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Abstract

:

The large-scale storage of hydrogen in salt caverns, modelled on today’s natural gas storage, is a promising approach to storing renewable energy over a large power range and for the required time period. An essential subsystem of the overall gas storage is the surface facility and, in particular, the compressor system. The future design of compressor systems for hydrogen storage strongly depends on the respective boundary conditions. Therefore, this work analyses the requirements of compressor systems for cavern storage facilities for the storage of green hydrogen, i.e., hydrogen produced from renewable energy sources, using the example of Lower Saxony in Germany. In this course, a hydrogen storage demand profile of one year is developed in hourly resolution from feed-in time series of renewable energy sources. The injection profile relevant for compressor operation is compared with current natural gas injection operation modes.
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1. Introduction


The reduction of climate-changing carbon emissions is associated with the need to convert energy systems from fossil energy sources to renewable energies, which currently represent the core infrastructure for a secure energy supply [1]. The gas infrastructure in particular is a key component of the energy transition because of its transport and storage options [2]. For the connection of electricity grids with gas grids, the power-to-gas technology could be utilised to produce hydrogen via water electrolysis from renewable electricity. The technology has great potential in decarbonising different energy sectors such as the heating, transport and chemical industries. [3,4,5]. Currently, some studies suggest that hydrogen could be used as a climate-neutral substitute for natural gas in the future, and thus that the already well-developed natural gas network could be put to further use as a hydrogen network [6]. Furthermore, an initial European hydrogen gas network is in the process of planning by the pipeline operators [7]. Initial investigations show that the conversion of cavern gas storage to hydrogen storage is possible in principle [8].



From a systems engineering perspective, the conversion of the energy carrier in gas storage operation is associated with some challenges. Other concerns regarding hydrogen storage in caverns, such as hydrogen embrittlement and well integrity, are handled among others in [9,10], but are not the focus of this publication. Particularly in the case of hydrogen production from renewable energy sources, the supply and volatility of the energy sources will play a central role in the future as to when and how much hydrogen must be injected and withdrawn, partly in a highly dynamic and flexible manner. Especially the compressor systems, as a coupling point between the gas grid and cavern, must be designed for this task. The core element of this work is therefore to analyse the requirements for compressor systems in a future storage operation. The focus is set on the storage of regionally produced, green hydrogen in cavern gas storage facilities in the exemplary chosen federal state of Lower Saxony in the north of Germany. The state has a great potential for renewable energies as well as for cavern gas storage facilities [11]. Due to the still unclear share of imports in the overall supply [12,13], this paper does not consider hydrogen imports. This topic must be covered in a later analysis with special efforts.



The following work is structured as follows: Section 2 deals with the methodology to establish meaningful boundary conditions for future hydrogen storage operation. Section 3 shows the results of the analysed hydrogen storage demand profile and the differences in natural gas storage operation. These results are discussed in Section 4 and concluded with some interpretation of future demands of work to achieve hydrogen caverns in the near future in Section 5.




2. Materials and Methods


To achieve the goal of designing and modelling concepts for technically feasible and energy-efficient underground storage of green hydrogen, the boundary conditions have to be set in the first step. Especially the design of compressor systems is very sensitive to suction pressure, cavern head pressure and injection demand. Together with high costs for the compressor setup for gas storage facilities, this shows the significance of a meaningful definition of boundary conditions [14]. Therefore, the following sections show up the major aspects of setting the named boundary conditions, after the definition of the balance sheet limits.



2.1. Definition of the Balance Sheet Limits


In the first step, it is necessary to define the balance area. Figure 1 shows a simplified gas and energy flow diagram of an exemplary gas storage facility.



The upper half shows the so-called injection line, wherein gas from the transmission network is fed to the compressor system via filtration and volume measurement. The compressor system defines the flow rate and increases the pressure from the network pressure to the pressure level of the cavern head. The process section from the cavern to the transport pipeline is called the withdrawal line and includes gas drying, preheating, if necessary, a control valve and a measuring section [15].




2.2. Pressure in the Transmission Network


The approach for modelling future boundary conditions of underground hydrogen storage is based on the energy demand for the injection process that is mainly dependent on the factors suction pressure, flow rate and cavern head pressure.



The pressure in the transmission network substantially determines the suction pressure of the compressor system during injection and the final pressure for withdrawal. Pressure losses, e.g., from filters and measuring equipment, have an additional influence on the pressure for the individual storage technology. However, these would depend on the plant-specific conditions. For this reason, these pressure losses are not considered. The current pressure in natural gas transmission pipelines varies between 20 and 100 bar depending on the location and the operator [16,17]. In the scenario considered, the natural gas transmission network is converted to a pure hydrogen network so that electrolysis sites would be connected to storage sites. According to initial explorations, this is also considered technically possible [10]. On a small scale and for a different purpose, there are already existing hydrogen pipeline networks [18]. However, as soon as a pure hydrogen transmission network is in place, the question of pressure in the network arises anew. There are two major trends to be mentioned here. On the one hand, the lower volumetric energy density of hydrogen compared to natural gas means that higher-volume flows are required for the same energy transport. This is accompanied by higher pressure losses, which have to be compensated for in an energy-intensive manner. Accordingly, the pressure should be selected as high as possible within the technical limits in order to, at least partially, compensate for the higher operating volume flow and thus reduce the energy demand of the gas transport. In this context, one study mentions a transport pressure range of 50 to 80 bar [19]. On the other hand, the trend for higher network pressure is contrasted by the energy demand for feeding into the transport network. In addition to the energy required to raise the pressure, the required output pressure influences the efficiency of the electrolyser, whereby the level depends on the technology used [20]. Some electrolysis technologies offer the possibility of producing compressed hydrogen without, or at least reducing, additional demand for mechanical post-compression. According to Bensmann [20] and Wulff et al. [21], pressure electrolysis shows a higher efficiency compared to atmospheric electrolysis and downstream, mechanical compression. Table 1 shows a compilation of currently available electrolysers in the power range above 1 MW and their maximum hydrogen output pressure. It shows that the maximum output pressure is currently around 40 bar. In smaller power classes, the first electrolysers with a maximum hydrogen output pressure of up to 100 bar are announced [22].



In the present scenario, the focus will be exemplary on the Lower Saxony region in northwest Germany, which is characterised by a large number of renewable energy sources (such as wind farms and large-scale photovoltaics) as well as underground storage capacities. Figure 2 shows the current locations of installed wind farms and large photovoltaic systems extracted from OpenStreetmap [30], together with the existing salt cavern storage facilities [31] in Lower Saxony.



Accordingly, a relatively small spatial distance between electrolysis and gas storage operations can be assumed, which could also be even diminished by the construction of new salt caverns. This leads to the assumption that the factor of energy demand for hydrogen production and grid feed-in is of greater importance. Besides that, improved energy efficiency in the next years might lead to less transport demand and therefore reduced focus on high-pressure transport. Against this background, it is assumed that the pressure at the handover point between the transmission network and gas storage is 40 bar, i.e., the maximum of what can still be realised without mechanical post-compression according to the current state of electrolysis technology (see Table 1).




2.3. Hydrogen Storage Demand


Another essential element of modelling hydrogen storage boundary conditions is the analysis of the storage profile, i.e., the amount and timing of the volume flow that needs to be injected and withdrawn within a year. In this first approach and for a better overview, a calendar year is chosen here, which is not to be confused with a storage year from April to March. Currently, no data on storage profiles for hydrogen injection and withdrawal in hourly resolution are available in the literature. This is also true for production profiles of green hydrogen. For this reason, a storage-demand profile for green hydrogen is developed below. The definition of so-called green hydrogen is to be set as hydrogen which is produced by means of electrolysis from electricity generated by wind power and photovoltaics [32]. Methodologically, the first step towards the hydrogen profile is therefore the use of a profile for electricity from renewable energies. From this produced energy, a share must be formed that is used to operate the electrolysers. Using the characteristics of electrolysers, a hydrogen production profile can then be formed, which represents the feed-in of the gas into the transport network. Any losses or expenses for gas conditioning, that might be necessary for grid injection, are not considered here. The storage profile results from the difference between the production profile and a hydrogen demand profile.



The methodology is implemented in the first step by using generic feed-in time series for renewable electricity from offshore and onshore wind power as well as photovoltaic. These data sets were developed by the Oeko-Institut e.V. and ForWind GmbH to enable electricity market models to have a uniform data basis [33,34,35,36]. However, these time series also provide an equally ideal basis for calculating the hydrogen production profile. The hourly feed-in capacities from the energy sources mentioned are defined over the course of the year. The data can be scaled via the information on the installed power and adapted to different scenarios. The values used for the installed capacities of renewable energies are based on the results of the study by the Oeko-Institut and the Fraunhofer ISI on the climate protection scenario 2050 and specifically on the so-called Climate Protection Scenario 80. This scenario takes into account a reduction target for greenhouse gas emissions in 2050 of 80% compared to 1990 [37]. In the meantime, there have been more ambitious targets [38], so it can be regarded as a medium scenario. The focus in the following is on the storage of regionally produced hydrogen. The exact amount of installed capacity is not elementary, as the additional share that would be covered by imports is assessed very differently [12,13]. With the aim of presenting representative differences in gas storage between natural gas and hydrogen, a medium scenario of available, renewable feed-in capacities seems appropriate.



The hourly resolution of the data should also be emphasised. Lower resolutions would smooth storage profiles to such an extent that compressor operation could no longer be realistically depicted. Furthermore, the feed-in profile is subdivided at the federal state level in Germany, so that differences in the availability of renewable energy sources are taken into account in the feed-in profiles. This is a clear advantage over a nationwide view, as it also allows local overproduction of electrical energy for gas storage to be taken into account. In accordance with the objective, the federal state of Lower Saxony was chosen as an example. The installed power in this example is 15.8 GW wind power onshore, 21 GW wind power offshore and 12 GW photovoltaic power. Figure 3 shows the annual course from January to December of the electrical feed-in profile of renewable energies (  E r  ) on which the further calculations are based. The curve shows a high dynamic between 0.095 and 39.6 GW. The summer photovoltaic influence plays a subordinate role in combination with generation from wind power.



Of the available renewable feed-in power, a share must be formed that is used for hydrogen production. This is also a question of dimensioning the electrolysis capacity to be installed. The procedure here follows the methodology used in the HYPOS study [39]. Accordingly, peak outputs that occur for less than 500 h per year are curtailed, as the additional electrolysis power to be installed for these periods is not considered economically viable. Since it was not possible to obtain a suitable electrical demand profile, the procedure of the HYPOS study is also applied when deducting the direct demand for electricity. According to this, 10% of the installed capacity from wind energy sources is considered base-load capable, so the feed-in capacities that fall below this value are deducted as direct electrical demand. Only a small proportion remains unused due to curtailment. The power range between the two limits is used to operate the electrolysers. This procedure is intended to represent the first approach to estimating an electrolyser operation using renewable energies. Future optimisation measures consist of the comparison of electrical production and direct demand profiles, as well as in the consideration of the presented properties of some electrolysis systems to be able to be operated above nominal power for a short time [40], which would further avoid shutdowns.



Based on the available electrical input power for the electrolysers, hydrogen production can be calculated. It is assumed that the available electrical power can also be converted within one hour. The conversion of electric power into hydrogen takes place by means of specific energy input for the production of one hydrogen unit. The future energy demand for this is estimated at 44 to 53 kWh/kg [41,42]. Taking into account that electrolyser operation with direct use of fluctuating electricity production does not always represent operation at the optimal operating point, a specific energy input for hydrogen production of 50 kWh/kg, or 4.5 kWh/m   3   (STP), was selected on this basis.



In the next step, this production profile must be contrasted with a demand profile to determine the storage requirements. This demand profile has to be generated synthetically, as no gas demand profile for Germany in hourly resolution could be obtained at the time of the work. However, corresponding gas demand profiles are available from the Austrian Gas Supply. Here, the year 2019 was chosen, as it is not a leap year and also does not contain any special features due to the Corona pandemic [43]. A normalised load profile is generated from this profile by forming hourly shares of the annual demand. In this way, the gas demand profile can also be scaled to deviate annual demand values. For the formation of the hydrogen storage profile, it is assumed that the amount of hydrogen produced in a year is also used in the same year. Accordingly, the demand profile is scaled to the produced quantity. Figure 4 shows the annual course of the different calculated volume flows. The production profile (black) shows a strongly dynamic profile that appears relatively uniform over the year. The demand profile (blue) shows higher demand in the winter months. In the summer months, demand is reduced to about one-third of the winter demand. The hydrogen storage profile (green) is the hourly difference between production and demand. Storage and withdrawal processes occur throughout the year. The lower gas demand in the summer months leads to higher required injection volume flows, whereas higher withdrawal volume flows are required in the winter months.




2.4. Required Cavern Size


The combination of total storage volume and cavern size has a fundamental influence on the energy demand for injection and withdrawal. The simple selection of a cavern size thus also influences the energy requirement of the compressors. Therefore, a determination of the required cavern size is fundamental in the comparative calculations in order to represent the final pressure realistically over the entire operating range. The required cavern size can be derived from the storage profile. Following the methodology from Schmidt [44], the volume flows of the storage demand profile are accumulated for this purpose. The resulting profile provides the stored gas volume, as shown in blue over the course of the year in Figure 5. The difference between the maximum (  V max  ) and the minimum volume (  V min  ), indicated by the black dotted lines in Figure 5, forms the necessary working gas volume (  V WGV  ) of the cavern according to Equation (1).



Using the minimum (  p min  ) and maximum (  p max  ) permissible pressure in the cavern, the required geometric volume (  V geo  ) can also be determined from the standard working gas volume (  V WGV  ) according to Equation (2). The conversion to standard conditions (STP) requires the compressibility factor at maximum (  Z max  ) and minimum (  Z min  ) cavern pressure, as well as for standard conditions (  Z s  ). Furthermore, the temperature inside the cavern (T) and the standard temperature (  T s  ) and pressure (  p s  ) have to be defined.


   V WGV  =  V max  −  V min   



(1)






   V geo  =  V WGV  ·      T s  ·  Z s    T ·  p s    ·    p max   Z max   −   p min   Z min      − 1    



(2)









3. Results


3.1. Hydrogen Storage Demand Profile


The hydrogen storage demand profile was formed as the difference between hydrogen production and demand, as described above. Taking into account the described boundary conditions, these calculations form the hydrogen storage demand profile for Lower Saxony in 2050. For a better overview and for scaling to the size of a medium gas storage operation, a demand share of 20% was selected. Figure 6 shows the resulting storage demand profile as a volume flow requirement over the course of a calendar year. The volume flow relevant for compressor operation is shown here with a positive sign. This half of the storage demand profile forms the hydrogen injection demand profile, while the negative half represents the hydrogen withdrawal demand profile.



Based on this hydrogen storage demand profile, the necessary cavern size is calculated as described before. The required working gas volume in this case measures 580.3 Mm   3   (STP). For the calculation of the geometric cavern volume, a range of cavern head pressures from 40 to 150 bar is used. A minimum pressure of 40 bar was selected, as this corresponds to the defined pressure in the upstream transport network derived before. Both limits can be seen as a medium case. The mechanisms that influence the cavern temperature are manifold [45,46], but in the first approach, the temperature has been selected to 40 °C on average. The compressibility factors have been interpolated according to pressure and temperature within the databases of AIR LIQUIDE [47], Wischnewski [48] for methane and the Pacific Northwest National Laboratory [49] for hydrogen. On this basis, the required geometric cavern volume of 6.80 Mm   3   is calculated.




3.2. Hydrogen Storage Compared to Natural Gas Storage


In this section, the differences and similarities in gas storage operation between the storage of natural gas and green hydrogen are presented. For this purpose, the calculated standard hydrogen volume flow rates (   V ˙   H 2   ) were converted to the hourly storage capacity (  P  H 2   ) according to Equation (3). The conversion is carried out taking into account the gross calorific value (  H  H 2   ).


   P  H 2   =   V ˙   H 2   ·  H  H 2    



(3)







The amount of stored energy is calculated from the sum of the hourly injection capacities, which in this scenario amounts to 6.08 TWh. For comparison, a publicly available injection time series of a comparable natural gas storage facility in Jemgum, Lower Saxony, was used [50]. The time series was first normalised for comparability and scaled to the annual hydrogen energy stored. In this way, the boundary conditions for both injection time series are comparable. Figure 7 presents the comparison of the injection demand flow rates for hydrogen (green) and natural gas (blue) over the course of a calendar year. To illustrate the dynamics, the bottom half of the figure shows a section of a monthly period in summer.



Another aspect in the comparison between natural gas and hydrogen storage is the required cavern size. The stored energy (  E storage  ) is in both cases defined by the working gas volume and the gross calorific value (see Equation (4)). In the case of natural gas, type H is selected, i.e., the high calorific type of natural gas. From the ratio of gross calorific values for natural gas (  H NG  ) and hydrogen (  H  H 2   ) [51], it is calculated that the hydrogen storage requires a working gas volume (  V  WGV , H 2   ) that is about 3.2-times larger than for natural gas   V  WGV , NG    considering the same amount of stored energy (see Equation (5)). If the different compressibility factors [47,48,49] are included in the calculation of the geometric volume according to Equation (2), it results that an approximately 4.4-fold larger geometric cavern volume is required for hydrogen storage with the same stored energy. However, this consideration presupposes a similar storage utilisation. Due to different numbers of cycles, i.e., multiple uses of the storage capacity per year, the actual cavern size required may differ. Table 2 shows a comparison of the required storage conditions between the developed hydrogen storage profile and the present natural gas storage profile.


   E storage  =  V   WGV ,    H 2    ·  H  H 2   =  V   WGV ,   NG   ·  H NG   



(4)






   V  WGV , H 2   =   H NG   E storage   =   H NG   H  H 2    ·  V   WGV ,   NG    



(5)









4. Discussion


The results for the derivation of future boundary conditions of underground gas storage have been presented as exemplary for locations in Lower Saxony, Germany. In the following sections, the resulting demand profile and its deviations from the natural gas storage operation are evaluated and discussed.



4.1. Hydrogen Storage Demand Profile


The presented results for a storage demand profile have been gathered by a derivation of the availability of regionally produced green hydrogen in 2050 in combination with a synthetic hydrogen demand profile. In contrast to the production profile, the latter is based on a current natural demand profile. At first glance, this might seem not comparable, but assuming that annual demand is equal to annual production, the demand profile only reflects the trend when which share of the produced hydrogen is required. This way, a meaningful scenario for comparisons can be defined, without making manifold assumptions about the different hydrogen demand sites and their operation regime in the future.



The hydrogen storage demand profile (see Figure 6) is highly dynamic and shows increased injection in summer and increased withdrawal in winter. The calculated cavern size corresponds to an average gas storage facility size in northwest Germany with a number of around ten average caverns [44]. For simplicity, these are considered in the further calculations as a so-called cavern pool, i.e., coupled with full pressure equalisation. The annual stored energy, based on the calorific value   H s   of hydrogen, is 6.08 TWh, around three times the capacity of the required cavern volume (2.05 TWh). This makes it clear that the energy storage required here is not purely seasonal, which would result in a cycle number of around one per year. In this case, around 2/3 of the stored energy is stored with a duration of less than a year. Table 2 summarises the calculated cavern data for hydrogen storage.



The shape of the storage demand with high injection demand in summer and withdrawal in winter, shown in Figure 6, is a result of the higher energy demand in the winter months (see Figure 4). Considering also recent publications on hydrogen storage demand profiles for comparison, some similarities and differences can be observed. Major influences on the storage demand profile are both the source and the utilisation of hydrogen. In the publication of Li et al. [52], hydrogen is only generated on the basis of wind energy, which in the region of China is available predominately in winter and spring. Furthermore, there is a predominant energy demand for cooling in summer and autumn. These boundary conditions lead to an injection demand in winter and spring and withdrawal in late summer and autumn, which differs significantly from the developed profile in this work. A further influence on the storage profile is based on the regional energy system. In the publication by Samsatli et al. [53] the storage demand profiles differ according to the geographical location in the United Kingdom. An exemplary cavern storage demand profile shows similarities concerning seasons of injection and withdrawal, but a smaller share of short-term storage demand, due to the existence of other smaller overground storage tanks in other regions. A scenario with similar boundary conditions is presented by Gils et al. [54] for the German energy system. The estimated storage filling levels during the year in this scenario resemble the scenario considered in this paper (see Figure 5), which strengthens the significance of the developed scenario. Moreover, this comparison shows the dependency of the storage demand profile from the characteristics of the regionally available renewable energy sources in combination with the demand profiles, which both are site-dependent. The presented data for the federal state of Lower Saxony should be seen as an example for deriving boundary conditions. The investigation of further locations, subject to the availability of appropriate data, will be part of future research.




4.2. Hydrogen Storage Compared to Natural Gas Storage


In the comparison between hydrogen and natural gas injection regimes, shown in Figure 7, it can be seen that the injection capacities in natural gas operation often form plateaus over many hours. High injection rates are only called up for a few hours per year. It can be said in the case of natural gas that the injection capacities are much more constant compared to fluctuating hydrogen storage demand. This could also be due to contractual agreements on injection capacities [55]. Apart from the two peak capacities in the natural gas profile at 3800 and 5400 h, shown in the upper half of Figure 7, it is clear that the injection capacities in hydrogen operation are consistently higher and shorter-term. Furthermore, it can be observed that hydrogen injection occurs throughout almost the whole year, whereas in natural gas operation there are also phases of several months in winter when no injection is required. One effect of this circumstance could be that e.g., maintenance works on compressor systems can thus be planned less easily in periods without injection, so the need for redundancy in the compressor systems becomes increasingly important here.



Furthermore, it is evident that the required standard volume flows for hydrogen storage are significantly higher, often three to four times higher, than for natural gas storage. This effect is due to the different calorific values of the gases, which in the case of hydrogen are only about 31% of the calorific value of natural gas. Especially the monthly section of Figure 7 makes clear that significantly more dynamic volume flow changes are to be expected with hydrogen storage.



For the design of future compressor setups for hydrogen storage facilities, the following aspects have to be considered. First of all, the higher required standard volume flows to create a need for larger compressor capacities. Another finding is based on the variability of the injection demand. Volume flows that cannot be processed by the storage technology at the appropriate time would lead to a change in pressure in the upstream transport network and ultimately to a shutdown of hydrogen production and upstream renewable energy production. For this reason, a further focus must be placed on fast response and wide-range controllability when designing the compressor. Another solution might be buffer storage systems for the compensation of high dynamic but small capacities. In an upcoming publication, a method is developed for selecting suitable power classes for a cascaded compressor arrangement.



In the case of the natural gas storage profile, only about half as many cycles are needed for hydrogen storage (see Table 2). Despite liberalisation of the natural gas market and short-term trading transactions [15,56], natural gas storage is thus, at least in this case, significantly more seasonal than can be expected for future storage of regionally produced green hydrogen. With regard to the required cavern size, this circumstance leads in this example to the fact that only about 2.4 times the geometric cavern size is needed for the same amount of energy. In regions of scarce geological resources for cavern storage or when overground storage is used, this could become a challenge if the overall energy demand is not reduced accordingly. For the scenario considered in the Lower Saxony region, the required geometric cavern volume does not appear to be a limitation in relation to existing cavern volumes [44,57,58].





5. Conclusions


For the design of future underground hydrogen storages and their technology, it is essential to set meaningful boundary conditions. These boundary conditions include especially the pressure of the transmission network, the required storage flow-rates as well as the necessary cavern size to determine the cavern pressure. For compressor technology in particular, these parameters are fundamental variables on which further design is based. Deviations can have influence on the performance data, efficiencies and even to the constellation not meeting the requirements. Together with the high investment costs for compressors of underground gas storage facilities, this shows the importance of defining sensible boundary conditions. Due to the availability of both, renewable energy and salt caverns, the presented method is exemplary applied for the federal state of Lower Saxony in northwest Germany. In this case, a spatial proximity between renewable energy plants and the gas storage caverns can be expected so that the transmission network pressure has been derived based on the current maximum pressure that electrolysers in the MW power class can realise without mechanical post-compression. Furthermore, a hydrogen storage profile has been developed based on feed-in time series of the expected renewable electricity, specific energy demand for hydrogen production and a derived hydrogen demand profile. For calculation of the energy demand of gas storage facilities, the cavern pressure is also fundamental. To determine this, the required size of the caverns was calculated and used in the model of the gas storage operation.



The results show that the storage of regionally produced, green hydrogen represents significant differences from the current natural gas storage operation. One major difference is that a larger share of storage with a duration shorter than a year can be expected, which leads to the fact that, in this example, the the number of storage cycles is doubled. It can be deduced that with an increasing share of locally generated hydrogen quantities, gas storage facilities, in addition to their function as energy storage, will also increasingly take on the role of pressure stabilisation in the gas grid in order to avoid shutdowns of generation plants. Depending on the scenario, the higher number of cycles also leads to an overestimation of the need for additional cavern volume in the transition to hydrogen infrastructure. Under the assumptions made, it was shown for the storage of regionally produced green hydrogen that only 2.4 times, instead of the 4.4 times volume determined on an energetic basis, is required compared to the storage of the same energy in the form of natural gas. Apart from that, it leads also to a more even distribution of injection phases over the course of a year, which must be taken into account in e.g., compressor maintenance planning and reinforces the role of redundancy of compressor systems in gas storage operations.



A further difference for hydrogen storage operation compared to a natural gas storage operation is that it shows significantly higher dynamic injection and withdrawal requirements with three to four times higher injection standard volume flow. The fluctuations in the storage demand profile for hydrogen are strongly dependent on the renewable energy source characteristics. This will affect the design of the storage facilities. In particular, this applies to compressor systems with an adapted compressor technology selection, control mechanisms and, if applicable, the arrangement of cascaded compressor operation. The implementation of this topic, while maintaining the high efficiency of the overall system, will be part of future research and development tasks. This work has shown a method for deriving the boundary conditions for the underground storage of green hydrogen in salt caverns in a sensible way.
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Abbreviations


The following abbreviations are used in this manuscript:



	Dec.
	December



	H2
	Hydrogen



	Jan.
	January



	NG
	Natural gas (type H) i.e., high calorific type of natural gas



	Mm   3  
	million cubic meters



	M
	Electric motor



	p
	pressure



	PEM
	Polymer electrolyte membrane



	PV
	photovoltaic



	STP
	standard temperature (273.15 K) and pressure (101.325 kPa)



	WGV
	Working gas volume
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Figure 1. Simplified gas and energy flow diagram of a gas storage facility. Source: Own representation on the basis of information provided by [15]. 
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Figure 2. Overview on wind power plants, large photovoltaic (PV) systems and salt cavern gas storage facilities in Lower Saxony. Source: Own representation based on data from [30,31]. 
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Figure 3. Annual course of the electrical feed-in profile of renewable energies (offshore and onshore wind power as well as photovoltaic) for Lower Saxony according to the expansion targets planned for 2050 and the Climate Protection Scenario 80. Source: Own representation based on raw data from [33,34,35,36,37]. 
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Figure 4. Development of the hydrogen storage demand profile (green) as the difference between regional hydrogen production in Lower Saxony (black) and derived hydrogen demand (blue) over the course of a calendar year. 
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Figure 5. Cumulative hydrogen storage profile over the course of a calendar year for calculating the necessary working gas volume of the cavern. The necessary storage volume is shown relative to the beginning of the year. 
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Figure 6. Injection and withdrawal as volume flow demand over the course of a calendar year. 
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Figure 7. Comparison of the standard volume flows of injection between natural gas (blue) (based on data from [50]) and hydrogen (green) storage with balanced annual energy quantities, over the course of a calendar year (top) and for the period of one month in summer (bottom). 
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Table 1. Overview of the maximum hydrogen output pressure of currently available PEM and alkaline pressure electrolysers in the power range from 1 MW based on manufacturer data.
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	Manufacturer
	Type
	Power [kW]
	Max. Hydrogen Output Pressure [bar]
	Source





	iGas energy GmbH
	gEl 160-1250 PEM MD
	1050
	40
	[23]



	iGas energy GmbH
	gEl 320-1250 PEM MD
	2070
	40
	[23]



	Siemens Energy
	Silyzer 200 1
	1250
	35
	[24]



	H-TEC Systems
	ME450/1400
	1000
	30
	[25]



	McPhy
	Augmented McLyzer
	4000
	30
	[26]



	elogen
	ELYTE 260
	1680
	30
	[27]



	Green H2 Systems
	Green Electrolyzer
	1000
	40
	[28]



	Sunfire GmbH
	Hylink Alkaline
	10,000
	30
	[29]
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Table 2. Comparison of the required storage conditions for hydrogen and natural gas storage parameters. Basis of the comparison is the amount of annually stored energy (hydrogen) calculated above. Energy parameters are based on the respective gross calorific values.
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	Hydrogen
	Natural Gas (Type H)





	Annual stored energy [TWh]
	6.08
	6.08



	Gross calorific value [kWh/m   3  ] [51]
	3.54
	11.449



	Required standard working gas volume [Mm   3  ]
	580.3
	360.9



	Required geometric volume [Mm   3  ]
	6.80
	2.78



	Energy storage capacity of caverns (single filling) [TWh]
	2.05
	4.13



	Average number of cycles (stored energy/capacity) [   a   − 1   ]
	2.96
	1.47
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