific needs and requirements of each individual plant.














[bookmark: _Toc130736552]Evaluation

The efficiency range for AEM and PEM electrolysis technologies is provided, but more information on the conditions under which these efficiencies were determined is necessary to better understand their real-world performance. Additionally, there is no further information on how the costs of AEM and PEM electrolysis were calculated or what factors were taken into account. A more detailed analysis of the costs associated with these technologies, including the costs of materials, construction, and operation, would be helpful.
The potential for integrating solar power into the system to generate green hydrogen is mentioned, but further details on how this would be accomplished and what the expected benefits would be are needed. The Digital Twin development project aims to optimize various aspects of the system's operation to increase its overall efficiency. While the project's goals are clear, more information on the specific improvements that are expected and how they will be achieved would be beneficial.
The Digital Twin will rely on real-time operational data and sensors to function properly. However, it is unclear which sensors will be used and how the data collected from these sensors will be validated. Additional information on these aspects of the project would be useful.
The Digital Twin will optimize various process unit operations, such as the electrolyser package, hydrogen buffer storage, hydrogen compressor, and valves, to increase the system's overall efficiency. This could involve minimizing start/stop cycles, minimizing energy costs, optimizing production schedules, optimizing the electrolyser running profile, and reducing losses.
The Digital Twin will also optimize MCP filling time by adjusting process temperatures, pressures, and flow.
The integration of real-time operational data with the model will allow for data validation and tuning to improve accuracy. This could involve identifying and installing sensors and monitoring equipment, managing internal and external data exchange, and validating data.
The Digital Twin will monitor various system parameters, including current hydrogen production, energy and water usage, system efficiency, membrane degradation, CO2 emissions, and hydrogen production costs, through a custom dashboard. The dashboard can also provide alerts when parameters are outside specified ranges. Predictive maintenance will be possible with the Digital Twin, as it can indicate when parts such as membranes and compressors will need to be replaced based on data, the Digital Twin will allow for forecasting of future unit outputs based on forecasted data and can provide recommendations for operation strategy based on electricity price variations.
While steel vessel storage is generally less expensive, composite materials offer several advantages in terms of efficiency and durability that may make them a more attractive choice for some applications. Composite materials are lighter than steel, which can reduce transportation costs and make installation easier. In addition, composite materials have a longer service life than steel, which can reduce replacement costs and increase the overall efficiency of the plant. However, it should be noted that the long-term durability of composite materials for hydrogen storage is still an area of active research, and further studies are needed to fully evaluate their performance over the long term. Ultimately, the choice between steel vessel storage and composite materials for hydrogen storage will depend on a range of factors, including initial cost, efficiency, and the overall life cycle of the plant, and should be made based on the specific needs and requirements of each individual plant.

[image: Timeline

Description automatically generated]  
[bookmark: _Toc130137123][bookmark: _Toc130652803] Figure 11. Gantt chart
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Appendix 1. Digital Twin Scope of Work
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1. INTRODUCTION 
Protium is developing the project Pioneer which is its first UK electrolyser deployment in South Wales to generate electrolytic hydrogen. As part of its Digital Strategy to accelerate the net zero transition leveraging the power of digital tools, Protium aims to build a Digital Twin of the project Pioneer system that is able to increase the overall system efficiency, allows operational optimisation, improve asset management, productivity and safety, and deliver cost savings. 
This document provides an overview of the system to be deployed and describes the requirements and scope of work for the Digital Twin development. 
2. PIONEER PROJECT OVERVIEW 
2.1. Background 
The Pioneer project is the deployment of an electrolyser, circa 100 kW, comprising 40 Enapter EL 2.1 units, and will be used to generate up to ~45 kg/d of electrolytic hydrogen at up to 450 barg. For the initial phase of the project, the Low Pressure (LP) buffer storage will comprise of 4x manifolded Manifold Cylinder Pallets (MCPs) totalling 3,200L of storage, with the potential to be switched out to a dedicated LP storage tank in the future. 
For this project, the hydrogen will be produced by electrolysis from grid power, with future potential to integrate solar power into the system to generate green hydrogen. 
2.2. System Description 
The Electrolyser Container is designed to generate high-purity hydrogen gas from deionised water. It houses a total of 40 Enapter 2.1 LC electrolysers and 8 Enapter 2.1 Dryer modules. Each of the 2.4kW AEM modules produces hydrogen at a rate of ~1kg H2 per module per day (500 Normal Litres/hour) at a pressure of 35 bar. 
Mains water is provided via a hose connection on the back wall of the container and stored in a 100L break tank. From here the mains water is filtered through a reverse osmosis (RO) system and deionised, and the deionised water is stored in a second break tank which feeds the electrolysers. 
Within each rack, the hydrogen outlet line from each electrolyser feeds into a common outlet line which transports hydrogen via a single inlet into the dryer, which removes residual moisture from the hydrogen gas stream. The hydrogen outlet line from each dryer then feed a common dried hydrogen line, which is routed out of the container for external use. Each electrolyser also has a purge line, which vents hydrogen at various points in the production cycle. 
The electrolysers also produce a humid oxygen stream, which is vented to high level. Three ATEX rated fans provide high dilution to prevent high concentrations of hydrogen in the event of a leak. 
Each individual electrolyser is also provided with coolant to maintain optimum operating temperature. The coolant is fed via a packaged chiller which is located outside of the container. 
Each module has a safety valve installed which will activate at a pressure of 40 bar in the event of an overpressure and are vented externally via one of the 2 vent lines. 
The system is designed to be connected to buffer storage via an externally mounted manifold panel, from where it can be used as required. The LP storage comprises 4 sets of MCPs, each containing 16x 50L cylinders. 
Hydrogen is directly compressed through a reciprocating compressor into the storage system, which has a maximum fill rate of 2kg/hr. The compressor switches on when the inlet pressure drops below 30 barg and switches off when the outlet pressure reaches 380 barg. Since the compressor is air-driven, there is an option to control turndown via the air flow. More detailed information on the compressor control scheme is not yet available. PAGE 5 OF 7 

2.3. How the Electrolyser container works 
Prior to use, the electrolysers must be filled with 3.6L of 1% KOH solution provided by Enapter. The electrolyser modules and the dryer(s) may be switched on via the power switch on the units, or via the app. Once powered on, the electrolyser modules begin a warm-up cycle to increase the electrolyte temperature to 20°C. Next, the process pump will begin to cycle electrolyte through the modules. 
Each electrolyser goes through a warm up stage when started. Once the electrolyte temperature reaches 20°C, it begins generating hydrogen. The pressure at the electrolyser hydrogen output increases to 5 bar and then purges. This process happens twice and the hydrogen is purged to atmosphere. The electrolysers will then start producing hydrogen until the output pressure reaches 35 bar, allowing flow through the dryer. This reduces the water content in the hydrogen stream, increasing its purity. The dryer outlet also opens and hydrogen flows into the common, dried hydrogen outlet line where it can be accessed from the external container manifold. 
When the electrolyser container outlet pressure reaches 35 bar, the electrolysers will cease hydrogen production and automatically go into standby mode. When the pressure at the outlet of the dryer module decreases to 30 bar, the hydrogen generation process restarts. 
If a storage tank is not connected to the outlet, then the electrolysers will simply generate hydrogen until they have pressurised the outlet line to 35 bar and then go to standby. 


	2.4. Technical Information Parameter 
	Value 
	Unit 
	Notes 

	Operating Temperature (Ambient) 
	1 to 50 
	°C 
	1 

	Operating Pressure (PN) 
	35 
	bar 
	- 

	Max. Allowable P (PS) 
	41 
	bar 
	- 

	Max Hydrogen Production Rate 
	500 
	NL/hr 
	- 

	Max Water Consumption 
	16 
	L/hr 
	- 

	Electrical Connection 
	415 
50 
200 
	VAC 
Hz 
A 
	- 

	Ingress Protection 
	IP 20 
	- 

	Hydrogen Wetted Components 
	316 Stainless Steel 
	- 

	Safety Devices 
	PRV 41 
	bar 
	- 
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