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SUMMARY 
In order to reduce greenhouse gas emissions and reach a carbon-neutral energy system, integrating 

renewable energy sources into the future energy mix is essential. Due to the intermittency of 

renewable energy sources like wind and solar, the energy system requires flexible options to balance 

the variable supply and demand. The combination of Power-to-Gas (PtG) and underground storage 

could add such flexibility to the system for security of supply. One of the few options for truly large-

scale storage of energy (GW power scale) is in the form of hydrogen. Hydrogen can be produced from 

(surplus) electricity via electrolysis and as a clean energy carrier has the potential to substitute natural 

gas and other fossil fuels. It can also be stored underground at large-scale, in salt caverns and porous 

reservoirs (gas fields and aquifers).  

In the current energy system, underground gas storage (UGS) is a means to provide flexibility for the 

energy chain worldwide. Natural gas is injected into the subsurface during the summer to meet the 

high demand in the cold winter, particularly for residential heating. Currently, 30-35% of gas 

consumption in the Netherlands is stored in the subsurface. In the future energy system, hydrogen 

may be considered as a clean replacement for natural gas to overcome the global warming challenges. 

Therefore, Underground Hydrogen Storage (UHS) will play an important role even more than the 

current role of natural gas because it can be used in different sectors for power/heat regeneration, as 

a fuel for transportation and as a feedstock for the chemical industry.  

Hydrogen in pure form has been stored at four sites worldwide (three cases in US and one case in UK). 

There are also two pilot tests of storage for the mixture of hydrogen (10%) and natural gas (90%) in 

Argentina and Austria. Although the use of salt caverns is proven technology for UHS, their storage 

capacity is not sufficient for the future energy system. Also, they are not distributed in all regions. The 

current capacity of salt caverns for UHS in Europe is 50 TWh. However, literature shows that 70 TWh 

of hydrogen in 2030 and 450 TWh in 2050 is needed in Europe (Gas Infrastructure Europe and 

Guidehouse, 2021). Therefore, salt cavern storage alone could potentially not provide sufficient 

capacity and UHS in porous reservoirs, especially depleted fields, should be used in the future to 

achieve such capacities for storage. 

To study the UHS performance in depleted fields in the Netherlands, a case study of a depleted gas 

reservoir from the northeast of the Netherlands (the Roden field) is selected and design considerations 

for a Roden hydrogen storage facility are studied. In this thesis, three gaps in UHS studies are identified 

and consequently, three main objectives are defined to address these issues: 1) subsurface modelling 

of UHS to determine the storage capacity, the effect of working pressure on reservoir performance 

and the possibility of using nitrogen as a cushion gas, 2) design consideration of compression and gas 

cleaning units for hydrogen storage and 3) calculation of levelized cost of hydrogen storage (LCOHS) 

for seasonal and short-term storage. 

In the first stage of the study, the subsurface storage capacity of the Roden is determined with Eclipse 

300 numerical simulator considering the well rate and pressure constraints. The reservoir performance 

is investigated at several timescales of storage cycles i.e. seasonal storage or peak-shaver storage 

(more cycles per year). Also, the effect of different working pressure ranges and the possibility of using 

alternative gases like nitrogen as a cushion gas are studied. The results show that the Roden field could 

potentially be used for seasonal hydrogen storage in the Netherlands with two current wells. If five 

more wells are drilled in this field, shorter-term storage (6 cycles per year) could be accommodated. 

The working volume (storage capacity) of the Roden field for hydrogen is 0.78 bcm (billion cubic 

meters) (2.3 TWh) with a minimum and maximum working pressure of 185 and 250 bar, respectively. 

Nitrogen can be potentially used as a cushion gas in the Roden field. In this case, the average purity of 
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hydrogen in the withdrawal mixture is decreased to 61% in the first cycle (compared to 99% in case of 

using hydrogen as a cushion gas). The purity is increased in the third cycle to 84% due to hydrogen 

replacement in each consecutive injection cycle. 

Afterwards, the surface facilities are integrated into the subsurface study. The main two elements of 

surface facilities are hydrogen compressor (for the injection mode) and gas cleaning unit (for the 

withdrawal mode) which are specifically studied for UHS. The subsurface modelling outputs are used 

as inputs for the surface facility design. Based on the results, for the base case a reciprocating 

compressor with two stages is required to inject  4.25 million sm3/d hydrogen for seasonal UHS and 

the required installed power is 14 MW.  Furthermore, among different methods for hydrogen 

purification such as membrane and cryogenic distillation, the preferred option for large-scale storage 

is pressure swing adsorption (PSA) unit. The PSA unit requires two adsorbents of activated carbon and 

zeolite for hydrogen purification in the base case. As zeolite is responsible for removing nitrogen from 

the feed, using nitrogen as a cushion gas in the reservoir leads to using a higher amount of zeolite. 

In the final stage of the study, the levelized cost of hydrogen storage is calculated considering 

subsurface and surface elements designed for the Roden field. The results show that the levelized cost 

of hydrogen storage for seasonal storage in the base case (one storage cycle per year) varies between 

0.58-1.04 EUR/kg with a median of 0.79 EUR/kg when hydrogen is used as a cushion gas. The cushion 

gas, compressor and PSA account for 76%, 12% and 9%, respectively and the share of wells/piping with 

3% is not significant. Increasing the number of storage cycles per year from one to two and six for the 

base case reduces the levelized cost of storage (EUR/kg) from 0.79 to 0.48 and 0.25, respectively. The 

uncertainty analysis demonstrates that the cushion gas investment i.e. hydrogen production cost 

(±30%), the interest rate (±17%), the equipment lifetime (±7%), electricity cost (±5%) and the 

recovery of gas cleaning unit (±5%) are the main factors influencing the levelized cost of hydrogen 

storage. Using nitrogen as a cushion gas in the base case reduces the levelized cost to a range of 0.42-

0.56 EUR/kg with a median of 0.50 EUR/kg because nitrogen is a less costly gas that reduces the 

investment cost for cushion gas in the total CAPEX for the UHS system. Comparing the underground 

storage cost to other parts of the hydrogen value chain (production and transportation) shows that 

blue and green hydrogen production cost falls in the range of 2.5-4.0 EUR/kg and transportation costs 

are below 0.5 EUR/kg. Therefore, 15-20% of the hydrogen chain cost is accounted for seasonal 

subsurface storage. If more cycles per year are used for the storage, then the storage contribution is 

~10%. 
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Chapter 1 

1. Introduction 

Renewable energy will play an important role in the next decades to meet the climate goals set by the 

Paris agreement. The Netherlands aims to reduce GHG (greenhouse gas) emissions by 49% by 2030 

and 95% by 2050 compared to 1990 levels to make the transition towards a carbon-neutral energy 

system. Increasing the share of renewable energy sources in the energy mix is a key step in this regard. 

In 2020, the share of renewable energy in Dutch energy consumption was 11.1% and the government 

aims to reach 100% renewable energy supply in 2050 [1]. To reach this goal, the share of wind and 

solar energy in the Dutch energy mix has significantly increased in recent years (see Figure 1-1). In 

2019, total GHG emissions in the Netherlands were 18% lower than 1990 level. In this period, CO2 

emissions have decreased 6% indicating the Netherlands’ efforts toward energy transition [2]. The role 

of offshore wind is crucial to achieve this target due to the proximity of the Netherlands to the North 

sea. The North Sea could be a potential hub to reduce CO2 emissions in the future by the large-scale 

rollout of offshore wind, converting wind energy to green hydrogen for cost-efficient transport to 

shore and across Europe through a future hydrogen backbone, and developing CCS (Carbon Capture 

and Storage) projects. Because wind and solar depend on the weather, they are intermittent sources 

of energy, and therefore cannot be relied on for a permanent supply of energy. Therefore, energy 

storage either small-scale or large-scale as a complementary tool is one way to overcome the 

intermittency and to add the flexibility to the system for balancing the mismatch between demand 

and supply. The energy storage could respond quickly to large variations in demand, preventing the 

shortage of energy. Different types of energy storage such as batteries, flywheel, thermal storage, 

compressed air storage, pumped hydro storage and Underground Hydrogen Storage (UHS) could add 

flexibility to the energy system. Among existing methods, UHS is gaining lots of attraction worldwide. 

Hydrogen is a green energy carrier and could be produced from renewable resources via the 

electrolysis of water. Hydrogen also has the potential to be used in power/heat regeneration, 

transportation sector and as a feedstock in the chemical industry and it can replace natural gas and 

fossil fuels in the future energy systems. Therefore, the combination of PtH2 (power-to-hydrogen) and 

underground storage can be used to convert surplus electricity to hydrogen for later use and this is 

one of the methods to provide a means to secure supply and grid stability at inter-seasonal and 

seasonal timescales for which there is not an alternative beyond natural gas. 

 

Figure 1-1 offshore and onshore wind and solar energy consumption in the Netherlands [1] 
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In an integrated energy system, all the methods for energy storage based on the energy deliverability 

and discharge time are used to add flexibility to the system and improve the security of supply. Figure 

1-2 shows the storage capacity and power capacity of different energy storage methods demonstrating 

UHS is a suitable option for large-scale storage (GW) on either a daily basis or seasonal storage. Figure 

1-2 also indicates the use cases for different methods and shows UHS provides a means to balance 

renewable electricity supply and demand at large-scale, as well as balance power and heat supply and 

demand. 

 

Figure 1-2 The storage and power capacity of different energy storage methods (blue = electricity grids, green = gas 
infrastructure; orange is heat networks) [3] 

1.1. Underground Hydrogen Storage principles 

Hydrogen like natural gas can (potentially) be stored in depleted gas/oil fields, aquifers, salt caverns 

and lined rock caverns. The decision criteria for selecting the most efficient method relies on technical, 

economical, societal and geographical aspects. 

Natural gas has been stored in geological formations since 1915 and there are 671 underground gas 

storage (UGS) sites in the world as of 2017 [4]. They have been used for conventional gas storage as a 

highly efficient and affordable tool for balancing between supply and demand [5]. The selection of a 

gas storage facility depends on geological properties, storage capacity, investment and operational 

costs, proximity to suppliers and resources, environmental constraints and public acceptance [6]. 

Figure 1-3 displays the distribution for the number of cases, maximum withdrawal rate, working and 

cushion gas capacity in depleted reservoirs, salt caverns and aquifers as of 2017. Figure 1-3  shows that 

gas storage in depleted fields is by far the most common method for underground storage. The 

underground storage could be extended to hydrogen as a green energy carrier in the future energy 

systems. 

In UHS, the total stored gas in the subsurface divides to cushion gas and working gas. The cushion gas 

is the gas volume that remains in the reservoir permanently to maintain sufficient pressure and 

Energy System Services

10 GW

1 GW

100 MW

10 MW

1 MW

100 KW

10 KW

1 KW

10 GW

1 GW

100 MW

10 MW

1 MW

100 KW

10 KW

1 KW

second minute hour day week season second minute hour day week season

Heat network

balancing

Centralized Power & 

Heat balancing

Traditional 

power grid

services

Large-scale renewable

electricity balancing and 

Arbitrage

(Underground) storage of 

hydrocarbons and 

hydrogen

S
u

p
e
rc

a
p
a
c
it
o
r

Flywheel

Pumped Hydro Storage

Underground 

Thermal Energy 

Storage

Batteries

Stability Flexibility Adequacy Stability Flexibility Adequacy

Thermal Energy 

Storage

Compressed Air 

Energy Storage

Heat balancing

buildings and 

households



3 

 

deliverability rates during the withdrawal time. The working gas is the volume that is injected and 

withdrawn during cyclic storage. Therefore, it is available for the market at a particular time. 

There are limited experiences for injecting hydrogen into the subsurface in the pure form. However, 

there have been some projects formerly executed for town gas storage (a mixture of hydrogen, carbon 

monoxide and methane) in some countries like Germany [7], France [5], Belgium, Czech Republic [8, 

9] and Poland [10]. Currently, all of them are closed or converted to UGS. The available data is limited, 

but there are some reports about gas quality changes, loss, and corrosion in the well completion [10]. 

  

  
Figure 1-3 Distribution of aquifer, salt caverns and depleted fields for gas storage in the world as of 2017 [4] 

1.1.1. Salt caverns 

Salt caverns are man-made cavities in salt deposits below ground, with salt structures that are mainly 

salt domes or bedded salt and are created using a technique called ‘solution mining’. During this 

process, water is injected into the underground salt layer to dissolve the rock salts gradually, enabling 

the generated brine to then be extracted from the well. Salt caverns are fast in responding to peak-

day demand and balancing the grid on a daily basis 

UHS in salt caverns has been operated in four locations in the world and is not considerably different 

from natural gas storage. Despite the fact that the idea of UHS was initially investigated in the 1970s, 

when economies were supporting nuclear and renewable energies as alternatives to fossil fuels, the 

body of literature is still limited [11, 12]. There are three sites in the US and one site in the UK  in which 

hydrogen is stored in salt caverns (see Table 1-1 for details). Also, there are some pilot projects under 

operation in the Netherlands (EnergyStock and Gasunie in Zuidwending), Germany (EWE AG and DLR 

in Rudersdorf), France (Storengy in Etrez) and the USA (Mitsubishi Hitachi Power Systems and Magnum 

Development in Utah, close to the town of Delta). 
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1.1.2. Depleted fields 

Depleted fields are production fields that contain hydrocarbons. After pressure depletion they can be 

converted to a storage site. Therefore, their capability for storage such as caprock tightness, reservoir 

properties and total volume capacity has been proven. Furthermore, widespread occurrence and 

available infrastructure make them an interesting option from a technical and economic point of view 

[13]. The working gas volume for depleted gas fields is approximately 50% of the total capacity [4]. 

Depleted field storage is applicable for both seasonal storage and peak-day demand. However, salt 

caverns are better suited for peak-day demand. 

Table 1-1 Detailed information about four available UHS sites in salt caverns [14, 15] 

Properties Teesside (UK) Clemens (USA) Moss Bluff (USA) Spindletop (USA) 

Geology Bedded salt Salt dome (diapir) Salt dome (diapir) Salt dome (diapir) 

Operator Sabic Petroleum Conoco Phillips Praxair Air Liquide 

fluid 95% H2 and 3–4% CO2 95% H2 - 100% H2 

Commissioned, year 1972 1983 2007 recently 

Volume, m3 3×70,000 580,000 566,000 906,000 

Reference depth, m 350 930 822 1500 

Pressure range, bar 45 70-135 55-152 68-202 

Possible working gas 
capacity H2, million kg 

0.83 2.56 3.72 8.23 

Industry uses 
production of 
ammonia and 
methanol 

Old Ocean Refinery 
petrochemical 
needs of Texas and 
Louisiana 

petrochemical 
needs 

For storage in depleted fields, there are only two pilot projects in Argentina (Hychico project) [16] and 

Austria [17] where a mixture of 10% hydrogen and 90% natural gas were injected into the reservoir. In 

both projects, the possibility of injecting hydrogen and methane mixture has been tested in the small 

depleted gas reservoir. Although these pilot tests have proven that this technology works, an in-depth 

evaluation of pure hydrogen injection into the reservoir is still missing. More information on reservoir 

properties and project summary of both fields is reported in Table 1-2. 

1.1.3. Aquifers 

Another option for UHS is aquifers which are occupied by brine in the pore space of rocks. The injected 

high-pressure gas into the aquifer displaces the water to create storage space and this dynamic 

boundary is changing during the injection and extraction cycles [14]. Contrary to depleted fields, the 

storage capacity of the aquifer is not clear and the integrity (leak tightness) of the reservoir is not 

proven. Therefore, field appraisal is required to assess the integrity of the aquifer. Therefore, when 

there are no depleted fields and salt caverns in the region nearby, the aquifer will be used [14]. The 

working gas capacity is typically between 30%-50% of the total gas [4]. No practical experience exists 

for UHS in aquifers. 

1.1.4. Underground Hydrogen Storage potential in the Netherlands. 

There are four depleted gas fields in the Netherlands for UGS, namely: Grijpskerk, Norg, Bergermeer, 

Alkmaar and one site with salt caverns in Zuidwending to supply during winter season when building 

and domestic consumptions are very high compared to summer (15 bcm in winter vs. 5 bcm in 

summer). Figure 1-4 shows the location of gas storage sites in the Netherlands. The gas storage 

reservoirs in the Netherlands are located in the Upper Rotliegend (RO) or Zechstein (ZE) geological 

formations, which were deposited in South-Permian Basin [10].  
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Table 1-2 reservoir properties of two pilot tests in Argentina and Austria for UHS in depleted gas reservoirs [17-19] 

Properties Argentina (Golfo de San Jorge 
Basin) 

Austria (Lehen-002 reservoir) 

Commissioned, year 2014 2016 

Reservoir rock Sandstone covered by clays sandstone enclosed by clays  

Reference depth, m 815 1022 

Initial pressure, bar 26.5 107 

Reservoir temperature, oC 55 40 

Gas initially in place (GIIP), Nm3 750,000 6,000,000 

Average thickness, m 2.5 small 

Porosity 0.25 >0.1 

Permeability, mD 700 700 

Gas saturation 0.45 - 

Injection fluid 10% H2 and 90% natural gas (rate 
of 5,000-10,000 m3/d ) 

10% H2 and 90% natural gas (rate of 
10,000-20,000 m3/d) 

Project summary • Natural gas injection to confirm 

tightness and properties of the 

reservoir 

• 10% H2 injection to study the 

response of the reservoir with H2 

• Natural gas injection again to 

evaluate the hydrogen tightness 

of the reservoir 

• Reservoir characterization with 

samples from rocks, fluids and 

biological material 

• 10% H2 injection to the reservoir 

• Geochemical and biochemical lab test 

analysis 

• Materials damage test for cement, steel 

and elastomers exposed to hydrogen 

mixture 

• Using membrane method for hydrogen 

and natural gas separation 

• Reservoir simulation and history 

matching 

The Grijpskerk, Norg and Bergermeer fields are located in Permian sandstones of the Upper Rotliegend 

Group [10]. The Zechstein geological formation on top of the Rotliegend consists of carbonates, 

dolomites, anhydrites and salts. The salts are cap rock for RO group and also good candidates for gas 

storage. Alkmaar UGS has been located in the carbonates and dolomites of ZE group [10]. The average 

depth of reservoir formations is 2-3 km below sea level. 

These UGS sites could potentially be converted to UHS. Also, other depleted gas fields in the 

aforementioned geological formations are possible options for UHS. Based on the analytical 

calculations, the previous UGS sites could provide 11 bcm (33 TWh) storage capacity for UHS. Also, the 

simulations show that there is a potential of 14.5 bcm (43 TWh) in salt caverns and 153 bcm (456 TWh) 

in onshore and offshore depleted fields [13]. Therefore, totally the storage capacity of hydrogen is 

around 180 bcm. This high capacity shows the great potential of UHS in the Netherlands. 
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Figure 1-4 UGS sites in the Netherlands [13] 

1.2. Problem statement & design goals 

While H2 is already stored in salt caverns at four locations worldwide, the experience with depleted 

gas reservoirs is limited. UHS in single salt caverns has a storage capacity in the range of 100-250 GWh. 

The required storage capacities for hydrogen in the future Dutch energy system in 2050 could exceed 

that of what can be feasibly stored in clusters of salt caverns [20]. Therefore, depleted gas reservoirs 

with a TWh-scale of hydrogen capacity are potentially the attractive solution for UHS. A recent study 

from Guidehouse and Gas Infrastructure Europe [21] shows that for development of a hydrogen 

backbone in the EU, the capacity of 70 TWh of hydrogen in 2030 and 450 TWh in 2050 is required. The 

current capacity of existing salt caverns is only 50 TWh which is not distributed in all countries across 

Europe. This evidence shows that depleted gas fields will play a crucial role in the future hydrogen 

economy. Also, their availability across the globe and existence of the previous infrastructure in the 

depleted gas reservoirs make them potential options for UHS. Although there are many projects for 

UGS and CO2 storage in depleted gas fields, the unique properties of hydrogen make storage in porous 

reservoirs challenging in terms of safety, in-situ reaction in the reservoir and design of surface 

equipment and infrastructure. Hydrogen high diffusion constant and low molar mass increases the 

chance of loss and leakage in the reservoir and embrittlement of metal and corrosion in the equipment. 

Also, bio- and geo-chemical reactions of hydrogen with rock, fluid and microbes lead to hydrogen loss 

in the reservoir.  To overcome the challenges for UHS in depleted gas fields, a comprehensive study is 

required in preparation for pilot and/or demonstration projects.  

The overall objective of this project is to perform techno-economic study of hydrogen storage in one 

depleted gas reservoir in the Netherlands. In this thesis, a case study of Roden depleted gas reservoir 

located in the north-eastern part of the Netherlands is selected to design the storage facility of the 

Roden field considering the reservoir performance, surface facilities (compressor and gas cleaning 
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units) challenges and the levelized cost of storage in different time domains. The grey box in Figure 1-5 

shows the main elements of the UHS facility. To study UHS in the Roden field, the following design 

questions will be addressed: 

I. What is the total capacity of the Roden gas field for UHS? What is the share of cushion and 

working gas volumes? 

II. Can we use low-cost gases like nitrogen instead of hydrogen as cushion gas?  

III. How is the capability of the Roden gas field for seasonal and peak-shaver storage? 

IV. What are the main considerations for UHS surface (above ground) facilities design such as 

compressor and gas separation unit? 

V. What is the levelized cost1 of storing hydrogen with an UHS facility in depleted gas fields? 

VI. Which design parameters and cost components in UHS have a significant impact on the 

levelized cost? 

 

Figure 1-5 Schematic of the storage facility of Roden gas field as the main focus of this project 

1.3. Thesis structure  

After this introduction, the UHS requirements are discussed in chapter 2. The importance of societal 

aspects and safety issues besides the techno-economic study is described to gain a big picture of the 

whole design system. The main challenges for UHS are reviewed in Chapter 3. The unique properties 

of hydrogen and its effect on the safe operation of UHS are studied. Afterwards, the main subsurface 

and surface challenges for UHS are discussed. 

The design steps for UHS including case study selection, subsurface modelling, surface facility design 

and economic analysis are reported in chapter 4. To design the storage facility for the Roden depleted 

gas field, subsurface modelling (chapter 5), surface facilities design (chapter 6) and economic analysis 

(chapter 7) are presented. 

 
1 The average net present cost of hydrogen storage facility over its lifetime 
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In chapter 5, the Roden depleted gas field is selected as a case study of UHS in the Netherlands and 

the performance analysis of the Roden is performed. Afterwards, the numerical compositional 

simulator “Eclipse 300” is used to determine the storage capacity of the reservoir based on the 

reservoir pressure and well rate constraints. Different scenarios are defined to evaluate the Roden 

field’s capability for seasonal storage and peak shaver (short-term) storage. In the seasonal storage 

analysis,  the possibility of using N2 as a cushion gas instead of H2 as well as the effect of working 

pressure are investigated. In the peak-shaver storage, the number of required additional wells for using 

the Roden field for higher-frequency timescale (more cycles per year) is estimated. 

In chapter 6, the design requirements for wells and surface facilities (e.g. compressor, gas cleaning 

units) are investigated. The type and the installed power of the compressor are determined and the 

type and amount of adsorbents for the gas cleaning unit are reported. 

Figure 1-6 shows the connection between chapters 5 and 6 and indicates that the outputs of 

subsurface modelling are used as an input for the basic design of the compressor and gas cleaning unit. 

The well injection pressure and rate are used as an input for the compressor design. Also, the well 

production rate and hydrogen purity at the surface are used as an input for gas cleaning unit design. 

 

Figure 1-6 The subsurface modelling and surface facilities design workflow  

The economic analysis in chapter 7 focuses on the levelized cost of UHS considering the capital and 

operation expenditure of all the factors of UHS including cushion gas, compressor, wells/piping and 

gas cleaning units. Also, uncertainty analysis is performed to quantify the most uncertain variables for 

storage cost. 

The design deliverables for this system are written in chapter 8 and the final chapter summarizes the 

conclusions and recommendations of this project. 
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Chapter 2 

2. Programme of requirements 

To develop UHS in the future energy system in the Netherlands, a socio-technical system consisting of 

technical, economical, safety challenges and social aspects of UHS is required simultaneously to gain a 

big picture of the whole system. The key questions that should be answered to improve the socio-

technical design are listed below: 

1. What are the current conditions and potential role of hydrogen in the future energy sector of 

the Netherlands?  

2. What are the technical and economic criteria for selecting appropriate underground hydrogen 

sites?  

3. How can we use natural gas infrastructures (such as transmission lines, storage sites, piping 

and equipment) for the hydrogen industry?  

4. How should regulations, rules and standards be changed to be compatible with hydrogen 

development?  

5. What policies should be considered by the government and industries for the transition period 

to introduce hydrogen as a future energy carrier? 

6. How can we improve public acceptance by developing the societal embedding of UHS? 

7. What are the hazards of UHS and what are the countermeasures for the risk scenarios? 

To answer the questions, relevant stakeholders and systems should be involved in UHS development.  

Figure 2-1 shows the main systems and elements which affect the socio-technical system of UHS 

directly or indirectly. The important elements consist of technical analysis, extending and upgrading 

current gas infrastructure for hydrogen transportation, lessons learned from UGS and CCS projects, 

the government strategy for hydrogen, policy and regulations (e.g. CO2 tax, subsidy and R&D support) 

and societal embedding of UHS which should be taken into account for successful development of UHS.  

As a part of the whole system, this study aims to give the reader a detailed view on basic design 

considerations focusing on techno-economic aspects of UHS in the Netherlands (Question 2).  Societal 

embedding and safety aspects are also reviewed in this section. 

 

Figure 2-1 Socio-technical system for UHS development 
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2.1. Techno-economic analysis 

In terms of technology readiness level (TRL) from 1 to 9, since the number of experiments and field 

experience is limited, UHS in porous media is at TRL 3 to 5 i.e., “experimental proof” and “technology 

validated” [22]. This means further studies for the development of UHS are required and this is not 

high enough to be commercially applied. This level for salt caverns is at TRL 5 to 7 indicating its 

potential for demonstration projects. 

The cost analysis of UHS is a crucial part of UHS development in the energy system. The share of 

subsurface and surface facilities in the levelized cost as well as the contribution of the storage section 

in the hydrogen chain system (production, transportation, storage and utilization) is important. 

The main requirements for techno-economic assessment in this thesis are following: 

1.  The system shall define the maximum volume of stored hydrogen (energy deliverability) in the 

case Roden gas field 

2.  The system shall determine the working gas volume and cushion gas volume for the Roden gas 

field 

3.  The system shall calculate the injection and withdrawal pressure and rate for seasonal and 

peak-shaver storage 

4.  The system shall calculate the purity of hydrogen at the withdrawal cycle in each time step 

5.  The system shall select which type of compressor should be used 

6.  The system shall present the installed power and number of stages in the compressor 

7.  The system shall select which type of hydrogen separation units should be used 

8.  The system shall deliver the levelized cost of storage per kg of hydrogen stored 

9.  The system shall define the share of each surface and subsurface element in the levelized cost 

10.  The system shall identify the main uncertain parameters in the evaluation. 

2.2. Societal embedding 

The public acceptance of new technologies such as UHS is essential for the development phase. Gas 

injection into and production from underground can influence local stresses in the subsurface leading 

to an induced earthquake. The experience from the Groningen gas field shows that considering local 

resident acceptance for activities relevant to underground is of importance [23]. The regular 

production from this field will be ceased in 2022 due to frequent earthquakes and more pressure from 

local residents. This issue should be taken into account for hydrogen storage site selection in onshore 

and particularly in the living area. Furthermore, hydrogen is more flammable than natural gas and has 

lower ignition energy. Therefore, compared to natural gas storage and production, UHS requires more 

societal and safety considerations for storage site selection. The best way is to involve the relevant 

stakeholders e.g. local residents from the very beginning of the project. 

Another essential element of the system is the regulations and the role of government. Current 

regulations could limit hydrogen development. The cooperation of stakeholders and the government 

could speed up the development process and overcome the barriers. The gap for regulations such as 

safety/standards of equipment and materials, the liability of UHS operators, gas equipment upgrading, 

the connection between gas and hydrogen operators should be filled with new regulations.  
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2.3. Safety/Risks 

To consider the safety issues in the project, safety cube theory is used in which three elements of a 

system, human and environment as well as their interaction should be considered in the safety 

integration: 

• System (UHS facilities such as compressor, pipeline, borehole, measurement tools, 

underground reservoir and separation unit) 

• Human (operators, local residents and end-users) 

• Environment (weather, earthquake, oil & gas companies, transportation sector, heat and 

electricity sectors) 

The main safety issues are relevant to corrosion, leakage and explosion which are originated from 

hydrogen properties. The risk assessment matrix is a tool to identify the main risks based on severity 

and probability. Table 2-1 shows some relevant risks identified in this study with different degrees of 

severity and probability. The colours determine the risk priorities (red: high, orange: serious, yellow: 

medium and green: low). Five risks from the red region could be considered as high risk and 

countermeasures are prioritized for them. The main concerns are related to the toxic gas release, 

corrosion in the equipment, H2S formation in the reservoir and local residents' resistance. 

Table 2-1 risk assessment matrix for UHS system 

Probability/Severity Catastrophic (1) Critical (2) Marginal (3) Negligible (4) 

Frequent (A)  9 11 19 

Probable (B)  3, 6, 10 8, 15,  16 

Occasional (C) 1 2 12, 17, 18  

Remote (D) 4, 20 5 7, 14 21 

Improbable (E) 13    

Eliminated (F) Eliminated 
1) Toxic gas release 

2) Leakage in the pipeline, compressor and borehole 

3) Corrosion in the facility, pipeline and borehole 

4) Hydrogen explosion in the system 

5) Borehole collapse and underground reservoir degradation 

6) Formation of H2S in the underground due to geochemical, biochemical and mixing reactions 

7) Separation of toxic gas from H2 in the export line 

8) Safety and health issues of personnel in the site 

9) Residents resistance to UHS site preparation in their living area 

10) Residents migration to other regions 

11) Variation in weather and its effect on hydrogen supply 

12) A commitment of stakeholders to use hydrogen instead of other gases and fuels 

13) Possibility of an earthquake in the region and its consequence in an underground facility 

14) Facility failure and its effect on a mismatch between supply and demand 

15) Malperformance of hydrogen purification unit 

16) Effect of operation job on workers performance and tiredness 

17) Effect of operation job on workers quit from the job 

18) Incorrect design of the surface facility and its effect on balancing supply and demand. 

19) Malperformance of measurement tools for rate and pressure calculation 

20) Hydrogen interaction with underground aquifer and water pollution 

21) Hydrogen interaction with CO2 and methane formation in the underground 
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Chapter 3 

3. Subsurface and surface challenges of hydrogen storage 

In this chapter, hydrogen properties and their challenges are reviewed. Subsurface challenges like 

energy deliverability, chemical reactions, hydrogen loss due to diffusion, hydrogen mixing with residual 

gases and well integrity are described. Also, surface facilities such as compressors and gas cleaning 

units are investigated. 

3.1. Hydrogen properties 

Hydrogen is the lightest and the most plentiful element in nature, making about 75% of the mass of 

the universe [24]. Hydrogen can exist in various states depending on the applied temperature and 

pressure [14]. Hydrogen does not exist in a pure form in nature and, therefore, has to be produced. 

Hydrogen can be found in a solid state at low temperatures with a density of 70.6 kg/m3. A liquid state 

can be observed between the triple point and critical point. It is a liquid at a boiling temperature of 20 

K and a solid at a triple point of 14 K at atmospheric condition. Hydrogen as a gas has a low density of 

0.089 kg/m3 at 0 oC and 1 bar. Hydrogen storage basically implies the reduction of the enormous 

volume of hydrogen gas. In order to increase the hydrogen density for storage, it requires compression 

or cooling below the critical temperature [14]. In the subsurface, hydrogen is stored as a compressed 

gas, at high temperatures and pressures. Contrary to most of the gases, hydrogen warms when 

expanded at constant enthalpy at atmospheric pressure and room temperature. This phenomenon 

(called the Joule-Thomson effect) may prevent the formation of water vapour and dehydration process 

in the surface facility. Therefore, from a thermodynamic point of view, no challenges exist for UHS [25]. 

However, to demonstrate the existing differences between UGS and UHS, the physicochemical 

properties of hydrogen and methane as well as the challenges for UHS have been shown in Table 3-1. 

Lower density, lower ignition energy, higher heating value, and higher diffusivity coefficient imply that 

safety issues and any leakage problems during the storage should be considered in advance. The 

volumetric energy density of hydrogen is only 30% of methane. Besides, a higher z compressibility 

factor for H2 has a negative impact on the total energy storage compared to natural gas storage. Gas 

fingering problems are more severe in hydrogen than methane and a lower injection and extraction 

rate is needed [26]. In higher rates of injection, the effect of viscous force (dynamic viscosity) is more 

dominant than the effect of the gravitational vertical forces, leading to the unstable displacement and 

lateral migration of H2. These unique properties make the storage of hydrogen more challenging 

compared to natural gas. The depth of storage in geological structures depends on the phase behaviour 

of gas. The trend of hydrogen and natural gas viscosity is similar and there is no constraint for the 

depth of hydrogen and methane [27]. 

3.2. Subsurface challenges 

3.2.1. Hydrogen energy deliverability 

Due to hydrogen properties, the storage capacity for hydrogen is lower than methane or natural gas. 

Figure 3-1 compares the storage capacity of hydrogen and methane at different pressure and 

temperature. It shows that in the reservoir condition, the storage capacity for hydrogen is 80%-85% of 

methane. As discussed in the section 3.1, the volumetric energy of hydrogen is one-third of methane. 
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Both effects together depict that the energy deliverability of hydrogen (J/sm3) is only 25%-30% of 

methane. This is one of the drawbacks of using hydrogen as a source of energy. 

Table 3-1 physicochemical properties of hydrogen and methane [9, 14-16] 

Properties Hydrogen Methane Challenge  

Molar mass 2.02 16.04 Leakage 

Density at Standard Temperature and Pressure 
(STP*), kg/m3 

0.0813 0.648 

Gravity override 

more compression energy 
(MJ/kg) 

Viscosity at NTP**, cp 8.8E-3 11.0E-3 Instability displacement 

Heating value, kJ/g 120-142 50-55 
Lower energy density 

Volumetric Energy, Mj/m3 10-12 33-37 

Minimum ignition energy, mJ 0.02 0.29 Risk of flammability 

Diffusion coefficient in air at NTPa, cm2/s 0.61 0.16 Leakage and corrosion 

Z, compressibility 
factor at 

T=92 oC and P=50 bar 1.03 0.99 
Lower energy storage 

T=92 oC and P=100 bar 1.05 0.94 

   *15.6 oC and 1 atm, ** 20 oC and 1 atm 

 

Figure 3-1 Ratio of formation volume factor of H2/CH4 (the storage capacity) vs. pressure and temperature 

3.2.2. Geochemical reactions 

Geochemical and bio-chemical reactions in the reservoir are one of the challenges that should be 

considered in the reservoir during UHS. 

Geochemical reactions of hydrogen with rock minerals are slow processes. However, their effect 

should be studied in the time scale of gas storage operations and the possible petrophysical effects 

such as a change in porosity and permeability should be considered. The microorganism can act as a 

catalyst to accelerate the reactions [10]. The available minerals of the reservoir rocks are: 

• Sandstone including quartz, illite, kaolinite, chlorite, montmorillonite, etc. 

• Iron oxides including hematite and goethite 

• Sulfur-containing minerals including anhydrite, gypsum, pyrite, and sulfur 

• Carbonates including calcite, dolomite; and siderite 

Some consequences of geochemical reaction are described below: 
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• In the case of negative Gibbs enthalpies of the corresponding reactions, the conversion of H2 

to H2S (using sulfate-reducing bacteria or sulfur-containing minerals) can occur [11]. 

• Dissolving hydrogen in water leads to an acidic solution, which will corrode underground 

equipment and rubber materials [26].  

• Free CO2 in residual gas or CO2 in carbonate rocks can react with H2 to produce CH4. 

• Porosity and permeability changes due to alteration, dissolution and precipitation of minerals 

Numerical modelling of these reactions and experimental analysis can improve the knowledge about 

the exact process in porous media. The recent literature shows that there are still unanswered 

questions on the effect of hydrogen on brine and rock minerals. It seems lower temperature (T<100 
oC) and lower salinity (TDS<288 g/l) reduce the effect of geochemical reactions [31]. Among minerals, 

sandstone is in the safe range and minor changes are reported in terms of petrophysics [32]; Other 

minerals such as calcite, hematite, pyrite and anhydrite are more sensitive and could be affected by 

hydrogen injection and need more studies. Pyrite reduction into pyrrhotite and formation of H2S 

(Equation 3-1) is one of the main challenges and may happen in UHS because of high temperature and 

pressure [33]. Hydrogen interaction with minerals requires a time scale larger than typical storage time 

and therefore, hydrogen/brine interaction is dominant during the storage cycle [34]. The effect of brine 

ions is not covered in the literature in detail and more research is required to analyze their effects.  

Generally, geochemical reactions are slow and it is not expected to have major influences on the UHS 

life cycle. However, it is important to understand the reservoir conditions and possible high-risk 

reactions prior to any activity. Possible key risks as a side effect of geochemical reactions include the 

formation of highly corrosive and toxic H2S, reservoir performance degradation due to changes in 

porosity and permeability, loss of hydrogen by reaction with rocks and fluids and contamination of the 

production stream. 

FeS2+(1-α)H2→FeS(1+α) +(1-α)H2S           0 < 𝛼 <0.125 Equation 3-1 

3.2.3. Biochemical conversion processes 

Microorganisms are able to live under reservoir pressure and temperature. In the desirable 

thermodynamic condition of the assemblage and not too high temperature and salinity, the activity of 

different types of bacteria is likely, and they can consume hydrogen and may lead to hydrogen loss or 

the formation of impurity in the fluid stream [20, 21, 32]. The equations are as follows: 

 Methanogens CO2+4H2→CH4+2H2O Equation 3-2 
 Acetogens 2CO2+4H2→CH3COOH+2H2O Equation 3-3 
 Acetotrophs CH3COO-+H+→ CO2+ CH4 Equation 3-4 
 Sulfate-reduction SO4

2-+4H2+2H+→4H2O +2H2S Equation 3-5 
Iron(III)- reduction 3Fe2O3+H2 →H2O2Fe3O4+H2O Equation 3-6 

Consequently, the following problems may occur [10]: 

• corrosion and acidification of the reservoir fluids by H2S 

• permeability reduction with iron sulfide (FeS) precipitation 

• decreasing gas quality by hydrogen consumption and impurities formation 

As a field experience, during town gas storage in the Czech Republic, the gas composition changed, i.e. 

the concentration of methane increased from 22% to 40%; which was attributed to microbial activity 

[8, 9]. 
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The results of lab experiments showed that the biochemical conversion is active when terminal 

electron acceptors such as CO2, SO4
2- and Fe3+ are available enough in the brine or rock and they can 

lead to pore blockage and energy loss [17]. The hydrogen loss is a function of the amount of CO2, SO4
2- 

and Fe3+, the reaction kinetics and time. The analysis of Amid et al. [11] on the depleted gas field in the 

UK shows that in the worst-case scenario, hydrogen loss will not be more than 3.7% and the effect of 

sulfate-reducing bacteria is more than methanogenesis. 

Pore-scale and large-scale modelling of microorganisms activity have been performed recently, but the 

number of lab experiments is limited and more data is needed to confirm and analyze their effect on 

the UHS. Based on the current data, biochemical conversion is a possible phenomenon in the reservoir 

depending on the thermodynamic conditions. Apart from this side effect, some projects are studying 

the underground methane reactor in which CO2 and H2 are injected and due to biochemical activities, 

green methane is generated in the subsurface reservoir [19].  This was due to the higher volumetric 

energy of methane in comparison with hydrogen. The controlling parameters are reservoir 

temperature, brine salinity, amount of residual gas, initial microbial density, microbial population 

growth in the reservoir, and diffusivity of CO2 and H2 relative to CH4 [36]. 

3.2.4. Hydrogen loss due to diffusion 

To predict the hydrogen loss through the underlying aquifer and the caprock above, a diffusion 

coefficient of hydrogen should be calculated (It is around four times higher than methane). Although 

no severe problem has been yet reported for town gas storage, it is not clear whether the sealing, 

which managed to preserve oil and gas over geological timescales, can also prevent hydrogen losses 

[10, 27]. Hydrogen loss through the caprock or aquifer could be obtained from Fick's law which is a 

function of reservoir geometry, reservoir properties, and hydrogen diffusivity [11]. 

The caprock is filled with water and is tight for gas until capillary threshold pressure. Once the capillary 

threshold pressure is exceeded, the drainage of water could occur and the gas can move to caprock 

[37]. The diffusion process through cap rock is possible when hydrogen dissolves into the brine. The 

hydrogen solubility in water is lower than the methane solubility. However, the higher diffusivity of 

hydrogen makes the process faster. Large-scale methane losses are not expected in depleted gas fields 

that are re-used for gas storage, because the brine in the caprock has been saturated with methane, 

and therefore, the concentration gradient is very low. This gradient is higher in the case of UHS in the 

first cycles of storage, which needs to be precisely determined through lab experiments and field tests. 

The overall speed of the diffusion process is low [38] and hydrogen losses are reported in the range of 

2 % at field scale over the life cycle of a town gas storage [10]. 

3.2.5. Hydrogen mixing with residual gases 

In case of UHS in depleted gas reservoirs, injected hydrogen into the reservoir could mix with residual 

gases such as natural gas, CO2 and N2. Also, using alternative gases as a cushion gas in the reservoir 

results in hydrogen mixing with other components. Therefore, in the withdrawal mode hydrogen is 

produced with some impurities (the recovery of the storage is not 100%) and we may need to purify 

the gas stream according to the end-user requirements. This issue doesn’t happen in salt caverns 

where only a dehydration unit is required to separate the water and water vapour from hydrogen. 
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3.2.6. Hydrogen interaction with brine 

The hydrogen interaction with brine should be studied to predict hydrogen solubility in the water and 

its effect on the reservoir fluids flow during the storage. The current equation of state models may not 

predict the hydrogen solubility and its phase behaviour in saline solutions properly. Therefore, new 

models are required to be used for pure hydrogen or gas mixtures (H2/N2/CH4). Generally, higher 

salinity, higher temperature and lower pressure lead to lower hydrogen solubility. The diffusion 

coefficient of H2 in water is typically 104 times smaller than in gas (4.5×10-9 vs. 6.1×10-5 m2/s at 25 oC) 

[39]. Therefore, hydrogen loss due to diffusion through water should not be a big problem which 

according to the results of Amid, Mignard and Wilkinson [11] is less than 0.1%. 

3.2.7. Well Integrity 

The design of borehole equipment in UHS such as casing, tubing, cement, and packer is important in 

porous reservoirs due to hydrogen high diffusivity and its contamination with other substances 

(geochemical and biochemical reactions). Therefore, there is a possibility of leakage and corrosion in 

the borehole. Three potential risks related to well integrity are listed below: 

• Integrity of materials under exposure to hydrogen: This includes the impacts of hydrogen on 

the materials such as hydrogen blistering, hydrogen-induced cracking (HIC), and hydrogen 

embrittlement [37]. The metal exposed to hydrogen could be damaged due to tensile stress 

fluctuations in the tubing and the cyclic operation of storage. In this condition, If the tensile 

stress of the casing rises gradually, casing failure will occur without any indication. Therefore, 

corrosion-resistant alloys with an austenitic structure can decrease the harmful impact of 

hydrogen on the subsurface equipment. Also, the diffusion process through cement, chemical 

alteration of cement and integrity loss of elastomer packer should be considered in completion 

design. 

• Integrity of materials under exposure to corrosive fluids and H2S: One of the negative issues is 

the corrosion caused by an acidic solution such as hydrogen sulfide which can decrease the 

service life of the downhole equipment [26]. H2S is highly corrosive and the API standard 

specification should be considered for the type of metal. 

• Microbial-induced corrosion: The available microorganism in the reservoir can attach to the 

surface of metals and form and develop a biofilm in which they consume nutrients and 

produce polymer substances. They lead to localized corrosion in the steel [40]. Therefore, the 

proper selection of material based on the operative and environmental conditions in the 

reservoirs is necessary. 

3.3. Surface facilities challenges 

Every common gas storage system consists of an injection phase (storage) and a delivery phase 

(withdrawal). The two main components of storage facilities are compressors for gas injection and 

separators and dryers for withdrawal. Other facilities are gas measurement units, station piping, 

pressure control unit and pre-heating system (if needed). In this thesis for the UHS project, the most 

challenging parts i.e. compressors and gas cleaning units are reviewed.  
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3.3.1. Hydrogen compression 

The compressor in surface facilities is used to increase the inlet gas pressure from the transmission 

pipeline to then be injected into the underground reservoir. The level of pressure increase depends on 

the depth and reservoir properties. The compressor also can be used to pump withdrawal gas to the 

pipeline and separation unit in the withdrawal process. Due to varying conditions of storage in the 

operation, the compressor should work on a broad range of volume and pressure.  

The adiabatic compression energy (MJ/kg) for methane, hydrogen and helium has been depicted in 

Figure 3-2. The lower density and higher compressibility factor of hydrogen lead to more compression 

energy (MJ/kg) for hydrogen compared to methane and helium. 

Generally, isothermal compressors require lower energy for compression than adiabatic ones [41]. 

However, They are not yet commercially available, especially for large-scale systems. Therefore, the 

common design of compressors in the industry is adiabatic or polytropic compression systems [42]. 

The pressure increase during the compression generates heat leading to temperature increase of the 

discharge gas. Therefore, a heat exchanger (cooler) is required after each compression stage. The 

cooling stage decreases the gas volume moving to the high-pressure cylinders, reduces the work 

needed for the next step and keeps the temperature within safe ranges. As hydrogen could react with 

glycol to form water, using glycol as a coolant for machines is not suggested.   

 

Figure 3-2 adiabatic compression energy (MJ/kg) required for hydrogen, helium and methane [41, 43] 

3.3.1.1. Compressor types 

Reciprocating and centrifugal compressors are the most common types of the compressor for gas 

storage projects. The overview of current technologies for hydrogen compression has been 

implemented by Peschel [44]. This analysis shows that based on the current technologies, only 

reciprocating and centrifugal compressors could be used for large-scale projects (See Table 3-2). 

Based on the general rules, Turbo (centrifugal) compressors are used for high rate and low pressure 

ratios. Whereas, reciprocating (volumetric) compressors are suitable when lower rates and higher 

pressure ratios are needed. In our design both rate and pressure ratio are high. Table 3-3 shows 

different characteristics of reciprocating and centrifugal compressors [45]. Due to the low molecular 

weight of hydrogen, a reciprocating (positive displacement) compressor is a better choice than a 

centrifugal one in order to gain better efficiency [41]. Furthermore, they are more flexible in capacity 
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and pressure range (this is especially the case for gas storage projects where the fluctuation in rate 

and pressure is expected during the injection and withdrawal phase). The pressure increase is 

performed within a cylindrical chamber by piston movement. Their main concerns for reciprocating 

compressors are high maintenance requirements and full-capacity spare (as a general rule for 

reciprocating compressors in critical services) 

Table 3-2 Different types of compressors for hydrogen, their scale and technology readiness level [44] 

Compressor type Scale and rate (m3/day) 
Maximum discharge 
pressure, Bar 

Technology readiness 

Turbo (centrifugal) Large scale (>24,000) < 50 In development 

Piston (reciprocating) Small - large (240-2,8 mln) 1300 Commercial 

Ionic compressor 
Hydrogen refueling station 
(18,000) 

1000 
Commercial (but 
limited numbers) 

Metal hydride Very small (25-290) 250 In development 

Electrochemical Usually small (120-6,700) 950 In development 

Screw Medium - large (4,800-2.4 mln) 55 Special applications 

Membrane Small - medium (25-96,000)  3000 Commercial 

Table 3-3 Reciprocating and centrifugal compressors characteristics [45] 

Reciprocating Centrifugal 

More flexibility in rate and pressure Lower installation and maintenance costs 

More efficiency and lower power cost Less operating risks 

Less sensitivity to composition of the gas Operating continuously for long periods 

3.3.2. Hydrogen purification 

The conventional facilities for gas treatment in UGS projects are separator, pre-heater and drying 

facilities. In case of UHS in porous media, hydrogen is a gas whose Joule–Thomson inversion 

temperatures is very low (200 K at a pressure of 1 atm ). Thus, it warms when expanded at constant 

enthalpy at typical room temperatures. Therefore, it seems pre-heating for the prevention of hydrate 

formation is not required. Also, the withdrawal stream from the reservoir is a mixture of hydrogen and 

residual gas in the reservoir. Therefore, along with the aforementioned equipment, one step for 

hydrogen purification should be included in the treatment design. 

The purity requirement varies with the application of hydrogen in the industry. for example, a 

hydrogen fuel cell requires high hydrogen purity to prevent catalyst deactivation where other sectors 

such as built environment or power generation can tolerate with lower hydrogen purity. The most 

important impurities are N2, natural gases, CO2, H2S and water. In this section, the gas cleaning 

methods for UHS are described. The focus of this section is on hydrogen separation and purification 

from other gases. 

Various methods for hydrogen separation and purification are reported in the literature which are 

described below [46, 47]: 

• Partial condensation: This is a gas/liquid separation method and moisture in hydrogen such 

as water vapor is removed by being condensed into water at a lower temperature. It should 

be mentioned that impurities such as hydrocarbons, water vapor, CO2, CO and nitrogen 

condense at much higher temperatures than hydrogen. This method is not common; however, 

it is suitable for hydrogen separation from crude gas in a continuous and large-scale operation. 

• Absorption Methods: Various absorption processes using solvents or solutions can be used for 

hydrogen separation. The absorption processes are classified into physical ones based on the 
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differences in solubility between hydrogen and other components, and chemical ones based 

on chemical reactions between impurity components and the absorbent. Organic solvents for 

physical processes and hot alkaline or amine solutions for chemical reactions are used. 

• Adsorption Methods: Adsorption separation methods are based on the preferential 

adsorption of some components other than hydrogen mainly due to the difference in 

adsorption equilibrium. Some adsorbents are silica gel, zeolite, activated carbon, activated 

aluminum, and molecular sieves. Temperature Swing Adsorption (TSA) and Pressure Swing 

Adsorption (PSA) are the most common methods. In some conditions, when the hydrogen 

concentration is low, it will be more efficient to adsorb the hydrogen instead of adsorbing 

impurities by hydrogen storage materials called metal hydride. 

• Membrane separation: In this method, the membrane is a physical barrier that separates 

gases in a mixture by allowing only certain gases to cross from one side of the membrane to 

the other side. This method is based on a pressure gradient in which a feed gas mixture with 

high pressure is applied to one side of the membrane. 

• Electrochemical separation: In this method, devices are based on an anode and cathode gas-

diffusion electrodes, and a solid (usually polymer-based) electrolyte between the electrodes. 

The supplied electricity could transport from anode to cathode. The objective of this system is 

to oxidize impure hydrogen at the positive electrode (anode) and to evolve hydrogen at the 

negative electrode. 

Hydrogen separation processes can combine one or more aforementioned methods. Table 3-4 roughly 

shows a summary of different methods, operation pressure and temperature, hydrogen recovery, 

hydrogen feed and product purity and typical process.  

Table 3-4 typical properties of different methods for hydrogen separation [46]  

Methods 
Means 
media 

Operating condition Hydrogen concentration 
Hydrogen 
recovery 

Typical process 
[Impurities] 

Pressure, 
Bar 

Temperature, 
K 

Feed product 

Partial 
Condensation 

Cooling 
agents 

20-50 90 30-90 90-98 95 
H2 recovery [CH4, 

CO] 

Physical 
Absorption 

Organic 
solvents 

10-150 RT* 60-90 80-95 90-95 
H2 recovery 

[Hydrocarbons] 

Chemical 
Absorption 

Alkaline 
carbonates 

5-30 330-380 <85 98 >95 CO2 removal 

Chemical 
Absorption 

Amine 
solutions 

3-20 >RT <85 98 >95 CO2 removal 

Adsorption Adsorbents >1 <RT <99.9 >99.99 >95 H2O removal 

Adsorption 
Adsorbent 

Liquid 
nitrogen 

>5 80 <99.999 >99.9999 >95 Final purification 

PSA Adsorbents 20-150 RT 60-90 >99.9 70-90 
H2 recovery 

[Hydrocarbons] 

PSA Adsorbents 10-40 RT 50-80 <99.999 70-85 
H2 production 

[CO2, H2O, CH4, 
CO] 

Polymer 
Membrane 

Polyamide 
Polysulfone 

20-200 273-373 70-95 85-99 85-95 
H2 recovery [CO, 
Hydrocarbons] 

Palladium 
Membrane 

Pd-Ag 
alloys 

<20 573-723 >98 99.99999 <99 
H2 purification 

[N2, O2, CO, CO2] 

Metal 
hydride 

LaNi5-
based alloy 

<40 >RT <60 99 >90 
H2 recovery [N2, 
Hydrocarbons] 
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Metal 
hydride 

LaNi5-
based alloy 

<10 >RT >95.5 99.5 >90 
H2 purification 

[Hydrocarbons] 

*room temperature 

The method for hydrogen purification can be selected based on the gas feed composition, pressure 

and temperature, gas flow rate and end-user requirement. The most common methods are described 

and compared below. It is important to mention that the selected technology for UHS should be 

technically and economically accessible in large-scale. The required scale for UHS in a salt cavern and 

depleted reservoir is 10K and 100k-1M Nm3/hr. 

3.3.2.1. Cryogenic distillation 

This method is a low-temperature (−253 °C) separation process which uses the difference in boiling 

temperatures of the feed components. Therefore, it is highly energy-intensive and costly and less 

common [47]. In this method, hydrogen can be stored as a liquid. The impurity gases condense to form 

a liquid phase whilst hydrogen remains in a gaseous state since it has the lowest boiling point of the 

mixture at −253 °C. 

This method is based on partial condensation and methane wash. In both methods, the gas stream 

should be dried of compounds that would freeze at cryogenic temperature such as water and CO2 [47]. 

Partial condensation separates H2 from CO2 in a series of flash separators and in a methane wash, liquid 

methane absorbs CO and CH4 and therefore high level of purity for hydrogen can be obtained (see 

Figure 3-3). 

Although the purity levels of the extracted hydrogen remain limited with the cryogenic purification, 

this method is compatible with low hydrogen contents in the feed, which holds industrial 

attractiveness. This method is suitable for cases with significant impurities of hydrocarbons. 

This method is useful for large units and is not ideal for small scale such as hydrogen refilling stations 

for hydrogen fuel cell vehicles [47]. 

 

Figure 3-3 Cryogenic distillation configuration [48] 
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3.3.2.2. Membrane separation 

The main factor for hydrogen separation in this method is the pressure gradient across the membrane 

(high inlet pressure and low pressure on the opposite side) [47]. A membrane is a physical barrier 

allowing selective mass species transport and is based on diffusion velocity difference of hydrogen and 

its impurities through a gas-diffusible membrane [49]. The higher diffusion rate gases (e.g., hydrogen) 

accumulate in the permeate side, whereas gases with lower diffusion tendencies remain at the feed 

side. Figure 3-4 shows the schematic process for hydrogen separation by membrane. There are three 

types of membrane including inorganic (ceramic oxides, zeolites and metallic), organic (polymer 

membranes) and hybrid or composite [50]. Selectivity and permeability (flow per area) are the most 

basic properties of a membrane. Metallic membranes are dense and polymeric membranes are dense 

or porous. Inorganic membranes are suitable for harsh temperature and chemical conditions. 

However, polymeric ones have the advantage of being more economical and processable. The most 

common metallic membrane consists of a palladium membrane. However, high cost and failure 

because of hydrogen embrittlement is its limitation. Some limitations for this method are below: 

✓ Corrosive or acidic compounds such as H2S can degrade the membrane bundles 

✓ A membrane may be damaged by liquid and saturated feeds. So they should be heated above 

the dew point before the gas inlet to the membrane. 

Figure 3-5 shows a gas separation in the polymeric membrane. The gas first dissolves into the 

polymeric membrane, then diffuses through the thickness before again dissolving into the bulk on the 

opposite side. The purified hydrogen exits the membrane as permeate. Impurities with lower relative 

rates remain in the retentate. 

  
Figure 3-4 Hydrogen separation by membrane selective permeation (left), Schematic of a dense polymer membrane for 

hydrogen purification (right) [47] 

 

Figure 3-5 gas diffusion through polymeric membrane at different rates [48] 
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3.3.2.3. Pressure Swing adsorption 

PSA method is based on the different adsorption capabilities of adsorbates at high and low pressures 

in a cyclic basis. The separation depends on the gas component, type of adsorbent material, partial 

pressure of the gas component and operating temperature. Components of gas mixtures are 

selectively adsorbed at high pressures and desorbed at low pressure (regeneration process). The 

process is equilibrium controlled under adiabatic conditions. As hydrogen is a highly volatile 

component, a low amount of hydrogen is absorbed and thus its purity and pressure remain high. This 

method is simple, flexible and commonly used in the SMR method for hydrogen separation from CO2, 

CO and CH4 (purity level of 99.99%) [49]. There are different adsorbents such as activated carbon and 

zeolite. Typically CO2, and a part of CH4 and CO are adsorbed on the first layer of activated carbon while 

remaining  CH4 and CO on the second layer of zeolite. PSA can adsorb H2S as well [51]. This method is 

ideal for large industrial scale units; however, more levels of purification cause lower gas recovery and 

more energy consumption [47]. No heating or cooling is needed for PSA and its cycle is very fast with 

a time in the range of minutes. This results in high productivity and small adsorbent beds. 

A PSA plant consists of the adsorber vessels containing the adsorbent material, tail gas drum(s), valve 

skid(s) with interconnecting piping, control valves and a control system. Adsorption of impurities is 

carried out at the high inlet pressure of the feed gas. The feed gas flows through the adsorber vessels 

in an upward direction and impurities such as water, heavy hydrocarbons, light hydrocarbons, CO2, CO 

and nitrogen are selectively adsorbed on the surface of the adsorbent. Highly pure hydrogen exits the 

adsorber vessel at the top. After the vessel is filled with impurities, the feed switches to a new vessel 

and the saturated vessel depressurizes to regenerate, desorbing all impurities into the tail gas stream. 

Figure 3-6 shows the schematic diagram of the PSA unit for hydrogen purification. The Qualitative 

ranking of adsorption forces in a vessel and PSA plant in Leuna, Germany is depicted in Figure 3-7. 

Generally, the PSA system includes two trains of adsorber, each with 4-6 vessels. The outlet hydrogen 

pressure is near to feed pressure, While, the pressure of tail gas is very low [48]. 

Temperature is very important in PSA and the unit temperature should be in the range of 20-65 oC. 

Higher temperature reduces the adsorption capacity and increases the capital cost. To condense the 

water before entering the unit, the feed should be kept in a unit at ambient temperature [48].  

  

 

 

Figure 3-6 schematic process for PSA [48] 
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Figure 3-7 The Qualitative ranking of adsorption forces in a vessel and PSA unit Germany [52] 
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Chapter 4 

4. Design steps 

To investigate the techno-economic of UHS, the physical elements of the system is identified. Figure 

4-1 shows the physical architecture of the UHS system. Compression system, piping system and 

separation unit system are related to surface analysis. Borehole system and underground system are 

the main elements of subsurface analysis and the levelized cost system is a tool for economic 

evaluation of the system. Each part has its own elements. The design focus of this study (green boxes 

in Figure 4-1) is compression and PSA units, underground modelling and levelized cost estimation. 

 

Figure 4-1 Physical view of the UHS system (The focus area of this project is highlighted in green) 

The following procedure for the design process is implemented (see Figure 4-2):  

1. Case study selection in the Netherlands 

2. Subsurface modelling of case study to determine the storage capacity, reservoir pressure and 

rate in the injection and withdrawal mode 

3. Surface facility design based on subsurface outputs 

4. The levelized cost calculation of UHS including subsurface and surface facilities 

Figure 4-3 shows the detailed hierarchical flow of sections 2 and 3 (subsurface and surface). The 

compositional model preparation, scenario definition and running the model in the subsurface 

modelling determines cushion/working gas volumes, well injection and withdrawal rate, the 

component concentration at the surface and the injection pressure. These outputs are used to design 

the compressor and gas cleaning unit.  
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Figure 4-2 The procedure of UHS study in this thesis (functional view of the system) 

 

Figure 4-3 Detailed hierarchical flow of subsurface and surface (sections 2 and 3 of Figure 4-2) – green colour: subsurface; 
orange colour: compressor and blue colour: gas cleaning unit 

4.1. Case study selection 

To study UHS in depleted gas reservoirs, the Roden gas field has been selected as a case study for the 

preliminary evaluation of UHS in the Netherlands because: 

• The Roden field consists of thick well-sorted aeolian sandstones and is introduced as one of 
the possible candidates for underground storage in the Netherlands [53], 

• The data is not confidential for this field and access to available data and dynamic model is 
possible, 

• The working volume of the field is around 1 bcm. This volume shows the medium size of 
storage capacity compared to small sizes such as salt caverns (0.5 bcm) and large sizes such as 
Bergermeer and Zuidwal gas reservoir [53]. 
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• The Roden gas field is located in the Groningen area where lots of projects on green hydrogen 
are ongoing and first salt cavern pilot project is already started. Also, its proximity to the 
hydrogen backbone in Europe makes this field a possible candidate for UHS in the future. 

This field is located to the west of the Groningen gas field in the northeastern part of the Netherlands 

(Figure 4-4). The first well (ROD-101) discovered the field in 1970 and then the second well (ROD-102) 

was drilled in 1976, respectively. Figure 5-1 shows that the field consists of two fault blocks with major 

bounding faults. The production from the field was started in 1976. Both wells suffered severe water 

production and ROD-101 was side-tracked in 1988. Finally, the gas production from this field stopped 

in 2003.  

 

Figure 4-4 Roden gas field location in the northeastern part of the Netherlands [54] 

4.2. Subsurface modelling 

4.2.1. Numerical simulation 

After the selection of the Roden gas field, the numerical simulation is performed to determine the total 

storage capacity of the reservoir (working and cushion volumes) in seasonal and peak-shaver storage. 

Two scenarios for the seasonal storage based on working reservoir pressure and type of the cushion 

gas are defined to investigate the deliverability rate of the reservoir and the hydrogen purity of the 

withdrawal mixture at the surface. Also, two scenarios for peak-shaver storage are defined to 

investigate the Roden performance with more cycles per year (see Figure 4-5). 

The numerical simulation (Eclipse 300 software) is used to evaluate the reservoir performance of UHS 

for the Roden gas field either in seasonal storage (one cycle per year) or in higher-frequency timescale 

(more cycles per year). This purpose is to investigate the macro-scale modelling and the pore-scale is 

not included in the simulation. 

The procedure of preparing the appropriate numerical model is shown in Figure 4-6. The geological 

(static) model and black-oil model have been built before in Petrel software [54]. In the black oil model, 

the equations are solved based on the phases (oil, gas and water). In this study, the component 

concentration is required to determine hydrogen mixing with residual gases as well as the final 

hydrogen concentration of the withdrawal stream at the surface. Therefore, the equations should be 
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solved based on the components using the fluid model analysis. Consequently, instead of the black-oil 

model, the composition model (Eclipse 300) is generated and used in this study. The validity of 

converting black oil model to compositional model is reported in Appendix A.  

 

Figure 4-5 The workflow of subsurface modelling of the Roden gas field for seasonal and peak-shaver storage 

 

Figure 4-6 The procedure to prepare the compositional model of the Roden gas field for UHS 

4.2.2. UHS design 

To implement UHS simulations in the Roden field, it is assumed that this field is converted to the 

storage field of hydrogen. Both seasonal and peak-shaver performance scenarios consist of three 

modelling steps: 

1. Injection of cushion gas to the reservoir for increasing pressure until the minimum working 

pressure. 

2. Injection of working gas volume until the maximum working pressure  

3. Implementing the storage cycles (withdrawal and injection) with the pressure range of 

minimum and maximum working pressure for the whole storage lifetime. 

In all steps above, the constraints/threshold/cut-off values e.g. rate and pressure of injection and 

withdrawal are defined to obtain a storage capacity of the Roden field. 

4.3. Surface design 

Based on outputs from Subsurface modelling, the basic design of two main components of a surface 

facility of hydrogen storage is implemented:  

• A compressor for hydrogen injection 

• A separation unit for purification of the hydrogen-rich gas mixture after withdrawal 
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model 

Compositional 
model 

preparation

Validity of 
compositional 
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Seasonal and 
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strategy for 
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Figure 4-7 shows the design of surface facilities in the injection and withdrawal modes. 

The well injection pressure and rate obtained from subsurface modelling are used to design the 

compressor for different scenarios defined in section 5.2. The outputs of compressor design are type 

of compressor, required installed power and number of stages 

The well production rate and the concentration of the components at the surface taken from 

subsurface modelling are used as an input for the design of separation unit design. This design 

determines the type and amount of the adsorbents in the PSA unit.  

 

Figure 4-7 Schematic design of compressor and gas cleaning units with the results obtained from subsurface modelling 

4.4. Economic analysis 

After the technical evaluation of UHS in the case study, the levelized cost of hydrogen storage is 

calculated. The main elements of the cost analysis include cushion gas investment, compressor, 

wells/piping and separation unit. The levelized cost indicates the average net present cost of hydrogen 

storage over the lifetime of a storage facility. This concept is an indicator for investment planning and 

is calculated as a ratio of the annual costs divided by total stored mass (the gas available for the 

market). The detailed analysis of the hydrogen value chain could be implemented with cash flow 

analysis and business case studies where costs and incomes of the project are imported into the model. 

In this thesis, only the costs are included in the calculations. 
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Chapter 5 

5. Design and performance analysis of the Roden field for UHS 

This chapter presents the subsurface performance of the Roden gas field for UHS to determine the 

required cushion and working volume of storage in the reservoir in seasonal and peak-shaver storage.  

5.1. Roden gas field 

5.1.1. Geology 

The reservoir of this field comprises of rocks of the Permian Upper Rotliegend Group. The top of the 

reservoir ranges from 2850 to 3280 m true vertical depth (TVD). The lower part of the reservoir is 

formed by the Slochteren Formation (ROSL) and consists of porous and permeable sandstones and 

conglomerates with minor sublayers of clay with an average permeability of 90 md and porosity of 

15%. The thickness of this formation varies between 140 and 220m based on the well log data. The 

upper part of the reservoir (20-30 m) is formed by the Ten Boer Member (ROCLT) of the Silverpit 

Formation. It consists of shaly sand and siltstones that have lower permeability (10 md) and porosity 

(10%). The production from this field started from the ROSL formation and then in later stages, the 

ROCLT formation was perforated [54]. In our study, the main fault block of the Roden field (the region 

with two wells) is taken as the candidate for storing hydrogen (Figure 5-2).  

 

Figure 5-1 The structural map of the Roden gas field with the location of current wells [54] 
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Figure 5-2 The main block of the Roden field with two current wells – Gray for shaly sand formation (ROCLT); Yellow for sand 
formation (ROSL) [54] 

5.1.2. Caprock sealing 

Safe and long-term gas storage requires both porous media and a low-permeable caprock seal to 

prevent gas leakage to the surface. In the Roden gas field, the Zechstein formation consisting of salt, 

anhydrite and carbonate with a thickness of 700 m serves as a seal for the reservoir. 

5.1.3. PVT properties 

The initial pressure and temperature in the reservoir were 345 bar and 102 oC respectively, and the 

initial gas-water contact was at 3030 m TVD (3021 m MD). The initial composition of the natural gas in 

the reservoir is given in Table 5-1, which shows that methane, ethane and nitrogen were the most 

abundant components. Based on these data, the viscosity of the gas and compressibility factor (z) are 

calculated for different pressures at the reservoir temperature of 102 oC (Figure 5-3). Furthermore, the 

gas gravity is 0.664, and the formation water salinity is 220,000 ppm with a density of 116 kg/m3 and 

viscosity of 0.50 cp. 

Table 5-1 The mole fraction of gas components in the Roden field 

component Mole fraction 

Methane (C1) 0.8119 

Ethane (C2)  0.0411 

Propane (C3)  0.0155 

Normal-butane (nC4)  0.0068 

Normal-pentane (nC5)  0.0025 

Hexanes (C6)  0.0013 

Heptane plus (C7+)  0.0009 

Hydrogen sulphide (H2S)  0 

Carbon dioxide (CO2)  0.01 

Nitrogen (N2)  0.11 
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Figure 5-3 The viscosity and z compressibility of the original gas vs. pressure  

5.1.4. Petrophysical properties 

The petrophysical properties of the Roden field are given in Table 5-2 including the shaly sand and sand 

thickness (Net and Gross), porosity, permeability and permeability anisotropy (kv/kh). These good 

properties make this field a good option for underground storage. 

Table 5-2 Petrophysical properties of The Roden field 

Zone 
Avg Gross 
(mTVT) 

Avg Net 
(mTVT) 

NTG 
(%) 

porosity 
(%) 

Permeability 
(md) 

Kv/Kh 

Shaly sand 55  19.8 36 10 10 0.01 

sand 150  135 90 15 90 0.01 

Average (hydrocarbon zone) 205 154.8 76 12 42.5 0.01 

5.1.5. Rock and fluid properties 

The relative permeability1 and capillary pressure between gas and water have been modelled based 

on Corey correlation and are plotted in Figure 5-4 and Figure 5-5.  

 

Figure 5-4 Relative permeability of gas and water (Kr) in the model 

 

1 The reservoir permeability to one fluid in the presence of other fluids is called effective permeability. The relative permeability of one fluid 
is the ratio of effective permeability to absolute permeability 
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Figure 5-5 Capillary pressure of the gas-water system in the model 

5.1.6. Well data 

ROD-101 was a discovery well of the Roden field and was drilled vertically in 1970 but it was 

sidetracked updip in 1988 due to a high water cut. ROD-102 was drilled vertically into the centre of the 

crest in 1976. The perforated zones for ROD-101 and ROD-102 are shown in Figure 5-6. The perforated 

zone for ROD-101 is 2943-3000 m TVD with a thickness of 57 m. This zone for ROD-102 is 2921-2990 

m TVD (69 m thickness). The produced zone is above the GWC for both wells (34 m for ROD-101 and 

40 m for ROD-102). Only one casing of 6-5/8 inch diameter is used in this well during the simulation. 

5.1.7. Dynamic model 

The reservoir model of the Roden field (Petrel model) had been prepared for geothermal analysis and 

it was originally based on black oil simulation [54]. Dynamic data such as grid number, grid size and 

reservoir pressure and temperature are given in Table 5-3. 

 

Figure 5-6 The sechmatic of ROD-101 and ROD-102 in Roden gas field; Gas-water contact and perforated zone [54] 
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Table 5-3 Dynamic data in the Roden gas field model 

Reservoir properties  Description 

Number of Grids 277x117x35 = 1,134,315 

Number of active Grids 891870 (71% sand, 29% shaly sand) 

Number of active Grids in hydrocarbon zone 33760 

Grid size in x-direction (m) 20-78 m (57 average ) 

Grid size in y-direction (m) 12-67 m (55 average ) 

Grid size in z-direction (m) 2.8-8.2 m (6.1 average ) 

Initial reservoir pressure (bar) 345 

Initial reservoir temperature (oC) 102 

Gas water contact, m MD 3021 

Datum depth1, m MD 3021 

Gas Initially in Place (GIIP) (106 sm3) 6831 (1747 shale, 5084 sand) 

5.1.8. Field history 

The gas production from the field started in 1976 and ceased in 2003. The gas production rate and 

cumulative gas production history are shown in Figure 5-7. The total gas production is 5.9 bcm. Average 

reservoir pressure declined during the gas production from 345 to around 106 bar. 

 

Figure 5-7 Gas production history in the Roden gas field 

5.2. Scenario definition 

Based on the constraints, the effective capacity of the reservoir and rates of injection and withdrawal 

are determined by numerical simulation. Then, the possibility of this field for two timescales seasonal 

storage and peak-shaver (higher-frequency timescale) are investigated. 

5.2.1. Constraints 

In all simulation cases, some constraints/threshold/cut-off values are used (see Figure 5-8). 

 

1 The point that reservoir pressure and temperature are reported 
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1.  Threshold maximum injection pressure of 270 bar (below the fracture pressure). Based on rule 

of thumb in this formation, 80% of initial reservoir pressure is considered as a fracture pressure 

(276 bar). Then 270 bar has been selected as a maximum BHP (bottomhole pressure) for 

injection mode to prevent the possibility of rock fracture in the reservoir. 

2.  Minimum wellhead pressure of 50 bar in withdrawal mode. The surface facility design is based 

on the withdrawn stream conditions. 50 bar is considered as a minimum THP in the withdrawal 

mode to allow the gas mixture to flow into surface facilities and transmission grid. 

3.  Maximum allowed withdrawal rate of 4.5 mln sm3/d (million standard m3/d) for each well. The 

maximum withdrawal well rate could be obtained using IPR-TPR curves. This procedure is 

based on plotting BHP vs. gas rate in the reservoir (IPR) as well as well column (TPR). The 

intersection of these two lines is the operational condition for the well. More details are 

provided in Appendix B. 

4.  Minimum withdrawal rate of 1 mln sm3/d for each well. To consider the economical limit for 

production wells, If the gas production rate falls below the specified minimum, the production 

is stopped. 

5.  Maximum erosional velocity in well. In the sandstone reservoir with a high velocity of gas, 

there is a possibility for damage of the production tubing due to solid particle high velocity. 

This phenomenon will lead to loss of well control and safety risks. The rule of thumb velocity 

constraint is 100 m/s to prevent erosion damage. This value is considered for maximum well 

rate in injection and withdrawal mode. 

6.  Maximum water-gas ratio (0.00025). Due to the severe problem of water production in the 

lifetime of the field, the constraint for maximum water production is considered in all cases to 

prevent a high amount of water production. 

7.  Maximum bottom-hole drawdown pressure of 150 bar to avoid wellbore mechanical damage. 

 

Figure 5-8 The schematic representation of the constraints in the subsurface modelling: blue boxes for withdrawal and red 
boxes for injection 

Wellhead pressure > 50 bar 

Erosional velocity < 100 m/s Injection pressure < 270 bar 

water-gas ratio < 0.00025 

PR-BHP < 150 bar 
1 < Withdrawal rate (mln sm3/d) < 4.5 
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5.2.2. Seasonal storage 

For the Base Case of the seasonal storage scenario, a similar operational strategy to the two currently 

operational UGS of Norg and Grijpskerk in the Netherlands has been used. They both show a 6-months 

injection period (April-September) followed by a 5-months period of withdrawal (November and 

March). October is usually a month of soaking and/or maintenance (See the seasonal behaviour of 

Norg data in Figure 5-9). For the Base Case (Case 1A), a typical UGS working:cushion gas volume ratio 

(WV/CV) of 0.3 has been assumed and then the rate of injection and withdrawal is calculated. Three 

cycles (Three years) have been considered for all cases. In the injection mode in each cycle, only 

hydrogen is injected. In the withdrawal mode, the pressure and hydrogen concentration of the 

withdrawal mixture using the constant withdrawal rate are determined by the numerical simulator. 

Two scenarios are defined to study the effect of the working pressure in the reservoir and the 

possibility of using a mixture of nitrogen and hydrogen as cushion gas (see Figure 5-10): 

• Scenario 1: sensitivity on the working pressure of UHS using pure hydrogen as a cushion gas. 

The maximum working pressure is changed between 234 to 270 bar to investigate its effect on 

reservoir storage capacity and hydrogen purity at the surface. 

• Scenario 2: possibility of using nitrogen as a cushion gas. The main reasons to use nitrogen as 

a cushion gas are its availability and lower cost investment than hydrogen, less reactivity of 

nitrogen with hydrogen compared to other gases such as methane and CO2. Also, it could be a 

buffer between hydrogen and residual gas to postpone the possible geo- or bio-chemical 

reactions in the reservoir. 

 

Figure 5-9 Seasonal behaviour of Norg field as a UGS in the Netherlands [55] 
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Figure 5-10 Two scenarios modelled for the seasonal storage 

5.2.3. Peak-shaver storage 

A study by Sijm et al. [56] on the role of large-scale energy storage in the energy system of the 

Netherlands, shows that the traditional seasonal storage pattern that is known from UGS may not be 

applicable to UHS, and that shorter-term storage cycles may (also) be required to balance the 

intermittent production of hydrogen from renewable energy sources with variable demand of 

hydrogen. In this section, the considered cushion gas is hydrogen.  

In order to evaluate the Roden performance for shorter-term storage cycles, two scenarios are 

designed (see Figure 5-11): 

• Base case (Case 1A) for seasonal storage with one cycle per year is extended to case 2A with 

two cycles per year and case 2B with six cycles per year. 

• The profile of predicted hydrogen supply and demand by Sijm et al. [56] in 2050 in the 

Netherlands is translated to UHS for weekly (case 3A), biweekly (case 3B) and monthly (case 

3C) storage. 

 

Figure 5-11 Two scenarios modelled for the peak-shaver storage 
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5.3. Results 

5.3.1. Seasonal storage 

The base case and two scenarios in the seasonal storage of the Roden field are described in this section. 

5.3.1.1. Base case 

To investigate the effect of maximum working pressure on the reservoir performance, the pressure 

range of 230-270 bar is considered. For the base case, the maximum working pressure is considered 

251 bar (about 20 bar below the maximum pressure). Based on the aforementioned constraints, the 

simulation results show that the total storage capacity (Cushion volume + Working volume) is 3.3 bcm 

for the Base Case. Assuming WV/CV of 0.3, the WV and CV are 0.78 and 2.52 bcm, respectively and the 

minimum working pressure is 185 bar. The withdrawal and injection rates are 5.1 and 4.25 mln sm3/d. 

The field gas in place, WV and CV for the Base Case are plotted in Figure 5-12. 

5.3.1.2. Pure H2 (WV and CV) 

In scenario 1, different maximum working pressures (High/Mid/Low Case) with the same storage 

duration are assumed to analyze the effect of pressure on hydrogen storage performance (see Table 

5-4): 

• The maximum working pressure for High Case is considered 270 bar which results in WV of 

1.00 bcm and 6.7 mln sm3/d plateau withdrawal rate. 

• For the Mid Case, like Base Case the maximum working pressure is 251 bar. However, the 

simulation results show that instead of 5.1 mln sm3/d for the production rate, at most 6.0 mln 

sm3/d plateau rate is also possible with lower minimum working pressure. 

• The Low Case is a case with production rate of 5.1 mln sm3/d like Base Case. The numerical 

simulation shows that to achieve this plateau rate, the maximum working pressure should be 

at least 234 bar.  

Table 5-4 shows the results obtained for the different working pressure ranges modelled: withdrawal 

rate, working volume and lowest hydrogen purity of withdrawal mixture. The results estimated a total 

volume of hydrogen in the Roden field at maximum working pressure (i.e. CV+WV) of 2.8/3.3/4.1/3.3 

bcm for the Low/Mid/High/Base Case, respectively. For each scenario, the corresponding maximum 

WV/CV is of 0.39/0.38/0.33/0.30. The results indicate that higher ranges of working pressures lead to 

higher withdrawal rates and higher hydrogen purity, However provide lower WV/CV ratios. i.e. the 

lower efficiency of storage. This suggests that at high working pressures, higher withdrawal plateau 

rates are obtained and therefore, hydrogen mixes less with the residual natural gas in the reservoir. 

The efficiency of storage performance in terms of WV/CV is better for the Low Case (1D) compared to 

High Case (1B).  
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Figure 5-12 The field gas in place for the Base Case 

Table 5-4 Modelled Scenarios for UHS in Roden field – seasonal storage 

Case Min-Max working 
pressure range 
(bar) 

Total storage 
capacity (bcm) 

Max 5-month plateau 
withdrawal field rate 
(mln sm3/d) 

WV 
(bcm) 

WV/CV Lowest H2 purity 
of mixture 
withdrawn (%) 

1A Base (185-251) 3.3 5.1 0.78 0.30 96.7 

1B High  (193-270) 4.1 6.7 1.00 0.33 95.8 

1C Mid (177-251) 3.3 6.0 0.91 0.38 95.6 

1D Low (163-234) 2.8 5.1 0.78 0.39 94.3 

5.3.1.3. Pure H2 (WV) and N2-H2 mixtures (CV) 

In scenario 2, the effect of nitrogen mixing with hydrogen in the reservoir during the consecutive 

withdrawal and injection cycles on the hydrogen purity at the surface is investigated. Using the Base 

Case parameters (Case 1A) from the previous section, three different types of cushion gas have been 

simulated: 

• 2/3 vol. H2 + 1/3 vol. N2 (Case 1A1) 

• 1/3 vol. H2 + 2/3 vol. N2 (Case 1A2) 

• 100% vol.N2 (Case 1A3) 

Figure 5-13 shows the average of H2 purity of the withdrawn mixture from the Roden field for three 

annual cycles for Base Case (Case 1A) and three different types of cushion gas. The change in purity 

shows that the mixing of cushion and working gas is significant. The results show that for those cases 

where the cushion gas contains more than 1/3 vol. H2, high H2 purity is withdrawn in all cycles (higher 

than 90% H2 purity). Conversely, for cushion gas with more than 2/3 vol. N2, the hydrogen purity only 

increases after the 2nd and 3rd withdrawal cycles. This can be explained by the fact that the N2 produced 

is being replaced by H2 in each consecutive injection cycle. In the last cycle after three years, H2 purity 

is higher than 80% in all cases. From a technical point of view, Case 1A (blue line in Figure 5-13) has an 

average purity of around 98% which could be a choice for the transportation sector after purification 

to a level of 99.999% hydrogen. Case 1A1 with a purity of 95% is a suitable option for the industry as a 
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feedstock. Case 1A2 could be used for power and heat regeneration as the purity level is around 90%. 

In the economic analysis section, this supposition will be evaluated. The hydrogen purity vs. time for 

all three cases are plotted in Appendix C. 

Figure 5-14 depicts the withdrawal and injection rates and average reservoir pressure for Case 1A2 

during three cycles of storage. This behaviour could be prolonged for the lifetime of storage without 

any significant change. 

 

Figure 5-13 Hydrogen purity average in three (annual) cycles of the produced mixture from Roden field 

 

Figure 5-14 Reservoir pressure and gas injection/withdrawal cycles for the scenario with a cushion gas containing 1/3 H2 
and 2/3 N2 

In order to study hydrogen and nitrogen mixing and separation in the reservoir, a detailed analysis 

using a 2D synthetic box model is implemented (see Appendix D). The main goal of this design is to 

recognize the role of viscous and gravitational forces in the reservoir and their effects on the purity of 

the withdrawal mixture at the surface. This section explores which operational considerations could 

improve the performance of N2 injection as a cushion gas. Also, which reservoirs are the best option 

for using N2. More details about the basic properties of the model are provided in Appendix D. The 

main parameters to compare viscous and gravitational forces include reservoir permeability, 

heterogeneity, reservoir thickness, withdrawal rate, nitrogen and hydrogen density as well as 

settlement time. Different scenarios are designed to investigate the effect of these parameters on 
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hydrogen and nitrogen separation in the reservoir. The sensitivity analysis shows that higher hydrogen 

purity of the withdrawal mixture at the surface is obtained in the following conditions: 

• Homogeneous reservoir 

• Lower withdrawal rate 

• Lower vertical permeability 

• Injection of hydrogen into the reservoir top and nitrogen into reservoir bottom instead of 

injection into the whole reservoir 

• Longer settlement time 

While higher hydrogen purity is achieved in the above conditions, this amount is not significant and it 

is in the order of at most 5%. The detailed data are shown in Table A-3 in Appendix D. These results for 

a simple 2D model could be extended to the Roden field. Therefore, Injection of nitrogen either in the 

reservoir top or the whole reservoir and longer settlement time after nitrogen and hydrogen injection 

has no major influence on the storage performance and hydrogen purity at the surface. 

5.3.2. Peak shaver 

Two scenarios in the peak-shaver storage of the Roden field are described in this section. 

5.3.2.1. Roden field performance with more than one cycle per year 

Case 2A and 2B have the same WV and CV and min-max working gas pressure as case 1A. However, 

the field production rate is increased in each cycle due to shorter storage time that results in additional 

wells drilling in the field. Table 5-5 shows the pressure range, withdrawal rate and the number of 

additional wells for cases 2A and 2B.  

Table 5-5 Peak-shaver storage of UHS in the Roden gas field with more than one cycle per year.  

Case Min-Max working 
pressure range (bar) 

Number of required 
additional wells  

Total maximum withdrawal 
rate (mln sm3/d) 

2A (two cycles per year) 185-251 1 8.50 

2B (six cycles per year) 185-251 5 25.50 

5.3.2.2. Roden field performance for hydrogen supply and demand in 2050 

Sijm et al. [56] predicted hydrogen supply and demand on hourly basis for 2050 and the state of charge 

(SOC) of UHS (hourly data) has been calculated (see Figure 5-15). Figure 5-15 shows that the maximum 

required size for UHS is 10.4 PJ in October. The data have been averaged (translated) to weekly, 

biweekly and monthly volumes for practical modelling purposes in order to easily evaluate the UHS 

performances. The weekly profile is depicted in Figure 5-16. 
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Figure 5-15 State of charge (SOC) of UHS (hourly data) in the Netherlands in 2050 [56] 

The results show that for shorter withdrawal/injection cycles significantly higher injection and 

withdrawal rates can be maintained (The Roden field could be a good option in terms of storage 

capacity). However, a larger number of wells are needed to match the expected demand for hydrogen 

in the Netherlands in 2050. Figure 5-17 shows the location of additional wells in weekly, biweekly and 

monthly profiles. Therefore, there is a growth in the number of wells required to match the weekly to 

monthly peak demands. More plots of field reservoir pressure, field Injection rate and production rate 

are depicted in Appendix E. 

Table 5-6 Peak-shaver storage of UHS in the Roden gas field. Working pressure ranges used in these scenarios are those of 
the High Case (see Table 5-4). 

Case Number of additional 
wells required 

Total maximum 
injection rate ( mln 
sm3/d) 

Total maximum withdrawal 
rate (mln sm3/d) 

3A (Weekly) 8 46.0 34.8 

3B (Biweekly) 4 28.3 20.3 

3C (Monthly ) 1 11.1 11.6 

 

Figure 5-16 Weekly data of hydrogen injection and withdrawal 
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Figure 5-17 Well locations in A)weekly, B)biweekly and C)monthly profile of UHS peak-shaver storage 
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Chapter 6 

6. Design of surface facilities for hydrogen storage 

This chapter aims to investigate the surface facility design for compressor and gas cleaning unit. The 

connection between subsurface and surface facilities is wells (boreholes). So, the gas is injected into 

or withdrawn from the well. In this study, the current production wells are assumed to be used for 

storage purposes. 

6.1. Compressor design 

As mentioned in section 3.3.1.1, reciprocating compressors are preferred options for large-scale 

hydrogen compressors. In the reciprocating compressors, the gas is displaced in cylindrical chamber(s) 

by a piston. The volume reduction of gas increases the gas pressure. The procedure for hydrogen 

compressor design is explained in the following sections. 

6.1.1. Mass flow calculation 

The required rate of hydrogen injection has been calculated in section 5.2 in terms of volume rate 

(sm3/d). This volume rate (q) should be converted to mass rate (ϕm) via hydrogen density. The inlet 

density of gas can be calculated as: 

𝜌𝑖𝑛 =  
𝑃𝑖𝑛𝑀

𝑧𝑅𝑇
 

Equation 6-1 

where ρin is the inlet gas density in kg/m3, Pin is the inlet gas pressure in Pa, M is the molecular weight 

in kg/kmol, z is compressibility factor, R is the gas constant in m3 Bar K-1 kmol-1, and T is the temperature 

in Kelvin. 

6.1.2. Power compressor shaft 

Hydrodynamic work of compressor can be written as 

𝑔𝐻𝑝𝑜𝑙 =  
𝑚

𝑚 − 1

𝑧𝑅𝑇𝑖𝑛

𝑀
[(

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
)

𝑚−1
𝑚

− 1] Equation 6-2 

and 

 
𝑚 − 1

𝑚
=

𝐾 − 1

𝐾

1

𝜂𝑝𝑜𝑙
 Equation 6-3 

𝐾 =
𝐶𝑝

𝐶𝑣
 Equation 6-4 

𝑧 = 𝑧𝑎𝑣𝑔 =
𝑧𝑖𝑛 + 𝑧𝑜𝑢𝑡

2
 Equation 6-5 

𝜂𝑝𝑜𝑙 = 0.75 Equation 6-6 

where, 
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m = polytropic exponent. In polytropic compression, m depends on gas properties such as specific 
heats (i.e. Cp and Cv). 

K = isentropic exponent (Heat capacity ratio), 

η = Polytropic efficiency, 

Cp=Specific Heat at constant pressure (j/g.K) and 

Cv=Specific Heat at constant temperature (j/g.K) 

 The outlet (discharge) temperature is calculated as: 

𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 (
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
)

𝑚−1
𝑚

  

Equation 6-7 

The equation for power compressor shaft is: 

𝑃𝑠ℎ𝑎𝑓𝑡 =
𝜙𝑚. 𝑔𝐻𝑝𝑜𝑙

𝜂 𝜂𝑚𝑒𝑐
  

Equation 6-8 

where, ϕm is the mass flow rate (kg/s), η and ηmec are efficiencies for compressors that can be gathered 

from Table 6-1. 

The compressor has to be driven by an electric motor. The size of the motor (MW) required to drive 
the designed compressor (the installed power) can be obtained by: 

𝑃𝑡𝑜𝑡 =   𝛽
𝜙𝑚. 𝑔𝐻𝑝𝑜𝑙

𝜂𝑚 𝜂𝑐𝜂 𝜂𝑚𝑒𝑐
 

Equation 6-9 

where, 𝛽 is the safety factor (between 1.1 for large motors and 2 for small motors  [57]). The safety 
factor (𝛽) equals 1 only when it is new, clean and in ideal conditions. After starting the compression, 
this condition doesn’t exist and 𝛽 should be used as a safety factor. 

Table 6-1 Gas compressor efficiencies for calculation of installed power [57] 

Efficiency  Gas compressor 

Polytropic (𝜂𝑝𝑜𝑙) 0.55-0.85 

Hydraulic (𝜂) 0.95 

Mechanical (𝜂𝑚𝑒𝑐) 0.98 

Transmission (𝜂𝑐) 0.98 

Motor (𝜂𝑚 ) 0.90 

In multistage compressors, the final required power is the sum of all stages. The pressure loss between 

the stages is considered below 1 bar [57]. 

6.1.3. Constraints  

In the design process of compressors, the discharge temperature, piston speed and the diameter of 

the cylinder have limiting conditions which are written in Table 6-2. 
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Table 6-2 The constraints for the design of reciprocating compressors [57] 

Parameter condition consideration 

maximum outlet (discharge) 
temperature 

𝑇𝑜𝑢𝑡 < 150 ℃ or equivalently 
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
< 3 − 4 

To reduce the work needed for the next step 
and keep the temperature within safe ranges 

Piston speed 𝐶𝑚 = 2𝑁𝑆 <  𝐶𝑚𝑎𝑥  

Rotational speed 𝑁𝑚𝑖𝑛 < 𝑁 <  𝑁𝑚𝑎𝑥   

Cylinder diameter 𝐷𝑚𝑖𝑛 < 𝐷 <  𝐷𝑚𝑎𝑥  

 where, N is rotational speed, D is cylinder diameter, S is stroke and Cm is piston speed. 

For large-scale compressors such as compressors for gas storage projects, some input range for the 

parameters were reported in the literature [57] and should be considered during the design: 

• 2.5 𝑚/𝑠 < 𝐶𝑚 <  4 𝑚/𝑠 

• 0.4 <
𝑆

𝐷
 <  0.8 

• 𝐷 <  1.5 𝑚 

• 150  𝑟𝑝𝑚 < 𝑁 <  750 𝑟𝑝𝑚 

• 𝜋𝑁𝐷 < 270 𝑚/𝑠 

• 𝜋𝑁𝐷 < 𝑠𝑜𝑢𝑛𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (0.7
𝐾𝑅𝑇𝑖𝑛

0.5

𝑀
) 

6.1.4. input parameters 

Based on the different scenarios defined in the section 5.2, the injection rate and injection pressure 

vary. The inlet (suction) pressure is fixed at 40 bar which is assumed as a final pressure of 

transportation line of hydrogen from hydrogen production point. Table 6-3 shows the suction pressure, 

discharge pressure and mass flow rate for each scenario (seasonal and peak-shaver). As discussed in 

the section 5.3.2, for peak-shaver storage, the injection rate and the number of wells are higher than 

the seasonal one. Also, due to the higher molecular weight of nitrogen compared to hydrogen, the 

mass flow rate is greater compared to pure hydrogen cases. Based on the input from Table 6-3, the 

compressor type and the required power are reported in Table 6-4. The required power for seasonal 

storage falls in the range of 14-20 MW. However, in case of peak-shaver (short-term cases), this range 

is 27-150 MW due to high fluctuation and high mass flow rate. 

Table 6-3 The input data (suction pressure, discharge pressure and injection rate) for different scenarios of hydrogen 
injection 

Case Scenario Suction 
pressure, 
bar 

Discharge 
pressure, 
bar 

Pressure 
ratio 

Injection rate 

Maximum 
Volume rate 
(mln sm3/d) 

Mass 
rate 
(kg/hr) 

Seasonal – Pure 
H2 (WV and CV)  

Base Case (1A) 40 251 6.28 4.25 15,069 

High Case (1B) 40 270 6.8 5.55 19,679 

Mid Case (1C) 40 251 6.3 5.0 17,728 

Low Case (1D) 40 234 5.9 4.25 15,069 

Seasonal – Pure 
H2 (WV) and N2-
H2 mixtures (CV) 

2/3 H2 + 1/3 N2 (1A1) 40 251 6.28 4.25 161,322 

1/3 H2 + 2/3 N2 (1A2) 40 251 6.28 4.25 112,232 

100% N2 (1A3) 40 251 6.28 4.25 32,140 

Peak-shaver – 
Scenario 1 

2A (two cycles per year) 40 251 6.28 8.5 31,521 

2B (six cycles per year) 40 251 6.28 25.5 90,415 

Peak-shaver – 
Scenario 2 

Weekly (3A) 40 270 6.8 46.0 163,098 

Biweekly (3B) 40 270 6.8 28.3 100,341 

Monthly  (3C) 40 270 6.8 11.1 39,357 
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Table 6-4 Required installed power for different scenarios of hydrogen injection 

Scenario Compressor type Required 
power, MW 

1A 

Reciprocating – two stages 

14.3 

1B 19.5 

1C 16.8 

1D 13.6 

1A1 14.3 

1A2 14.4 

1A3 14.5 

2A 

Multiple compressor trains (Reciprocating – two stages) 
– the large volume is not handled with one train 

27.3 

2B 81.8 

3A 147.5 

3B 90.7 

3C 35.6 

6.1.5. Suppliers data 

To get information on the practical operation of compressors, two suppliers were requested to provide 

the design of their own compressors based on the input data for the Base Case (case 1A). Table 6-5  

shows the design parameters of both suppliers. The required power is compatible with our design for 

the Base Case (14.3 vs 15 MW). Therefore, the design is validated with two suppliers. This data is used 

for the economic section to calculate the investment cost of compressors. 

Table 6-5 The compressor design of two suppliers for the Base Case (Case 1A) 

Properties Supplier 1 Supplier 2 

Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 

Piston diameter, mm 350 340 250 410 300 

Number of pistons  4 2 2 3 2 

Stroke, mm 400 370 

Piston speed, m/s -- 4.6 

Acting (Single/Double) Double Double 

Suction pressure, bar 40 80 150 40 112 

Discharge pressure, bar 80 150 270 112 270 

Suction temperature, oC -- -- -- 30 38 

Discharge temperature, oC -- -- -- 136 128 

Shaft power, MW 13.5 14.8 

Installed Power, MW 15 -- 

Speed, rpm 333 370 

Compressor/motor weigh, ton 180/75 --/-- 

Dimensions of an installed unit 
with coolers, piping, etc. 

35 x 30 x 8 m3 -- 

6.2. Separation unit design 

Table 6-6 summarizes the main parameters for three methods of hydrogen purification including 

membrane, PSA and cryogenic distillation. Based on these parameters, the best candidate can be 

selected. In the case of UHS, the appropriate option for gas cleaning depends on withdrawal 

composition, the rate of withdrawal mixture, temperature and pressure of gas and application of end-

users. 

Based on the current technology, the Cryogenic method is more expensive. Therefore, PSA and 

membrane are the available options for the gas cleaning process in UHS. Regarding the capacity, PSA 

is the first choice for UHS as the withdrawal rate in the Roden case study is in the order of million 

m3/day (see Table 5-4). Also, this method is mature and widely used in the industry. The membrane 
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can be a second option as it can handle high capacities. However, a high amount of modular 

installations are needed which increases the capital costs. 

Table 6-6 Comparison of three methods of hydrogen purification [48] 

Parameter Membrane separation PSA Cryogenic distillation 

H2 purity, % 90-98 99.9+ 95-99 

H2 recovery, % 85-95 75-92 90-98 

H2 product pressure < feed pressure feed pressure Feed/low pressure 

Feed pressure, bar 20-160 10-40 5-75 

H2 feed content, % >25-50 >40 >10 

Byproduct capability Poor Poor Excellent 

H2 capacity, mln m3/d 0.01-1.4 0.01-5.6 3-2.2 

Pretreatment requirements Minimum None CO2, H2O removal 

Capital cost Low Medium Higher 

Startup time Minutes  Minutes Hours 

In common gas cleaning units, there is a gas sweetening unit1 for the separation of acidic parts of gas 

such as CO2 and H2S. It seems there is no need for gas sweetening in UHS if there is a trace of CO2 and 

H2S because PSA and membrane can separate these components in their procedure. However, if their 

concentration is considerable, a gas sweetening unit is also required in the surface facility. 

6.2.1. Pressure Swing Adsorption Principle 

PSA is based on the adsorption of gases (adsorbates) to highly porous solids (adsorbents) in the form 

of a fixed bed. The mass transfer from gas to solid is controlled by equilibrium effects (the 

difference between the fluid concentration and solid loading) and kinetic effects (the difference 

in diffusion rates of gases). 

For the design of the PSA unit, the selection of adsorbent is very important. Table 6-7 shows 

different types of adsorbents available in the industry. 

Table 6-7 Different types of adsorbents available in the industry for gas separation 

Adsorbent Shape Characteristics  

Activated Carbon Amorphous • Large surface area to volume ratio 

• Strongly adsorb organic compounds 

• Less energy for regeneration 

Carbon Molecular Sieves 
(CMS) 

Precise 
dimensions  

• Additional treatment on activated carbon (more uniform structure) 

• More expensive than activated carbon 

Zeolite Precise 
dimensions 

• More Kinetic effect than others due to its exact dimension 

Silica gel Amorphous • large surface area to volume ratio 

• fast regeneration due to its low heat of adsorption of water 

Activated alumina Amorphous • more robust than silica gel in the presence of water 

6.2.2. Selection of adsorbents 

Based on the literature for hydrogen purification, activated carbon (AC) and zeolite (ZE) are the most 

dominant adsorbents [58] because AC can separate organic compounds and CO2 and ZE is able to 

 

1 A natural gas processing unit for removing H2S and CO2 from the gas mixtures to prevent environmental and healthy issues using using 
liquid solutions of amines (organic compounds containing a basic nitrogen atom) 

https://en.wikipedia.org/wiki/Base_(chemistry)
https://en.wikipedia.org/wiki/Atom
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remove N2 from the gas mixture. The rate of the adsorption for each component (pure gas) can be 

obtained by the Langmuir-Freundlich isotherm model [59]: 

𝑞∗ =  
𝑞𝑠𝑎𝑡 𝑏 𝑃

1 + 𝑏 𝑃 
 

Equation 6-10 

where, 

q* = adsorbed phase equilibrium concentration of gas species, mol/kg 

qsat = saturation limit of adsorbed phase concentration of gas species, mol/kg 

b = adsorption equilibrium constant, bar-1 

P = pressure, bar 

To use the isotherm equation in different temperatures, the relation between b and temperature could 

be shown as follows [60]: 

𝑏 = 𝑏0exp (
−∆𝐻

𝑅𝑇
) 

Equation 6-11 

where, b0, ∆H, R, T stand for pre-exponential factor (bar-1), universal gas constant (J/mol/K), enthalpy 

change on adsorption (J/mole) and temperature (K), respectively. qsat, b0 and ∆H for activated carbon 

and zeolite are based on experimental data and reported in Table 6-8. 

Table 6-8 Adsorption constants for different gases in activated carbon and zeolite adsorbents [58] 

Component 

AC ZE 

qsat, 
mol/kg 

b0, bar-1 ∆H, kj/mol 
qsat, 
mol/kg 

b0, bar-1 ∆H, kj/mol 

H2 1.97  0.00872  -2.63  0.70  0.01382  -3.56  

CH4 4.47  0.00024  -17.74  3.21  0.00080  -14.84  

CO2 6.85  0.00056  -17.09  5.13  0.00010  -28.49  

N2 3.44  0.00070  -12.73  2.39  0.00038  -17.14  

Figure 6-1 shows the amount of adsorbed gas vs. pressure for pure gases in activated carbon and 

zeolite. For both adsorbers, a low amount of hydrogen is adsorbed. The combination of both adsorbers 

is suitable for adsorbing hydrocarbons, CO2 and N2. Based on Figure 6-1, the separation of N2 from H2 

is not easy in comparison with methane, CO2 and heavier hydrocarbons. Therefore, the recovery of 

separation is around 80% which should be considered in the design. While, 90% recovery is achievable 

for H2-hydrocarbons mixtures [61]. 

If the feed contains water and water vapour (not at high levels), the water is adsorbed via adsorbents 

and no drying (dehydration) unit is needed. However, if the water cut is too high and hydrogen 

concentration is low, an installation of a dryer unit might be needed before the PSA unit. 

In the case of a multicomponent gas mixture such as our case study in the Roden field, Equation 6-10 

is extended to the below formulation to determine the adsorption capacity of component i in a mixture 

with Ncomp components: 

𝑞𝑖
∗ =  

𝑞𝑠𝑎𝑡𝑖
 𝑏𝑖 𝑃𝑖 

1 + ∑ 𝑏𝑗𝑃𝑗
𝑁𝑐𝑜𝑚𝑝

𝑗=1
 
 

Equation 6-12 
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Figure 6-1 The amount of adsorbed gas vs. pressure for pure gases in AC (left) and ZE (right) 

It is possible to calculate the amount of each component adsorbed for the mixture from the first cycle 

of the case 1/3 H2 + 2/3 N2 (Case 1A2) in two states; 1) average of the mixture in 5-month withdrawal 

and 2) minimum purity of hydrogen in 5-month withdrawal (the last time step). Table 6-9 shows the 

composition of these two states in case 1A2. Figure 6-2 and Figure 6-3 depict the amount of N2, H2 and 

CH4 vs. pressure for both states in the first cycle. Based on the results of section 5.3.1, the impurities 

of N2 and CH4 in the next cycles are reduced (or remain constant). Therefore, for a conservative 

calculation, the first cycle is selected in which the impurities are higher than other cycles. The affinity 

of AC and ZE for the purification of hydrogen is different in these two states. For instance, in the state 

(1) where the impurity of N2 and CH4 is low, reaching highly pure hydrogen is achievable by adsorbing 

nitrogen mainly in the zeolite. While, in state (2) adsorbing nitrogen and methane in AC and ZE is the 

main step for obtaining a hydrogen-rich mixture. 

Table 6-9 The composition of the withdrawal gas mixture of case 1A2 in the first cycle  

Case H2 N2 CH4 CO2 

Case 1A2 - average 0.921 0.077 0.002 0.000 

Case 1A2 – the last time step 0.744 0.248 0.008 0.000 

 

  
Figure 6-2 The amount of adsorbed gas vs. pressure for the gas mixture of Case 1A2 (1st cycle) in activated carbon (left) and 

zeolite (right) based on the average of withdrawal mixture 
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Figure 6-3 The amount of adsorbed gas vs. pressure for the gas mixture of Case 1A2 (1st cycle) in activated carbon (left) and 

zeolite (right) based on the minimum purity of hydrogen (the last time step) 

6.2.3. Adsorption Equipment Design 

The main required equipment for the PSA unit are adsorbents, vessel and valve skid. After the selection 

of the adsorbents, the number of adsorbents should be determined in the first step. Based on the mass 

balance between the feed and product (see Figure 6-4), the required mass of adsorbent can be 

calculated from the rate of the adsorbed species (q*) and the change in the bed loading during the 

cycle: 

(𝐹1𝑦1 − 𝐹2𝑦2) 𝑡𝑎 = (𝑚1 − 𝑚2)𝑚𝑎𝑓𝐿 Equation 6-13 

where, 

F1 = feed molar flow rate(mol/s), y1= feed mole fraction of adsorbed component, 

F2 = product molar flow rate(mol/s), y2= product mole fraction of adsorbed component, 

ta = time the bed is in the adsorption stage of the cycle(s),  

m1 = maximum adsorbent loading (mol/kg adsorbent), m2 = minimum adsorbent loading (mol/kg 

adsorbent), ma= mass of adsorbent per bed (kg); which could be calculated from Figure 6-3. 

fL = fraction of bed that is fully loaded at end of adsorption phase of the cycle. 

The separation process is continuous and the composition of the gas is changing over time during each 

cycle. Furthermore, the hydrogen has the minimum purity in the first cycle of the reservoir lifetime. 

Therefore the last time step for the first cycle is the minimum purity level. To consider the conservative 

condition and to make sure that the unit design is working for all situations, this point is the base of 

design calculation for the separation unit. Table 6-10 shows the feed rate and composition for each 

scenario. To reach the purity level of 99.999% which is applicable for fuel cell and transportation, the 

mass amount of required activated carbon and zeolite have been calculated using Equation 6-13. 

Considering the density of 550 and 620 kg/m3 for activated carbon and zeolite LiLSX, respectively, the 

total volume of the adsorbents is calculated. Applying bed voidage of around 35%, the volume of the 

vessel is determined. Based on the current technological level and maximum size of the vessel, the 

number of trains for the separation unit will be determined. 
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Figure 6-4 The schematic of a vessel with deed rate and product rate of F1 and F2 using activated carbon and zeolite 

Table 6-10 Feed rate and composition of different cases and the amount of ZE and AC for production pure H2 in PSA unit 

Case Scenario Feed rate 
(mln 
sm3/d) 

Feed composition (%) Required 
amount of 
AC, tonnes 

Required 
amount 
of ZE, 
tonnes 

Total 
volume of 
adsorbents, 
m3 

H2 N2 CH4 Others 

Seasonal – 
Pure H2 
(WV and 
CV) 

Base Case (1A) 5.1 96.674 0.366 2.700 0.567 48.7 23.6 131.0 

High Case (1B) 6.7 95.846 0.412 3.410 0.332 65.3 34.9 174.9 

Mid Case (1C) 6.0 95.639 0.480 3.541 0.341 58.6 31.5 157.4 

Low Case (1D) 5.1 94.335 0.623 4.599 0.442 51.7 27.0 137.6 

Seasonal – 
Pure H2 
(WV) and 
N2-H2 
mixtures 
(CV) 

2/3 H2 + 1/3 
N2 (1A1) 

5.1 92.783 6.326 0.814 0.078 41.0 52.4 159.2 

1/3 H2 + 2/3 
N2 (1A2) 

5.1 74.369 24.842 0.720 0.069 36.9 112.0 247.8 

100% N2 
(1A3) 

5.1 29.004 70.085 0.831 0.080 30.7 147.1 293.1 

Peak 
shaver – 
Scenario 1 

2A (two cycles 
per year) 

8.5 91.754 0.907 6.695 0.644 95.2 45.1 245.9 

2B (six cycles 
per year) 

8.5 82.608 1.905 14.121 1.366 413.4 117.1 940.6 

Peak 
shaver – 
Scenario 2 

Weekly (3A) 34.8 85.073 1.642 12.119 1.166 515.3 168.6 1208.9 

Biweekly (3B) 20.3 78.904 2.321 17.128 1.648 355.4 85.8 784.5 

Monthly  (3C) 11.6 87.292 1.398 10.318 0.993 157.1 58.8 380.6 

The minimum number of vessels for a continuous operation like gas storage is four. Therefore, based 

on the feed rate, the mass amount of adsorbents and the number of vessels, the separation unit is 

designed.  
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Chapter 7 

7. Economic analysis of hydrogen storage in the Roden field 

The main goal of this chapter is a calculation of the LCOHS (levelized cost of hydrogen storage) in €/kg 

H2 for the Roden depleted gas reservoir. The main components for this assessment include cushion 

gas, geological construction, wells and piping, compressors and gas separation unit. Based on the 

different scenarios defined in section 5.2, all component costs are analysed. The levelized cost is 

calculated based on the capital costs and operational costs of the system considering the interest rate 

and equipment lifetime. 

𝐿𝐶𝑂𝐻𝑆𝑡𝑜𝑡𝑎𝑙 =
𝐶𝐴𝑃𝐸𝑋 × 𝐶𝑅𝐹 + 𝑂𝑃𝐸𝑋

𝑚𝐻2

  Equation 7-1 

where CAPEX and OPEX are capital and operational expenditures. mH2 is a total (stored) mass of 

hydrogen withdrawn from the reservoir over the lifetime of the facility which is available for the end-

user. CRF stands for capital recovery factor determining the present value of serial costs over a fixed 

amount of time (n) considering the interest rate (i) as follows: 

𝐶𝑅𝐹 =  
𝑖(1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1
 

Equation 7-2 

In case the OPEX is changed over time, a more detailed formulation could be used: 

𝐿𝐶𝑂𝐻𝑆𝑡𝑜𝑡𝑎𝑙 =
𝐶𝐴𝑃𝐸𝑋 + ∑

𝑂𝑃𝐸𝑋𝑗

(1 + 𝑖)𝑛
𝑛
𝑗=1

∑
𝑚𝐻2𝑗

(1 + 𝑖)𝑛
𝑛
𝑗=1

  

Equation 7-3 

where j is the index of time. 

7.1. Investment and operational costs 

To predict LCOHS, all components' contributions in the CAPEX and OPEX are discussed. To make the 

analysis more robust, an uncertainty analysis is performed. Based on the minimum and maximum costs 

for each component, Monte Carlo simulation is used to determine the minimum, maximum and most 

likely price of hydrogen storage. 

7.1.1. Cushion gas 

H2 and N2 are used as a cushion gas in the modelling part. The CAPEX for cushion gas depends on the 

amount of gas and the price of N2 and H2. It is assumed that the source of hydrogen is blue hydrogen 

(hydrogen production using SMR method along with CCS) or green hydrogen (electrolysis of water 

using renewable electricity). N2 could also be produced using air separation methods. 

The current cost of green hydrogen in the literature is between 2-6 EUR/kg (see Figure 7-1). There is a 

potential for an 80% cost reduction in the future. The main drivers for affordable hydrogen production 

are the cost of renewable electricity, the cost of an electrolysis unit, the electrolyser efficiency and 

scaling up the electrolyser (MW to GW) [62]. Quantitative analysis of electricity and electrolyser costs 
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are depicted in Figure 7-2. Based on this analysis, electricity cost reduction from $65/MWh to 

$20/MWh and electrolyser costs reduction from $1000/kW to $650/kW could result in green hydrogen 

cost of $1/kg [62]. In this study, the hydrogen production cost is considered between 1 to 4 €/kg with 

a base case of 2.5 €/kg.  

 

Figure 7-1 Hydrogen production costs (EUR/kg) from the literature [57-61] 

 

Figure 7-2 Cost reduction of green hydrogen production vs. time – The role of electricity and electrolyze costs [62] 

In case of using nitrogen as a cushion gas, the production of large-scale nitrogen (in the order of bcm) 

in the current time is challenging and requires a large investment. Based on the estimation of one 

supplier, the investment cost of € 160M for nitrogen production is required. Then, the cost of nitrogen 

production is around 0.03-0.05 €/m3. Also in the Netherlands, the construction of a nitrogen plant in 

Zuidbroek has started. The predicted CAPEX and OPEX for this plant with a capacity of 4.32 mln m3 

nitrogen per day are € 550M and 30M, respectively [67]. Considering these estimations, the unit price 

of nitrogen production could be around € 0.015-0.055 per m3. So, in this study for the calculation of 

cushion gas, this range with a base case of € 0.045 per m3 is considered. 
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7.1.2. Geological construction 

In case of depleted gas reservoirs, no costs are considered for geological site preparation. However, 

for storage in salt caverns and aquifers, the drilling and construction (leaching process) are parts of 

investment costs. 

7.1.3. Wells and piping 

There are already two wells and some existing equipment in the storage site. Maintenance and 

operational expenditure for equipment should be considered in the costs during the lifetime of the 

reservoir. Also for the cases requiring new wells, both CAPEX and OPEX are considered. These costs 

are related to abandonment (Closedown), operating and MMV (Monitoring, measurements and 

verification). 

There are not many drilling experiences for underground hydrogen storage. Therefore, the data from 

onshore geothermal and CCS projects could be used as a proxy for UHS. The analysis is performed in 

two categories: 1) re-used wells and 2) new wells. 

Generally, the costs for new wells are a function of depth, geology of the region, location (onshore or 

offshore) and type of completion. e.g. total capital costs in the US onshore for new wells fall in the 

range of 4.1 to 7.0 MEUR with the share of 2.4 to 4.7 MEUR for well completion [68]. 

The geothermal well costs in the US were studied by Lukawski et al. [69]. They calculated the relative 

probability of well costs in different depths in the US (see Figure 7-3) and developed a gamma 

distribution depending on well depth to describe the total well costs: 

𝑝(𝑥$) =
𝛽𝛼

Г
(𝑥$−𝑥0)𝛼−1𝑒−𝛽(𝑥$−𝑥0) 

Equation 7-4 

Г(𝛼) = ∫ 𝑧𝛼−1𝑒−𝑧𝑑𝑧
∞

0

 
Equation 7-5 

where 𝛼 is the shape parameter, 𝛽 is the rate parameter, 𝑥$ is the well cost in USD, 𝑥0 is the shift 

parameter and Г is the gamma function. These constants are a function of depth and are given in the 

report [69]. Their results showed that the well cost for a new well at depth of 3000m is the range of 

6.1-7.7 MEUR. There is also another study by Gul and Aslanoglu [70] focusing on well costs in other 

regions such as Europe. The data shows that for the well with a depth of 3000m, 4-8 MEUR is an 

acceptable cost range to use. 
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Figure 7-3 Left: the probability of the new well cost, Right: Semi-log plot of geothermal well cost curves compared to 

average oil and gas wells costs [69] 

For CCS well costs, in the literature, most of the data are reported in the terms of the levelized cost of 

CO2 storage ($/ton CO2). A recent study in Europe shows that the drilling and completion costs for re-

used well and new wells are 0.3 and 1.3 $/ton CO2 stored, respectively [71]. Therefore, the costs for 

new wells are four times more expensive than the re-used wells. Ogden [72] studied the capital cost 

for onshore CCS well in the US and suggested a formulation which is a function of depth and could be 

written as [72]: 

€

𝑚
= €1.30𝑀 + (

€1.04𝑀

𝑘𝑚
) × 𝑑𝑒𝑝𝑡ℎ(𝑘𝑚) 

Equation 7-6 

The literature shows that geothermal wells are more costly than CCS wells and as a conservative 

option, their costs are used as a proxy for UHS wells. The gamma distribution is used to estimate the 

costs. Also, the costs of a new well are assumed four times greater than re-used one. The annual OPEX 

is considered 0.5 MEUR. 

For the piping inside the storage site, the capital cost per meter is calculated from this formulation 

[72]: (L0=100 km, Q0 = 16000 ton/day).  

€

𝑚
=  (€600/𝑚) × (

𝑄

𝑄0
)

0.48

× (
𝐿

𝐿0
)

0.24

 
Equation 7-7 

The CAPEX for a pipeline of 10 km is below 0.5 MEUR and the OPEX is considered 4% of CAPEX and is 

not insignificant [72]. 

7.1.4. Compressor 

In the literature, lots of formulations exist for the cost estimation of compressors. This leads to 

scattered data with a high range of prices. These formulations are a function of compressor power in 

linear, exponential, and power format. In some cases, the equation is based on the economics of scale 

when the cost of a similar compressor with a different size is known (see Table 7-1). 
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Table 7-1 CAPEX estimation of compressors in the literature 

Reference Category CAPEX estimation (€)  

André et al. [73] Linear 𝐶𝐴𝑃𝐸𝑋 = 2545 × (1000 × 𝑃𝑡𝑜𝑡) Equation 7-8 

Douglas [74] Power 𝐶𝐴𝑃𝐸𝑋 = 4847 × (1000 × 𝑃𝑡𝑜𝑡)0.82 Equation 7-9 

Mallon et al. [75] 𝐶𝐴𝑃𝐸𝑋 = 88000 × (1000 × 𝑃𝑡𝑜𝑡)0.55 Equation 7-10 

Geitner et al.  [76] 𝐶𝐴𝑃𝐸𝑋 = 5265 × (1000 × 𝑃𝑡𝑜𝑡)0.82 Equation 7-11 

Luyben  [77] Exponential  𝐶𝐴𝑃𝐸𝑋 = 2.075 exp [7.58 + 0.8 ln (ℎ𝑝)]  Equation 7-12 

Knoope et al.  [78] Economics of scale 
𝐶𝐴𝑃𝐸𝑋 = 𝐶𝐴𝑃𝐸𝑋𝑏𝑎𝑠𝑒1 [

𝑃𝑡𝑜𝑡

𝑃𝑡𝑜𝑡,𝑏𝑎𝑠𝑒1
]

𝑦

×  𝑛𝑚𝑒  
Equation 7-13 

Kreutz et al. [79] 
𝐶𝐴𝑃𝐸𝑋 = 𝐶𝐴𝑃𝐸𝑋𝑏𝑎𝑠𝑒2 [

𝑃𝑡𝑜𝑡

𝑃𝑡𝑜𝑡,𝑏𝑎𝑠𝑒2
]

𝑦

 
Equation 7-14 

where Ptot and hp are installed power in MW and horsepower. For Equation 7-13 and Equation 7-14, the 

base case data is the following: 

• 𝑃𝑡𝑜𝑡,𝑏𝑎𝑠𝑒1 = 13 𝑀𝑊,   𝐶𝐴𝑃𝐸𝑋𝑏𝑎𝑠𝑒1 = €21.9𝑀, 𝑦 = 0.67, 𝑛 = 1, 𝑚𝑒 = 0.9  

• 𝑃𝑡𝑜𝑡,𝑏𝑎𝑠𝑒2 = 13 𝑀𝑊,   𝐶𝐴𝑃𝐸𝑋𝑏𝑎𝑠𝑒2 = €14.8𝑀, 𝑦 = 0.67  

Due to the high uncertainty of compressor costs, the costs of compressors from two suppliers via 

private communication were used as a base case to find the most suitable estimation (see Table 7-2).  

Table 7-2 Cost estimation of compressors provided by two suppliers 

Supplier  Cost estimation for 
base case (1A), € 

Considerations  

Supplier 1 5.7M  Including compressors, motor, lube oil system and pulsation dampeners 

Supplier 2 6M Including compressor, motor, oil/water-skid, coolers, dampeners 

Table 7-2 shows the costs excluding foundation, transportation and installation for the base case. 

Typically in these cases, the costs are doubled to include those costs in the final calculation. Therefore, 

€ 12M is a rough estimation for capital costs of compressors from suppliers. Figure 7-4 shows the cost 

of different equations over the range of compressor along with supplier points for defined cases in 

Table 5-4. Therefore, Luyben, Douglas and Geitner models are the most appropriate equations for 

compressor CAPEX calculation. 

 

Figure 7-4 Compressor capital costs vs. power  
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OPEX depends on the CAPEX and electricity costs. Therefore, both annual fixed operation and 

maintenance costs, as well as electricity costs, should be considered in the calculation [73]: 

𝑂𝑃𝐸𝑋 = (
𝐴0𝐻𝑦𝑒𝑎𝑟𝑒

𝐷𝑇𝐸
) 𝑃𝑡𝑜𝑡 + 𝑏 × 𝐶𝐴𝑃𝐸𝑋 

Equation 7-15 

where: 

𝐴0 = Availability (85%), 

𝐻𝑦𝑒𝑎𝑟 = Hours per year (whole year = 8760h), 

𝑒 = the electricity costs (60 €/MWh), 

𝐷𝑇𝐸= Driver Thermal Efficiency (90%), 

b = the constant for compressor CAPEX (0.04) 

7.1.5. Gas cleaning 

The CAPEX of the PSA unit for the gas cleaning process is a function of sizing of pressure vessels, 

electrical system, column pipe and installation costs. The costs of adsorbents and maintenance are 

considered as an OPEX. The economic analysis of large-scale PSA is challenging as PSA is commonly 

used for small and medium scale of hydrogen purification in labs and refineries. There are some 

empirical equations for CAPEX estimation of PSA which are listed in Table 7-3. 

Table 7-3 CAPEX estimation of PSA in the literature 

Reference Category CAPEX estimation (€)  

Smith et al. [80] 

Physical properties 
and PSA power 

𝐶𝐴𝑃𝐸𝑋 = 𝐸0.584(4.93𝐷𝐿 + 3.74𝐷2 + 739) Equation 7-16 

Burgers [81] 
𝐶𝐴𝑃𝐸𝑋 = 120,000 × (

𝑉𝑣𝑒𝑠𝑠𝑒𝑙

50
) 

Equation 7-17 

Karamudin et al. [82] 
𝐶𝐴𝑃𝐸𝑋 = 850 × (

𝐿

𝐿0
)1.05 (

𝐷

𝐷0
)0.85 

𝐿0 = 0.3 𝑚, 𝐷0 = 0.2 𝑚 

Equation 7-18 

Nordio et al. [83] 𝐶𝐴𝑃𝐸𝑋 = 212 × 𝐸 Equation 7-19 

Mivechian and 
Pakizeh [84] Economics of scale 

𝐶𝐴𝑃𝐸𝑋 = 𝐶𝑟𝑒𝑓 (
𝑄

𝑄𝑟𝑒𝑓
)0.66 

𝑄𝑟𝑒𝑓 = 116 𝑘𝑚𝑜𝑙/ℎ𝑟,  𝐶𝑟𝑒𝑓 = 1.74 𝑀𝐸𝑈𝑅 

Equation 7-20 

where E is required power in kW (Equation 7-21), D is diameter of a vessel (m), L is a length of vessel 

(m), Vvessel is volume of vessel, Q is feed rate (kmol/hr). 

𝐸 =
𝐾

𝐾 − 1
𝑅𝑇𝑓𝑒𝑒𝑑 [(

𝑃ℎ𝑖𝑔ℎ

𝑃𝑙𝑜𝑤

)

(𝐾−1)
𝐾⁄

− 1]
𝐵

1000 𝜂
 

Equation 7-21 

where K is the isentropic exponent (Cp/Cv), R is the universal gas constant (J/mol/k), Tfeed is the feed 

stream temperature (K), Phigh is high pressure in the system, Plow is suction or blowdown pressure, B is 

the feed mole rate (mol/s) and η is mechanic efficiency (80%). 

Similar to compressors costs, due to the wide range of CAPEX costs from the literature, a PSA supplier 

estimation is used to select the most proper equation. The supplier predicted 15 MEUR excluding 

installation costs and auxiliary systems such as (instrument air, nitrogen, control system, power, etc 

for the base case (Case 1A). Therefore, the total CAPEX is estimated at 30 MEUR. Among different 

equations in Table 7-3, only Mivechian and Pakizeh [84] equations estimate the cost close to the 
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supplier (30.8 MEUR). Other models estimations are below 10 MEUR which is not acceptable. Such 

error shows that the costs could be a result of their small-scale PSA design. Therefore, the equation 

based on economics of scale (Mivechian and Pakizeh) is considered for PSA CAPEX.  

Regarding OPEX, due to the multiple process and cycles of regeneration, the ability of adsorbents will 

decrease over time. Therefore, they should be replaced with a new one every 3-5 years and the OPEX 

analysis depends on adsorbent costs and replacements. An adsorbent provider estimated 1.5 EUR/kg 

for activated carbon and 53.1 EUR/kg for zeolite LiLSX. Such a difference in AC and ZE adsorbent 

suggests that separating N2 from H2 is more expensive and consequently the OPEX is more costly. 

Hydrogen recovery using the PSA method is around 80% to 90%. Therefore, only this volume is 

available for the market which means that at most 80%-90% of the stored volume could be used for 

the end-user at the surface. Consequently, this volume is used for the calculation of LCOHS.  It should 

be noted that the separated gas stream will contain the rest of the components in the feed such as N2, 

CO2 and CH4 and H2 that could not be recovered. As this gas has some heating value, It is recommended 

to be used for heating in other parts of the installation. Such a process could improve the economy of 

the project. As this waste volume is indicating loss of hydrogen (energy), the innovation should be 

guided to improve the efficiency of gas cleaning units in the future. 

7.2. Levelized cost of hydrogen storage 

Based on the Input data of all components, uncertain parameters for calculation of LCOHS in the Roden 

field with their values in the analysis and type of the distribution function are listed in Table 7-4. The 

triangular distribution (see Figure 7-5 ) is selected for most variables as it is a continuous probability 

distribution and considers three values of minimum, most likely (mode) and maximum. 

Table 7-4 Uncertain parameters for calculation of LCOHS in the Roden depleted gas field 

Uncertain parameters Distribution 
function 

Minimum Most 
likely 

Maximum 

H2 production cost (cushion gas investment), EUR/kg Triangular 1.0 2.5 4.0 

N2 production cost (cushion gas investment), EUR/m3 Triangular 0.015 0.045 0.055 

Electricity price, EUR/MWh Triangular 17 60 100 

Compressor CAPEX models Triangular Luyben Douglas Geitner 

b (constant for compressor CAPEX) Triangular 0.03 0.04 0.08 

Well CAPEX, MEUR Gamma 6.1 6.9 7.7 

Annual Well OPEX, MEUR Triangular 0.33 0.50 1 

The recovery of PSA unit in H2-NG mixture Triangular 0.85 0.90 0.95 

The recovery of PSA unit in H2-N2 mixture Triangular 0.70 0.80 0.90 

Interest rate Triangular 4% 8% 12% 

Lifetime  Triangular 15 20 25 
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Figure 7-5 The (right) probability and (left) cumulative function of the triangular distribution  

Using the “most likely” value as a base value for input parameters, CAPEX and OPEX and levelized cost 

of all components are estimated for different scenarios in Table 7-5. Consequently, LCOHS in €/kg, 

€/kWh and €/m3 are reported in the table. 

Table 7-5 shows that LCOHS for seasonal storage in the Roden field for the base case (case 1A) is 0.79 

€/kg. The cushion gas, compressor and PSA account for 76%, 12% and 9%, respectively. The share of 

wells/piping with 3% is not significant. Therefore, the main component in levelized cost is cushion gas 

and hydrogen production costs reduction in the future could substantially decrease the LCOHS. The 

levelized cost in terms of energy and volume are 2.36 cent €/kWh and 6.73 €/m3, respectively. 

The results of cases 1B, 1C and 1D show that the range of working pressure significantly impacts LCOHS 

in the Roden field. The lower maximum and minimum working pressure (cases 1C and 1D) lead to 16% 

and 27% reduction in LCOHS.  

Table 7-5 CAPEX, OPEX and LCOHS in different scenarios 

Cases Seasonal – Pure H2 (WV and CV) 
Seasonal – Pure H2 (WV) 
and N2-H2 mixtures (CV) 

Peak-shaver 
– Scenario 1 

Peak-shaver – 
Scenario 2 

Items 1A 1B 1C 1D 1A1 1A2 1A3 2A 2B 3A 3B 3C 

Number of cycles per 
year 

1 1 1 1 1 1 1 2 6 26 11 7 

Annual amount of 
stored hydrogen, tonnes 

59101 75643 68649 58444 50888 47406 39489 
11298

5 
34433

0 
189854 113557 71224 

CAPEX 

Cushion gas 346.6 469.9 318.9 240.2 290.6 251.7 202.1 346.6 346.6 333.6 343.8 350.8 

Wells/piping 4.4 4.5 4.5 4.4 6.3 5.9 4.8 10.9 38.1 58.5 31.2 10.5 

Compressor 12.4 16.0 14.1 11.9 12.4 12.4 12.4 21.0 51.8 46.5 33.6 17.9 

Gas cleaning 30.8 36.8 34.2 30.7 30.7 30.7 30.1 43.1 89.4 109.4 76.6 53.0 

OPEX 

Wells/piping 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.5 3.5 5.0 3.0 1.5 

Compressor 4.7 6.3 5.5 4.4 4.7 4.7 4.7 8.8 26.0 44.9 27.8 11.1 

Gas cleaning 0.9 1.2 1.1 0.9 1.7 3.6 4.7 1.5 4.1 5.8 3.1 2.0 

Total CAPEX 393.4 526.4 370.9 286.4 286.7 184.3 119.7 421.5 525.8 548.3 485.3 432.3 

Total OPEX 6.6 8.5 7.5 6.4 7.9 9.8 10.9 11.9 33.6 55.8 33.9 14.6 

LCOHS 
(€/kg) 

Cushion gas 0.60 0.64 0.48 0.42 0.46 0.27 0.14 0.31 0.10 0.18 0.31 0.50 

Wells/piping 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.02 0.06 0.05 0.04 

Compressor 0.10 0.11 0.10 0.10 0.15 0.16 0.17 0.10 0.09 0.26 0.28 0.18 

Gas cleaning 0.07 0.06 0.07 0.07 0.10 0.14 0.17 0.05 0.04 0.09 0.10 0.10 

Total LCOHS (€/kg) 0.79 0.82 0.66 0.61 0.73 0.60 0.50 0.48 0.25 0.59 0.73 0.82 

Total LCOHS (€/kWh) 2.36E-2 2.45E-2 1.97E-2 1.82E-2 2.18E-2 1.79E-2 1.48E-2 1.43E-2 7.42E-3 1.75E-2 2.18E-2 2.45E-2 

Total LCOHS (€/m3) 6.73E-2 7.01E-2 5.64E-2 5.20E-2 6.25E-2 5.12E-2 4.22E-2 4.08E-2 2.12E-2 5.00E-2 5.00E-2 5.00E-2 

Using nitrogen as a cushion gas has three main effects: 

• Higher gas separation costs 

Pmode = 2/(max-min) 
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• Lower recovery factor of PSA unit 

• Lower costs for cushion gas  

Figure 7-6 shows the LCOHS vs. hydrogen and nitrogen volume percentage as a cushion gas. Figure 7-6 

shows that increasing the share of nitrogen could significantly reduce the levelized cost from 0.79 to 

0.50 €/kg (37% reduction). Also, using nitrogen or nitrogen-hydrogen mixture as a cushion gas impacts 

the percentage contribution of each component. Figure 7-7 depicts as more nitrogen is used, the 

contribution of cushion gas is less dominant in the cushion gas. For cases with 100% nitrogen, the share 

of the cleaning unit and compressor (0.17 EUR/kg) is more than the cushion gas (0.14 EUR/kg). 

 

Figure 7-6 LCOHS for hydrogen and nitrogen as a cushion gas in the Roden field 

 

Figure 7-7 The share of each component in LCOHS of cases with H2, N2 and their mixture as a cushion gas 

In the peak-shaver storage, the number of cycles per year influences the LCOHS. In this condition, the 

cushion gas investment remains constant. However, the compressor, well and PSA costs are increased 
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due to higher injection and production rates. Furthermore, more cycles per year enhance the storage 

capacity of the reservoir. The combination of those effects on LCOHS indicates that LCOHS is reduced 

with more cycles per year for both scenarios 1 and 2 (see Figure 7-8 for LCOHS vs. the number of cycles 

per year). The trend of decreasing LCOHS is similar for both scenarios. Scenario 1 uses full load cycles. 

However, In scenario 2, based on the supply and demand predictions in 2050, the full load cycles i.e 

the maximum storage capacity of the reservoir is not used. Therefore, for the same number of cycles 

per year, the LCOHS of scenario 2 is higher than scenario 1. The power-law model matches with the 

data points for both scenarios suggesting this model is probably applicable for different scenarios in 

the Roden field.  

It should be noted that the level of hydrogen purity at the surface in this study is assumed 99.999%. In 

case lower purity is sufficient for the end-user, we might exclude the PSA unit from the surface 

facilities. For instance, power and heat regeneration or feedstock for the chemical industry may need 

hydrogen with a purity level of 90%-95% which is accessible without a PSA unit. Figure 7-9 depicts the 

difference between LCOHS with and without PSA units. The results show that removing a PSA unit 

could reduce LCOHS from 16% to 22%. In the PSA unit, besides CAPEX and OPEX, the recovery factor 

of hydrogen purification is a critical parameter for the economic analysis. The method or technology 

for gas cleaning with higher recovery could be an attractive choice in the UHS facility. Eliminating the 

PSA unit for the cases with nitrogen as a cushion gas may not be the realistic case especially in cases 

1A2 and 1A3 which nitrogen contribution at the surface mixture is high. However, in case 1A1 (1/3 N2 

+ 2/3 H2), the minimum purity of hydrogen at the surface is 92.8% and this level of purity could be 

appropriate for power and heat regeneration. In this case, removing the PSA unit could reduce the 

LCOHS from 0.73 to 0.60. Therefore, PSA installation in the storage facility should be decided based on 

the level of purity of the end-user. 

 

Figure 7-8 LCOHS vs. number of cycles for scenarios 1 and 2 
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Figure 7-9 effects of PSA unit in LCOHS in different cases of using hydrogen as a cushion gas 

To compare the results with the previous studies, the LCOHS estimation in the literature is reported in 

Table 7-6. The results are limited to two works. DNV GL report [85] doesn’t mention the detailed 

calculation of the levelized cost and predicts 0.3 EUR/kg for two cycles per year. In this study (case 2A), 

LCOHS with two cycles per year was estimated at 0.48 EUR/kg. The difference between the numbers 

could be arises from different assumptions in the two models. The estimation of Lord, Kobos and Borns 

[86] is more expensive than all cases in this study due to higher hydrogen production cost, higher 

interest rate and higher compressor costs in their model. In this study, a thorough analysis is performed 

for the data and the models and the different components in the model are confirmed with the 

suppliers. Therefore, this study has added new and high granularity of insights on the cost levels and 

how cost components add to the LCOHS. 

Also, in order to compare the results with common UGS, the levelized cost of UGS in depleted gas 

reservoirs is estimated in the range of 0.06 to 0.09 EUR/m3 [87, 88] in the literature. For a logical 

comparison, the costs should be compared in terms of energy deliverability. So, UGS levelized cost falls 

in the range of 0.005-0.008 EUR/kWh which is three times lower than 0.015-0.023 EUR/kWh in UHS 

cases. The difference is mainly due to lower cost investment in cushion gas, compressor and gas 

cleaning units in the natural gas storage facility. 

Table 7-6 The LCOHS estimation in the literature 

Author LCOHS, EUR/kg considerations 

DNV GL  company [85] 0.3 • two cycles per year 

• Injection pressure of 250 bar 

• No detail information 

Lord, Kobos and Borns [86] 1.04 • Seasonal storage 

• Injection pressure of 137 bar 

• H2 production cost of 5 EUR/kg 

• No gas cleaning unit 

• Equipment lifetime of 30 years 

• WV/CV of 1 

• Interest rate of 10% 

7.3. Uncertainty analysis 

Based on the input parameters in Table 7-4, the uncertainty analysis by Monte Carlo simulation is 

performed to improve the decision-making process under uncertainty. Due to significant uncertainty 

in some variables in LCOHS estimation and the intervention of random variables, instead of using a 
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single average value for LCOHS, Monte Carlo simulation can be used to generate insights in a plausible 

range of LCOHS for UHS along with its confidence level. 

This quantitative analysis uses a mathematical method to predict the range of possible outcomes with 

their probabilities. In this method, firstly the range of input data and their distribution function is 

determined. The distribution function is used to create a valid range of input variables regarding their 

probabilities (see Table 7-4). Afterwards, the random simulation is run for thousand times and the 

probability of the outcome is generated. 

The uncertainty analysis is implemented for the base case (case 1A) and the case that nitrogen is used 

as cushion gas (case 1A3). The results of other cases are similar to these two cases because the 

equations in the LCOHS model are identical. 

7.3.1. Case 1A  

The simulation of Monte Carlo for 10,000 times in case 1A is illustrated in Figure 7-10. As most variables 

have a triangle distribution, the LCOHS estimation is also similar to the triangle distribution. The 

analysis shows that the minimum, median (P50) and maximum LCOHS are 0.37 EUR/kg, 0.79 EUR/kg 

and 1.45 EUR/kg, respectively. The statistical results are shown in Table 7-7. Based on the data, P50 

(0.58 EUR/kg) is the realistic value that has more chance of occurring. While P10 (0.58 EUR/kg) and 

P90 (1.04 EUR/kg) are the optimistic and pessimistic cases. 

The results of Monte Carlo simulations could determine the effect of each variable in the final estimate 

of LCOHS. The relative importance of variables is depicted in Figure 7-11 by Tornado chat. The Tornado 

chart is useful for deterministic sensitivity analysis showing which variables are more important for the 

decision-maker to reduce the costs and/or uncertainties in the future. In the case 1A, the cushion gas 

investment (hydrogen production cost) is by far the most crucial variable to reduce LCOHS in the future 

using cheap electricity and the more efficient electrolyser. The interest rate is the second important 

variable which shows the role of the government and central bank to provide lower interest rates for 

accelerating toward energy transition. The third parameter is surface equipment lifetime. Changing 

the lifetime from 20 years to 25/15 years results in ± 5% change in the LCOHS. Two other important 

variables are electricity price and hydrogen recovery of PSA units. The cheap electricity reduces the 

LCOHS mainly due to the reduction in OPEX costs of a compressor. Also, improving the separation 

technology for higher hydrogen recovery of PSA unit impacts the LCOHS. Other parameters do not 

influence the LCOHS significantly. 
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Figure 7-10 Probability frequency distribution of LCOHS with 10,000 random simulations in case 1A 

 

Table 7-7 The statistical results of Monte Carlo simulation in case 1A for LCOHS estimation (EUR/kg) 

Minimum Maximum Mean Mode P10 P50 (Median) P90 

0.37 1.45 0.80 0.78 0.58 0.79 1.04 

 

 

Figure 7-11 Tornado chart of LCOHS for case 1A. 

7.3.2. Case 1A3  

In case 1A3, the Monte Carlo simulation is performed for 10,000 times and the probability frequency 

and statistical data are represented in Figure 7-12 and Table 7-8. The results show that the LCOHS falls 
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in the range of 0.33 to 0.68 EUR/kg. With a probability of 80%, the LCOHS varies between 0.42 EUR/kg 

(P10) and 0.56 EUR/kg (P90). The mean is close to mode indicating that most distributions are 

symmetric.  

 

Figure 7-12 Probability frequency distribution of LCOHS with 10,000 random simulations in case 1A3 

Table 7-8 The statistical results of Monte Carlo simulation in case 1A3 for LCOHS estimation (EUR/kg) 

Minimum Maximum Mean Mode P10 P50 (Median) P90 

0.33 0.68 0.49 0.50 0.42 0.49 0.56 

The Tornado chart for case 1A3 shows that four variables consisting of interest rate, hydrogen recovery 

of PSA, electricity price and cushion gas (nitrogen production cost) are the most dominant factors that 

influence the LCOHS. The hydrogen recovery in case1A3 is more important than case 1A because 

hydrogen purification in H2-N2 mixture is more difficult than H2-NG mixture. Similar to case 1A, 

electricity price and interest rate are important variables. Furthermore, nitrogen production costs do 

not significantly impact the LCOHS because the share of cushion gas investment in case 1A3 is lower 

than the compressor and gas cleaning unit. Equipment lifetime is also the fifth important parameter in 

the LCOHS analysis. 
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Figure 7-13 Tornado chart of LCOHS for case 1A3. 

Summarizing the results from cases 1A and 1A3 shows that cushion gas investment (hydrogen 

production cost), electricity price and the recovery of a PSA unit are the main three technical 

parameters to reduce LCOHS. To realize the role of hydrogen production cost in the LCOHS, providing 

affordable hydrogen with 1.0 EUR/kg results in the LCOHS lower than 0.5 EUR/kg for seasonal storage. 

Furthermore, the interest rate is a financial parameter that could significantly impact LCOHS. 
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Chapter 8 

8. Design deliverables 

The main deliverable for this study is the design of the workflow for a techno-economic feasibility study 

of UHS in the Netherlands. In this workflow, the storage capacity of the reservoir is estimated via 

numerical simulation. The outputs of the numerical simulation e.g. well pressure and rate are used as 

inputs for characterization of the compression and separation units. The levelized cost of UHS 

considering subsurface and surface facilities is the final deliverable of this research. 

8.1. Techno-economic feasibility 

Table 8-1 shows the design deliverable of this study for two sections: 

1) Technical analysis: subsurface modelling, compression and PSA units 

2) Economic analysis: LCOHS calculation 

In the subsurface modelling, the storage capacity of the case study is calculated considering the 

pressure and rate constraints in the model. The pressure change in the storage reservoir, the plateau 

rate of injection into and withdrawal from the reservoir and hydrogen concentration at the surface is 

determined by Eclipse 300 software. The procedure to convert a depleted gas field to UHS is the 

objective of this section. 

For the compressor, the Excel file is prepared to calculate the basic design for UHS. The inputs are inlet 

and outlet pressure, injection rate and some physical properties of gas e.g. density, isentropic 

exponent and z compressibility factor. The Excel file calculates the discharge (outlet) temperature, 

shaft and installed power and number of stages. 

To determine the basic design of the PSA unit, an Excel spreadsheet is used to calculate the amount 

and volume of required adsorbents. In this algorithm, the user imports the feed mass (or mole) flow 

rate, feed pressure and temperature, the concentration of each component in the feed and the desired 

purity of hydrogen as a final product, then a mass balance equation is solved to determine the amount 

of ZE and AC in the PSA unit. 

In the cost analysis section, the LCOHS is estimated considering cushion gas investment, compressor, 

PSA unit and wells/piping. The estimated costs are validated by suppliers. An uncertainty analysis is 

performed to determine the uncertain parameters in the hydrogen storage. 

Table 8-1 Design deliverables of subsurface, compressor, PSA unit and LCOHS for the base case* 

Type Section Parameter Value  Remarks (fulfil 
requirements in 
section 2.1) 

Technical 
analysis 

Subsurface  Working volume, bcm 0.78 Requirements 1 and 
2 Cushion volume, bcm 2.52 

Minimum working pressure, bar 185 Requirement 3 

Maximum working pressure, bar 251 

Plateau withdrawal rate, mln 
sm3/d 

5.1 
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Hydrogen purity of mixture 
withdrawn, % 

96.7 Requirement 4 

compressor Compressor type Reciprocating Requirement 5 

 Inlet Outlet 

Temperature, oC 25 146 

Pressure, bar 40 251 

Density, kg/m3 3.25 14.6 

Shaft power, MW 13.6 Requirement 6 

Installed Power, MW 14.3 

Speed, rpm 330-370 

Number of stages 2 

Maximum temperature rise, oC 120 

PSA unit 
Adsorbent type 

Activated carbon Requirement 7 

Zeolite Lilsx 

 feed product 

H2 concentration (mol%) 96.674 99.9990 

CH4 concentration (mol%) 2.960 0.0005 

N2 concentration (mol%) 0.366 0.0005 

Inlet mass flow rate, kmol/hr 8,997 

Adsorption time, second 420 

Recovery factor, % 90 

Amount of AC, kg 48,708 

Amount of ZE, kg 26,310 

Economic 
analysis 

LCOHS Cushion gas CAPEX, MEUR 346.6 Requirements 8 and 
9 OPEX, MEUR 0 

Compression unit CAPEX, MEUR 12.4 

OPEX, MEUR 4.7 

PSA unit CAPEX, MEUR 30.8 

OPEX, MEUR 0.9 

Wells/piping CAPEX, MEUR 4.4 

OPEX, MEUR 1.0 

LCOHS, EUR/kg 0.79 (76% cushion gas, 13% 
compressor, 9% PSA and 3% 
well/piping) 

LCOHS, cent EUR/kWh 2.63 

 Technical uncertain parameters Hydrogen production cost, 
electricity price and recovery of 
a PSA unit 

Requirement 10 

* Over its lifetime, the Roden field produced 5.9 bcm of natural gas, and the average reservoir pressure declined from 345 

to around 106 bar. 
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Chapter 9 

9. Conclusions and recommendations 

UHS in depleted gas fields will likely play an important role in the future energy system to balance the 

supply and demand of energy. Re-use of pore storage for natural gas (UGS) and depleted hydrocarbon 

reservoirs for UHS is gaining attention because they potentially have a large capacity (TWh) to store 

hydrogen that far exceeds the typical capacity of salt caverns. Furthermore, the potential re-use of 

existing infrastructure, e.g., wells, pipelines and facilities may reduce the investment costs. For the 

Netherlands, there may be potential to re-use depleted hydrocarbon fields on- and offshore as well as 

UGS sites for UHS. In this thesis, the Roden gas field, located in the western part of the Groningen gas 

field, was selected to perform a case study of re-using a depleted hydrocarbon field for UHS in the 

Netherlands. Primary objective of this study was to perform a techno-economic assessment and 

establish design considerations for UHS. To reach this goal, three specific objectives were defined: 

1. The performance of the field for seasonal and peak-shaver storage was studied to match 

typical UGS seasonal injection/withdrawal rates as well as high cyclic injection and production 

profiles for system needs in the Netherlands in 2050. The effect of using nitrogen as a cushion 

gas was also considered. 

2. The basic design of the compression and gas cleaning units was accomplished and the main 

challenges in the design of facilities were reviewed. 

3. The levelized cost of UHS in the Roden field was calculated and the impact of uncertain 

parameters was identified. 

In this chapter, the main conclusions of this work as well as the recommendation for future analysis 

are summarized.  

9.1. Conclusions 

9.1.1. Subsurface modelling 

What is the total capacity of the Roden gas field for UHS? What is the share of cushion and working 

gas volumes? 

• The numerical simulation of the Roden gas field shows this field can potentially be used for 

hydrogen storage. Considering the minimum and maximum well production rate of 1 and 4.5 

mln sm3/d, the maximum injection pressure of 270 bar, minimum wellhead pressure of 50 bar 

and maximum bottom-hole drawdown pressure of 150 bar, the maximum working volume of 

the reservoir for hydrogen is 1.0 bcm (2.9 TWh) with a WV/CV of 0.33 and working pressure 

limit of 193-270 bar. The sensitivity analysis of working pressure shows that lowering minimum 

and maximum working pressure leads to higher efficiency in the reservoir (higher WV/CV). 

How is the capability of the Roden gas field for seasonal and peak-shaver storage? 

• The Roden gas field can also potentially be used for short-term storage (high cyclic injection 

and production). The results show that to satisfy high future demands of hydrogen in 2050 and 
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to achieve peak-shaver storage needs, the Roden field with additional wells (1 for monthly, 4 

for biweekly and 8 for weekly) could be used. 

Can we use low-cost gases like nitrogen instead of hydrogen as cushion gas?  

• Nitrogen as a cost-effective gas can be used as a cushion gas instead of hydrogen in the 

reservoir. However, it leads to a decrease in the initial hydrogen purity of the withdrawn gas 

stream in the first cycle down to 60%, compared to the case of using H2 as cushion gas. 

However, the H2 purity increases again with successive cycles (up to above 80% in the third 

cycle) due to the replacement of the nitrogen cushion gas by the newly injected hydrogen that 

also then serves partly as cushion gas because it must take the place of the withdrawn nitrogen 

cushion gas. Therefore, a separation unit might be needed to purify the stream considering 

the end-user requirements. 

• To investigate the effect of gravitational forces acting on the gases in the reservoir on the 

hydrogen purity of the withdrawal stream, different N2 and H2 injection strategies were 

investigated. N2 was injected into the reservoir bottom or whole reservoir with or without 

settling time. The results show that the effect of gravitational forces does not significantly 

affect hydrogen purity. During injection and withdrawal, viscous forces are much higher than 

buoyancy forces, which disturbs the buoyancy equilibrium, and causes significant mixing of 

gases. After injection or withdrawal, there is not enough time for the buoyancy forces to re-

establish equilibrium before the next phase of injection or withdrawal. Therefore, Injection 

into and withdrawal from the whole reservoir is the optimum option in the Roden field. 

9.1.2. Surface facilities 

What are the main considerations for UHS surface (above ground) facilities design such as compressor 

and gas separation unit? 

• A two-stage reciprocating compressor with an installed power of 14.3 MW is required to 

deliver the required injection rates for the base case of seasonal storage in the Roden field. 

For peak-shaver storage, multiple compressor trains (reciprocating – two stages) with 90.7 

MW power for biweekly and 35.6 MW power for monthly profiles must be used. 

• PSA is currently the preferred technology to separate the hydrogen in the withdrawal mixture 

from hydrocarbons and nitrogen. 48.7 tonnes of activated carbon and 23.6 tonnes of zeolite 

LiLSX are required as adsorbents to reach the hydrogen purity level of 99.999% in the base 

case. Activated carbon is a preferred adsorbent to separate CH4 and CO2 from the mixture and 

zeolite is useful to purify the hydrogen from N2 and CO2. 

• Due to the tendency of adsorbents to separate organic compounds, separation of nitrogen 

from hydrogen by the PSA unit is more difficult than separation of natural gas from hydrogen 

leading to a lower hydrogen recovery (80% vs. 90%). 

9.1.3. Economic analysis 

What is the levelized cost of storing hydrogen with an UHS facility in depleted gas fields? 
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• The LCOHS for the base case of seasonal storage (1 full cycle of injection and withdrawal per 

year) is 0.79 EUR/kg (2.36 cent EUR/kWh). The most costly part is the cushion gas investment 

with 76% contribution followed by the compression unit (13%), gas cleaning unit (9%) and 

wells/piping (3%). In case of using nitrogen as a cushion gas, the LCOHS reduces to 0.50 EUR/kg 

(1,48 cent EUR/kWh) because the cushion gas investment is significantly decreased. 

• In the PSA, besides the investment and operational costs, 10%-20% of hydrogen could not be 

recovered in the purification unit which is a significant loss of energy. The levelized cost results 

show that the PSA unit (to reach the purity level of 99.999%) in the storage facility increases 

the costs up to 22%. Therefore, in case lower purity is sufficient for the end-user, we might 

exclude the PSA unit from the surface facilities. The Results of the Roden field show that in 

scenario 1 where hydrogen is used as a cushion gas, the minimum hydrogen purity is 94.3% 

which is an acceptable level for regeneration of power/heat or using as a feedstock in the 

chemical industry (e.g. ammonia production). In this condition, the PSA unit is not required in 

the storage facility. Therefore, using PSA in the storage site depends on the level of purity of 

the end-user. 

• Increasing the number of storage cycles per year (x) from one to two and six reduces the 

levelized cost of storage (EUR/kg) from 0.79 to 0.48 and 0.25 and the power-law model 

(𝐿𝐶𝑂𝐻𝑆 = 𝑎𝑥−𝑏) was fitted to the data points to estimate the LCOHS as a function of number 

of storage cycles per year.  

Which design parameters and cost components in UHS have a significant impact on the levelized cost?  

• The uncertainty analysis shows that 1) cushion gas investment; 2) electricity costs; 3) the loss 

of hydrogen in the gas cleaning process; 4) the interest rate, and 5) the equipment lifetime are 

the most dominant factors influencing the LCOHS. Therefore, future business plans should 

focus on these five items to make UHS cost-effective and attractive. 

9.2. Recommendations 

The current study deals with techno-economic design considerations of UHS facility in the Netherlands. 

The feasibility study shows the potential of a case study for UHS. In order to complete the design 

process, technical and economic study in this thesis should be extended more in detail to consider all 

the issues. Also, there are uncertainties and gaps in societal acceptance, safety challenges, market 

preferences and regulatory frameworks. A roadmap for hydrogen development is required to include 

technical and societal issues together. UHS in depleted gas reservoirs is not yet fully developed and 

the new pilot projects will reveal the main challenges in coming years. 

The following specific recommendations are presented to extend the study of techno-economics of 

UHS with more detail: 

• In this study, a numerical simulation was performed to assess reservoir performance without 

taking into account the effects of bio- and geochemical reactions of hydrogen with rocks, fluids 

and microbes in the reservoir. Such reactions may result in 1) loss of hydrogen (unrecoverable); 

2) contamination of the stored hydrogen due to the formation of by-products such as e.g. H2S, 

a hazardous, toxic gas that must be removed from the mixture at the surface at extra cost, and 
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3) reduction of reservoir performance due to clogging of pores (precipitation of minerals, 

microbial growth). To get more accurate results, these effects should be taken into account, 

and their impact on economics (LCOHS) should be quantified. 

• To predict the storage capacity of the reservoir, the thermodynamic properties of hydrogen 

mixed with other residual gases should be precisely estimated by new equation of state (EoS) 

models. Current EOS models should be extended to cover a wide range of pressure, 

temperature and concentration of H2.   

• The Roden gas field is a case study for UHS to improve the knowledge on UHS considering the 

reservoir performance, surface facility design and the costs of storage. This workflow could be 

extended to the current gas storage sites in the Netherlands like Norg, Grijpskerk, Alkmaar and 

Bergermeer to compare UHS with UGS in terms of levelized cost, storage capacity and the final 

energy deliverability.  

• The possibility of using N2 as a cushion gas in this study was investigated. Future works could 

focus more on using natural gas or CO2 as a cushion gas. The main side effect is a higher chance 

of chemical reactions in H2-NG and H2-CO2 mixtures in a reservoir in the presence of microbes 

and therefore, hydrogen loss will be more dominant in the reservoir. The main advantage of 

using these gases is their availability and low-cost price. Also, in the case of CO2 it would 

constitute an additional revenue stream because it reduces CO2 emission. Furthermore, 

higher recovery of PSA units is achievable because separation of CO2 and NG from hydrogen is 

much easier than N2-H2 separation. 

• Currently, PSA is the preferred technology for hydrogen purification at a large-scale. However, 

low recovery of PSA unit leads to loss of hydrogen which has a significant effect on the levelized 

cost. Generally, separation with membranes has better recovery than PSA. It would be worth 

investigating whether membrane technology or other methods with higher recovery could be 

further upscaled to what is typically required for UHS.   

• To extend the current work for comprehensive economic analysis, it is recommended to 

integrate the LCOHS into a hydrogen supply chain model to find out the value of UHS versus 

pipeline storage, surface storage or direct sale in the integrated energy system. Furthermore, 

LCOHS is highly influenced by the cycles and market dispatch. Therefore, optimizing design and 

operational strategy in the future H2 market is recommended. Then UHS performance in 

depleted fields and salt caverns is compared. 

• It is recommended to develop a proxy model for the calculation of LCOHS in the Roden field 

based on the cushion volume, working volume, number of cycles and other relevant 

parameters. This model could predict the LCOHS with a simple-to-use equation. 

• The idea of using nitrogen as a cushion gas should be studied in more detail as the construction 

of a nitrogen plant in Zuidbroek in the vicinity of the Groningen area has started. Therefore, 

the chance of using nitrogen with free CAPEX could significantly reduce the LCOHS.  
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A. Appendices 

A.1. Appendix A 

Validity of compositional model vs. Black oil model 

Considering the delivered black oil model as a verified model, conversion of black oil model to 

compositional one should be validated in terms of GIIP, well rates and pressure. GIIP for black oil model 

and compositional models are 7014 and 6831, respectively (2.6% difference which is acceptable). 

Cumulative gas production, field reservoir pressure and well bottom-hole pressure have been plotted 

in Figure A-1 and Figure A-2. The relative error is below 10% which is acceptable. 

 

Figure A-1 Cumulative gas production and field reservoir pressure (compositional vs black oil ) 

 

Figure A-2 Well bottom-hole pressure of ROD-101 and ROD-102 (compositional vs black oil ) 
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A.2. Appendix B 

The intersection of IPR and TPT lines in the Roden field shows the withdrawal well rate. The 

intersection is around 4.2 mln sm3/d. 

 

Figure A-3 IPR-TPR curve for the Roden field 

A.3. Appendix C 

 

 
 Figure A-4 Hydrogen purity of withdrawal mixture in different cases of Scenario Figure 
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Figure A-5 Hydrogen purity of withdrawal mixture in different cases of Scenario 2 

A.4. Appendix D 

The basic properties of the model are reported in Table A-1. Figure A-7 shows the gas in place for the 

base case in the lifetime of the reservoir. The reservoir is initially depleted (section a) and then is 

converted to a storage reservoir by injection of nitrogen and hydrogen into the reservoir and finally 

storage cycles (withdrawal and injection) are designed. 

Table A-1 Model input for 2D box model (base case) 

Reservoir properties description 

Reservoir dimension 1,455 × 48.5 × 180 

Reservoir depth, m 3000 

Horizontal permeability (Kh), md 50 (homogeneous) 

Kv/Kh 0.01 

Porosity 0.125 

NTG 0.63 

Initial pressure, bar 345 

Reservoir residual gas The same as Roden field in Table 5-1 

Injection / production rate, sm3/d 400,000 
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Figure A-6 Gas in place of base case (case i) including a) reservoir depletion, b) reservoir pressurization with N2 and H2 and c) 
withdrawal and injection cycles 

In multiphase flow displacement, viscous and gravitational forces are the main parameters to show 

the movement of gases from point A to B. There are some empirical equations (dimensionless 

equations) in the literature showing which one is dominant in the form of: 

𝑁 =
𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=  

𝑓1(∆𝜌𝐻2−𝑁2, ℎ, 𝐾)

𝑓2(𝜇𝐻2
, 𝑄𝐻2

)
 

 
Equation A-1 

where, ∆𝜌 is the density difference between the fluids, h is reservoir thickness, K is reservoir 

permeability, 𝜇 is viscosity and Q is flow rate. The displacement efficiency in 1 injection well and 1 

production well profile is higher when the medium has more homogeneity, more vertical permeability 

and more thickness. Are these conditions applicable for storage efficiency when we have one well for 

both injection and production? This is the question that should be answered in the sensitivity analysis. 

To identify the degree of mixing/separation of hydrogen and nitrogen mixture, three cases are defined: 

1. Case i:  

1) Nitrogen injection into the whole reservoir,  

2) Hydrogen injection into the whole reservoir, and  

3) Withdrawal/injection cycle(s) from the whole reservoir 

2. Case ii:  

1) Nitrogen injection into the bottom of the reservoir,  

2) Hydrogen injection into the top of the reservoir, and  

3) Withdrawal/injection cycle from the top of the reservoir 

3. Case iii:  

1) Nitrogen injection into the bottom of the reservoir,  

2) Hydrogen injection into the top of the reservoir,  

3) Settling (time for equilibration), and  

4) Withdrawal/injection cycle from the top of the reservoir 

100

120

140

160

180

200

220

09-01-2002 01-14-2004 05-28-2005 10-10-2006 02-22-2008

G
as

 in
 p

la
ce

, m
ln

 s
m

3

a                        b c



77 

 

Hydrogen has a lower density compared to nitrogen and the difference between Case i and Case ii will 

reveal how gravitational forces are affecting hydrogen and nitrogen separation. The difference in Case 

ii and Case iii is settling time before withdrawal from the reservoir. The goal is to recognize the effect 

of time on hydrogen and nitrogen separation. Figure A-7 shows the schematic of the three cases. 

Indices t demonstrate time at different levels. 

Figure A-8 depicts component distribution around the well after gas injection and before withdrawal 

in case I (time t1i). As expected, Hydrogen is located in the well region and has a tendency to move up. 

Nitrogen and residual gases (mainly methane) are located further away from the well. 

In order to investigate hydrogen and nitrogen distribution in the reservoir, The hydrogen and nitrogen 

concentrations for all three cases are depicted in Figure A-9 to Figure A-11. 

Figure A-9 demonstrates the component concentrations at time t1i in case i. At this time, the nitrogen 

batch and then hydrogen batch is injected into the whole reservoir. Hydrogen has more concentration 

in the vicinity of the well and nitrogen is located between hydrogen and residual gas (mainly methane). 

 

Figure A-7 Schematic of three cases indicating the location of injection and production. t shows the time index in each case. 

 

Figure A-8 2D schematic of box model (x-z direction) and distribution of H2, N2 and residual gas after cushion gas injection in 
case i at time t1i and before withdrawal 
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H2 Concentration N2 Concentration Colour legend 

Figure A-9 H2 and N2 concentrations in the reservoir after gas injection in case i (at time t1i) 

Figure A-10 shows the case ii at time t1ii when nitrogen into the bottom and then hydrogen into the 

top are injected. As expected hydrogen concentration in the top and nitrogen in the bottom is 

increasing due to the effect of gravity segregation. 

   
H2 Concentration N2 Concentration Colour legend 

Figure A-10 H2 and N2 concentrations in the reservoir after gas injection in case ii (at time t1ii) 

Figure A-11 depicts the condition in Figure A-10 if there is a settling time for three years (case iii at 

time t2iii). Due to the lower density of hydrogen, it is observed that hydrogen moves up and nitrogen 

moves down and the effect of time on gravitational segregation is significant. 

   
H2 Concentration N2 Concentration Colour legend 

Figure A-11 H2 and N2 concentrations in the reservoir after gas injection in case iii (at time t2iii) 

Based on the results, the density difference between hydrogen and nitrogen as well as the settlement 

time affect the gas distribution in the reservoir. Note, all the results are prior to the injection and 

withdrawal cycles i.e. the static situation. In the next section, the effects of consecutive cycles on 

hydrogen purity and component distributions will be investigated. 

Sensitivity analysis 

To investigate the effect of reservoir parameters on the hydrogen and nitrogen mixing in the reservoir 

and the hydrogen purity of the withdrawal mixture, a sensitivity analysis is performed in three 

max 

min 

max 

min 

max 

min 
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aforementioned cases. The parameters and their range are written in Table A-2 and the parameters 

for the base case are highlighted blue in this table. 

Table A-2 Sensitivity parameters in the box model  

Parameters  Ranges of parameters 

Reservoir thickness, m 120 180 270 m 

Homogeneity (average 
50 md) 

Reservoir top: 90 md 

Reservoir bottom: 10 md 

Whole reservoir: 50 md 

Reservoir top: 10 md 

Reservoir bottom: 90 md 

Kv/Kh 0.01 0.1 1 

Injection / production 
rate, ksm3/d 

200 400 600 

H2 and N2 injection 
Firstly injection of N2 and then H2 into the 
reservoir 

Mixture of H2-N2 in the surface is 
injected into the reservoir 

30 simulation runs with the input parameters from Table A-2 are performed and the hydrogen purity 

in the withdrawal mode is investigated from the following is concluded: 

• A lower reservoir thickness results in a higher H2-purity gas stream at the surface. Although 

the effects of gravitational forces are decreased with lower thickness, GIIP is also lower than 

the base case and with equal withdrawal rates between the low case and the base case, the 

hydrogen concentration of the withdrawn gas is higher than the base case (see Figure A-12). 

• A homogeneous reservoir results in higher hydrogen purity at the surface. Even in the 

condition that the reservoir top has higher permeability and the injection and production 

cycles are operated from the reservoir top, the hydrogen purity is lower. This is due to the 

movement tendency of all components for flow in high permeable zones (see Figure A-13). 

• A lower vertical permeability is more efficient in terms of the hydrogen purity of the 

withdrawal mixture. For higher vertical permeability, the tendency of hydrogen and nitrogen 

for moving up to the reservoir is increased and therefore, the hydrogen purity is reduced in 

the surface (see Figure A-14). 

• Mixing nitrogen and hydrogen in the surface and injecting this mixture will lead to lower 

hydrogen purity in the first cycle. However, there is no significant difference from the 2nd cycle 

onwards between this scenario and the routine scenarios in Figure A-7. This shows the degree 

of mixing between nitrogen and hydrogen in the reservoir is high. 

• The difference between cases ii and iii is only the settling time for three years before the 

withdrawal. The results show that this settling time doesn’t have a considerable effect on 

hydrogen purity. Figure A-10 and Figure A-11 show that in the static condition (no production 

and no injection), the hydrogen concentration is different as hydrogen moves up gradually in 

the reservoir. However, after the disturbance in the reservoir (dynamic condition), nitrogen 

and hydrogen are mixed and the purity of withdrawal mixture doesn’t change substantially. 

Therefore, hydrogen and nitrogen separation doesn’t have a major effect on the purity of the 

withdrawal mixture, 

• A lower rate decreases the degree of disturbance in the reservoir and therefore, higher 

hydrogen purity is observed (see Figure A-15) 

The above results show that settling time and the hydrogen and nitrogen injection in the bottom or 

top of the reservoir have no significant effects on hydrogen purity. To have a deeper analysis of 



80 

 

hydrogen purity, let’s consider three concepts; 1)the average purity of the cycle, 2)the lowest amount 

of purity and 3)the number of days greater the certain amount of purity (e.g. 90%).  

• Average of hydrogen purity: Although in the first cycle the efficiency of case iii is lower than 

cases i and ii, in the next cycles it is higher. But this amount of purity is in the range of 2-3% 

which is not very significant.  

• The lowest amount of hydrogen purity: For most of the cases, this number is higher in case iii. 

It shows that with more time for settling, the hydrogen mixture has higher purity on the 

surface.  

• The number of days greater the certain amount of purity: Case i has lower performance than 

Cases ii and iii. It shows that nitrogen injection into the bottom and hydrogen into the top 

could guarantee more days with 90% purity of hydrogen on the surface. 

Based on these results, case iii is the most efficient one in terms of hydrogen purity. However, it should 

be noted that this amount is not significant and it is in the order of at most 5% which is not considerable 

from the economic point of view. The detailed data are shown in Table A-3. 

Figures below show the hydrogen concentration in injection and withdrawal modes for the first cycle 

of storage in the 2D box model. The colour legend is shown below. 
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Figure A-12 The effect of reservoir thickness on hydrogen concentration in the case iii  
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 Reservoir top: 90 md 

Reservoir bottom: 10 md 

Reservoir top: 50 md 

Reservoir bottom: 50 md 

Reservoir top: 10 md 

Reservoir bottom: 90 md 
Figure A-13 The effect of reservoir heterogeneity on hydrogen concentration in the case iii  
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 Kv/Kh = 0.01 Kv/Kh = 0.1 Kv/Kh = 1 

Figure A-14 The effect of vertical reservoir permeability on hydrogen concentration in case iii  
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Figure A-15 The effect of production and injection rate on hydrogen concentration in case iii  
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Table A-3 Hydrogen purity of withdrawal mixtures in different cycles for 30 simulation cases. 

Case Average of hydrogen purity The lowest amount of hydrogen purity The number of days greater the 90% purity 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Base 
case 

i 0.615 0.874 0.895 0.903 0.102 0.508 0.614 0.664 0.302 0.591 0.625 0.625 

ii 0.625 0.881 0.916 0.931 0.050 0.466 0.690 0.666 0.381 0.640 0.690 0.727 

iii 0.590 0.888 0.919 0.929 0.160 0.506 0.620 0.673 0.185 0.644 0.690 0.19 
h = 120 
m 

i 0,586 0,905 0,930 0,939 0,032 0,541 0,660 0,709 0,329 0,685 0,721 0,750 

ii 0,589 0,917 0,942 0,951 0,010 0,503 0,631 0,684 0,381 0,731 0,783 0,803 

iii 0,568 0,921 0,945 0,953 0,091 0,538 0,651 0,697 0,213 0,732 0,788 0,808 

h = 270 
m 

i 0,596 0,830 0,863 0,860 0,153 0,488 0,580 0,616 0,207 0,483 0,536 0,480 

ii 0,594 0,843 0,879 0,897 0,096 0,447 0,566 0,626 0,283 0,547 0,577 0,623 

iii 0,534 0,848 0,879 0,897 0,186 0,477 0,578 0,630 0,078 0,547 0,577 0,623 

top: 90 
md, 
bottom: 
10 md 

i 0,610 0,872 0,897 0,909 0,091 0,498 0,610 0,663 0,323 0,594 0,623 0,633 

ii 0,598 0,866 0,910 0,924 0,056 0,447 0,582 0,646 0,333 0,610 0,690 0,706 

iii 
0,583 0,873 0,908 0,926 0,097 0,468 0,591 0,654 0,247 0,620 0,673 0,716 

bottom: 
90 md, 
top: 10 
md 

i 0,595 0,866 0,893 0,901 0,101 0,501 0,606 0,661 0,283 0,576 0,617 0,607 

ii 0,612 0,870 0,905 0,920 0,042 0,457 0,587 0,646 0,371 0,614 0,659 0,682 

iii 
0,544 0,877 0,909 0,925 0,206 0,501 0,610 0,665 0,062 0,614 0,667 0,709 

Kv/Kh 
=0.1 

i 0,635 0,858 0,836 0,846 0,175 0,493 0,578 0,624 0,263 0,536 0,413 0,413 

ii 0,626 0,859 0,878 0,885 0,091 0,463 0,555 0,591 0,342 0,563 0,583 0,583 

iii 0,466 0,861 0,885 0,898 0,238 0,498 0,588 0,636 0,000 0,559 0,583 0,611 

Kv/Kh =1 i 0,567 0,787 0,822 0,842 0,272 0,530 0,599 0,649 0,111 0,314 0,358 0,373 

ii 0,578 0,801 0,829 0,846 0,177 0,449 0,524 0,572 0,189 0,434 0,457 0,479 

iii 0,404 0,811 0,849 0,874 0,232 0,489 0,580 0,635 0,000 0,436 0,478 0,514 

Q= 200 
k sm3/d 

i 0,905 0,871 0,869 0,838 0.703 0.685 0.679 0.650 0.596 0.447 0.442 0.347 

ii 0,945 0,916 0,912 0,912 0,759 0,725 0,730 0,734 0,756 0,632 0,600 0,603 
iii 0,839 0,895 0,900 0,904 0,634 0,690 0,710 0,721 0,383 0,542 0,556 0,562 

Q= 600 
k sm3/d 

i 0,391 0,891 0,923 0,937 0,001 0,474 0,611 0,675 0,200 0,652 0,712 0,748 
ii 0,379 0,889 0,932 0,947 0,000 0,411 0,576 0,648 0,223 0,684 0,767 0,791 

iii 0,387 0,890 0,932 0,947 0,000 0,419 0,579 0,650 0,130 0,682 0,764 0,789 

Mixing 
at 
surface 

i 0,519 0,912 0,923 0,916 0,401 0,631 0,683 0,706 0,000 0,667 0,690 0,650 

ii 0,444 0,912 0,936 0,946 0,261 0,596 0,691 0,736 0,000 0,689 0,742 0,764 

iii 0,468 0,916 0,937 0,946 0,293 0,607 0,695 0,735 0,000 0,689 0,742 0,764 
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A.5. Appendix E 

 

 

Figure A-16 Field reservoir pressure for weekly, biweekly and monthly cases for peak-shaver 

 

 

Figure A-17 Field gas production rate for weekly, biweekly and monthly cases for peak-shaver 
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Figure A-18 Field gas injection rate for weekly, biweekly and monthly cases for peak-shaver 
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