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Disclaimer 

NAM and/or its shareholders are not responsible or liable for the use or the consequences of use of the 
information contained in this article. Relying on this information in any way whatsoever is entirely at the 
expense and risk of the user of this article. The NAM and/or its shareholders do not make any statements, 
guarantees or indemnities with regard to the content of this document nor with regard to its completeness. 
NAM and/or its shareholder do not accept any liability for any damage whatsoever of the user of this article. 
The NAM may, at any time when it deems it desirable, supplement, delete or change all or part of the 
information in this article. All (intellectual property) rights, including copyright, relating to this article are 
vested in, and are reserved to, NAM. This article may only be used for the purpose for which it is provided 
by NAM and not in any way that could harm the interests of NAM. 
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SUBSURFACE HYDROGEN STORAGE  
IN DEPLETED GAS FIELDS 
For almost 25 years, NAM has operated two large underground gas storages in the Netherlands, 
thereby contributing to the security of supply of our energy system. Based on this experience, 
we are regularly consulted on what the role of subsurface storage could be in the energy system 
of the future. Can large volumes of renewable energy also be stored in gas fields, for example 
in the form of hydrogen?  

In short: yes, Subsurface Hydrogen Storage in depleted gas fields can provide a way to store 
large volumes of renewable energy up to several TWh, which can be produced with high 
capacities up to 10 GW. In this paper we share our insights on the role that Subsurface Hydrogen 
Storage could play and the prerequisites to make it technically and economically feasible. The 
paper also describes the relevance of other field selection criteria such as early and thorough 
local community engagement prior to location selection. With the parameters shared in this 
paper, Subsurface Hydrogen Storage in gas fields can be taken into account in system integration 
studies for optimal design of the energy system of future. 

1. Introduction 
A reliable energy system is vital to any economy and depends on a delicate balance between environmental 
sustainability, demand, (security of) supply, transportation, and storage of energy. Historically, natural gas 
(NG) has played an essential role in the Dutch energy system as chemical feedstock and as a source for 
industrial and domestic heating. The security of supply of natural gas is achieved via a range of supply 
sources and storages that operate at different rates and at different timescales: pipeline/vessel buffering for 
the very short timescale, salt caverns for longer fluctuations and Underground Gas Storages (UGSs) in gas 
fields for seasonal buffering. 

The seasonal swing in energy demand is most prominent for domestic heating as a result of the weather 
pattern; in the summer, excess produced gas is stored in the UGS’s, while in the winter gas is produced from 
the store to be able to meet the heating demand (Figure 1). Currently, the Netherlands can rely on roughly 3 
TWh (10 PJ) of salt cavern storage and 140 TWh (500 PJ) of gas field storage in four reservoirs: Norg, 
Bergermeer, Grijpskerk and Alkmaar. This storage buffer equates to about 16% of the total yearly primary 
energy usage in the Netherlands (EBN, Infographic 2021: Energie in cijfers, 2021). 

The energy transition aims to reduce CO2 
emissions in the energy system and replace 
fossil-based energy sources by renewable 
sources.  Renewable energy often comes in the 
form of electricity (e.g., from solar or wind), 
which means the energy transition is also a 
transition in energy carrier, from gases 
(molecular) to electricity (electrons) as described 
by Berenschot (den Ouden, Graafland, & 
Warnaars, 2018). The supply of industrial and 
domestic heat, which now mainly comes from 
natural gas, is expected to be met by alternative 
means, using electricity via the application of 
heat pumps or e-boilers. 

To enable cost-effective transport and storage of 
large volumes of renewable energy and to decarbonize hard-to-abate sectors such as industrial high-
temperature heating, hydrogen is envisioned to play an important role as energy carrier in the energy 
transition (Netbeheer Nederland, 2021). Renewable electricity from solar or wind sources can be converted 
to hydrogen by electrolysers. The existing natural gas infrastructure can partly be re-used for hydrogen 
transport and short-term balancing of demand with supply (PricewaterhouseCoopers Advisory N.V, 2021). 
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Hydrogen is also a suitable medium to store renewable energy for longer periods, similar to the role of natural 
gas in the current energy system. Hydrogen can be stored on surface in pipelines, vessels or tanks, but for 
larger volumes, subsurface solutions like salt caverns, aquifers and gas fields could play a role. Each storage 
type is most efficient at different time scales and power ranges, giving complimentary roles in the energy 
storage market as visualized in Figure 2. Electricity can be stored at small scale, for short-term balancing, but 
for longer term and larger scale, hydrogen storage is more 
cost-efficient. 

In the Netherlands, like in other parts of the world, most 
hydrogen is currently produced on demand for direct use in 
industry. Therefore, there is no need for large scale storage 
of hydrogen yet. However, in the coming years, the 
hydrogen market is expected to grow and demand will 
become increasingly decoupled from supply. Initially, 
pipeline buffering can provide the balancing. Towards the 
end of this decade, a role for larger scale cavern storage is 
expected to emerge (Van Gessel, Breunese, Juez Larré, 
Huijskes, & Remmelts, 2018). When the hydrogen market 
grows even further, gas field storage of hydrogen could 
play a similar role as the UGS’s have done in the past 
decades: providing security of supply to the energy system 
of the Netherlands and surrounding countries. In this paper, 
an overview is given of the existing knowledge on gas fields 
storage of hydrogen and an outlook is given on the role it 
could play in the energy system of the future.  
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2. Summary of literature 

2.1 Subsurface Hydrogen Storage – worldwide experience 

In the past, hydrogen has been stored in the subsurface in the form of town gas in several places in Europe 
(France, Germany, Czech Republic) (Panfilov, 2016). Town gas was formed by coal gasification with a 
hydrogen content of 50-60%. This town gas was stored in depleted gas fields, aquifers and caverns.  

In the more recent past, hydrogen gas has been stored in salt caverns in the Teesside area, UK and in Texas, 
USA. These are relatively pure hydrogen storages (95% H2) and they have been operational for decades.  

Storage of hydrogen in depleted gas fields has recently been piloted in two places in the world. Hychico has 
performed a test in Argentina in 2009 with a 10% H2/90% natural gas stream in a relatively shallow 
Glauconitic Sandstone gas reservoir in the Golfo de San Jorge Basin in Patagonia (Pérez, Pérez, Dupraz, & 
Bolcich, 2016). The intention was to let green hydrogen from the 6.3 MW windfarm, connected to a 120 
Nm3/h hydrogen plant, react in the subsurface with carbon dioxide to form methane, for which there is a 
large existing market.  

The second pilot was in Austria, where the Underground Sun Storage project investigated storage 
performance and the mechanism of conversion of H2 to CH4 in the subsurface (RAG, Underground Sun 
Storage - Publizierbarer Endbericht, 2017). The field pilot was preceded by material integrity studies, 
laboratory core-flooding experiments and geochemical modelling. The low temperature (40°C) reservoir and 
the large abundance of hydrogen was expected to serve as a good substrate for microbiological reactions. 
During the field pilot, 1.2 million Nm3 of natural gas with 10% hydrogen was stored for three months in a 
gas field in a Haller series sandstone reservoir. After successful completion of the Underground Sun Storage 
project, RAG is now in the lead of investigating the storage of hydrogen in pure form in underground gas 
reservoirs (RAG, Underground Sun Storage 2030). 

2.2 Future Hydrogen Storage need in the Netherlands 

Development of a subsurface hydrogen storage is only viable when there is a large demand for hydrogen 
storage. Hydrogen has the potential to be used for combustion (e.g., in domestic heating systems and in 
power plants), for use in fuel cells (for road transport and for power generation) and as a feedstock in industry. 
Variations in use cases of hydrogen lead to variations in predicted hydrogen storage capacities that would 
be required in the future. 

Several studies have investigated the hydrogen storage need in the Netherlands in the coming years. A 
summary of these studies is given in Table 1.  

 

Source: TWh PJ Bcm*  H
2
 

1. Based on current NG NL swing capacity 139 TWh 500 PJ 40 Bcm 

2. HyUnder 2050 estimate (2014) 43 TWh 155 PJ 14 Bcm 

3. TNO  & EBN – Ondergrondse opslag (2018) 4-23 TWh 14-82 PJ 1.3-7.5 Bcm 

4. SodM Toekomstbeelden (2018) - national 28 TWh 100 PJ 8 Bcm 

5. TNO Large Scale Energy Storage (2020) 1.5-3 TWh 5-10 PJ 0.4-0.8 Bcm 

6. Berenschot & Kalavasta (2020) 57 TWh 200 PJ 16 Bcm 

* Bcm = Billion cubic meter 
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In the 2018 TNO & EBN study (Van Gessel, Breunese, Juez Larré, Huijskes, & Remmelts, 2018), winters with 
different severity were distinguished ranging from normal to cold and extreme. This led to a spread in 2050 
storage need estimate of 4-23 TWh (14-82 PJ). In this study, hydrogen is only used in industry and as a back-
up for electric power plants, while green gas is used for smaller users. 

In the SodM toekomstbeelden study (Staatstoezicht op de Mijnen, 2018), one of the scenarios assumes a 
national approach to the energy transition, involving a national hydrogen grid and a connected hydrogen 
storage. In this scenario, 28 TWh (100 PJ) of storage would be needed, which amounts to 8 Bcm of hydrogen. 
The other scenarios, in which the energy solutions are found more locally, less hydrogen storage is needed.  

The most recent study on the hydrogen storage need in the Netherlands was done by Berenschot and 
Kalavasta (Ouden, et al., 2020). Based on this study, in 2050 a hydrogen storage need could arise of 57 
TWh (200 PJ), which is the highest estimate of all studies (16 Bcm of hydrogen).  

As shown above, most of these studies focus on the amount of energy or volume of hydrogen storage needed. 
However, of equal importance is the injection and production capacity or rate at which this volume is needed. 
As will be shown by comparing different design scenarios, design and usage of capacity can have a large 
influence on the cost of storage. Follow-up studies should yield a better insight into the capacity that is needed 
in the future, which will allow the storage to be better tailored to the need and therefore lower costs for society. 

Since the Dutch gas grid is well connected with neighboring countries and hydrogen can also be imported 
and exported overseas in the future, large scale storage of hydrogen should also be looked at in an 
international perspective, as was done in several studies. Van Wijk and Chatzimarkakis show how a 
European Transnational Hydrogen Backbone can transport large amounts of hydrogen from solar and wind 
resource areas throughout Europe, also connecting the hydrogen storage facilities, to guarantee supply to 
customers at all times (van Wijk & Chatzimarkakis, 2020). The IEA concluded that hydrogen storage is 
essential for the smooth operation of large-scale and intercontinental hydrogen value chains. (International 
Energy Agency, 2019) 

2.3 Storage location selection  

When considering the development of a subsurface hydrogen storage, a number of location and field 
selection criteria need to be defined.  

Hydrogen market and storage sizing 

First of all, a significantly sized hydrogen market needs to develop. Secondly, demand and supply need to 
be unbalanced, where production of (green) hydrogen is not directly linked to consumption. It is currently 
foreseen that the market for hydrogen will grow and that due to the production characteristics of green 
hydrogen this will be accompanied with a significant unbalance between supply and demand. Based on the 
market size and amount of unbalance in the production and consumption of hydrogen, a need for storage 
volume and injection and production capacity will result. The size of the reservoir (volume), the ratio between 
working volume and cushion gas (governed by the operational pressure range) and the number of wells 
(capacity) has to match the storage needs.  

Local community support 

Recent years have demonstrated that communities residing nearby underground production and/or injection 
activities have concerns on what is happening in the subsurface. This holds particularly true for storage or 
injection of non-natural occurring materials. For successful development of an underground storage, it is 
important to define a framework which sets the boundaries for development of the opportunity in a for the 
community acceptable manner. This framework should be developed in close cooperation with the 
surrounding community and other stakeholders. Field selection could focus towards the offshore in case local 
support cannot be attained.  

Societal and governmental support 

In the next decade, decisions are going to be made on the way that the Netherlands and the EU are going 
to decarbonize. These decisions will be based on many published and ongoing studies and will determine 
what the energy system of the future will look like. Strong drivers in these decisions, besides the level of 
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decarbonization reached, are the societal cost and the level of self-sufficiency that we want to maintain. 
Societal support and governmental support for Subsurface Hydrogen Storage will also depend on the societal 
cost compared to other solutions and on the urgency felt to decarbonize and to maintain security of supply 
or strategic reserves. Societal and governmental support, like local community support, is essential for the 
successful development of Subsurface Hydrogen Storage. If the urgency for the development is high and the 
societal cost needs to stay low, this could be a driver to investigate onshore or near-shore opportunities instead 
of offshore, because of the significantly lower cost and lower complexity of the development. 

Availability of a (international) transportation network 

In the situation where a large-scale, national or even international hydrogen transportation grid is developed, 
the storage location selection is rather flexible. Storage locations can be selected anywhere near to the 
transportation grid. The storage location with the best subsurface properties and surface opportunities can be 
selected. Without such a transportation network, the storage location needs to be in the vicinity of main 
producers and/or consumers and potentially, several small local storages need to be developed. 

Other location advantages 

Given the large number of developed gas fields and the extensive gas infrastructure present in the 
Netherlands, there is an opportunity to optimize the location from a re-use and repurposing perspective. 
Significant capital cost savings (up to 30%) can be achieved by repurposing existing infrastructure (gas and 
electricity) as well as re-using wells. Furthermore, reusing location would ensure the local community is known 
with oil and gas activities and that the location is already under supervision of SodM.  
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3. What is needed to make a Hydrogen Storage? 

3.1 Subsurface design 

In a gas field storage of hydrogen, the pore space in a porous reservoir rock is used to store the pressurized 
hydrogen. During a storage cycle, hydrogen “working gas” can be produced from the reservoir until a lower 
pressure limit, after which the reservoir can be repressurized up to its maximum pressure. Any gas remaining 
in the reservoir at the lower pressure limit, is called the “cushion gas”, similar to conventional underground 
gas storage.  

Depending on the storage volume and maximum production rate demand, an operational strategy is selected 
for the underground storage. This strategy serves as a basis for selecting the size of the gas field, the ratio 
between working gas and cushion gas, and also the design of the facilities.  

The pressure limits in the reservoir determine the storage volume and the production capacity during the cycle. 
Another parameter that can be used to influence the production and injection capacity is the number and the 
diameter of the wells and tubing. Using these design parameters, a wide range of storage needs could be 
covered, as is illustrated by the scenarios as described in Table 2. These scenarios are a range of options that 
could be covered by an Underground Hydrogen Storage, but they are not optimized for a use case, other 
choices in design parameters can lead to different performance specifications. The term “capacity” in these 
scenarios refers to the production rate (not the storage volume). 

Scenarios GIIP* 
 

Pressure Wells Working volume Peak capacity Yearly 
cycles 

 (bln m3) (bar) # (bln m3) (TWh) (mln 
m3/d) 

(GW) # 

A Small store, low capacity 1.5 150-250 1 0.3 1.0 4 0.5 1 

B Small store, capacity optimized 1.5 250-350 1 0.3 1.0 14 1.8 6 

C Small store, volume optimized 1.5 100-350 1 0.8 2.4 4 0.5 0.5 

D Large store, low capacity 10 150-250 5 2.4 7.2 37 4.6 1 

E Large store, high capacity 10 150-250 10 2.4 7.2 75 9.4 1 

* GIIP: Gas Initially In Place 

In scenarios A-C a small gas field is used as an example which still results in a sizeable storage of 1 TWh 
(3.5 PJ). The differences in pressure range illustrate the optimization in capacity and volume that can be 
obtained. In scenarios D-E, a larger gas field is used creating a 7 TWh (25 PJ) storage. The physical size of 
this gas field is comparable to the gas field storages currently in use in the Netherlands as natural gas storage. 
The variation in number of wells illustrates the capacity variation that can be addressed in this way. 

If a natural gas reservoir is converted into a hydrogen storage, initially part of the cushion gas will consist of 
natural gas. With each storage cycle, the percentage of hydrogen in the cushion gas increases due to mixing, 
dispersion and diffusion. The amount of hydrogen initially in the cushion gas is another design parameter 
which determines the composition and purity of the produced stream and the post-processing needed to 
obtain the required specification. There is ample industry experience with injection of CO2, N2 and gas with 
a different calorific value, which was used as a basis for the modelling of the above-described effects. For the 
modelling of H2 injection and production, several parameters in these models need to be adapted. Research 
is ongoing to define these parameters better. 

For this work, a minimum purity of the produced stream of 80% hydrogen was assumed, for which the surface 
facilities were designed. The amount of hydrogen in the cushion gas was adjusted to meet this requirement. 
In practice this would mean that a volume of hydrogen cushion gas needs to be injected first (on top of the 
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natural gas already in place), before injecting the working gas. In the scenarios studied here, about 15% of 
the GIIP is needed to keep the purity in each production cycle above the minimum of 80% hydrogen. A typical 
development of the production stream purity over 20 cycles is given in Figure 3.  

The injected stream contains 100% hydrogen, after which the produced stream starts with 100% hydrogen. 
The natural gas fraction increases over the production period. In this simulation, cycle 3 reached the lowest 
purity of 80% at the end of the cycle and the quality improves in all following cycles. It was found that the 
lowest purity reached is strongly dependent on the level of vertical permeability. For fields with a high vertical 
permeability, gravity separation plays a much stronger role, letting natural gas break through earlier at the 
bottom, while for strongly layered fields with a low vertical permeability, the flow in each layer is more 
reversible.  

 

3.2 Surface design and reuse potential 

The surface design for a Subsurface Hydrogen Storage consists of injection facilities (a reciprocating 
compressor unit, interstage coolers, suction knock-out drums) and production facilities (dehydration, 
desulphurization, natural gas/hydrogen separation), both linked to a hydrogen transport pipeline on the one 
side and to the wells on the other side. In addition, the production facilities could be linked to the natural gas 
grid to deliver the natural gas-rich side stream. Alternatively, the side stream can be reinjected, or a dedicated 
consumer can be found for the side stream, like existing natural gas users that want to partly decarbonize 
without large changes to the facilities like combined cycle gas turbines, a blue hydrogen factory or other large 
industrial site with a large gas demand. 

Existing gas fields and gas storages give the opportunity for reusing facilities, thereby creating a more cost-
effective storage solution. The capacity of injection and production is dependent on the availability of a high-
capacity electricity connection for compression and on the number and size of wells available. These 
requirements make existing storage locations particularly interesting from a re-use perspective. 

 
3.2.1. Base design 

For the various scenarios, a range of hydrogen delivery capacities was assessed from 500 MW to 10 GW. 
The separation of natural gas from hydrogen is routinely established by either Pressure Swing Adsorption 
(PSA) or membrane technology. The hydrogen delivery pressure (assumed here at 50 bar) and quality 
requirement (98% purity), steer the development concept towards PSA technology. 

The PSA unit has a low-pressure side stream with a natural gas/H2 mixture at close to atmospheric pressure. 
This side stream increases significantly in molar flow and molecular weight during the production cycle 
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because of the increasing natural gas content towards the end of the production cycle. It is expected that this 
stream can be marketed, but it must be compressed to allow transport. Successfully dealing with this low-
pressure side stream is one of the key issues to address in subsurface hydrogen storage, as is the desired level 
of purity of the mainstream. The capacity of the separation unit can be optimized. The hydrogen quality from 
the wells will change over time and in line with current underground gas storage operation. Offering a lower 
capacity at the end of a cycle creates the opportunity to increase the cost efficiency of the surface facilities. 

The injection flows were capped by a maximum of 80 MW of compression for all scenarios, this could be 
increased as well dependent on the available grid connection as well as the required injection capacities. The 
core of the injection facilities is a reciprocating compressor unit. It is foreseen that in this scenario three 
compressor stages are required, and the required injection capacity will dictate the number of parallel units. 

Due to the comparable nature of hydrogen and natural gas storage there is a demonstrated re-use opportunity 
for equipment, wells and connections to gas and electricity grids. The estimated re-use potential could reduce 
the CAPEX requirement by up to 30%.  

 
3.2.2. Alternatives 

Blending hydrogen into the gas grid could be an outlet for the low-pressure side stream that contains a varying 
amount of hydrogen. The amount that can be blended into the grid is dependent on the location. For example, 
for the Netherlands, the current hydrogen content specification for the gas grid is very stringent and does not 
allow for any significant amount of mixing of hydrogen into the gas grid. If this hydrogen content specification 
range can be expanded to a similar level as is used in Germany, this would create opportunities for CO2 
emission abatement of all (remaining) natural gas users. Valuation of this hydrogen stream could be based 
on natural gas prices + CO2 emissions avoided. A prerequisite for economic blending of hydrogen in the 
natural gas grid is an accounting and certification system in a similar way as is in place for electricity.  

To further broaden the range of services from the storage there is an option of using a (small) part of the 
pressure swing adsorption technology for creating very high purity hydrogen as part of the product stream. 
This could be transported with tube trailers to end-users (for example for use in fuel cell applications like 
transportation). 

3.3. Open questions 

When introducing hydrogen into a system, material integrity and sealing capacity needs to be investigated, 
not only for the metals, but also for the elastomers and cement (around the well). Several studies are ongoing 
into hydrogen compatibility of materials in existing wells and facilities and into material selection for new 
installations (e.g., (RAG, Underground Sun Storage - Publizierbarer Endbericht, 2017)). The outcome of these 
studies depends on reservoir-specific parameters like pressure, temperature, gas composition, so they cannot 
be easily copied from one site to another. 

Gas fields are found in places where an impermeable caprock can hold the natural gas from escaping to the 
surface. This caprock has held the gas for millions of years. However, it is not guaranteed that this sealing 
capacity is the same for hydrogen. For salt, it was shown that it is impermeable to hydrogen (salt caverns 
have stored hydrogen for decades), but for other caprock types, this needs to be investigated further. 

Different from storage of natural gas in gas fields, storage of hydrogen introduces a new gas into the reservoir, 
which can lead to chemical reactions with the minerals at the rock surface or with micro-organisms present 
in the reservoir. In shallower (cooler) reservoirs, microbial activity predominates, while in deeper (warmer) 
reservoirs, microbial activity is lower and mineral reactions are faster. Dutch reservoirs are generally in the 
second category and preliminary simulation studies have shown that the mineral reactions do not create 
showstoppers. Several research projects are ongoing to study the effect of both mineral and microbial 
reactions in more detail (e.g., HyStoreReact (TKI), HyUsPre (Clean Hydrogen JU), ISTerre (bilateral 
collaboration)). 
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During the storage cycles, the stored hydrogen and the native gasses in the reservoir will be subject to 
diffusion and convection. As a consequence, a certain degree of mixing between the two will occur. The 
back-produced hydrogen will be contaminated with reservoir gas and some hydrogen will be incorporated 
in the cushion gas. To understand the degree of mixing, dispersion and diffusion, simulation models are 
being developed (see for example  

Figure 4). The parameters used in the models are based on decades of experience in NAM with Underground 
Gas Storage (mixing gases with different calorific values) and with Enhanced Gas Recovery, where nitrogen 
was injected in natural gas reservoirs. In the end, these models need to be tested against field trial data 
(injection and back-production of hydrogen) for validation. 

Over the past decades the NAM has demonstrated that it can safely operate a large-scale underground gas 
storage at Norg and Grijpskerk. Any party that operates an underground storage has the legal requirement 
to demonstrate that the risks are in line with the external safety regulations. Based on a preliminary analysis 
that was performed for the storage and transport of hydrogen in an underground transport pipeline, it was 
concluded that the effect distances upon an accidental release of hydrogen are comparable to those of a 
release of natural gas. However, a full quantitative risk assessment (QRA) has to be performed for the facility 
which shows that the criteria with respect to the location specific risk and societal risk for the location are met. 

In accordance with the Dutch mining law, operators need to give a quantitative estimation of the likelihood 
of future seismic activity (hazard) and the associated damage (risk) as a result of subsurface activities. This 
estimation must be given for every onshore field (producing, or to be produced). Therefore, when applying 
for a hydrogen storage permit, a detailed study into the seismicity risk needs to be done. 

 
  



SUBSURFACE HYDROGEN STORAGE IN DEPLETED GAS FIELDS 

2022  

12 
 

  

 

4. What is needed to make a viable business case? 

4.1. Use cases 

Similar to underground storage for natural gas or other types of energy storage, 3 different use cases can be 
identified. 

1. Direct market operation (Figure 5-1): In this use case, the operator of the underground gas storage is 
active on the hydrogen market and owner of the hydrogen in the storage. In this case, the operator will 
buy and sell hydrogen gas based on the price spreads in the market. The operator will carry the potential 
risks of unfavorable market conditions. 

2. Storage service operator (Figure 5-2): In this case, the operator is a service provider for a market trading 
party. The storage can be dedicated to a single market party or allow for third party access. In this case, 
the operator is not exposed to market risks. The market party will pay a storage fee that is linked to the 
available capacity and volumes. 

3. Ancillary services: hydrogen is stored in an underground storage and will be produced in order to stabilize 
the hydrogen transportation system. Similar services can be found in the existing gas and electricity 
infrastructure. In this use case, the hydrogen will be kept in storage and only produced when required for 
stabilizing the hydrogen infrastructure. Examples of these types of services are black-start services or 
strategic reserves. A fee is paid for having the storage on stand-by. 

Opportunity for combining these use cases is limited. For example, a black-start back up system (3) will 
always be required on stand-by and cannot be empty due to market circumstances (1). The ultimate design 
of the storage can be adapted to its role, irrespective of the above-mentioned use cases: it will determine 
whether the system can best operate as a “peakshaver” (small volume, high capacity) or as a seasonal storage 
with larger volumes. 

The use cases described above can only develop if: 

• A large hydrogen market develops with a significant long-term price spread (preferably weeks-
seasons), or 

• A grid operator, industry or government identifies a need for hydrogen storage and is willing to pay 
a fee on the basis of hydrogen production/injection or storage capacity available. 

For the latter, different value propositions can play a role, e.g., strategic reserves, avoiding electricity net-
congestion, avoiding curtailment of solar/wind energy (enabling higher uptime, avoiding over-design), or 
enabling full decarbonization. Several of these propositions are described by Hydrogen Europe in (Hydrogen 
Europe, 2019) and for the FCH 2 JU in (FCH 2 JU, 2019). 
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4.2 Cost bracket 

The economics of the different example-scenarios for an onshore subsurface hydrogen storage were studied, 
where the following assumptions were used: 

• In all scenarios, the assumed starting point is a natural gas field with an initial pressure of 150 bar. In 
one case (scenario B), extra natural gas needed to be bought and injected to be able to operate at a high 
pressure. In one other case (scenario C), the field was depleted further to 100 bar before the hydrogen 
was injected. In all cases, extra hydrogen cushion gas needed to be injected before starting the cycling.  

• A CAPEX investment is needed for surface facilities and wells. An uncertainty on the CAPEX estimates of 
+/- 25% was taken into account. In addition, a 30% CAPEX saving was taken as a potential upside when 
some of the well stock and surface facilities of the gas production phase of the field can be re-used.  

• A fixed OPEX of 2% of the CAPEX was considered for operations and maintenance. 
• A variable OPEX was based on the electricity needed to operate both the injection facilities and the 

production facilities and on the injected hydrogen volume. 

The production stream is separated with a 91% efficiency into a hydrogen stream (at least 98% purity) and a 
side stream. The hydrogen stream is sold at the assumed price for hydrogen, while the side stream is sold for 
the assumed price of natural gas (it would be an upside if an accounting system for admixing hydrogen could 
result in a higher price for the side stream). 

Based on the above assumptions, Unit Technical Cost (UTC) brackets were calculated per yearly production 
(Table 3). The UTC quoted here is a ratio between the discounted costs and the discounted production volume 
over a project lifetime of 20 years. The total UTC for all cases was between 13% and 31% of the assumed 
cost of hydrogen. This means that for the part of the hydrogen that needs to be stored, a spread in hydrogen 
market prices needs to exist to be able to accommodate for this cost.  

The UTC was split in a fixed part which is not dependent on the amount of production/injection and a variable 
part which varies depending on the usage of the storage. The fixed cost in all cases is larger, which is mainly 
due to the cushion gas costs and capital cost of the wells and facilities. The cushion gas is a percentage of 
the working volume of the storage and therefore scales linearly. The production facilities have quite strong 
scaling effects, where larger facilities bring down the cost per capacity. For the injection facilities and the 
wells, the scaling factor is a bit more limited, but still a well campaign will result in lower drilling cost per well.  

In Table 3, the highest UTC is highlighted in red and the lowest UTC in green. For the scenarios chosen, the 
lowest cost is found in the small storage of scenarios B. This scenario was optimized for production capacity 
resulting in lowest UTC per production. In the scenarios chosen for the larger storages, scenarios D and E, 
the storages are not used to their full capacity, therefore the costs per hydrogen volume are higher. This holds 
particularly for scenario E, which has double the number of wells, but runs the same cycle as D. 

The economics derived in this work was compared to literature values in (Kruck, Crotogino, Prelicz, & 
Rudolph, 2013) and (Lord, Kobos, & Borns, 2014). The case described by Kruck et al. is comparable in 
CAPEX, cushion gas costs and working volume. Despite the similarity in the input parameters, the resulting 
unit cost of storage could not be compared, which probably means that a different calculation method was 
used. The unit cost of storage calculated by Lord et al. could be reproduced using our calculation method.  

The storage described by Lord et al. is significantly smaller than the scenarios studied here, yielding a higher 
unit cost, which demonstrated the advantage of scale. Comparing with literature and also between scenarios, 
it was found that it is difficult to find a parameter to objectively compare storages. Not only difference in 
calculation method, but also discount factor, usage of volume and capacity have an influence. As a result, an 
over-designed large storage can result in a larger UTC than an optimally designed small storage.  

The UTC level is not the only indicator for the economic feasibility or profitability of the hydrogen storage. 
Depending on the value drivers for the storage user, a compensation mechanism would be chosen that should 
drive the design in one direction or another. In the case of a strategic reserve, working volume could be the 
driver, while in the case of a balancing function, yearly production is more important. Another metric that 
would be important in the latter case, is cost per capacity (production rate), which is a metric with a unit of 
cost/weight/time (e.g., EUR/kg/hr). This would be lowest for scenarios B and E, which both have a high 
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capacity throughout the storage cycle. In the current natural gas storage system, the storage fee received is 
partly based on this capacity-based measure in addition to a volume-based measure. 

 

Fixed UTC per 
production 

Variable UTC per 
production 

Total UTC per 
production 

Scenarios EUR/kg EUR/kg EUR/kg 

A Small store, low capacity 0.21-0.62 0.07-0.11 0.28-0.73 

B Small store, capacity optimized, 6 cycles 0.09-0.22 0.08-0.11 0.16-0.33 

C Small store, volume optimized 0.17-0.50 0.08-0.12 0.25-0.62 

D Large store, low capacity 0.13-0.39 0.06-0.10 0.19-0.49 

E Large store, high capacity 0.17-0.52 0.06-0.09 0.24-0.61 

4.3 Outlook – the future of subsurface hydrogen storage 

The development of subsurface hydrogen storage in porous rock will require both extensive technological 
work to address the above described knowledge gaps and public concerns, as well as a firm outlook on a 
large enough hydrogen market and infrastructure that requires large scale storage. This trajectory requires a 
significant capital commitment to mature in terms of pilot projects and Front-End Engineering Design (FEED) 
as well as time to go through legislative changes and permitting process. Forecasting of hydrogen market 
development is notoriously complex, but milestones can be defined (on market size/storage need/backbone 
development) that can serve as go/no-go decision criteria for the project at certain points in time. 

During the period until start of FEED, market and infrastructure maturation is monitored and feasibility 
research is conducted, including a pilot in either a dedicated test location or in the field selected for storage. 
It is expected that FEED will only be started once technical, economical, commercial, organizational, and 
political feasibility of the project is proven sufficiently. From start of FEED to the Final Investment Decision (FID) 
will likely take 2 years but could be longer depending on permit applications. From FID to the first storage 
cycle requires building and converting, which likely takes approximately 3 year. Given current market 
developments, the earliest date for a start-up of a subsurface hydrogen storage is in the first half of the next 
decade (2030-2035). If storage demand grows much more rapid than anticipated, development time is 
around 6 years.   
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5. Conclusions 
As shown in the scenarios studied for this paper, subsurface hydrogen Storage in gas fields can provide a 
way to store very large quantities of renewable energy (several TWh), which can be produced with high 
capacity (up to 10 GW). The design of the storage (working pressure range, number of wells, amount of 
hydrogen in the cushion gas, surface equipment) can be optimized to fit with the storage need and the 
business use case. Better insight into the storage volume and capacity need are important to better tailor the 
store to the need and, therefore, lower costs for customers. 

When storing hydrogen in a gas field, the amount of natural gas in the produced stream varies over the 
production cycle. Pressure Swing Adsorption can be used to generate a relatively pure hydrogen stream, that 
can be fed into a hydrogen transportation network. Handling and marketing of the side stream, consisting of 
mainly natural gas with a low concentration of hydrogen, will be important to create a feasible business case. 

Several open questions on materials compatibility, subsurface chemical and microbial reactions, caprock 
sealing capacity, dispersion and diffusion, technical safety and seismic risk need to be studied to prove 
technical feasibility of the concept. To deliver a large-scale Subsurface Hydrogen Storage in time to address 
the prognosed need, feasibility needs to be proven halfway this decade. Besides technical feasibility, also 
proximity of infrastructure and societal support are important prerequisites for selection of a gas field. With 
the parameters shared in this paper, Subsurface Hydrogen Storage in gas fields can be taken into account in 
system integration studies for optimal design of the energy system of future.  
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