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Abstract

:

The geological storage of hydrogen is a seasonal energy storage solution, and the storage capacity of saline aquifers is most appropriately defined by quantifying the amount of hydrogen that can be injected and reproduced over a relevant time period. Cushion gas, stored in the reservoir to support the production of the working gas, is a CAPEX, which should be reduced to decrease implementation cost for gas storage. The cushion gas to working gas ratio provides a sufficiently accurate reflection of the storage efficiency, with higher ratios equating to larger initial investments. This paper investigates how technical measures, such as well configurations and adjustments to the operational size and schedule, can reduce this ratio, and the outcomes can inform optimisation strategies for hydrogen storage operations. Using a simplified open saline aquifer reservoir model, hydrogen storage is simulated with a single injection and production well. The results show that the injection process is more sensitive to technical measures than the production process; a shorter perforation and a smaller well diameter increases the required cushion gas for the injection process but has little impact on the production. If the storage operation capacity is expanded, and the working gas volume increased, the required cushion gas to working gas ratio increases for injection, reducing the efficiency of the injection process. When the reservoir pressure has more time to equilibrate, less cushion gas is required. It is shown that cushion gas plays an important role in storage operations and that the tested optimisation strategies impart only minor effects on the production process, however, there is significant need for careful optimisation of the injection process. It is suggested that the recoverable part of the cushion gas could be seen as a strategic gas reserve, which can be produced during an energy crisis. In this scenario, the recoverable cushion gas could be owned by the state, and the upfront costs for gas storage to the operator would be reduced, making the implementation of more gas storage and the onset of hydrogen storage more attractive to investors.
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1. Introduction


Stored hydrogen energy can alleviate key drawbacks associated with renewable energy generation, such as intermittency and seasonal and geographical constraints [1,2,3]. Renewable energy generation is reliant on seasonally fluctuating atmospheric events and is, therefore, often unable to match energy demand patterns. Green hydrogen storage—the storage of renewable energy converted to hydrogen during times of excess energy production and its reproduction and usage during periods of high-energy demand—could improve renewable energy efficiency. Additionally, hydrogen storage can increase energy security and decrease reliance on costly gas imports. Natural gas storage, the storage of gas that can be added to the market during times of low supply and soaring prices, has been used to support energy security for decades. The storage of green hydrogen, especially when produced from domestic, otherwise curtailed wind energy, would reduce the reliance on exports further, and at the same time decarbonise the carbon-based energy storage system for a net-zero future.



In cyclic gas storage, the working gas (WG) is the part of the gas that is injected and withdrawn during the commercial gas storage operation, while the cushion gas (CG) remains in the storage site to maintain efficient and desired production levels and reduce water inflow. An assessment of CG requirements, and the potential to reduce the necessary volume, while maintaining production rates (optimisation), is of interest, as CG is a significant upfront CAPEX investment. Additionally, CG is directly related to dynamic storage capacity in that the lower the required CG/WG ratio is, the higher the WG capacity of the site is.



The assessment of storage capacity in hydrogen storage, and in fact in all gas storage strategies, is an important exercise for industry and investors. Previous work on CO2 storage introduced the storage pyramid, to distinguish between theoretical, effective, practical and matched capacity e.g., [4,5]. This stepwise methodology, depending on the state of research and knowledge, is transferable, especially when it comes to the two fundamental differences in capacity estimation: static and dynamic capacity. In cyclic gas storage, such as for hydrogen and natural gas, the difference between static and dynamic capacity is highly important. Compared to permanent CO2 storage, in cyclic gas storage the WG must be injected and produced over a few months – a very different scenario compared to CO2 storage. As an example, the hydrogen storage capacity of depleted gas fields is often calculated based on a substitution of the original gas in place with hydrogen [6,7]. However, the original gas in place has been produced often over decades, while the window for production in cyclic gas storage is just several months. Additionally, very high production rates are often achieved during the early stages of the gas field operation, when the ratio of produced gas (working gas) is small compared to the cushion gas volume. As a consequence, dynamic gas storage capacities require extensive optimisation strategies to achieve dynamic storage capacities comparable to static capacities.



There have been several scientific publications on the role of cushion gas in hydrogen storage recently, including work on alternative cushion gas, such as nitrogen, methane and CO2, in depleted oil reservoir stores [8]. More detailed work on the mixing of hydrogen and alternative cushion gases in hydrogen storage was published by Wang, where he analysed the recovery performance during hydrogen storage [9]. A recent study presented an open-source tool for the calculation of cushion gas to working gas ratios for hydrogen storage scenarios utilizing the well inflow performance equation [10]. They conclude that the performance of the hydrogen storage operation can change significantly by adjusting the number of wells and the well properties, and, hence, discuss the concept of technical optimization in hydrogen storage using a very different approach compared to this work.



Heinemann et al. published a study on how to calculate dynamic hydrogen storage capacity based on cushion gas in an open saline aquifer [11]. The main conclusion is that geological parameters, such as reservoir properties and depths, have an important impact on cushion gas requirements and, hence, that dynamic capacities and cushion gas volumes are higher, and, as such, costs vary depending on the geological environment. In this study, the impact of technical aspects on cushion gas requirements to optimise capacity is investigated in order to assess whether different operational setups can reduce cost and increase storage efficiency. The methodology introduced by [11] is applied in this study. Five technical specifications, which can be adjusted by engineers, are introduced as variables: perforation length, well diameter, working gas volume, rest time after cushion gas injection and working gas injection and production time. It is important to highlight that the presented study is linked to a specific demand scenario and investigated how much cushion gas would be required to inject and produce this set amount of hydrogen during a pre-defined time. As an example, it is obvious that a bigger well can produce more gas during a certain time interval, but will the associated cushion gas requirement be reduced, to produce with the same rate with this well size? Hence, the study compares the cushion gas requirement depending on the technical specification, and if the cushion gas requirement is lower, a larger dynamic capacity is expected.



Hydrogen storage that supplies sustainable energy in the GWh- or TWh-range over months requires subsurface storage in subsurface formations, such as depleted hydrocarbon reservoirs, saline aquifers and salt caverns [12,13]. Considering the scale of decarbonisation required across the entire energy sector, large-scale storage in depleted gas fields and saline aquifers is considered a promising strategy. A thorough introduction to hydrogen storage in open saline aquifers is provided by [11]; therefore, only a summary will be presented here:




	
Open saline aquifers are mostly hydrostatically pressured; as such, injecting in an open system leads to a pressure build-up. This can initially restrict injection rates, but will equilibrate with time, depending on how well the aquifer is hydraulically connected to the regional geology. When gas is injected into a saline aquifer, two-phase flow of hydrogen and brine can be expected.



	
Open saline aquifers are often poorly characterised because their exploration has, so far, been of little commercial value. However, the low well density reduces the risk of leakage via abandoned wells, which is considered to be a major threat to gas storage containment [14].



	
Saline aquifers are geologically connected to sedimentary basins, which occur worldwide. The size of individual anticlines, potential storage targets, can also be significant, such as the Bunter Sandstone dome structures in the Southern North Sea [15].



	
Saline aquifer storage sites (in comparison to depleted gas fields) will most likely require infrastructure investment. The cost of expensive infrastructure required for the storage operation could be significantly reduced by storage in sites close to already existing infrastructure; however, legacy infrastructure would require certification to be hydrogen compatible.



	
Hydrogen injection into subsurface porous media could stimulate the activity of microbes potentially causing well corrosion, hydrogen loss, the co-production of contaminating gases and clogging of pore space [16,17].








The commercial reservoir simulator GEM [18] was used for this study, and only the first storage cycle was simulated. The homogenous reservoir model is not representative of any ‘real-world’ storage sites, but rather represents their basic properties; hence, it is the trends, rather than the absolute results, which are of value to the development and optimisation of subsurface hydrogen storage projects.




2. Methodology


Heinemann et al. provides a detailed introduction of the storage demand scenario, the reservoir model and the modelled operation used in this study; therefore, only a summary is presented here [11]:



2.1. Hydrogen Storage Demand Scenario


Mouli-Castillo et al. [7] calculated a hydrogen energy demand of 6.5 TWh for the decarbonisation of domestic heating in East Anglia (UK). This study aims to inject and reproduce 25% of this annual hydrogen demand (1.625 TWh) in a saline aquifer anticline using one well as injector and producer. A higher heating value of 39.4 kWh/kg is used for the energy to mass conversion.




2.2. Reservoir Model


A 3D anticline reservoir model with a top depth of 1500 m, and a height difference between crest and base of 250 m (corresponding to a 10° dip angle), was created using Petrel (Schlumberger). The reservoir model has a radius of 2000 m, and the upper and lower boundaries do not allow flow across them. The model consists of 121,680 cells (50 × 50 m in the horizontal and 5 m in the vertical direction), and the central region of the grid is refined (25 × 25 × 2.5). Basic reservoir data are taken from [19,20], collated in [15]. The maximum allowable injection pressure is 90% of the calculated fracture pressure. The salinity of the brine represents an average of the East Irish Sea as well as the North Sea, compiled by [21] and the Oil and Gas Authority website (https://www.ogauthority.co.uk/data-centre/ (accessed in 2 March 2021)). Two-phase flow data from [22] is used, and capillary pressure is ignored in this study. A Fetkovitch analytical aquifer is used to model a virtually open system with a radius of 100 km [23]. Please see Table 1 for more information; the aquifer has the same properties as the reservoir model.



The dissolution of hydrogen in brine, as well as diffusion, is neglected because it is considered low and not of importance [24,25]. The Soave–Redlich–Kwong equation of state is utilised to model hydrogen properties. Common viscosity calculations [26,27] are used; see [11] for more detailed uncertainties.



Hydrogen injection and production is operated through a single well in the centre of the crest of the anticline and is controlled using a generalized Peaceman well model [28,29]. The pressure loss between the reservoir and the surface is calculated using a modification of a mechanistic wellbore model [30]. For the base case model, the perforation of the vertical well is connected to the upper 25 m of the reservoir, with a skin factor of zero and a well diameter of 4.5 inches.




2.3. Scenario Schedule


If the bottom-hole pressure (BHP) of the well during the CG and WG injection exceeds 90% of the calculated fracture pressure, the injection rate must be reduced in order to continue injecting. Additionally, in order to prevent water breakthrough, if the first cell underneath the perforation detects a water saturation at least 30%, production stops automatically. A minimum well-head pressure (WHP) for the production of hydrogen of 5 MPa is determined, based on current requirements for natural gas transmission in the UK [25,31]. Hence, if the wellhead pressure drops below 5 MPa, the production is reduced to allow the pressure to increase again.



The simulation schedule is similar to the previously published study [11]:




	
CG is injected during the first year and is controlled by a maximum allowed BHP, and, hence, the amount of CG injected depends on the duration of CG injection. The maximum CG injection time is one year.



	
The second year of operation starts with a rest phase of five months (January–May) for the CG injection pressure to equilibrate.



	
After the rest phase, the three-month WG injection period (June–August) commences and is succeeded by a rest phase of three months (September–November).



	
WG production starts at the beginning of December and lasts for 91 days, until the beginning of March.








As in [11], the target WG injection and production rate for the scenario is 1.625 TWh, or 41,244 tons, of hydrogen over a three-month (91 days) injection and production cycle, if not otherwise specified in the sensitivity tests. The targeted injection and production rate is capped at 453 tons per day, and a successful operation injects and produces the 453 tons of hydrogen per day for 91 days. The accuracy of the CG/WG ratios, reported via multiple scenarios runs, is +/−0.02 at ratios of interest.




2.4. The Base Case


Heinemann et al. describe the base case hydrogen injection and production process in detail, only the highlights will be repeated in this study [11]. During CG injection, the BHP rises to its maximum value immediately, and the injection rate is relatively low and increases only slowly. The reservoir pressure equilibrates after the CG injection ceases and the further expansion of the hydrogen plume leads to continued brine displacement. Upon commencement of the WG injection period, the BHP increases again, but, in contrast to the CG injection, the increase is slower. As the WG is injected, some brine is displaced; however, space in the reservoir is also accommodated by CG compression. The more CG was injected, the more space for WG is created by CG compression, and, hence, the slower the pressure increases, increasing WG injection efficiency. If insufficient CG is present, the BHP reaches the maximum allowable BHP during WG injection, and the injection rate is reduced; hence, the full 1.625 TWh of WG cannot be injected (Figure 1, CG/WG < 1.27).



After the rest period, the production cycle commences, and, therefore, the reservoir pressure, as well as the BHP and the WHP, drop. If the WHP drops below 5 MPa, production rate is restricted by the model, and the target 1.625 TWh of hydrogen cannot be produced (Figure 1, CG/WG < 0.44). The base case shows that, for most cases, under the study conditions, the production process requires less CG to be successful compared with the injection process.




2.5. Technical Optimisation Tests


This study highlights the effect of technical specifications as attempts to decrease the CG/WG ratio for hydrogen storage in open saline aquifers. The five tests are (Table 2):



	(1)

	
The perforation length: The perforation length determines how deep the open well penetrates the reservoir from the roof of the reservoir. The base case has a perforation of 25 m, and the sensitivity tests investigate a length between 15 m and 35 m.




	(2)

	
The well diameter: The well diameter determines the size of the injection and production well and, hence, how much fluid can travel through the well for a fixed pressure gradient. The base case well had a diameter of 4.5″, and the sensitivity tests investigate a well diameter between 2.925″ and 8.378″.




	(3)

	
WG target: This simulation tests if a change in the WG target will change the CG/WG ratio, essentially evaluating whether smaller or bigger scenarios are preferable in terms of CG requirements. The base case WG target was 1.625 TWh worth of hydrogen, and the sensitivity tests investigate WG targets between 1.525 TWh and 1.725 TWh.




	(4)

	
Rest time after CG injection: The rest time is the time the reservoir is given to equilibrate after the CG injection. For the base case, the rest time is at least 5 months, following a CG injection period lasting the entire first year. The rest time is longer than 5 months for scenarios with shorter CG injection periods. The sensitivity tests investigate a rest time of at least 3 to 7 months.




	(5)

	
WG inj/prod duration (Figure 2): The base case injects and produces WG for 91 days with a 91-day rest period in between. This sensitivity test increases or decreases the duration of the injection, while decreasing and increasing the injection and production rate target accordingly to maintain the 1.625 TWh target, respectively, at the expense of the rest time between WG injection and production. The production duration is also adjusted in the same way, by extending or shortening the production period and increasing or decreasing the production rate target.









3. Results and Discussion


3.1. Base Case Scenario


The results of the base case scenario have been described in [11]; this will be repeated here in a condensed form only. Figure 1 illustrates the results of various base case modelling runs with different CG injection durations. Firstly, the hydrogen WG injection performance relative to the CG in place (dashed black line) is shown. With a CG/WG ratio of ~1.27 or higher, the targeted hydrogen (1.625 TWh) can be injected during the three-month injection period. If the CG/WG ratio is lower, not all the WG can be injected. Secondly, the hydrogen WG production performance relative to the CG in place (red line) is shown. With a CG/WG ratio of ~0.44 or higher, the targeted hydrogen (1.625 TWh) can be produced during the three-month production period. If the CG/WG ratio is lower than 0.44, not all the WG can be produced. The “best case” scenario, with the smallest volume of CG in place to support the WP cycling, is 1.27.



Most of the processes involved, and the importance of CG to exploit the total capacity of a storage site, have already been discussed in [11], and will only be summarised here. The storage process is dominated by gas compression and decompression and brine displacement. With low CG/WG, more brine must be displaced to accommodate the presence of the new hydrogen gas phase in the reservoir, and less CG is compressed, leading to a rapid pressure increase during the injection process. Heinemann et al. showed that although the pre-injection pressure of a scenario with small volumes of CG is lower, the corresponding pressure increase leads to a decline of the injection rate [11]. The production is most effective when the modelled gas pressure in the reservoir is highest. There are two reasons for high pressures in the simulations: high buoyancy pressure or high reservoir pressure due to insufficient pressure equilibration after the CG injection. Both high-pressure scenarios are linked to high CG volumes.



Heinemann et al. investigated the impact of geological parameters, storage depth, reservoir permeability and storage architecture on the CG requirements for hydrogen storage in an open saline aquifer [11]. The limiting factor for most of the modelled scenarios—with the exception of deeper storage structures and high reservoir permeabilities—was the WG injection operation. This was primarily related to the fact that large volumes of hydrogen need to be injected because of the lower energy density by volume for hydrogen under subsurface pressures and temperatures. The production process is more efficient than the injection, requiring less CG to produce the target volumes [11]. Taking this knowledge forward, any optimisation effort should focus on improving the injection process rather than the production. Indeed, all results of this study suggest that the impact of optimisation is far greater on the injection process than on the production process.



Compared to static storage capacity (based on pore space, the size of the structure or original gas in place), cyclic storage capacity is often better described by calculating how much can be injected and withdrawn over a time of interest. The results show that for all scenarios, the injection process is less efficient than the production process. It may be argued that the fracture pressure determination could be re-interpreted in order to allow higher injection pressures, but this will not be further discussed here as the applied values are taken from published methodology, and fracture pressure calculation is not a part of the presented research. The results also show that most of the investigated optimisation strategies have little effect on the production cycle but have distinct impact on the injection procedure. Hence, strategies to reduce the CG/WG of the “best case” scenario contribute to reduced costs by reducing CG requirements and increased storage capacity by increasing the WG volume.



It is important for the interpretation of the results to consider that this is a highly idealized scenario, and that the absolute results are heavily dependent on the choice of parameters. The simplification of the reservoir model, the homogenous reservoir properties, the regular shape and the homogonous aquifer characteristics, to name just a few, are presumably not to be seen in the geological world. However, the chosen setup allows for comparison of different scenarios and reduces the interpretation of the results to the basic modifications under investigation.




3.2. Sensitivity Tests


It is important to note that the results are based on an open, homogenous, almost ideal reservoir. The rapid pressure equilibration that this allows controls some of the study outcomes, and future work has to show how sensitive the conclusions are to other aquifer geologies and reservoir heterogeneities. Additionally, this study only investigates the CG injection and the first WG injection and production cycle. Table 3 and Figure 3 show the results of the sensitivity tests. Here, the results are reduced to two key figures, the CG/WG ratio required to inject and produce the targeted hydrogen volume. Scenarios that were unable to inject or produce the 1.625 TWh worth of hydrogen, or failed due to exceeding the allowed BHP pressure during injection and/or the WHP dropping below the allowed pressure level during production, are not included, unless highlighted in the text. For all scenarios and simulations, it is the lack of pressure support that causes failure to produce the targeted 1.625 TWh of hydrogen. No scenario shows a risk of the gas/water interface reaching the production perforation.



The length of the well perforation has an effect on the CG required for the injection of the targeted hydrogen. The longer the perforation, the lower the CG/WG ratio required, as this spreads the injection pressure over a larger area. All the target hydrogen WG can be injected with a CG/WG ratio of 1.12 and a perforation of 35 m, whilst a perforation of 20 m requires a CG/WG ratio of 1.52. No full injection is possible within the model boundary conditions with a perforation of 15 m or shorter. The effect of perforation length on the hydrogen production is less distinct, ranging from a CG/WG ratio between 0.42 (35 m) and 0.52 (15 m). Shortening it relative to the base case increases the CG requirement only slightly, to transport the WG faster through the shorter well bore. In general, and respecting the modelled scenario, this study suggests that a longer perforation helps to reduce the CG requirements.



The size (diameter) of the well exhibits a minimal effect on the CG requirement for the production process. For the presented scenarios, the CG/WG ratio for production ranged between 0.45 (2.925″) and 0.42 (8.375″). However, smaller well sizes increase the demand for CG during the hydrogen injection process, because injection through smaller wells generates a higher BHP. It is identified that the greater the well diameter, the lower the CG/WG ratio required for the hydrogen injection. All hydrogen WG can be injected with a CG/WG ratio of 1.20 and a well diameter of 8.375″; a well diameter of 2.925″ requires a CG/WG ratio of 1.36.



If the WG volume is increased, the simulations show that a higher CG/WG ratio is required. Hence, the storage operation becomes less efficient when upscaled. The more efficient production process is not affected by higher WG volumes, and producing more WG requires only slightly more CG. Increasing the WG by 0.05 TWh (approximately 1250 tons), with respect to the 1.625 TWh base case, increases the required CG/WG ratio for the injection to 1.53 (from 1.00) and for the production to 0.46 (from 0.41). If the WG target is increased by 0.1 TWh, the entire WG cannot be injected within the model boundary conditions. A reduction of the WG volume reduces the required CG/WG ratio to 0.41 (production) and 1.00 (injection), hence, making the process more efficient. Once again, the impact on the production is low compared to the impact on the injection process.



If the rest time is increased, the CG requirement for the injection process is reduced and vice versa. The system is overpressured after the CG injection, and, as such, the more time the pressure has to equilibrate, the more efficiently the WG can be injected. This optimisation strategy has no impact on the production, because any benefit will be overridden by the WG injection process. It is, therefore, identified that the longer the rest time, the lower the CG/WG ratio required for the injection. All WG can be injected with a CG/WG ratio of 1.17 if 2 months is added to the rest time; a reduction of the rest time by one month increases the requires a CG/WG ratio of 1.46. No full injection is possible within the model boundary conditions with a reduction of the rest time by 2 months.



The increase and decrease in the injection and production duration has the greatest effect of all the tested optimisation procedures. A reduction of the WG injection time by one week and, hence, a higher injection rate, does not allow the injection of the targeted WG. An increase in the injection duration by 4 weeks reduces the CG/WG requirement down to 0.54. The same effect, to a smaller degree, is also apparent for the production process. If the production time is reduced by 2 weeks, and the allowed production rate is increased accordingly, the required CG/WG ratio increases to 0.55. However, when the production time is increased by 4 weeks, the required CG/WG ratio decreases to 0.29.



CG is traditionally regarded as an expensive investment in gas storage, and a reduction of the CG requirement will reduce the costs of the storage operation. Successful optimisation strategies may even increase the incentive for more natural gas storage projects and the implementation of large-scale hydrogen storage. However, CG is also an asset, as it can be, at least down to a certain extent, recovered using standard production techniques. The production rate would be lower than the rate of production of the WG and would decline with time, as would the production pressure. How much of the CG can be recovered during a specific period of time, and can be defined as “recoverable CG”, is site specific, but it would act as a one-time emergency supply during times of energy shortage (Figure 4). Because the state has the right to access these emergency supplies, the “recoverable CG” should be subsidised by the government, combining economic gas storage with national emergency gas reserves. This approach to gas storage could have three important outcomes:




	
Firstly, gas dependent countries would have a national strategic gas reserve. Strategic reserves are known from oil; they act as emergency resources if, for political or other reasons, oil supply is hindered. National, or international, strategic gas reserves will most likely be discussed in Europe soon, as Russia as the main supplier has started reducing gas supply as a political measure.



	
Secondly, the implementation of natural gas storage projects would become cheaper, and, hence, more gas storage projects will be installed, increasing energy security and reducing gas cost spikes, as recently seen.



	
Thirdly, the incentive to invest into hydrogen storage would also increase. As hydrogen is a valuable commodity, the usage of vast amounts of hydrogen as essential, but ordinarily unused (i.e., not produced to the surface) CG, is an obstacle for the implementation of large-scale hydrogen storage. If classified as “recoverable CG” and paid for by national governments, hydrogen storage would become cheaper for a site operator, and the decarbonisation of energy supply could make a big step forward.










4. Summary and Conclusions


This study provides insights into the planning of seasonal hydrogen storage operations. The results show that for one-well hydrogen injection and storage in a homogenous open aquifer, the perforation length, the well size and the working gas volume have only minor impact on the CG/WG ratio for a pre-defined working gas production operation. A lower production rate, accompanied with a shorter rest time between the WG injection and production operation, reduces the CG/WG ratio. In general, the production process is mainly constrained by a developing low-pressure region around the production well, where the brine does not occupy the space of the produced gas, and productivity is lost. No tested technical alteration changes that. The impact on the injection is generally greater, and strategies that reduce pressure accumulations during injection, such as a longer perforation, less WG and more time for the pressure to equilibrate, reduce the CG/WG ratio.



It is important to look at the results by taking the simulation parameters into account. The work shows how important pressure equilibration is, and the simulated scenario allows a high degree of homogenous pressure equilibration. Other parameters, such as the reservoir geology, depth (pressure/temperature), the trap architecture, etc., also have an important impact, and the interplay of these aspects, as well as the investigation of real-world examples, will be analysed in the future. This reported analysis looks at injection and production separately, but they are, of course, part of the same operation. As an example, the low-pressure zone that develops during production directly benefits the subsequent injection process, and since the modelled scenarios indicate that the injection process is not only less efficient (and hence requires a higher CG/WG ratio) but also more affected by the presented optimisation strategies, it is the injection process that has to be optimised. Water invasion from the aquifer raises the pressure during injection, increasing the required energy and, hence, the cost and time of the operation.



The CG is essential for the storage operation but, at the same time, is a costly one-time investment. The current energy and gas crises show that countries should have more gas storage capacity in order to increase energy independence, but gas storage is run as a business and does not often take national security into account [32]. As parts of the CG can be produced, governments should invest and take ownership of the CG in gas storage operations. This could de-risk gas storage for investors and encourage involvement and engagement, increase national energy security and could help to kick start the hydrogen economy by reducing hydrogen storage implementation costs.
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Figure 1. Base case results taken from [11]. The dashed black line represents the hydrogen (in TWh) that can be injected, depending on the CG in place. The red line represents the hydrogen (in TWh) that can be produced, again, depending on the CG. The scenario target total injection and production is 1.625 TWh, which can be injected and produced with a CG/WG ratio of at least 1.27. Diamonds represent individual simulation runs. See [11] for more information. 
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Figure 2. The WG inj/prod duration sensitivity test. The figure shows the CG injection duration (red), the WG injection (blue) and production (green) duration of the base case and the sensitivity tests on a timeline. The rest times are shown as black dashed lines. Additionally, the adjusted target injection and production rates are provided. 
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Figure 3. The figure shows the results of the sensitivity tests. The impact of five technical optimisation strategies was tested: (A) perforation length, (B) well size, (C) working gas volume, (D) rest time and (E) injection and production duration. The black circles show the “best case” injection performance, and the red circles show the “best case” production performance. 
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Figure 4. Simplified sketch to illustrate the redefinition of “recoverable CG”, the part of the CG that could be accessed by governments as emergency supplied. The WG production rate is controlled by the operator of the storage site. The production rate and pressure of the “recoverable CG” will decrease with time due to the depletion of the reservoir. 
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Table 1. Reservoir data and conditions (taken from [15]).
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	Reservoir thickness
	100 m



	Water depth
	100 m



	Horizontal permeability
	200 mD



	Vertical permeability
	50 mD



	Porosity
	20%



	Brine salinity
	3.13 gmol NaCl/L



	Hydrostatic gradient
	10.07 MPa/km



	Lithostatic gradient
	22.7 MPa/km



	Fracture pressure
	18 MPa/km



	Temperature gradient
	3.65 °C/km



	Surface temperature
	4 °C
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Table 2. Well parameters and schedule information for the base case and the sensitivity tests.
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	Technical Parameter
	Base Case
	Additional Scenario Ranges





	Perforation length
	25 m
	15–35 m



	Well diameter
	4.5
	2.925–8.375



	Working gas target
	1.625 TWh
	1.525–1.725 TWh



	Rest time
	5+ months
	3+–7+ months



	Working gas inj/prod duration
	91 days
	77–119 days
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Table 3. Results of the analysis.
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Scenario

	
Optimal Injection

	
Optimal Production

	
Best Case




	

	
(CG/WG)

	
(CG/WG)

	
(CG/WG)






	
Base case

	
1.27

	
0.44

	
1.27




	
Perforation length

	

	




	
15 m

	
failed

	
0.52

	
failed




	
20 m

	
1.52

	
0.47

	
1.52




	
30 m

	
1.18

	
0.43

	
1.18




	
35 m

	
1.12

	
0.42

	
1.12




	
Well size

	

	

	




	
2.925″

	
1.36

	
0.45

	
1.36




	
3.5″

	
1.32

	
0.45

	
1.32




	
6″

	
1.24

	
0.44

	
1.24




	
8.375″

	
1.20

	
0.42

	
1.20




	
Working gas volume

	

	

	




	
1.525 TWh

	
1.00

	
0.41

	
1.00




	
1.575 TWh

	
1.14

	
0.43

	
1.14




	
1.675 TWh

	
1.53

	
0.46

	
1.53




	
1.725 TWh

	
failed

	
0.47

	
failed




	
Rest time

	

	

	




	
2 months shorter

	
failed

	
0.46

	
failed




	
1 month shorter

	
1.46

	
0.46

	
1.46




	
1 month longer

	
1.21

	
0.44

	
1.21




	
2 months longer

	
1.17

	
0.42

	
1.17




	
Working gas injection/production duration

	




	
77 days

	
failed

	
0.55

	
failed




	
84 days

	
failed

	
0.50

	
failed




	
105 days

	
0.86

	
0.37

	
0.86




	
119 days

	
0.54

	
0.29

	
0.54
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