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Abstract

With increasing interest in developing green hydrogen infrastructure as a way to decarbonize the power,

transportation and heating sector the storage of hydrogen becomes a crucial component. Although most

present hydrogen storage techniques are of small-scale, the intermittent nature of renewable electricity

and expected future green hydrogen production and consumption makes large-scale storage an important

factor.

This study evaluates the techno-economic feasibility of storing hydrogen in an already-existing

underground salt cavern, one of three large-scale gas storage systems. The work starts with an overview

of the large-scale gas storage methods and the challenges associated with storing hydrogen. The current

existing salt cavern storage facility is discussed and the is technically assessed for hydrogen storage. The

investment and operating costs related to the hydrogen storage method were calculated using models

developed, certain components of the model were modeled using Aspen simulation software, which was

also used to calculate the cost associated with it. For various scenarios, the cost distribution and the

Levelized Cost of Hydrogen Storage (LCHS) were estimated. Based on the outcomes, the LCHS ranged

from a best case scenario of 0.34 e/kg to a worst case scenario of 1.94 e/kg. Sensitivity analysis was
conducted for the various storage parameters, and based on the dominant component the Net Present

Value(NPV) is assessed with an increased LCHS. To conclude the study an estimate for the electrolyser

capacity required for the plant to operate continuously was determined.
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1
Introduction

Energy has become an essential commodity within human society that is required for various activities.

Currently, a significant percentage of the world’s energy needs are satisfied by fossil fuels. However, the

use of these fuels has resulted in an increase in emissions, which has contributed to Global warming

resulting in the increase of the global temperature. Figure 1.1 illustrates the increasing demand for energy

in the coming years. If the demand is satisfied with traditional fuels, it will lead to further increase in

the global global temperatures. Therefore, increasing the production of renewable energy is crucial for

addressing climate change and satisfying energy demands. Electricity generation is not the only sector

Figure 1.1: Global energy demand forecast from DNV [1]

that relies on fossil fuels as a primary source of energy. Many industries also use fossil fuel as feedstock,

currently the manufacturing industry is the largest consumer of energy in the world, accounting for 133 EJ

(32%) of final energy demand in 2020 [1]. The major source of energy in these industries are dominated

by coal and natural gas, which are used to produce high-temperature heat or used to produce other

compounds. however, direct electrification from renewable sources is often not feasible for the high heat

requirement. This makes certain sectors like iron and steel, chemical industries, and refineries particularly

challenging to decarbonize. To address this, alternate forms of energy such as hydrogen produced from

renewable energy sources are being explored as potential solution.

1
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1.1. Hydrogen

Hydrogen is not new to industries, it is already extensively used as an industrial feedstock in chemical

industries producing ammonia and also used in refineries. However, the hydrogen currently used is

mainly grey hydrogen, which is produced from natural gas using steam methane reforming or auto-thermal

reforming. In 2021, approximately 90 million tons of hydrogen was used globally as an industrial feedstock,

with the chemical and refining sectors being the major consumers. However, most of this hydrogen was

mainly produced from natural gas reforming, resulting in approximately 9 billion tons of CO2 emissions

worldwide. Europe is the fourth largest user of hydrogen globally, consuming around 8 million tons in

2021. As the demand for hydrogen in these industries continue to increase as well as with new demands

expected like in steel industries, it is important to decarbonize the hydrogen supply chain. To achieve this,

low-carbon hydrogen production methods such as blue hydrogen (produced from methane reforming with

carbon capture technology) and green hydrogen (produced from electrolysis using renewable energy) are

becoming increasingly important.

Green hydrogen, produced from renewable sources is preferred over blue hydrogen as it does not involve

the use of traditional fossil fuels. This is an important goal in the energy transition, as reducing dependence

on fossil fuels is crucial for mitigating climate change. Hydrogen also offers long-term energy storage

capability, which can help address the intermittency of renewable electricity generation. During periods

of excess amount of renewable energy hydrogen can be produced and stored for later use in industries

and other applications. However, developing a hydrogen network requires significant infrastructure for

production, transportation and storage. This includes renewable electricity sources and electrolysers for

hydrogen production, a well-developed gas transportation network, and large-scale hydrogen storage

capabilities. Northwestern Europe has been identified as a suitable location for a hydrogen backbone,

due to its offshore wind capability, existing natural gas network that can be repurposed for hydrogen and

salt cavern for hydrogen storage. The Netherlands one of the major producers and consumers of grey

hydrogen in Europe, has the Infrastructure capability to develop a hydrogen backbone and is already

taking steps in that direction.

1.2. Netherlands hydrogen development

In 2020, the Netherlands was the second largest consumer of grey hydrogen, after Germany. Its demand

for hydrogen reached 1.3 million tons [2], with refining and ammonia production in chemical industries

contributing a major share to this demand. However, given the increasing demand in these sectors, there

is a growing need for low-carbon hydrogen to contribute to the energy transition. The Netherlands is

working to become a pioneer in low-carbon hydrogen production, particularly green hydrogen by utilizing

its offshore wind capability to start the development of the European hydrogen backbone.

1.2.1. Green hydrogen capability

The Netherlands has set an ambitious plan to increase its offshore wind energy capacity to 21GW by 2030

and to 70 GW capacity by 2050 [3]. Along with this, there is also a plan to develop an electrolyser capacity

of 3-4 GW by 2030 [4]. With this increased electrolyser capacity currently the industries that consume grey

hydrogen have set out plans to incorporate green hydrogen into their requirement. The estimated future

demand for green hydrogen in the industries based on the proposed electrolyser capacity is given in Table

1.1.

The assumptions are based on having a steady supply of renewable electricity, but this is not possible

due to its intermittent production. Green hydrogen in the Netherlands is primarily planned to be produced

from wind electricity, especially offshore wind energy. In 2022 the offshore wind contributed around 40

percent of the wind electricity, with 8388 GWh of electricity produced with a total installed capacity of 2571

MW [6]. The electricity generated is distributed across the months in different quantities, Some months

produce electricity more than the average, while some months produce electricity lower than the average.

The offshore wind capability is planned to be increased to around 21 GW by 2030, and the electricity

produced by it will also be substantially increased. The production in each month is assumed to follow the

same trend as 2022 taken from IEA. Figure 1.2 depicts the forecast of electricity production in each month

and the margin with respect to the average over the year.
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Sector
Hydrogen

(kton/year)

Steel 115

Ammonia 104

Refinery 135

Methanol 32

e-fuels 4

others 181

Total 571

Table 1.1: Green hydrogen expected demand in the Netherlands in 2030 [5]
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Figure 1.2: 2030 monthly offshore wind distribution estimate for the Netherlands

From Figure 1.2 it can be seen that from november to march we have higher wind generation compared to

the average and the hydrogen production can be maximized during these months. Whereas in the rest of

the year, the production is low and this will affect the green hydrogen production. So one possible solution

to this intermittency is to have the capability for large scale energy storage.

1.2.2. Large scale energy storage

As discussed in the previous section, the intermittency in renewable energy can be solved only if we have

the means to store the energy during peak hours and utilize it during off-peak hours. There are different

storage methods ranging both short-term and long-term storage with different capacities. In our case, we

need to store large quantities of electricity for a longer period and utilize it when required. The production

of hydrogen can be done in two ways, the first method is by storing the electricity for a longer term and

running the electrolyser in a base load operation. The next method would be to have a large capacity

electrolyser plant to produce hydrogen and vary the production based on our available electricity.

For the first case, mechanical energy storage can be used, but in the Netherlands, pumped hydro

storage is not possible due to the geological structure. Compressed air storage is possible, but instead of

storing the compressed air, we could produce and store compressed hydrogen. So, the second option

seems the most viable option, and the existing gas grids can be repurposed to support hydrogen transport

throughout the Netherlands. However, once a large quantity of hydrogen is produced we need to have the

capability for large-scale hydrogen storage.
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1.2.3. Hydrogen backbone

Figure 1.3: Netherlands hydrogen gas network [7]

The hydrogen producing capability from offshore wind in the Netherlands is mainly concentrated in areas

where renewable energy is located. The produced hydrogen need to be transported to various industrial

clusters. Figure 1.3 shows the planned hydrogen gas transmission network in the Netherlands. The

network is being developed by Gasunie in the name of Hyway27 by repurposing existing natural gas grids.

The initial phase of the project starts in the Netherlands and is planned to develop throughout Europe, with

initial developments in northwestern Europe. The hydrogen gas network also includes underground gas

storage in this case salt cavern, to support the production and end industrial requirements. Therefore, it

becomes important to study the techno-economics involved in repurposing salt caverns to support hydrogen

instead of natural gas. The following research questions are answered at the end of this research.

1.3. Research questions

This research will be focused majorly on studying the techno-economics involved in converting the existing

salt cavern storage at Epe to support hydrogen. At present, there are 70 salt caverns situated in Epe,

Germany. Among these caverns, Vattenfall owns seven that are used for the storage of natural gas.

These gas storage facilities are mainly utilized for balancing the natural gas grids. However, there remain

certain caverns that are currently not being fully utilized. With growing interest in developing hydrogen

infrastructure, it becomes important to access the techno-economic feasibility involved in converting the

existing storage. At the end of this research, the following questions will be answered

1. What are the challenges involved in hydrogen storage in salt caverns?

2. What technical measures are required for making Epe fit for hydrogen and time taken for the

conversion?

3. What will be the CAPEX and OPEX involved in converting the storage and operating it with Hydrogen?

4. What will be the Levelized cost of hydrogen storage(LCHS) in the salt cavern?

5. When will be the storage required and at what electrolyser capacity will it be feasible?



2
Background and literature review

Literature Methodology

The work is done by gathering information available from the research papers and by reviewing the existing

storage process model.

2.1. Underground gas storage

Underground gas storage is an artificially created facility used to store gas at a certain depth from the

surface. This type of storage is not a relatively new concept as it is already been implemented for the

storage of natural gas. However certain operational differences need to be considered when storing

hydrogen. The facility comprises a working gas and a cushion gas. The working gas, which in our case

is hydrogen, is injected and withdrawn for customer requirements. The cushion gas, on the other hand,

serves for operational purpose such as maintaining pressure during injection and extraction cycles [8]. The

cushion gases that can be used are N2, CH4, CO2 and H2 itself, along with the working gas. The ratio of

cushion gas to working gas is dependent on geological parameters including reservoir depth, and reservoir

permeability. The deeper the storage, the larger the cushion gas required for operation [9]. Underground

gas storage facilities are useful because they are less prone to fire and provide better safety operation,

they also play a good role in space management. There are three major underground storage facilities

that can be used for hydrogen storage:

• Aquifers

• Salt cavern

• Depleted gas fields

Aquifers

An aquifer is an underground surface made of a layer of porous and permeable rock, often several hundred

feet deep, filled with fresh or saline water. Aquifers may be a viable option for hydrogen storage and an

alternative when there are no depleted gas fields or salt caverns available for storage. The conditions for a

good aquifer include 1) good reservoir characteristics of Host rock, and 2) the presence of an impermeable

layer to prevent the gas from escaping [11].

Figure 2.1 shows the different layers of an aquifer and how the hydrogen is stored in it. When hydrogen

is injected into the aquifer, which is already filled with liquid, the liquid displaces to the side due to density

difference. By injecting the gas, the pressure inside the porous media is increased as the existing water

is not removed. So, when hydrogen is withdrawn from the storage due to the gas-liquid interface, the

liquid is simultaneously removed together with the gas, this is one of the major disadvantages of aquifer

hydrogen storage [12, 13]. The mechanism for storage between an aquifer and depleted gas fields are

similar because they both are classified as porous and permeable. Although the working is similar an

aquifers have a high investment cost due to the detailed test required to determine the tightness of the

rock because of the changes in the gas-liquid interface. There was no previous experience in the literature

5
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Figure 2.1: a) Aquifer before hydrogen injection b) aquifer water displacement after hydrogen injection [10]

discussing the storage of pure hydrogen in an aquifer, usually a mixture of hydrogen and natural gas is

stored [14].

Salt cavern

Salt caverns are artificial chambers created within subsurface salt deposits through solution mining, which

involved injecting water to dissolve salt and create a cylindrical pit. A typical salt cavern can be around

2000 m deep with a volume of 1 million m3, a height of 300-500 m, and a diameter of 50-100 m, providing

the capability to store large quantities of gas. Salt caverns can be created in two types of underground salt

formations: Salt domes and salt bedded formations. Salt domes are solid and homogeneous bodies made

of a single material, and the cavern built in these structures is usually very robust for depths lower than

2000 m. Salt bed formation, on the other hand, consists of layers of salts present at considerably lower

depths when compared to the domes. They are mostly heterogeneous in nature, mainly consisting of salt

halite, with other layers of dolomite, shale, and anhydride. Salt caverns are built mainly in areas where

halite is present at greater depths and the insoluble compounds are present in smaller amounts [15].

Figure 2.2: Schematic of underground salt cavern gas storage with its tubing part which is currently used

to store natural gas [16]

Caverns are regarded as the best storage method for underground hydrogen compared to the other

storage methods due to their lower gas permeability and good rheology, which provides good sealing
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and distributes the stress developed during injection [17]. The cushion gas requirement in the salt cavern

varies based on the cavern depth, when the cavern depth is larger, the cushion gas required is higher and

when the depth is smaller, the cushion gas required is lower. The cushion gas requirement can vary from

22 and 33% of volumetric capacity and the maximum of 78% of working gas capacity [18]. Salt caverns

are the most acceptable gas storage during peak production due to their simplicity in operation [11].

Depleted oil and gas fields

Depleted oil and gas reservoirs are porous and permeable hydrocarbon reservoirs located thousands of

feet below ground, with almost all the recoverable product being extracted. In other terms, these can be

characterized as a form of aquifers where there is only a residual amount of liquid within the pores but are

mostly occupied by oil and gas. The major advantage of this type of reservoir is that they are a proven

trapping system for gases, as it already held hydrocarbons and has a well-identified geological structure

due to its exploration and exploitation history.

These types of depleted gas fields are already equipped with necessary installations both on the surface

and subsurface, which can be used for hydrogen storage. The cushion gas required for this type of storage

is lower than that of aquifers as the already existing remaining trapped gases will act as cushion gas.

When planning for this type of storage facility, it is necessary to stop the exploitation as early as possible,

so that the removed gas pores are filled with formation water, and the water can be removed. This allows

us to store more gas than it has earlier with high pressures. The major disadvantage with this type of

storage is that the hydrogen stored mixes with the gas in the storage and during extraction, the mixture

percentage might vary. The hydrogen might also react with oil deposits in the fields, forming methane,

lowering the purity, and also causing the oil to dissolve and be irreversibly lost forever [19].

Figure 2.3: (a)Schematic of depleted gas storage (b)microscopic image of the pores in the storage

(c)mechanism where the injected hydrogen occupies the pores displacing the oil [10]

2.2. Gas storage facilities

Based on the three types of underground gas storage methods that could be used for hydrogen storage,

potential sites globally were discussed in some of the literature papers. Table 2.1 discuss the sites and

their parameters reported in the literature.
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Table 2.1: Poterntial H2 storage sites around the world

Salt Cavern

Country Region Parameters Reference

Canada Saline A2 unit

Depth=525m

Capacity=9.5million m3

Thickness=45 m

[17]

Canada Salina B unit

Depth = 400m

Capacity = 6.4 million m3

Thickness = 90m

[17]

China Jiangsu Province-Jintan

Operating pressure=60-180 bar

Storage capacity = 20 Million m3

Depth = 900-1100m

[20]

Denmark lille thorup

Pressure = 50-100 bar

Storage capacity = 445 Million Nm3

Depth = 1270-1690 m

[21]

Germany

Northern Westfalen

Northwest

Centrsl

Capacity

2.4 billion m3

4.6 billion m3

1.8 billion m3

[22]

Spain Castilla y Leon region

Operating pressure = 59 bar-158 bar

Storage Capacity = 0.1 million Nm3

Depth =300m - 2000m

[23]

Turkey Tuz Golu gas site

Pressure = 220 bar

Depth = 1100-1400 m

Capacity = 12 x 0.63 Million m3

[24]

Aquifers

Canada Mount Simon

Pressure = 76bar

porosity = 15%

Depth = 800m

Capacity = 725 million ton of Co2

[17]

Spain San Pedro Belt

Porosity = 14%

Permeability = 101.3 mD

Depth = 1700 m

[12]

Depleted reservoirs

Germany Schleswig-Holstein

Pressure = 60 bar

Porosity = 13 % -33%

Permeability = 2.1-572 mD

Depth = 500 - 3000 m

[13]

UK Rough gas storage facility

Capacity =48 Million m3

Operating pressure =50-100 bar

porosity = 20%

Permeability = 75mD

Depth = 2743 m

[8]



2.3. Challenges in underground hydrogen storage 9

Several existing gas storage facilities have been studied and operated for hydrogen storage, and Table

2.2 summarizes the sites and parameters of these storage facilities. The table shows that high-purity

hydrogen has only been stored in salt caverns, whereas in other storage facilities, it was stored in a mixture

of other gases. So to store pure hydrogen salt caverns are the best option.

Table 2.2: Previous experience in H2 storage sites [10, 19]

Salt caverns

Country Project Name Depth (m) Volume (m3) Operating

conditions (bar)

H2 percentage

UK Teesside 400 210000 45 95

USA Clemens 1000 580000 70-137 95

USA Moss Bluff 1200 566000 55-152 95

Germany Kiel 32000 100 60

Aquifers

Germany Ketzin 200-250 - - 62

France Beynes 430 3.3 x108 - 50

Czech Republic Ketzin 400-500 - 90 50

Depleted reservoir

Austria Underground

Sun Storage

1000 - 78 10

2.3. Challenges in underground hydrogen storage

2.3.1. Properties comparison

Hydrogen is the most abundant element found in the entire universe, it is an odourless, highly reactive

and non-toxic diatomic gas. From figure 2.4, we can see a comparison of lower heating value (LHV) of

the various fuels based on their gravimetric and volumetric energy density. The figure shows that the

gravimetric energy density of hydrogen is around 33 kWh/kg which is higher than most fuels. However,

the volumetric energy density of hydrogen is lower when compared to other energy sources. To store 1 kg

of hydrogen, the required volume is around 11 m3 at standard temperature and pressure (@ 0◦C & 1 atm)

condition.

Unlike natural gas, hydrogen is not an energy source but an energy carrier, which is why it is produced

from other sources such as natural gas or through electrolysis. To understand the properties of hydrogen, it

is compared with natural gas and is given in Table 2.3. From the table, it can be observed that hydrogen is a

very light element and the density is approximately 8 times lower than methane. This property of hydrogen

makes it challenging to store in the same volumes at the same pressures as natural gas. However, this

issue can be addressed by compressing the hydrogen by reducing the energy gap.

2.3.2. Hydrogen embrittlemenet

Hydrogen embrittlement is a phenomenon where the ductile and tensile strength of the metals is reduced,

leading to degradation over time. This occurs when hydrogen, due to its small size, enters the metal

lattice of a material and accumulates resulting in the failure of the material. Higher-strength materials

are generally more susceptible to hydrogen embrittlement than lower-strength materials. Materials such

as iron, titanium and nickel are more susceptible to hydrogen embrittlement than materials like copper,

and austenitic stainless steel [26]. Steels with high Mn content and with a strength greater than 1000

MPa are more susceptible to hydrogen embrittlement. To mitigate the effect of hydrogen embrittlement

an appropriate material can be selected or the existing material can be protected by applying coatings or

barriers to prevent hydrogen entering the material [27, 28]. But in large-scale applications, it is economical
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Figure 2.4: Comparison of energy densities of different fuels [25]

Table 2.3: H2 vs CH4 properties [10]

Properties H2 CH4

Molecular weight 2.016 g/m3 16.043 g/m3

Density @25◦C and 1atm 0.082 kg/m3 0.657 kg/m3

Viscosity @25◦C and 1atm 0.89x 10−5 Pas 1.1 x 10−5 Pas

Normal boiling point -253◦C -162◦C

Critical Pressure 12.8 atm -45.79 atm

Critical Temperature -239.95◦C -82.3◦C

Heating Value 33.33 kWh/kg 13.1 kWh/kg

Diffusion in pure water @ 25oC and 1atm 5.13x10−9m2/s 1.85x10−9 m2/s

Solubility in pure water @ 25oC and 1atm 16x10−4g/L 22.7x10−3g/L

to use materials that are inert to hydrogen embrittlement.

2.3.3. Hydrogen loss and purity

Hydrogen is a highly reactive element and when stored using underground storage methods, it has the

tendency to undergo reactions that can result in loss of purity. These reactions can be caused by a variety

of factors, including geochemical and microbial activity. Figure 2.5 shows the most common hydrogen

reactions occurring in the subsurface hydrogen storage.

The hydrogen stored in underground reservoirs and aquifers have a risk of reacting with the fluids

and rock minerals, resulting in the loss of hydrogen and a change in the chemical equilibrium of the

reservoir. These reactions can also affect the permeability and porosity of the Geological rock structure

[29]. Microbiological activity is another factor that can affect the purity and content of stored hydrogen.

Microorganisms can be naturally present or introduced during the storage process. The major loss of

hydrogen due to this reaction is due to the formation of CH4 and H2S which is shown in the Figure 2.5. The

most common loss of hydrogen in the storage of the gas in the reservoirs is the methanogenesis reaction

where the hydrogen is converted into methane.

Loss of hydrogen due to these reactions is more predominant in depleted reservoirs, but in the case of

salt caverns, geochemical reactions are not as predominant. However, in the case of microbial reaction, a
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Figure 2.5: Subsurface hydrogen reactions [14]

significant amount of water can accumulate in the salt cavern during the leaching phase. The sump may

contain rock impurities that allow bacteria to live in this over-saturated brine solution. As a result, bacteria

can initiate a reaction between the SO−2
4 and form H2S. Hydrogen sulphide above is undesirable in the

gas stream above certain as it can cause corrosion [30] and also it cannot be used in fuel cell applications

due to degradation of the electrode [31].

2.3.4. Solubility of water vapour in hydrogen

During the underground storage of hydrogen, the gas comes in contact with the accumulated brine solution

in the cavern, and water vapour can diffuse with the stored gas over time. As a result, withdrawn gas

from the storage can be saturated with water molecules, and before reinjecting it back into the grid, the

gas needs to be dried. This is why most gas storage plants use a drying unit. The presence of water

molecules in the gas flow can result in the formation of hydrates, which can lead to clogging of pipelines. If

the water molecules content is over 5 ppm in the stream, it cannot be used for fuel cell application without

drying. Figure 2.6 shows the amount of water vapour content in a compressed nitrogen and hydrogen gas

at varying pressures in a constant temperature of 50◦C temperature. However, one major disadvantage of

the graph is that it does not account for the salinity of the water and the result is obtained for a mixture.
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Figure 2.6: Water vapor content of a nitrogen and hydrogen gas mixture at varying pressures [32]
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2.4. Compressor

The hydrogen gas is stored at high pressures, which necessitates the use of a compressor to increase the

gas pressure. However, not all types of compressors are suitable for hydrogen applications. This section

discusses the different types of compressors that can be used for hydrogen applications and particularly

the ones that can be used for large-scale compression. There are two major categories of compressors

that can be used for hydrogen compression.

• Mechanical Compressor.

• Non-Mechanical compressor.

Figure 2.7: Major compressor categories for hydrogen gas application[33, 34]

As shown in Figure 2.7, mechanical compressors are typically divided into five categories, while the

non-mechanical compressor can be classified into four main types for hydrogen application. It is to be

noted that screw compressors are not included in the discussion due to difficulties in achieving tight

tolerance and their limited pressure capabilities [35]. Table 2.4 provides a comparison of the different

compressor types discussed.

Table 2.4: Different types of compressors used for hydrogen gas compression [33, 34]

Compressor type Flow rate

[Nm3]

Max pressure

[MPa]

Compression method

Reciprocating Compressor 4800 85.9 Positive displacement

Centrifugal Compressor 50000 84.9 Dynamic

Diaphragm Compressor 581 28.1 Positive displacement

Liquid Piston Compressor 750 100 Positive displacement

Linear Compression System 112 95 Positive displacement

Cryogenic Compressor 1000 90 Thermal-positive displacement

Adsorption Compressor 560 10 Thermal

Metal Hydride 10 30 Thermal

Electrochemical Compressor 470 100 Electrochemical positive displacement

Table 2.4 highlights the fact that many compressors have low flow rates and may not be suitable for

large-scale hydrogen storage. The Reciprocating compressor and Centrifugal compressor are the
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only compressor types with high flow rates that are suitable for large-scale applications. while the

non-mechanical are generally designed for smaller applications. In the following sections, the two major

large-scale compressors for hydrogen application are discussed in detail.

Reciprocating compressor

A reciprocating compressor, also known as a piston compressor, is one of the most common types of

compressor used in the process industry. Regardless of the gas densities, it is capable of producing

high-pressure gas. The multistage double-acting compressor is typically used for large-scale gas

compression in the process industry. The reciprocating compressors deliver gas with a low flow rate

compared to centrifugal compressors but are efficient at high pressures. Currently, a double-acting,

oil-lubricated piston compressor is used at natural gas storage facilities. However, for hydrogen service, a

dry or oil-free compressor is recommended. The high discharge temperature of the compressor can cause

issues with the sealing parts in the reciprocating compressor. As recommended for hydrogen rich services

i.e. molecular weight lower than 12 by API standard 618, the temperature shouldn’t exceed more than

135◦C. However, to have a good life for the wearing part the temperature should stay below 120◦C [33].

Centrifugal compressor

A centrifugal compressor is a type of industrial compressor that uses a rotating impeller to compress gas

by increasing its kinetic energy and then converting it into a pressure energy diffuser. For hydrogen-rich

services with high pressure or low molecular weight, a barrel-type casing is used to limit leakage. The

low density of hydrogen gas can be a limitation for centrifugal compressors since it relies on kinetic

energy to compress the gas and light gases can be difficult to compress to high pressures, because the

pressure ratio for light gases is limited. However, the centrifugal compressor can deliver high flow rates

than the reciprocating compressor. Centrifugal compressors can be designed to be oil-free, which will

be advantageous for hydrogen compression where contamination of the gas stream is a concern. The

discharge temperature of the centrifugal compressors can vary based on design and can reach a higher

temperature of around 250◦C if possible provided with good sealing and high-temperature O-ring.

2.5. Thermodynamics in compression of hydrogen

Hydrogen compression can be divided into two major categories based on purity. The first category

involves compressing pure hydrogen produced through different electrolysis methods. The second category

involves compressing hydrogen-rich gas streams found in process industries. In our case, we consider

pure hydrogen produced from electrolysis.

During the compression of hydrogen, various thermodynamic phenomena come into play, which need

to be considered when modelling the process. These include the effect of compressibility which relates the

gas’s actual volume to its ideal volume, and the gas equation that is used to compare the gas properties

at two locations. Additionally, the Joule-Thomson effect can cause a change in the temperature of the

gas during expansion. By accounting for these thermodynamic behaviours, accurate models for hydrogen

compression can be developed for various industrial applications.

2.5.1. Effect of compressibility

Most gases, including hydrogen, exhibit non-ideal behaviour when compressed. The compressibility factor

(Z) varies based on the operating pressure and temperature. Figure 2.8 illustrates the changes in the

compressibility factor for hydrogen. with respect to pressure and temperature. As seen in the figure

the compressibility factor of hydrogen increases as pressure increases and temperature decreases. At

high pressures and low temperatures, the compressibility factor for hydrogen is greater. However, for

high-pressure and high-temperature conditions, the changes in the compressibility factor are not significant.
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Figure 2.8: Effect of pressure and temperature on compressibility factor (Z) [36]

2.5.2. Gas equation

While ideal gas is a useful approximation for many gases, it fails to accurately predict the behaviour of

hydrogen at high pressures and low temperatures. To account for this deviation the compressibility factor

is used to adjust the ideal gas law, allowing for more accurate predictions of hydrogen under various

conditions. The modified ideal gas law is given by the equation 2.1

PV =
m

MW
ZRT (2.1)

Where P is the pressure of the gas, V is the volume of the storage, m is the mass of the gas molecule, MW

is the molecular weight of the gas, Z is the compressibility factor, R is the universal gas constant and T is

the temperature of the gas. The compressibility factor(Z) is calculated using the refprop or coolprop addin

in python. When the equation 2.1 is represented in terms of the volumetric flow rate
.

V and the mass flow

rate
.
m the equation is given by 2.2.

.

V =

( .
m

MW

)
ZRT

P
(2.2)

When comparing gas flows under two different operating conditions, the relationship can be established

using the principle of mass balance. While the total mass of the gas flow remains constant, changes in

operating pressure and temperature lead to variations in volumetric flow. These changes take into account

the compressibility effect of the gas. The corresponding relation between the change in the volumetric flow

rate can be related using the equation 2.3

P1

.

V 1

Z1T1
=

P2

.

V 2

Z2T2
(2.3)
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2.5.3. Joule-Thomson effect

Joule Thomson effect occurs in the case of the throttling effect when it is an isenthalpic process. The

Joule-Thomson effect is the ratio of change in temperature with respect to the change in pressure at

an isenthalpic process. For an ideal gas, the temperature is constant during the expansion but in the

case of real gas, the temperature either increase or decreases and this varies on the type of gas used.

The Joule-Thomson coefficient determines whether the temperature increase or decreases during the

expansion. The Joule Thomson Coefficient is given by the equation 2.4.

µj =

(
∂T

∂P

)
H

(2.4)

When the µj > 0 the gas cools during the expansion and when µ < 0 the gas heats during the expansion.
The Joule Thomson coefficient for hydrogen is shown in the graph 2.9. From the figure, we can see that

the temperature of hydrogen increases when the operating range is larger than 200 K. We will be working

above standard conditions so the temperature always increases when the gas is expanded during the

storage.
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Figure 2.9: Joule Thomson coefficient behaviour with respect to temperature and pressure [37]

2.5.4. Cooling

When the gas is compressed to higher pressures the temperature of the system increases. The gas needs

to be cooled to an optimum temperature before it is transferred into storage. also operating the gas at

higher temperatures might result in damage to the system. A heat exchanger is used to remove the excess

heat from the system by using a medium of low temperature. The amount of heat that needs to be removed

from the gas is given by the equation 2.5.

Q =
.
mCp(T2 − T1) (2.5)

Where Q is the amount of heat that needs to be removed, Cp is the specific heat constant of the gas, T1

and T2 are the temperature at the inlet and outlet conditions of the gas. The heat exchangers are mainly

used to reduce the excess temperature of the gas. The value of Q will be negative and this means that the

heat is removed from the gas.





3
Modelling methodology

This chapter provides an overview of the current natural gas storage process, and then the storage is

divided into main parts and the modelling is discussed for each part separately. The main focus of this

section is to discuss the methodology and technical measures involved in hydrogen storage. The modelling

methodology discussed in sizing the equipment is used to estimate the cost in later stages.

3.1. Existing natural gas storage overview

Figure 3.1: Current existing natural gas storage process at Epe, the gas to the storage is delivered by

the gas grids where it is injected in the cavern by compressing and cooling in two stages. During the

withdrawal cycle, the gas is purified using a TEG dehydration unit

16
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The gas storage plant is located in Epe,(Germany), The storage process is shown in Figure 3.1. The

storage plant consists of seven caverns and is connected to the natural gas grids operated which is operated

by Gasuni. Upon delivery, the natural gas is compressed to increase its pressure using compressors. The

temperature increase resulting from the compression is then reduced using an air cooler. The pressurized

gas is then stored in the underground salt caverns. When the gas is withdrawn from storage, it contains

diffused water molecules that need to be removed before it can be injected back into the grid. To achieve

this, a glycol dehydration unit is employed, and TEG-glycol is the typical choice for gas dehydration in

most industrial natural gas processes. The steps and constraints involved in the storage process will be

discussed in further detail in the following subtopics.

Compression

In order to be injected into storage, natural gas from the grid must first be compressed to a pressure of 40

to 50 bar. Reciprocating and turbocompressors on a large scale are employed to raise the pressure for

large gas streams, as was covered in section 2.4. These compressors can deliver a discharge pressure

of approximately 205 bar. To achieve the required discharge pressures, the compressors are operated

in two stages, and after each stage, a heat exchanger is utilized to remove the heat generated during

compression. This step helps to keep the allowable temperature below 170°C, which is within the safe

operating temperature for the compressors. Table 3.1 displays the operating parameters of both the

reciprocating and turbocompressors.

Table 3.1: Current compressor operating parameters from the existing storage process

Parameters Reciprocating Compressors Turbocompressors

Inlet pressure (bar) 33-77 40-50

Outlet pressure

1st stage (bar)

125 100-105

Outlet pressure

2nd Stage (bar)

205 205

Flowrate

Series (Nm3/hr)

30,000 100,000

Flowrate

Parallel (Nm3/hr) 50,000 270,000

The compressors consist of two stages and are operated in parallel for low pressures and in series for

high pressures. The flow operation of the compressors is depicted in Figure 3.2. From the figure, it can be

observed that the compressor stages operate on the same shaft, and the series and parallel operation is

operated by controlling the flow to the stages. The actual flow rate of the gas is related to the nominal

volumetric flow rate using the equation 2.3. The actual volumetric flow rate of the hydrogen gas is given in

Table 3.2, and from the table, it can be observed that the centrifugal compressor plays an important role in

gas storage as it delivers high volume of high-pressure gas.
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Table 3.2: Actual volumetric flow rate of compressors

Compressor Actual volumetric flowrate

parallel (m3/hr)

Actual volumetric flowrate

series (m3/hr)

Reciprocating 433 129

Centrifugal 2922 1082

Figure 3.2: Parallel and series operation of a single compressor

Heat exchanger

An air-cooled heat exchanger is used in the storage process to reduce the temperature of the compressed

gas in each stage. The increased temperature is brought down to a working temperature of 60◦C in the

first stage and 50◦C after the second stage and then the gas is injected into the salt cavern. These types

of heat exchangers are most commonly used in the process industries, where the removed heat has no

direct use locally. This type of heat exchanger does not require investment in the cooling medium as

it simply uses forced convection to reject heat from the source to the atmosphere. The amount of heat

removed from the storage when the compressors are operated in parallel operation is given in Table 3.3

Table 3.3: Maximum duty of the existing heat exchangers used in the natural gas storage

Compressors Maximum heat removed(MW)

Reciprocating 1.09

Centrifugal 5.53

Salt cavern Constraints

The salt caverns at Epe have a total capacity of 2 million m3. The maximum permissible pressure of

the caverns ranges from 193-205 bar, and gas injection into each cavern is halted once the maximum

pressure is reached. The depth of the caverns ranges from 1260-1400 m leached in the salt deposits and

the caverns need to be maintained at minimum pressure to maintain their integrity and this depends on the

depth and the duration of the storage. The minimum pressure in the caverns ranges from 5 MPa for one

month to 11 MPa for a storage period of nine months.

Another constraint of the caverns is the mass inflow and outflow, which is maintained at a maximum of

around 1 MPa per day [38]. Using the properties of methane from Table 2.3 and the salt cavern constraints,

the storage capacity of natural gas in the salt caverns is 3.8 TWh. the total energy capacity includes

both the working gas and cushion gas of the storage. But if only the working gas capacity is considered

assuming that the grid operates at 40 bar, it is approximately 2.9 TWh of energy, with 0.9 TWh of energy

used as cushion gas.
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Drying

When the stored natural gas is pumped out of the storage, it is immediately dehydrated to prevent the

formation of hydrates. Triethylene glycol (TEG) is commonly used in natural gas processing for gas

dehydration, which works through physical absorption. The TEG then moves to the stripper column where

the water molecules from the desiccant are removed by increasing the temperature. The dried TEG is

recycled back to the absorber columns. Once the natural gas is dried from the water molecules the dried

gas is injected back into the gas grid.

3.2. Process conversion for hydrogen storage

Technical measures need to be performed when converting the storage process to support hydrogen. This

conversion may require the installation of new equipment, leading to new economic considerations, or it

may provide the possibility of reusing the existing facility. In this section, an examination is conducted to

assess the feasibility of the existing storage and equipment for hydrogen gas operation and modelling

methods are discussed in case new equipment is needed. The study is conducted in four major parts, as

shown in Figure 3.3.

Figure 3.3: Major parts involved in hydrogen storage

3.2.1. Compressor

The first major equipment involved in the storage process is the gas compressor, which pressurizes the

hydrogen gas delivered by the gas grids. As discussed in section 3.1, there are currently two large-scale

reciprocating and centrifugal compressors used for compressing natural gas. The compressor section

deals with two parts, the first part discusses the modelling involved in the compressor duty calculation and

the second part discusses the current best suited technology for hydrogen compression.

Compressor work

The compressors need to be sized and this is performed by calculating the compressor duty which can

also be represented as the compressor work. From the first law of thermodynamics for an open system

the compression work is given by the equation 3.1

.

W =
.

Q+
.
m(h2 − h1) (3.1)

Where,
.

W is the work done by the compressor,
.

Q is the heat loss during the compression,
.
m is the mass

flow rate of the gas, h1 and h2 are the enthalpy at the inlet and outlet of the compression. The major

compressor work used in estimating the duty is based on the adiabatic process and polytropic process

and the relation in the following sections.
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Adiabatic compression

When there is no heat loss or gain during the compression of the gas, the process is known as adiabatic

compression. In this case, the value of
.

Q from the equation 3.1 tends to zero. Adiabatic compression

is also be known as isentropic compression as we can consider the compression of the gas process to

reversible. During this process the equation of the open system 3.1 becomes

.

Wa =
.
m(h2 − h1) =

.
mdh (3.2)

The equation 3.2 can also be written in the form of the adiabatic head (Ha), which is defined as the work

done per unit weight of the gas being compressed and the equation is written as

.

Wa = Pa =
.
mHa (3.3)

For a quasi-static adiabatic process the gas equation must satisfy the equation 3.4

PV γ = Constant (3.4)

Where γ is the adiabatic gas constant. By using the equations 3.2 and 3.4 the adiabatic head (Ha) of the

compressor can be determined and is given by the equation 3.5

Ha = ZavgRT1
γ

γ − 1

((
P2

P1

) γ−1
γ

− 1

)
(3.5)

Where,(Zavg) is the average compressibility factor, P1 and P2 are the pressure at the inlet and outlet of the

compressor. The total adiabatic power is related using the adiabatic efficiency (ηa) and is given by the
equation 3.6.

Pta =

.
mHa

ηa
(3.6)

By substituting the equation 3.5 in equation 3.3 the power consumed by the compressor is calculated. The

relation between the pressures, temperatures and volume is given in the equation 3.7

T2

T1
=

(
P2

P1

) γ−1
γ

=

(
V2

V1

)γ−1

(3.7)

Polytropic compression

The adiabatic process occurs very rapidly without any transfer of heat to or from the system, while an

isothermal process occurs very slowly with inter cooling to maintain the gas temperature constant. In

practical application, this is not achievable, so an intermediate process known as the polytropic process is

used. The polytropic process is an isentropic (i.e. an irreversible adiabatic) process that takes place in

multiple stages, with inter cooling in between to maintain the temperature of the gas in acceptable ranges.

The polytropic gas equation is similar to the adiabatic equation but is represented with the polytropic

index(n) and is given by the equation 3.8

PV n = Constant (3.8)

When n = γ it is adiabatic process and when n = 1 it is isothermal process.The polytropic index and the
isentropic index are related together by using the polytropic efficiency(ηp) and is given the equation 3.9
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(
n− 1

n

)
=

(
γ − 1

γ

)
1

ηp
(3.9)

Since the equation 3.8 is of the same form as 3.4 equation the polytropic head is in the same form as the

adiabatic head but with the polytropic coefficient. The polytropic head is given by the equation 3.10

Hp = ZavgRT1
n

n− 1

((
P2

P1

)n−1
n

− 1

)
(3.10)

The polytropic exponent n is a measure of the deviation of the polytropic process from an ideal adiabatic

process and can vary depending on the specific conditions of the process. This equation can be used to

calculate the work required to compress the gas during a polytropic process and can be a useful tool for

designing and analyzing gas compression systems. The total power of the compressor is related using the

polytropic efficiency 3.11

Ptp =

.
mHp

ηp
(3.11)

Existing compressor utilisation for hydrogen application

Reciprocating compressors are constant volume compressor which compresses the gas that is sucked

into the chamber and compress it and delivers it at higher pressures. The gas density does not play a

major role in the compression process involving the reciprocating compressor. Reciprocating compressors

are good at high-pressure applications especially when the comparison is made between hydrogen and

natural gas [39]. But the compressors built for natural gas application might not be directly suitable for the

hydrogen application this is due to the following reasons

• The material of construction for the natural gas which in case high-strength materials are not suitable

for hydrogen application as this will lead to hydrogen embrittlement.

• The small size of the hydrogen molecule than natural gas can lead to leakage through seals and

gaskets. This will reduce the efficiency due to loss and might result in safety hazards.

• The lubricant used currently in the comparison need to be studied whether it is suitable for hydrogen

application.

Centrifugal gas compressors pressurize the gas using centrifugal force, they are called dynamic

compressors as the gas flows continuously through the compressor and the pressure is increased

due to the impeller tip speed. When the gas is compressed using the tip speed of the compressor the large

molecule gas like natural gas requires a lower tip speed and the small molecule gas such as hydrogen

requires a larger tip speed. So for compressing hydrogen a tip speed of more than 3 times is required than

in natural gas [40]. The head required for compressing the hydrogen gas is higher than that required for

natural gas. The current compressor head will not be sufficient for compressing hydrogen gas and this can

be related using the polytropic head equation 3.10. The conditions are taken from Tables 3.1 and 2.3 and

the polytropic head comparison between natural gas and hydrogen is given in Table 3.4.

Table 3.4: Polytropic head comparison

Parameter Natural gas Hydrogen

Polytropic head(Wh/kg) 79 886

From Table 3.4 the polytropic head required for hydrogen is approximately eleven times more than that

of methane. So if the existing centrifugal compressor was used for compressing hydrogen there needs

to be approximately 11 compressors. This becomes ineffective from a cost perspective, so centrifugal

compressors are only possible only if the compressor has a larger tip speed. As a conclusion: The

existing compressor used for natural gas cannot be used for hydrogen storage and investment towards

new compressors has to be made.
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3.2.2. Heat exchanger

The current existing air cooled heat exchanger is able to provide the required cooling load for reducing the

temperature of the hydrogen gas. But the material of construction is carbon steel which is susceptible to

hydrogen embrittlement and the fins welded to the heat exchanges might harden the material and cause

hydrogen embrittlement so good tolerance and allowance are required for hydrogen application. So the

current heat exchanger needs to be changed using suitable material. The most common material used for

high pressure hydrogen service is austenitic stainless steel namely 316L [41, 42, 43].

Since the material of the construction of the heat exchanger needs to be replaced this entirely affects

the heat exchanger as the thermal conductivity of the material changes which result in different heat

transfer effect from the heat exchanger. A comparison of the thermal conductivity of the carbon steel

and the stainless steel is given in Table 3.5. Similar to the natural gas storage process an air cooled

heat exchanger is selected for the hydrogen storage as well the reason being that there is no other easily

available cooling fluid present.

Table 3.5: Thermal conductivity of materials used in heat exchanger [44, 45]

Material Thermal conductivity(W/mK)

Carbon steel 45

Stainless Steel 316L 16.3

Air cooled heat exchanger sizing

The heat exchanger acts both as an inter-cooler after the first stage and as a final cooler before the gas is

injected into the cavern. The sizing of the heat exchanger is performed for the maximum heat load, as the

compressors are operated both in series and parallel operation. The heat exchanger after both stages of

the compressor is used to reduce the temperature of the gas to around 50°C. The first step involved in

sizing is calculating the amount of heat that needs to be removed and it can be considered as the duty(Q)
of the heat exchanger and is given by the equation 3.12.

Q =
.
mCp(T1 − T2) (3.12)

The calculations are performed using the design procedure from Sinnot and Towler [46] with providing

inputs from different sources. To calculate the overall area required for heat transfer the overall heat

transfer coefficient (Uo) of the heat exchanger is calculated using the equation 3.13

1

Uo
=

1

ho
+

1

hod
+

do ln
(

do

di

)
2kw

+
do
di

× 1

hid
+

do
di

× 1

hi
(3.13)

The internal heat transfer coefficient (hi) for the equation is calculated using the Nusselt number (Nu) using

the relation given by the equation 3.14

Nu = 0.021Re0.8 ∗ Pr0.33 (3.14)

Nu =
hidi
kl

(3.15)

By using the equations 3.14 and 3.15 the internal heat transfer coefficient is calculated based on the

Reynolds number (Re) and Prandtl number (Pr) where the initial velocity within the tubes is assumed.

Since the atmospheric air is used as the cooling fluid external dirt coefficient (hod) is neglected. The outside

fluid film coefficient (ho) and the internal dirt coefficient (hid) were taken for literature and are given in Table
3.6.
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Table 3.6: Coefficients used to calculate the overall heat transfer coefficient [47, 48]

Parameter Coefficient (W/m2K)

ho 500

hid 11344

The pipe diameter for the sizing was assumed from Figure A.1 and is given in the Appendix 5.2. Since the

austenitic stainless steel is used it needs to be verified whether the operating pressure is suitable for the

selected tube sizes. So the standard ASME 31.3 [49, 44] is used to verify the pressure conditions. Once

the suitable diameter and thickness are selected an overall heat transfer coefficient for the heat exchanger

design is calculated using the equation 3.13. The duty of the heat exchanger can also be expressed by

the equation 3.16 which relates to the overall heat transfer coefficient (Uo), required bare tube area (A)
and the mean temperature difference (∆Tlmtd).

Q = UoA∆Tlmtd (3.16)

The logarithmic mean temperature difference which relates the temperature change of the process fluid

and the cooling fluid which is used to calculate the duty is given by the equation 3.17, and the temperature

of the cold fluid at both the inlet (t1) and outlet (t2) is assumed initially.

∆Tlmtd =
(T1 − t2)− (T2 − t1)

ln
(T1−t2)
(T2−t1)

(3.17)

With the known duty, overall heat transfer coefficient and the mean temperature difference, the bare tube

area of the heat exchanger is calculated using the equation 3.12. With the calculate bare tube area of the

heat exchanger the number of tubes (N ) that is required for the heat exchanger is calculated by relating

with the surface area (As) of the tube and is given by the equation 3.18

N =
A

As
(3.18)

After the number of tubes is calculated, a pitch (Pt) between the tubes based on the layout is assumed.

The tubes are bundled together and the corresponding bundle area (Ab) for the provided layout of tubes is

calculated using the relation 3.19

Ab = L ∗ Pt ∗N (3.19)

With the known volumetric flow rate (
.

V ), the number of tubes and internal cross-sectional area (Ai)

calculated using the internal diameter (di) of the tube, the velocity of gas (v) within the heat exchanger
tubes is estimated using the relation 3.20.

v =

.

V

Ai
(3.20)

The corrected internal heat transfer coefficient is determined by establishing a relationship with the obtained

and the initially assumed tube velocity. Using this corrected internal heat transfer coefficient, the corrected

overall heat transfer coefficient can be estimated. This estimation then facilitates the determination of the

new bare tube area and the number of tubes required.

The next set of calculations is performed for the air side to determine whether the initial assumed

condition for the air side is satisfied. The volumetric flow rate of the air (Vf ) is calculated using the bundle
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area and an assumed face velocity (uf ) taken from Table given in appendix A.2. The volumetric flow rate

of air required for cooling is given by the equation 3.21.

Vf = ufAb (3.21)

Once the volumetric flow rate of air in the bundle is calculated it is used to determine the required fan

power (Wf ) and is given by the equation 3.22.

Wf =
Vf∆Pb

ηf
(3.22)

To have an acceptable temperature change on the air side of the heat exchanger the bundle area plays

a role but the volumetric flow rate of the air is the main factor to achieve an acceptable temperature

difference. So to have a better layout and considering the space constraints the velocity of the air needs to

be increased which in turn requires a large fan power.

3.2.3. Underground storage

To maintain cavern integrity, the cushion gas is always maintained at minimum pressure, typically around

40-50 bar, depending on the specific cavern characteristics. However, with the expectation of achieving

at least 98% hydrogen purity for the hydrogen grid [50], the existing natural gas must be removed from

the cavern. This process also involves replacing the existing gas pipeline and cavern seals, which were

designed to support natural gas operations. Consequently, this adds to the capital expenditure involved in

the project. The natural gas removal process is shown in Figure 3.4.

Figure 3.4: Salt cavern existing natural gas emptying process where a) shows the existing gas, b) shows

the brine injection and gas removal and c) shows the hydrogen injection and brine removal.

Figure 3.4 shows the process involved in emptying the natural gas and injecting hydrogen. The first

process shows only the cushion gas within the cavern when the working gas is completely withdrawn (a),
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next the brine pipeline is introduced and the water is injected through the pipeline (b). When the brine

starts fluting the cavern the natural gas present inside the cavern starts to exit through the gas pipeline.

Once the natural gas is removed from the salt cavern the gas pipeline is replaced with a hydrogen-suitable

material and in recent research screwed tube connection is preferred over the welded joint. Once the

pipelines are replaced the hydrogen gas is injected through the new gas pipeline and the debrining phase

starts (c). When the hydrogen is injected during the debrining phase the compressors need to be operated

in series which delivers pressure at 205 bar this is because due to hydrostatic pressure the water pressure

inside the cavern is around 170 bar. So to remove the water from the fluted cavern the hydrogen need to

be inserted above 170 bar.

The reason for the gas temperature to be reduced by the heat exchanger is that the wall temperature

at the salt cavern will be around 40-60°C at the depth of 1300m [51]. An average lifetime of a salt cavern

is 30-50 years [52] but since these caverns are already in operation the lifetime of the caverns will be

lower. When the gas is injected in the cavern the gas expands and this creates a throttling effect (i.e.)

gas expands with constant enthalpy, which results in an increase in temperature based on the operating

range this occurs due to the Joule-Thompson effect. In the current operating condition for the hydrogen

gas, the temperature increase will be a maximum of 7°C which does not have a significant effect on the

temperature. So the Joule-Thompson effect is neglected in the calculation.

3.2.4. Purification

In the early operation of storage, there is a high probability for the stored gas to be wet with water. This

occurs mainly because, during the fluting of the cavern, to remove natural gas a certain amount of brine

will be left out at the end. This left our brine solution might cause the gas withdrawn from the cavern

to be wet and the gas needs to be dried. A Pressure Swing Adsorption(PSA) technique is a commonly

used industrial technique and the TEG dehydration is not well established for hydrogen application so the

sizing is made for PSA [53] and the adsorption column is shown by Figure 3.5. Due to the presence of the

bacteria especially the sulphate-reducing bacteria, the hydrogen gas when stored has the tendency to form

hydrogen sulphide but a multi-component sizing was not considered and the sizing focuses just on drying.

Figure 3.5: Two column pressure swing adsorber for hydrogen drying
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The water content that is permissible within the gas pipeline is -8°C dew point and this translates to less

than 100 ppm of water within the gas withdrawn from the storage. The presence of salt in the brine reduces

the amount of water that is diffused in the hydrogen gas but the design is made for the worst-case scenario

when there is no dissolved salt in the brine. From the previous research, the maximum water content of

the gas was identified to be at 0.1 mol% or 1000 ppm. The sizing primarily starts with identifying the partial

pressure (Pi) of water within the hydrogen gas stream and it is calculated using Dalton’s law which relates

the partial pressure to the total pressure (P ) by means of vapour mole fraction (yi)and is given by the
equation 3.23.

Pi = yiP = ppmP (3.23)

By using the ideal gas law relation the concentration (Ci) is related to the partial pressure and it is given by

the equation

Ci =
mi

V
=

PiMW

RT
(3.24)

A suitable adsorbent for the storage application was selected by using the comparison Table given in the

appendix A.3. Hydrogen from the salt cavern includes water and in some cases the formation of hydrogen

sulphide when stored for a longer time. Due to this reason, the adsorbent 3A cannot be selected and the

adsorbent that is suitable for adsorbing H2S and water needs to be selected. So the adsorbents from 4A to

13X can be utilized to adsorb both species in this sizing, the adsorbent 4A was selected. The equilibrium

loading of the adsorbent was calculated using the partial pressure and was around 24% for adsorbent

4A. A residual loading of 2-4% is assumed for the molecular sieve and a net equilibrium loading (Xn) is

calculated by the difference between the equilibrium loading (Xe) and residual loading (Xr) which is given

by the equation 3.25

∆Xn = Xe −Xr (3.25)

During the continuous operation of the adsorption column the loading of the adsorbent decreases so

the column needs to be designed by taking this into factor. So a life factor (FL) is used to find the aged

equilibrium loading (Xa). The factor is determined using the number of cycles a single column when

operated for a fixed lifetime and the factor was taken from the plot from the appendix A.4 assuming an

average performance. Then by using the equation 3.26 the aged equilibrium loading (Xa) of the desiccant

is determined.

∆Xa = ∆XnFL (3.26)

The maximum superficial velocity (vgm) through the adsorber column can be approximated using the

adsorber bed constant (Cbed) and the density (ρg) of the hydrogen gas and is given by the equation 3.27

vgm =
Cbed√
ρg

(3.27)

The minimum column diameter (Dm) is related using the actual flow rate (qg) of the gas through the tower
and the maximum superficial velocity (vgm) of the gas through the adsorber column and is given by the
equation 3.28

Dm =

√
4qg
πvgm

(3.28)

With the obtained minimum diameter a suitable diameter of the column is approximated and using that
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the actual velocity of the gas (vg) through the column is determined. The next step in the sizing is the

determination of the mass of the adsorbent and to start with that we estimate the amount of water that

needs to be removed. The mass of water (mH2O) that is required to be removed is given by the equation

3.29

mH2O = Ciqg (3.29)

The mass of adsorbent (ma) required is calculated using the mass flow of water, the time of operation (ta)
and the aged adsorbent loading factor (Xa), which is given by the equation 3.30

ma =

(
mH2Ota
∆Xa

)
100 (3.30)

When the adsorber column is operated not all the desiccant will be saturated with water, some of the

desiccants will still be able to adsorb more water and to take the mass of underused desiccant into account,

the relation 3.31 is used

mMTZ = (vg/Cbed)
0.3

(KMS)

[
πD2

4

]
(ρMS/FL) (3.31)

The total mass of the adsorbent (mt) is given by relating the adsorbent mass at equilibrium zone (ma) and

the mass at the mass transfer zone (mMTZ) and is given by the equation 3.32

mt = ma + 0.5mMTZ (3.32)

The bed height (hB) can be determined based on the total mass of the adsorbent and the diameter of the

column and is given by the equation 3.33

hB =
4mt

ρMSD2
(3.33)

The actual height (ha) of the column will be the bed height and the additional height that provides support

and ensure good flow distribution, This is usually between 1-1.5m. the actual height is given by the equation

3.34

ha = hB + 1.5 (3.34)

When the gas is transported through the adsorbent for a certain length of the bed there will be some loss

in pressure (∆P ) which needs to be taken into account and is given by the equation 3.35.

∆P

hB
= Bµvg + Cρgv

2
g (3.35)

The constants B and C are estimated using the table given in the appendix A.5. The thickness of the

column is estimated through the Table from appendix A.6. The operation of the PSA for the case is given

by the process given in Figure 3.6.
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Figure 3.6: Pressure swing adsorber operation cycles

3.3. Economic modelling

To economics involved in the hydrogen storage process is studied by calculating the annualized and

the levelized cost. To determine the economics as an initial step the capital expenditure (CAPEX) and

the operating expenditure (OPEX) of each part of the storage process are determined. The total capital

expenditure (CAPEX) of the storage is the sum of four major individual sections shown in Figure 3.3 and is

given by the equation 3.36.

CAPEX = CAPEXCOMP+CAPEXHX+CAPEXSC+CAPEXPSA (3.36)

The total annual operating expenditure (OPEX) involved during the operation of the storage includes the

electricity cost for the compressor and the heat exchanger and the hydrogen loss involved in the purification

step. The salt cavern does not contribute towards the operating expense it contributes only towards the

capital expenditure. The operating expense of the storage is given by the equation 3.37.

OPEX = OPEXCOMP+OPEXHX+OPEXPSA (3.37)

The annualized cost is a good estimate to identify the expense that is incurred during a particular year (t)
throughout the lifetime (l), it is related using the capital recovery factor and is given by the equation 3.38

Annualizedcost = (CRF× CAPEX) +OPEX (3.38)

The capital recovery factor (CRF) is used to estimate the annualized CAPEX throughout the lifetime of the

plant and is given by the equation 3.39

CRF =
i

1− (1 + i)
−l

(3.39)

The levelized cost is another economic parameter that is used to evaluate the net present cost required to

run the plant during its operational lifetime. In this case, the levelized cost of hydrogen storage (LCHS) is

used and is given by the equation 3.40. The formula relates the initial CAPEX of the project and OPEX

involved during the operating year with the total amount of working hydrogen gas that is stored in the

cavern during that year [54].
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LCHS =

CAPEX+
l∑

t=1

OPEX
(1+i)t

l∑
t=1

W
(1+i)t

(3.40)

When the storage is operated based on the levelized cost the storage will not generate any new revenue

(i.e.) there will be no profit obtained from the project over the lifetime. This is because the net present

value (NPV) of the project equals zero at the end of its lifetime. To identify a profitable range the levelized

cost of the hydrogen needs to be increased and based on the increase the NPV for the storage needs to

be studied, The NPV is given by the equation 3.41.

NPV = −CAPEX+

l∑
t=1

CF

(1 + i)
t (3.41)



4
Results and Discussion

In this chapter, the modelling methodology from chapter 3 is implemented and results were obtained. The

CAPEX and OPEX involved in the process are estimated using the outputs from the model and based on

the results different scenarios were studied to determine the annualized and Levelized cost of Hydrogen

Storage (LCHS).

4.1. Model implementation and cost estimation

4.1.1. Compressor and heat exchanger

The first part of the modelling involves the compressor and as discussed in Chapter 4 the reciprocating

compressor is selected for compressing the hydrogen gas. To determine the duty of the compressor, both

the compressor head equation and Aspen HYSYS software were used. The operating parameters of

the compressor are assumed to follow the currently available compressor that is used in the natural gas

storage and the input parameters are given in Table 4.1. The efficiency of the reciprocating compressor is

usually from 80-90% for hydrogen application and is larger when compared to natural gas compression

[39], But to understand the cost at worst case scenario an adiabatic efficiency of 80% was used for the

calculation. The inlet temperature and pressure of the hydrogen gas were taken from Gasuni’s quality

specification for the hydrogen gas network [55].

Table 4.1: Reciprocating compressor model inputs for hydrogen compression

Parameter Inputs Parameters

P1 (bar) 50

Pinter (bar) 125

P2 (bar) 200

T (oC) 20
.

V (Nm3/hr) 30,000
.
m (kg/hr) 2,668

ηa (%) 80

R (kJ/kgK) 4.1242

γ 1.4

By implementing the input parameters from Table 4.1, the duty is calculated using the polytropic head

equation 3.3 and compared with the results from Aspen HYSYS software calculation. The comparison

between the duty is given in Table 4.2. From the comparison, it can be observed that there is less variation

between the results. So the results from Aspen were used in the further calculation.

30



4.1. Model implementation and cost estimation 31

Table 4.2: Reciprocating compressor duty comparison

Method Power (kW)

Aspen HYSYS 1893

Compressor Head 1890

The increase in temperature of hydrogen gas during the compression is reduced to the acceptable range

using an air cooled heat exchanger. The air cooled heat exchanger is modeled using the modelling

procedure given in the chapter 3.2.2 and aspen exchanger design. There are two stages of compression in

which the pressure reached 200 bar so two heat exchangers are required where one acts as an intercooler

between the stages. The increase in temperature is different in both stages due to the pressure ratio and

the temperature of the gas at the end of each stage is given in Table4.3.

Table 4.3: Gas temperature after compression in each stages

Stage Temperature (oC)

1st stage 133

2nd stage 110

From Table 4.3 it can be observed that the gas temperature reaches more than 100oC after both stages

of compression. This temperature needs to be brought down to a cavern temperature of 50oC. The

compressor stages are operated in parallel operation till the cavern pressure reaches 125 bar, In the

parallel operation the temperate of the gas reaches the maximum temperature of 133oC. So the heat

exchanger for both stages is designed for the maximum temperature case. The duty of the heat exchanger

is calculated using the equation 3.12. The input conditions for the heat exchange are given in Table 4.4.

By using the inputs from Table 4.4 the following outputs were calculated using the methodology given in

Table 4.4: Heat exchanger input parameters

Inputs

Parameters Value Parameters Values

Process stream Heat Exchanger

T1(
oC) 133 do(mm) 25.4

T2(
oC) 50 din(mm) 21.2

Q(MW) 0.897 L(m) 6

Air side Pt(mm) 76.2

t1(
oC) 25 ηf (%) 70

t2(
oC) 28 ∆Pb(Pa) 150

section 3.2.2 as well as using the aspen exchanger design rating. In both cases, the heat exchanger is

designed with a single bay with two fans delivering the required air flow rate to maintain an air temperature

difference of 3oC. The heat exchanger consists of tubes of two rows with a single pass and the results

given in Table 4.5 were obtained from the model.

Table 4.5: Heat exchanger output parameters

Parameter Model Aspen

N 125 100

Wf (kW) 54.5 57.14
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From Table 4.4 it can be that the number of tubes required for the heat transfer is less in the Aspen model

than it is in the numerical calculation and this discrepancy in the calculation is due to the exclusion of

the fin dimension in the numerical calculation which increases the surface area of the tube. The Aspen

model for the compressor and the heat exchanger was integrated together in an Aspen model. The model

consists of two stages of compression with inter-cooler and end cooler and the developed model is shown

in Figure 4.1.

Figure 4.1: Aspen HYSYS compressor and heat exchanger process model

The model was developed in Aspen HYSYS and it was imported to the Aspen process economic analyser

to estimate the capital and operating expense. The costs were estimated considering a compressor with

two stages having two heat exchangers as a single unit, which delivers 2668 kg/hr of hydrogen at 200 bar.

The operating cost is given initially for 1000 hrs but this will be modified in the results section for further

study. Both the capital cost from the process economic analyser is based on the cost from the first quarter

of 2019, so the CEPCI index needs to be accounted for when estimating the capital cost [56]. The capital

cost and the operating cost of the setup are shown in Table 4.6

Table 4.6: Capital and operating cost of compressor and heat exchanger system

Parameter Cost (million €)

CAPEX(2019) 9.63

CAPEX (2022) 12.8

OPEX(1000 hr) 0.32
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4.1.2. Cavern conversion

The existing natural gas in the cavern is used to maintain a minimum pressure within the cavern. During

the process of removal of gas from the cavern as described in section 3.2.3 there is a cost associated

with it. These costs are purely a contributor towards capital investment. The capital expenditure from the

cavern conversion contributes towards the CAPEXSC in the initial investment. The capital cost associated

with the cavern conversion is given by the equation 4.1

CAPEXSC = Brine cost + Pipeline cost +Cushion gas-Natural gas cost (4.1)

From the equation 4.1 it can be observed that the main contributors in the cavern are the brine cost involved

in fluting the cavern, the gas pipeline replacement cost in the cavern and the cushion gas cost concerning

towards maintaining the integrity of the cavern. Due to purity reasons, hydrogen is used as cushion gas in

this study and the initial investment is associated with the cost of green hydrogen which is currently 6.03

euro/kg [57]. The existing natural gas that is removed from the cavern can be sold and this will reduce the

CAPEX involved in the cavern. The cost of natural gas taken for the calculation is 33.17 euro/MWh [58].

The cavern calculations were performed for a cavern volume of 260,000 m3 with a minimum pressure of

50 bar and a temperature of 50oC. The lower heating value of the gas is utilized everywhere to determine

the cost per kilogram of hydrogen.

Table 4.7: Cavern associated cost

Cost Parameter Cost (Million €)

Brine 0.5

Pipeline 4.5

Cushion gas 5.72

Natural gas -3.8

Total 6.92

From Table 4.7 it can be observed that a total initial net investment of 6.92 million euros is required for the

cavern. In the view of timeline for the conversion, the water for the cavern fluting is delivered at 50 m3/hr

through the existing water network. The injection and removal of the brine based on the injecting flow rate

takes nearly 1.2 years provided the emptying process occurs continuously.

4.1.3. Adsorption system

As discussed in the section 3.2.4 a pressure swing adsorber is modelled and the input parameter and

the output from the results from the model are given in Table 4.8. As there will be H2S formation in the

cavern so from Table A.3 the selected adsorbent is 4A. The amount of water content present in the

hydrogen stream withdrawn was taken from a previous study and is taken as 0.1 mol% and this converts

to 1000 ppm of water in the gas stream. The pressure drop that is desirable is 1 MPa per day [38] which is

approximately 200 tons per day for a cavern volume of 260,000 m3. So the flow rate is determined for a

50% withdrawal limit which is 100 tons per day. The loading conditions for the water on the adsorbent

were taken from the loading curve for 4A adsorbent [53]. The number of hours(Nh) and the number of

columns(Nc) for the adsorber was considered as an assumption.

The Adsorber system accounts for both the capital and operating costs of the storage. The capital

contributed is the CAPEXPSA and is calculated by taking the cost associated with the weight of the adsorber

vessel and the mass of the desiccant given by the equation.4.2

CAPEXPSA= Vessel cost+ Desicant cost (4.2)
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Table 4.8: Pressure swing adsorber input and output parameters

Inputs Outputs

Parameter Value Parameter Value

yw(ppm) 1000 vgm(m/min) 38.73

Vw(Nm
3/hr) 50,000 vg(m/min) 10.34

Xe(%) 24 D(m) 1.5

Xr(%) 4 mt(kg) 4650

Nh(hr) 12 ha(m) 5.23

Nc 2 ∆P(kPa) 2.43

The material of construction chosen is 316L austenitic stainless steel with a material cost of 4.99

Euro/kg [59]. The cost of the adsorbent 4A is taken as 1.08/kg adsorbent [60]. The capital cost involved in

the pressure swing adsorber is given in Table 4.9

Table 4.9: Adsorber column capital cost [59, 60]

Parameter Cost (Euro)

Vessel cost 113093

Adsorbent cost 9340

Total 122,433

The capital cost of the Adsorber system is not very high when compared to the other initial investments.

But the Operating cost of the pressure swing adsorber will have an impact on the LCHS as there will be

hydrogen loss occurring during the depressurization and desorption cycle of the column. The operating

expense of the adsorber column is given by the equation 4.3. Due to purity reason hydrogen is preferred

as the regeneration purge gas.

OPEXPSA= (Depressurization loss+ Regeneration loss)× H2 cost (4.3)

Based on the mass of the purified hydrogen used in the regeneration cycle the operating cost of the

adsorber increases and as an initial condition the mass of hydrogen used in regeneration is assumed to

be 2% of the total mass of purified hydrogen. Based on the current green hydrogen cost the OPEX of the

adsorber column is given in Table 4.10. The regeneration gas percentage can reach between 10-15% of

the feed stream and this is discussed in the result scenarios.

Table 4.10: operating cost of the adsorber column

Process H2 loss(kg/12hr) Cost(e/12hr)

Depressurization 34 205

Regeneration 1064 6415

Total 994 5994
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4.2. Cavern injection

The hydrogen injection and withdrawal in the cavern can be considered a mass balance. When the

hydrogen gas is injected at high pressures, it expands inside the cavern and when the mass is increased

in a fixed volume the pressure subsequently increases as well. The increase in the pressure follows a

linear profile and is related through the ideal gas law given by the equation 2.1. Based on the cavern

pressure the compressors are operated in series and parallel operation given in Figure 3.2 and the limiting

conditions are taken from Table 3.1. Based on the different cases of compressor operation and the cavern

injection time varies and is given in the section below.

Injection using existing compressors

At present, there are two reciprocating and two centrifugal compressors and these compressors are

considered in this case. Although the centrifugal compressor is neglected for compressing hydrogen but to

understand the limiting condition for the cavern the first case is made with an assumption that the existing

compressors can be used for gas injection. Initially, all the seven caverns have been used for the gas

injection cycle and the pressure increase and the duration of the injection are given in Figure 4.2
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Figure 4.2: Cavern filling based on pressure increase when the hydrogen gas is compressed and injected

using the existing compressors when the centrifugal compressor operated in parallel until 100 bar and the

reciprocating compressor operated in parallel until 125 bar

From Figure 4.2 the slope corresponding to the increase in the cavern pressure decreases when the

compressors start to operate in series and it takes longer to increase the pressure in series operation than

the parallel operation. This is because in parallel operation the mass that is compressed and injected in the

cavern is higher than when it operates in series mode. So when the existing compressors are possible for

utilization it takes 622 hrs to completely fill all the seven caverns provided the cavern is already pressurized

till the cushion gas limits.
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Injection with only reciprocating compressor

The current available centrifugal compressor cannot be used for hydrogen due to its low molecular weight

as discussed in section 3.2.1. So only the reciprocating compressors can be utilized for the hydrogen

compression and this will have an effect on the storage time of the cavern and this is shown in Figure 4.3.
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Figure 4.3: Cavern filling based on pressure increase when the hydrogen gas is compressed and injected

using only the existing reciprocating compressors for all the seven caverns.

From Figure 4.3 it can be observed that when the centrifugal compressors are not available, the time

taken to fill the cavern increases and it takes nearly 3000 hrs to fill the entire seven caverns each with a

volume of 260,000 m3. The entire seven caverns cannot be utilized for hydrogen storage with only two

reciprocating compressors so an increase in the number of compressors is required or initially, the number

of caverns can be reduced.
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Injection using single reciprocating compressor for a single cavern

In section 4.2 it could be observed that two reciprocating compressors were not sufficient for compressing

and storing the gas in the seven caverns. So in this scenario, a single reciprocating compressor is used to

inject hydrogen gas into a single cavern of volume 260,000 m3 and is given in Figure 4.4
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Figure 4.4: Cavern filling based on pressure increase when the hydrogen gas is compressed and injected

with one reciprocating compressor for a single cavern

So from Figure 4.4 it can be seen that when a single reciprocating compressor is used to compress and

store the gas in the cavern it takes around 700 hours to reach 200 bar. The time taken is still larger by 100

hrs when the centrifugal compressor was used for filling the seven caverns but the difference is acceptable.

From this, it can be concluded that for operating in an acceptable time frame for each cavern a separate

reciprocating compressor is required.
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4.3. Results
4.3.1. Effect of cushion gas on LCHS present and future scenarios

To maintain the integrity of the cavern a minimum pressure should be maintained based on the time frame

of the storage. This minimum pressure is maintained by keeping a certain quantity of working gas in the

cavern this is known as cushion gas. The gas that remains in the cavern also depends on the operating

pressure of the gas network as the withdrawal cycle purely works on the throttling effect where the gas

flows from a high-pressure region to a low-pressure region. The cushion gas that is used in the cavern is

approximately around 30% of the maximum cavern pressure. So the cushion gas will become an initial

investment before the cavern is filled with the working gas. This cushion gas will have an effect on the

levelized cost of hydrogen stored. To better understand this effect the following scenario is studied. Based

on the type of hydrogen used for cushion gas the initial investment varies as shown in Figure 4.5. This

difference is due to the cost of hydrogen used and is given by Table 4.11.

Table 4.11: Different colours of hydrogen cost [57, 61]

Hydrogen Cost e/kg

Green 6.03

Blue 2.1

64.69%6.00%

28.70%

0.61%

a) Green  Hydrogen

Total CAPEX = 21.93 Million

79.57%

7.38%

12.29%
0.76%

b) Blue Hydrogen

Total CAPEX = 17.83 Million

91.77%

7.47%
0.76%

c) Cushion gas subsidized

Compressor & Heat
exchanger

Storage

Cushion gas

PSA

Total CAPEX = 15.64 Million

Figure 4.5: Distribution of the CAPEX based on cushion gas investment. The scenarios are studies based

on the cost of hydrogen used, in (a) green hydrogen is used as cushion gas, in (b) blue hydrogen is used

as cushion gas and in (c) cushion gas is subsidized. When the cost of cushion gas is reduced the capital

investment reduces as well.
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The study is performed for a single cavern with a volume of 260,000 m3 and filled using a single compressor

and heat exchanger setup. The scenario study was performed for three cases of CAPEX based on the

type of hydrogen used as cushion gas. In case(a) green hydrogen is used as cushion gas in the cavern

using the current green hydrogen prices. In case(b) the blue hydrogen is used as the cushion gas and in

case(c) the hydrogen required for the cushion gas is subsidized i.e. the cost for the cushion gas hydrogen

is considered as 0 e/kg. From Figure 4.5 it can be observed that the cushion gas was the second most

contributor to the capital expense in case(a) and case(b) when green and blue hydrogen were used in

satisfying the cushion gas requirement.

The economics namely the annualized cost and the LCHS were determined using the equation 3.38 and

3.40. The discount rate assumed in the calculation is 7% and the costs were estimated for three different

lifetime scenarios, for all the three cushion gas cases. The hydrogen loss assumed in the purification step

using the adsorption is assumed to be 2% and the loss is calculated in the OPEX using the cost of green

hydrogen.
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Figure 4.6: Distribution of a) annualized cost and b) levelized cost of Hydrogen storage, over three different

lifetimes

From Figure 4.6 it can be observed that when the lifetime of storage is higher and when the initial investment

towards the cushion gas is lower both the annualized cost and the levelized cost for the hydrogen storage
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reduces. The maximum cost was obtained when the plant life is operated for 15 years and green hydrogen

is used as cushion gas, the minimum cost was obtained when the plant is operated for 25 years and when

the cushion gas is subsidized. The costs are given in Table 4.12

Table 4.12: Maximum and minimum distribution of cost for the cushion gas scenarios

Parameter Annual Cost (million e) LCHS(e/kg)

Minimum 1.8 0.74

Maximum 2.94 1.16

Effect of the future price of green hydrogen on the LCHS

In this scenario, the future cost of green hydrogen is considered and with the same operating inputs of the

previous section, the economics were determined. The green hydrogen cost considered is 3 e/kg [62].
The capital investment for the storage and the cost distribution is given by Figures 4.7 and 4.8.
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Total CAPEX = 18.77 Million

Figure 4.7: Distribution of the CAPEX based on future scenario of green hydrogen
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Figure 4.8: Cost distribution of the hydrogen storage based on future scenario

From Figure 4.8 it can be observed that the cost is lower for a longer plant lifetime and higher for a smaller

plant lifetime and the costs are close to the blue hydrogen case from the previous section.
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4.3.2. Effect of different percentage of purge gas

During the purification step using the pressure swing adsorber, a purge gas is required to regenerate the

loaded adsorbent (i.e.) to remove the water from the adsorbent. This purge gas is usually a percentage of

purified gas obtained from the adsorption unit. The purge gas was considered to be 2% of the total purified

gas and the calculations were performed by considering the loss of hydrogen into the operating expense

of the plant. But the purge gas ratio for a pressure swing adsorber system varies between 5-15% of the

total gas. So to understand the effect of the purge gas ratio on the LCHS, the cost distribution is studied

for different percentages of the gas starting from 2 to 10%.

The study is performed for a single cavern of volume 260,000 m3 operated for a single cycle using

a single compressor and heat exchanger setup. The lifetime of the plant is considered to be around 20

years with a discount rate of 7%. Figure 4.9 gives the cost distribution for different percentages of purge

gas used for the regeneration cycle of the pressure swing adsorber(PSA). The annualized and levelized

cost with on the CAPEX and OPEX based on different regeneration costs is shown in Figure 4.9
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Figure 4.9: Levelized cost of hydrogen based on different percentages of regeneration mass. The CAPEX

remains the same but the OPEX increases significantly in higher regeneration percentage

From Figure 4.9 it can be observed that when the percentage of the purge gas is increased the annualized

cost associated with the storage increases and this increase is mainly due to the increase in the operating

expense due to hydrogen loss in the PSA. So for the case studied the minimum cost is obtained for 2%

purge gas and the maximum cost is obtained for 10% purge gas. The cost is given in Table 4.13

Table 4.13: Maximum and minimum costs based on different regeneration percentages

Parameter Annual Cost (million e) LCHS(e/kg)

Minimum 2.6 1.02

Maximum 3.8 1.5
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4.3.3. Effect on LCHS when two caverns and three compressors are used

In the subsection 4.3.2 the cost was studied when a single compressor is used for storing hydrogen in a

single cavern. But from a maintenance and operation point of view, a standby compressor will be present

and this will increase the cost associated with the storage. So in this section, the percentage of the purge

gas used for the regeneration cycle will be fixed at a maximum of 10% and the discount rate is fixed at

7%. The study is performed for two caverns with each cavern having a volume of 260,000 m3 and three

compressor & heat exchanger setup, with a single compressor on standby for operational safety and

maintenance point of view. Green hydrogen is used as a cushion gas in this case. The capital distribution

for the selected scenario is shown in Figure 4.10.
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Figure 4.10: Capex distribution based on 2 caverns and 3 compressors & heat exchanger setup

From Figure 4.10 it can be observed that the capital involved with the compressor & heat exchanger is the

most dominant one with cushion gas being the second dominant. The adsorption system does not play a

major role in capital distribution but will have an impact on the operating expense. So based on the cost

distribution operated for a single complete injection cycle of 700 hr with a 10% loss in the PSA is shown in

Figure 4.11.
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Figure 4.11: Cost distribution for 2 caverns and 3 compressors & heat exchanger setup
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From Figure 4.11 it can be observed that the annualized and the levelized cost for the hydrogen storage

are studied across the lifetime of the storage. From the results maximum cost was obtained for 15 years

and the minimum was obtained for 25 year lifetime with the levelized cost of the hydrogen storage ranging

between 1.94 e/ kg and 1.64 e/ kg.

4.3.4. Effect of purge gas compression on LCHS

In the cases studied till now, the percentage of purified product hydrogen gas used in the purge gas is

considered as a loss and this loss was accounted as an increase in the operating expense. This case

specifically focuses on studying the economics involved in compressing and injecting the purge gas

back into the storage process. This effect is studied for two cases and they are a) single cavern and

single compressor and b) two cavern and three compressor system. The capital distribution between the

components in the storage process for the two cases is given in Figure 4.12.

58.24%

3.60%

17.22%

20.75%

0.18%

b) Two cavern three compressors

38.24%

3.55%

16.97%

40.88%

0.36%

a) Single cavern single compressor

Total CAPEX = 37.09 Million Total CAPEX = 73.07 Million

Figure 4.12: Capex distribution when 10% regeneration gas is compressed and reinjected into the grid

From Figure 4.12 the capital comparison between the two cases can be observed. In both cases, it can

be observed that the capital investment towards the purge gas compression becomes the second most

dominant factor just after the compressor & heat exchanger system used for injection. In case(a) the

capital cost of the regeneration compressor is larger than the capital cost of the main compressor and in

case(b) the capital investment for the purge gas compression is the second most dominating factor and is

slightly greater than the cushion gas investment.

To better understand the effect of the purge gas compression on the cost associated with the storage

a comparison for the two cases between hydrogen loss and without hydrogen loss is considered. The

case without the hydrogen loss considers the process of compressing and re-injecting the purge gas back

into the storage process, this process will include another operating expense relating towards the extra

compressors utilized. For this study, the cavern volume is kept constant at 260,000 m3 and the calculations

were performed for a 7% discount rate and a 20-year lifetime. The cost of electricity considered is 70

e/MWh. The comparison between the cost distribution for case(a) and case(b) is given in Figure 4.13.

The storage is operated for a single complete cycle for a certain year.
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Figure 4.13: Cost comparison when there is H2 loss vs without H2 loss for a single cycle of operation

based on two cases where case (a) is a single cavern single compressor and case (b) is two caverns and

three compressors. From the figure, it could be observed that when the volume of stored hydrogen is

lower investing in the regeneration compression is not useful in reducing the LCHS.

From Figure 4.13 it can be observed that the operating expense for the hydrogen storage in both case(a)

and case(b) is reduced when the purge gas is compressed and injected back into the line. But it is to

be noted that for a single cavern single compressor setup with a single cycle operation, the cost with

and without the H2 loss is nearly the same with an LCHS value of 1.5e/kg. But if the number of caverns
is increased the hydrogen loss is increased as well and this is clearly shown in case(b) where there is

a difference between the cost with and without H2 loss and the LCHS is lower when the purge gas is

compressed where the cost reduces from 1.7 e/kg to 1.5 e/kg.

4.3.5. Effect of cycle of operation and no of caverns on LCHS

The cycle of operation for the hydrogen storage was fixed at one cycle per year in the previous scenarios

and the impact of the different cycles of operation was not assessed. To study the impact of the cycles in

this scenario the number of caverns in the operation is fixed at two caverns, with the cavern operating in an

alternate cycle i.e. when one cavern is in injection the other cavern will be in withdrawal cycle. As per the

previous scenarios the capital, the annualized and levelized cost based on the lifetime time was determined

and is given in Figures 4.14 and 4.15. From Figure 4.4 it can be found that it takes nearly a month for

injection, and based on the withdrawal rate of hydrogen it takes nearly a month for emptying the working

gas. So based on that, each cavern is operated for a maximum of 6 cycles of injection and withdrawal per

year (i.e.) there is a net of 12 cycles of injection and 12 cycle withdrawal during an operational year. Both

the cavern is assumed to be of a similar volume of 260,000 m3 two caverns, 10% regeneration loss. Two

compressor & Heat exchanger setup was selected because only one cavern will be in injection mode and

a single compressor & Heat exchanger setup is enough to operate during the injection cycle and the other

compressor will be in standby mode. The capital distribution involved for the current storage scenario is

given in Figure 4.14.
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Figure 4.14: CAPEX distribution based on 2 caverns and 2 compressors with green hydrogen as cushion

gas

From Figure 4.14 it can be observed that for a two-cavern system, the cost of cushion gas is larger and

is still the second most dominant contributor in the CAPEX. To understand the cost distribution for the

storage when operated for 12 cycles, the annualized and levelized costs were studied for a different

operating lifetime of the plant and are given in Figure 4.15. For the operating expense, the cost of electricity

considered is 70 e/MWh and the hydrogen loss is considered in the operating expense by considering the

cost of green hydrogen to be 6.03 e/kg.
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Figure 4.15: Cost distribution for the hydrogen storage for 2 cavern and 2 compressors & heat exchanger

setup based on the different lifetimes of storage operated for 12 cycles per year.

From Figure 4.15 it can be observed that the cost reduces when the operated for a longer time. The

levelized cost for hydrogen storage varies from 0.85 e/kg to 0.82 e/kg. The difference between the cost
based on the lifetime of the storage is not that large when a twelve-cycle operation is considered with

each cavern operating for a maximum of 6 complete cycles per year. To understand the impact of the

operational cycle on the LCHS, the following scenario was conducted while fixing the plant’s lifetime at

20 years. This analysis takes into consideration the operational expenses associated with hydrogen loss.

Figure 4.16 gives the effect of the number of cycles on the cost of hydrogen storage.
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Figure 4.16: Cost distribution for the hydrogen storage for 2 cavern and 2 compressor & heat exchanger

setup based on different cycle of operation.

From Figure 4.16 it can be observed that when the number of storage cycles is increased the operating

expense becomes a dominating factor over the capital expense and the annual cost reaches nearly 25

million at maximum cycle operation. From the levelized cost is observed that when the number of cycles

is larger than 4 the difference in LCHS becomes more linear. The maximum levelized cost is observed

when the storage is operated for 2 cycles and the minimum levelized cost is observed when the storage is

operated for 12 cycles and the cost varies between 1.5 e/kg to 0.83 e/kg.

4.3.6. Effect of regeneration gas utilization on LCHS in increased cycles of

operation

In the section 4.3.5 the hydrogen used as a purge gas was considered a complete loss and was included

in the operating expense of the storage. So in this section together with the same conditions as in section

4.3.5 the regeneration compressors were also included. Figure 4.17 gives the capital distribution between

the different contributing factors in the storage process.
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Total CAPEX = 58.89 Million

Figure 4.17: CAPEX distribution when the regeneration gas is compressed and reinjected into the storage

process for a 2 cavern and 2 compressor & heat exchanger setup with green hydrogen as cushion gas.
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From Figure 4.17 it can be observed that the capital expense of the compressor used in the injection mode

of the storage dominates followed by the cost of the regeneration compressor and the cushion gas. Since

the purge gas is compressed there will be an operating expense associated with it but it is not associated

with loss of hydrogen. The annualized and levelized cost distribution based on the number of cycles is

studied and is shown in Figure 4.18.
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Figure 4.18: Cost distribution for the hydrogen storage for 2 cavern and 2 compressor & heat exchanger

setup when the purge gas is compressed based on different cycles of operation.

From Figure 4.18, the first thing to observe is that the in the annualized cost the operating expense does

not become more dominant than the annual CAPEX even if the plant is operated for 12 cycles, the next

thing to be identified is that the levelized cost of hydrogen is less when compared to the other cases

studied till now. The LCHS varies based on the operating cycles and it ranges from a maximum of 1.24

e/kg to a minimum of 0.34 e/kg.

4.3.7. Sensitivity analysis

To understand the effect of the different parameters on the levelized cost for hydrogen storage a sensitivity

analysis was performed. For the base case scenario for the sensitivity analysis the parameters given in

Table 4.14 was assumed.

Table 4.14: Sensitivity base case input parameters

Parameter Values

No of caverns 2

Hydrogen cost(e/kg) 6.03

Discount rate (%) 7

Regeneration (%) 10

Electricity price (e/MWh) 70

No of cycles 4

Lifetime (years) 20
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Figure 4.19: Tornado plot displaying the LCHS variation when a certain parameter is increased and

decreased by 50% variance when the other parameters of the base case are kept constant.
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Figure 4.20: Spider plot displaying the LCHS variation based on the slope when a certain parameter is

increased and decreased by 50% when the other base parameters are kept constant. The most dominating

factor was found to be the cycle of operation and hydrogen cost.

Figures 4.19 and 4.20 gives the outputs of the sensitivity analysis, the analysis is performed when a

particular scenario parameter is increased and decreased by 50% and the other parameters are kept at

the base case. From Figure 4.20 it can be observed that the number of cycles of operation and the cost of

hydrogen play an important role in the levelized cost of hydrogen storage. From the analysis, the levelized

cost ranged from 0.74 e/kg to 1.5 e/kg.

4.3.8. Effect of increase in LCHS on the NPV of the storage

The plant will not generate any profit when it is operated based on the levelized cost calculated from the

previous scenarios the reason being that the cost is calculated by assuming the net present value as zero

across its lifetime. To understand this the LCHS of the hydrogen storage is increased in percentage and

the effect on the NPV is studied. From the sensitivity analysis, it was observed that the no of cycles of

operation of the storage plant had a major effect on the LCHS, so a comparison between two and four

cycles of operation was performed and is shown in Figures 4.21 and 4.22 for studying the NPV. The other

model inputs are the same values as given in Table 4.14.
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Figure 4.21: NPV analysis for 2 cycles of operation with different increase in LCHS percentage
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Figure 4.22: NPV analysis for 4 cycles of operation with different increase in LCHS percentage

From Figures 4.21 and 4.22 it can be observed that the NPV for storage is based on different percentage

increases in the LCHS and the profile varies based on the operating cycle of the plant. When the storage

is operated for two cycles and the levelized cost is increased by 60% (2.4 e/kg) it takes nearly 6.5 years
to reach the profitable regime. When the storage is operated for four cycles and the levelized cost is

increased by 60% (1.76 e/kg) it takes nearly five years to reach the profitable regime. So the larger cycle
of operation increases the productivity of the plant which in turn helps in reaching positive NPV faster.
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4.3.9. Effect on LCHS when new caverns are utilized for storage

The scenarios focused till now are studied for repurposing existing salt caverns and the cost was not

observed for newly created caverns. In this section, the costs are observed for storing green hydrogen in

newly created caverns.

The base case scenario from the previous studies is taken for this case as well. The scenario study

is performed for two new caverns consisting of two compressor & heat exchanger setups. The current

green hydrogen price of 6.03 e/kg is assumed for calculating the cushion gas investment. The caverns
are operated alternatively with a maximum of 12 cycles per year with each cavern operating six cycles and

the loss due to regeneration is assumed to be 10% of the working gas. The cost for the creation of the

cavern is given by the graph from the appendix 4.7 and from the graph for a volume of 260,000 m3 the

cost of creation is around 70 e/m3. Based on the assumptions the capital distribution for the storage is

shown in Figure 4.23.

34.97%

49.35%

15.51%
0.17%

With new built caverns

Compressor & Heat
exchanger

Storage

Cushion gas

PSA

Total CAPEX = 81.13 Million

Figure 4.23: CAPEX distribution for two newly created caverns consisting of two compressors & heat

exchanger setup.

From Figure 4.23 it can be observed that the cost associated with the storage increases and becomes the

most dominating factor followed by the compressor & heat exchanger setup. When the new caverns are

created the lifetime of the storage is between 30-50 years, so to understand the cost distribution across the

lifetime, the annualized and levelized costs are studied for a 12-cycle operation and are shown in Figure

4.24.
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Figure 4.24: Cost distribution of the storage for 2 new caverns and 2 compressors heat exchanger setup,

based on different lifetimes of storage operated for 12 cycles per year

From Figure 4.24 it can be observed that the levelized cost decreases until 40 years and after 40 years the

change in the levelized cost is not large. As per the previous results based on the cost is estimated based

on the number of cycles of operation and when the lifetime of the plant is fixed at 40 years and is given in

Figure 4.25.

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0

5

10

15

20

25

30

2 4 6 8 10 12

LC
H

S 
(€

/k
g)

A
n

n
u

al
iz

ed
 c

o
st

 (
M

ill
io

n
 €

)

No of cycles of opera�on

Cost Distribu�on for new caverns 

Annual CAPEX Annual OPEX LCHS

Figure 4.25: Levelized cost based on different cycles of operation for new caverns

From Figure 4.25 it can be observed that the levelized cost for the operation of the cavern for fewer

cycles is higher when compared with the repurposing caverns but this closed the gap and the LCHS for the

new cavern with a lifetime of 40 years is 0.89 /kg and the repurposed cavern with a lifetime of 20 years for

12 cycles is 0.83 /kg. So for lower operating cycles, the LCHS difference is larger and for higher operating

cycles the LCHS difference is lower.
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4.3.10. Effect of cavern shrinkage on LCHS

Cavern when operated in cycles tends to create creep and this results in relative volume loss, the scenarios

till now did not consider the impact of the cavern shrinkage on the LCHS, for a good operation of the cavern

this needs to be maintained at less than 1% per year [63]. In this section, the impact of the shrinkage

on the levelized cost of hydrogen storage is studied for a repurposed cavern with a lifetime of 20 years

and for a new cavern with a lifetime of 40 years. The LCHS in both cases is compared together with the

results case when the cavern shrinkage was not considered. The effect of cavern shrinkage on the LCHS

is shown in Figures 4.26 and 4.27. There are two caverns with two compressor ad heat exchanger setups

operated alternatively and the results are shown for the different cycles of operation.
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Figure 4.26: Effect of cavern shrinkage on LCHS when an existing cavern is used for a lifetime of 20 years

based on different cycles of operation
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Figure 4.27: Effect of cavern shrinkage on LCHS when a new cavern is used for a lifetime of 40 years

based on different cycles of operation

From Figures 4.26 and 4.27 it can be observed that the LCHS does not have a huge impact because of

the shrinkage and this is because the operating expense is directly related to the working gas and this is a
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function of cavern volume, so the cavern shrinkage will have a direct effect on the OPEX of the storage.

From equation 4.4 it could be observed that the shrinkage will only have an effect on the initial CAPEX and

when this is large as in the case of new cavern creation the LCHS has a higher deviation.

LCHSshrinkage=
CAPEX

l∑
t=1

W ↓
(1+i)t

+

l∑
t=1

OPEX ↓
(1+i)t

l∑
t=1

W ↓
(1+i)t

(4.4)

4.3.11. Electrolyser capacity estimation for hydrogen storage

The scenarios were studied based on the assumption that there is green hydrogen available for storage.

But with the current infrastructure this might not be possible and to understand hydrogen requirement

based on the electrolyser capacity the following scenario was performed. The calculation is based on the

assumption that a cavern with a volume of 260,000 m³, containing an existing 50-bar cushion gas, can

store a working gas capacity of around 2.73 kilotons of green hydrogen. From Figure 4.4 it can be taken

that the injection process takes 700 hours to completely fill the cavern, which is approximately equivalent

to 30 days. This indicates that approximately of 3,900 kg hydrogen per hour is required for the storage to

function continuously.

Figure 4.28: Input parameters used to estimate the electrolyser requirement for hydrogen storage in a

single salt cavern

Given the current available green hydrogen production technologies, a 100 MW electrolyser produces 1.7

tons per hour. To meet the hourly hydrogen requirement, it would require running a 230 MW electrolyser

to run continuously at full capacity, producing green hydrogen for the storage operation. If the electrolyser

is operated at 70% capacity, the required electrolyser capacity would be around 330 MW. Consequently,

the electricity needed for the production of hydrogen using the 230 MW electrolyser (operated at 70%

electrical efficiency) is approximately 130 GWh. Considering the Lower Heating Value (LHV) of hydrogen

and the energy capacity of the working gas within the storage it is around 90 GWh.

At present, the largest planned electrolyser has a capacity of 200 MW, and if other projects were taken

into account, the total electrolyser capacity is expected to reach a maximum of 500 MW by 2028. These

electrolysers will primarily satisfy base requirements, with peak production occurring during the winter

months when offshore wind production is high. However, this presents a challenge as it would require

operating the storage with only one or two cycles per year, leading to increased costs and a higher levelized

cost of hydrogen. Alternatively, operating the electrolyser as seasonal storage with lower capacity seems

nonviable due to the presence of other storage facilities in the Netherlands, which will be connected to the

hydrogen network initially. Moreover, the hydrogen gas network connection to the storage location at Epe

is not expected until after 2030. Given this information, the use of hydrogen storage will likely become

feasible only when the electrolyser capacity reaches Gigawatt scales and a proper hydrogen network is

established and connected to the storage location. But if the storage does not rely purely on the hydrogen

network from the Netherlands but also relays on imports from other countries this could change the type of

operation of the storage.



5
Conclusion and Recommendation

5.1. Conclusions
The following research question was answered with this thesis project

1. What are the challenges involved in storing hydrogen in the salt cavern?

Due to the low volumetric energy density of hydrogen compared to natural gas, the energy stored in

hydrogen per cavern is three times less than the energy density of natural gas. Since the storage

process is in high pressure and hydrogen is susceptible towards hydrogen embrittlement high

strength material cannot be used and new alloys need to be investigated. Due to purity requirements,

the existing gas within the storage needs to be extracted. The presence of water and microbial

activity withdrawn gas needs to be purified.

2. What technical measures are needed for making Epe fit for hydrogen?

The current surface equipment used for natural gas storage cannot be utilized for storing hydrogen.

so new investment needs to be made towards the surface equipment which is suitable for hydrogen

application. The natural gas emptying process poses some challenges in itself as there is less

availability of brine solution and the process of fluting the cavern occurs at a rate of 50 m3/hr. The

timeline required for the storage conversion is shown in Figure 5.1.
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Figure 5.1: Cavern conversion timeline

From Figure 5.1 it can be observed that when the storage is converted it takes approximately

a minimum 2 years for a single cavern to be converted to store hydrogen and the cavern can

be converted one by one as the water availability might be an issue for converting together. So

54
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repurposing all seven caverns might take nearly 14 years and, if the conversion starts immediately

all the caverns will be repuropsed around 2038 and this will reduce the available lifetime of some

caverns which in turn will affect the LCHS. So from the results, if the lifetime of the repurposed

cavern is expected below 20 years the cost increases so it is better to invest in new caverns when

the lifetime is shorter.

3. What will be the CAPEX and OPEX involved in converting the storage and operating it with

Hydrogen?

The major contributing factor towards the capital expenditure is the cost associated with the

compressor and heat exchanger setup followed by the cushion gas investment which almost takes

up to 70% of the total investment costs. When the cavern is operated at lower cycles, the operating

expense does not play a major role unless the gas loss due to the purification step is higher.

4. What will be the Levelized cost of hydrogen storage(LCHS) in salt cavern?

The levelized cost of hydrogen varied based on different cases, the highest range occurred when

a stand-by compressor was utilized for a single cycle and single cavern, the LCHS ranged from

1.68 e/kg to 1.94 e/kg. The best case was obtained when two caverns were operated in alternate
injection and withdrawal cycles and when the purification gas is sent back into the storage process,

the LCHS varied from 1.24 e/kg to 0.34 e/kg. Through sensitivity analysis, the most sensitive part
identified is the number of cycles of operation and the cost associated with hydrogen loss. The

number of cycles of operation also affects the NPV.

5. When will be the storage required and at what electrolyser capacity will it be feasible?

A 230 MW electrolyser operated continuously in full operation is required for a single cavern filling

within 700hrs of injection. The storage is possible when the hydrogen gas network is connected to

the storage location which is expected after 2030 but importing hydrogen for storage from overseas

and other countries is a possible option and the storage can be utilized based on that option.

To conclude there are technological gaps involved with the storage equipment that can be used for

hydrogen storage, and the green hydrogen production and transportation infrastructure are still in the initial

stages and when this is further developed in future, the hydrogen storage becomes reasonable.

5.2. Recommendations
The following recommendations are proposed for future work

• The purification step is focused on proven technology for hydrogen purification i.e. PSA but further

research can be done in looking for other purification options.

• The cushion gas used is hydrogen but the cost can be studied for different cushion gas and how the

purification step needs to be modified.

• The cost estimation did not include the leak testing of the cavern and the economic loss incurred

during the storage conversion timeframe.

• The entire hydrogen backbone can be studied based on the electrolyser capacity.

• There is microbial activity present in the salt cavern and this needs to be accounted and a

multi-component purification must be studied.
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A.1. Heat exchanger sizing

Figure A.1: Standard tube diameters [46]

Figure A.2: Face velocity design assumption [64]
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A.2. PSA sizing

Figure A.3: Adsorbent selection [53]
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Figure A.4: Molecular sieve capacity decline curves [53]

Figure A.5: Pressure drop constant for molecular sieve based on sizes [53]

Figure A.6: Thickness of the column [53]
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A.3. New cavern creation

Figure A.7: Cavern creation cost [65]
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