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1. INTRODUCTION 
 
Resources such as solar, wind, geothermal and ocean could reduce the greenhouse 

gasses emissions playing a main role in the goal to reach the carbon neutrality by 

the 2050.  

The only way the production can meet the demand is through energy storage or 

energy carriers, like hydrogen. In fact, with the renewable energy the pollution can 

be cut significantly, but it exposes the user to the risk of fluctuations in the 

production in the moments in which these resources are not present. The trends 

seem to indicate the future dependency on energy storage or energy carriers. With 

the surplus of the production it can be produced green hydrogen which can be burnt 

when the energy is needed, in a reaction that doesn’t pollute and has in the water 

its main product. The hydrogen itself, in this pathway is not considered a source 

of energy but and energy carrier, since the energy obtained by its combustion is 

less than the one used to produce it.  

In this panorama there is a large amount of hydrogen that needs to be stored and 

much storage capacity, that was used for storing natural gas, that will be unutilized, 

as far as the gas production will be cut to meet the climate goals.  

The aim of this work is to investigate the possibility to use the same storage 

facilities used for the natural gas to store hydrogen, reducing the cost of building 

or invent new solutions. To study the feasibility of this process is important to 

understand how men have stored the natural gas so far, analyzing the different 

kinds of facilities, the physics and the chemistry that stand behind this process and 

the real storage capacity suitable for this solution. In this research is given an 

overview who aims to lead to a complete knowledge of the main parameters and 

solutions available for this purpose, along with a detailed background of the natural 

gas storage and an analysis of the challenges that must be overtaken to store safely 

and correctly hydrogen. In the process will be performed also an economic 



 4 

analysis, that together with the aspects indicated before can give a complete 

overview of these solutions.  

2. OVERVIEW OF EUROPEAN GAS STORAGE FACILITIES 
 
2.1 WHY DO WE NEED THEM? 
 
 

Gas storage in Europe is used mostly to ensure the security of its gas supply since 

Europe consumes more gas than it produces and so it is heavily dependent on 

imported gas. This leads to the vulnerability of supply disruption in relation to 

political tensions, conflicts, and natural disasters. For example, looking at the 

effect of the Ukraine war on Europe, one of the consequences of the conflict the 

gas supplied from Russia to the European Union decreased to 60 billion cubic 

meters in 2022 from 140 billion cubic meters in 2021 [1]. Having a reliable source 

of gas available in storage allows Europe to minimize the impact of such 

disruptions and maintain a stable energy supply.   

Besides supply security, gas storages are also helpful to give flexibility to the 

system that can manage gas supply and demand fluctuations. This is possible by 

injecting gas into the storage, when there is an excess in the production or in the 

supply, and then withdrawing it during periods of high demand, responding 

quickly to the changes in the demand or production. This feature of gas storage is 

interesting to ensure the gas supply and stabilize its price fluctuations. In fact, the 

price of TTF gas in August 2022 reached its all-time price record closing the 

market day in Amsterdam at 340 euros/Megawatt hour. After this peak, thanks to 

the high levels of gas stored and a winter warmer than expected, the gas price 

decreased significantly, being exchanged today for roughly 40 euros/ Megawatt 

hour, as is seen in the following diagram [2].  
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Figure 2.1 Natural Gas EU Dutch TTF price (EUR/MWh) [3]. 

 

Gas storage helps to reduce Europe’s reliance on imported gas, which is important 

considering the risk of geopolitical tensions and supply disruption that can impact 

the gas supply system and improves its energy security. Just storing gas 

domestically already reduces European exposure to such risks and assures a secure 

and stable energy supply for its citizens.  

Another important advantage of gas storage is the possibility to be used for 

seasonal storage. The fluctuations in demand or supply are not just related to 

unexpected events or within a small amount of time, but they can be related to the 

different needs that are present in the different seasons of the year or different 

sectors. Demand for district heating and so for gas tends to be higher in winter and 

lower in summer, for instance. This is an example of seasonal storage, it’s possible 

to store gas during the summer months to meet the higher demand in winter 

without solely on imports. The fluctuations in the demand of different sectors have 

been driven not only by seasonal needs but also by the increased price of gas, and 

its consequent behavioral response, fuel switching, and efficiency gains [1]. 

[EUR/
MWh] 

[Year] 
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Figure 2.2 Natural gas final consumption by sector, Europe 1990-2020 [4]. 
 

Finally, gas storage has played a key role in ensuring the stability and security of 

the energy supply, since it provides a flexible and reliable way to store gas that can 

manage the fluctuations in demand and supply while it reduces the reliance on 

importing gas from other countries. However, nowadays the European Union and 

the rest of the world seem to be interested in covering as much as possible of the 

energy supplied by gas and other fossil fuels with renewable energies and other 

environment-friendly solutions.  

 

2.2 HISTORY OF GAS STORAGE  
 

The presence of natural gas in Europe was unknown until 1659 when it was found 

in England. During the 19th century, the use of natural gas has not been developed 

widely because of the issues related to the transport of large quantities for long 

distances [5]. Nevertheless, the need for gas storage facilities became apparent in 

the mid-20th century due to the increasing importance of gas as a source of energy. 

The first gas storage facilities were primarily designed to balance seasonal changes 

in demand, especially for winter when it’s important to have sufficient gas for peak 

demand. Among the earliest underground gas storage facilities in Europe, 



 7 

according to Gas Infrastructure Europe, we can find the aquifer storage facilities 

located in Beynes in France. This aquifer storage, which takes place twenty 

kilometers from Versailles and has been built in 1956, is still the biggest 

underground storage site in France. It continues to be operative but between 2007 

and 2015 the facility underwent some renovation and development works for 

safety and efficiency reasons [6]. From that moment the storage facilities in Europe 

started to be developed and increased in number. In the following 30 years, almost 

80 new storage sites took place and spread across Europe under different types of 

storage. Cortomaggiore and Sergnano are the first case in Europe of exploitation 

of a depleted field. They operate from 1964 and 1965 respectively. Just a few years 

later, in 1970, in Germany, at Bruggraf-Bernsdorf the first salt cavern storage 

began its operations. 

Nowadays, gas storage is a main component of the EU energy system that provides 

flexibility and security of supply to gas consumers, with an operational storage 

capacity on the 21st of July 2021 equal to roughly 1,148 TWh which corresponds 

to 102 billion cubic meters of natural gas [7], or one-fourth of the total EU-yearly 

gas demand [8]. If Europe as a continent is considered, instead of the European 

Union, this value increase to 1,572 TWh or roughly 140bcm [7]. 

The capacity of gas storage in Europe has increased steadily over the past few 

decades as the demand for natural gas has grown. Today the largest gas storage 

country in the European continent is Ukraine, with 325 TWh, followed by 

Germany with 246 TWh, and Italy with 193 TWh [9]. 

Recently, there have been efforts to increase the gas storage capacity in Europe, 

particularly in response to concerns about energy security and supply disruption. 

The number of storage sites is increasing, and this trend doesn’t seem to stop soon, 

as we can see from the 23 sites that are planned or already under construction and 

expected to be ready before 2026 [10]. 
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Figure 2.3 Natural gas in storage in the European Union in select months from 

2011 to 2022 [11]. 
 

The rise in the number of gas storage facilities in Europe has been driven by several 

factors, including the need to ensure the security of the gas supply, the growing 

importance of natural gas as an energy source, and the need to balance seasonal 

variations in demand. Moreover, the liberalization of the gas market in Europe led 

to an increase in the number of gas storage facilities as companies seek to profit 

from the arbitrage opportunities created by the fluctuation in gas prices.  

Europe has always relied on other countries to import gas since it consumes more 

gas than it produces. One of the main gas suppliers was Russia, considering that in 

2021 Europe imported 83% of its natural gas and almost 50% of it came from 

Russian reservoirs. After February 2022, Europe started to look for new gas 

suppliers or alternative ways to meet European’s energy demand. 

The first change is represented by the prohibition to import coal and other fossil 

fuels from Russia on the 8th of April, followed by the same measure for crude oil 

and refined petroleum products, although with some exceptions, on the 3rd of June.  
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In response, Russia cut the supply of natural gas by 80% and this forced a trade-

off to other market players for Europe [12].  

 
Figure 2.4 The source of imported gas in Europe during 2021 and the third 

quarter of 2022 by countries [12]. 

 

Norway has significantly increased its supply of gas to Europe, implementing its 

LNG (Liquified Natural Gas) structures. The LNG imports by the United States, 

Nigeria, and Qatar reached 25.7% of the total, playing a critical role to avoid gas 

shortages. This pathway helped the LNG network to develop dramatically and ends 

out with an amount of LNG imports from the USA between January and November 

2022 that was more than double the volume exchanged in the whole of 2021 [11]. 

According to the Gas Market Report of the first quarter of 2023 redacted from IEA, 

the value of global LNG trade raised to an all-time high in 2022. This is not 

supported by an incredible increment in volumetric terms like someone may think, 

in fact, it was just 5.5% higher than the past year, otherwise, the global energy and 

gas crisis guides the value of the global LNG trade up to 450 billions of American 

dollars, more than double of 2021 [13], with Australia, the leader in the market, 

with revenues from the export worth more than 90 billion dollars [14]. 
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This market is growing rapidly, especially if it is considered that in 1970 its global 

trade was negligible, with roughly 3 billion cubic meters traded, and in 2022 it is 

essential to avoid shortages in gas supply. The first European countries to buy this 

commodity were the UK and France, which bought it from Algeria in 1964. At the 

end of 2017, there were 19 exporting countries and 40 importing countries [15].  

According to the International Group of Liquified Natural Gas Importers, the 

import capacity, which is based on the regasification capacity, will expand by 34% 

in the EU and the UK by the end of 2024 compared to the capacity of the end of 

2021, which was equal to 20.2 billion cubic feet/day, reaching a regasification 

capacity of roughly 27 billion cubic feet/day or 0.76 billion cubic meters/day [16]. 

This added capacity can be built on-shore in a regasification plant, off-shore in a 

plant that is located in the sea or it’s possible to buy an FSRU, which stands for 

Floating Storage and Regasification Unit, so a boat that is able to develop the 

regasification of the natural gas. The FRSUs are cost-effective, time-efficient, and 

cleaner solutions with a minimal footprint, that exploit the same process of a land-

based terminal, having onboard the capacity to vaporize the LNG and deliver it 

through special receiving facilities at the pipeline network with the desired 

pressure and a flow rate that ranges from 14,6 kWh to more than 220 kWh [17]. 

Several counties in Europe are purchasing or constructing FRSU terminals, and 

among them, there are Germany, France, Italy, Greece, Finland, and Estonia [16].  
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Figure 2.5 How a floating LNG terminal works [18]. 

 

LNG terminals are also used for storing natural gas that has been liquified by 

cooling it to the liquid state. Some European countries, like Spain and France, use 

liquified natural gas as a storage medium. The liquified gas is produced by cooling 

natural gas to around -162 degrees Celsius, which reduces its volume by a factor 

of 600. The same process can be exploited for hydrogen or other gases, at different 

temperatures. The LNG is then stored in large tanks until it is needed, at that point, 

it is re-gasified and injected into the pipeline network. LNG terminals have higher 

energy densities than the above-ground tanks, this means they can store more 

energy in a smaller space. However, they are expensive to build and maintain since 

they require specialized equipment and expertise to operate. 

 

2.3 TECHNICAL PERSPECTIVE OF UGS 
 
Concerning another problem related to the use of gas, oil can be stored in tanks 

and can be transported inside them, but natural gas must be transported through 

pipelines. This implies that the gas supply can be disrupted if there are problems 

with the pipeline infrastructure or political conflicts.  
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In 1890 the leakproof pipeline coupling was invented and this allowed an increase 

of up to 160 km of transported distance from the supply source.  

With the further advances in pipeline technology, in the late 1920s, long-distance 

transport became effective, especially in the US where between 1927 and 1931 

many pipelines with a diameter of 50 cm and a length of over 320 km were built.  

After the World War II the diameter of pipelines increased reaching 150 cm [5]. 

Nowadays, the share of natural gas in the European energy mix accounts for 

21.5%, and 80% of the gas needs are imported by other countries outside Europe. 

Today in Europe are present 200,000 kilometers of transmission pipelines and 

roughly 2 million kilometers of distribution pipelines, this means that the European 

gas network can be considered a gas storage facility itself due to the incredible 

amount of gas that passes through the network and considering the pressures 

present within the pipelines, that are reached exploiting over 20,000 compressors 

[19]. Through a process called ‘line packing’ gas can be stored in the short-term 

in the pipeline system. This is possible by compressing more gas into the pipeline 

and during periods of high demand a major amount of gas can be withdrawn 

directly into the market area requested. This method can be a temporary solution 

to substitute the underground storage and it is useful in off-peak times to meet the 

next day’s demand [20].  



 13 

 
Figure 2.6 EU Natural gas pipeline network [21]. 

 

The future of gas storage in Europe is still uncertain due to the increasing focus on 

renewable energy, the goal to achieve carbon net zero, and the recent shock in the 

supply system. However, as long as natural gas remains important, also gas storage 

will continue to be a critical component of the energy infrastructure in Europe, but 

the role of natural gas in the energy mix will depend on the continued focus on 

reducing methane emissions, the development of the hydrogen market and the 

employment of carbon capture systems. The future trends, according to the 

Technical Report of the European Commission, which analyzes part of the 67 

possible scenarios publicized between 2017 and mid-2019, are represented by a 

25% reduction in natural gas use by 2030, and in 2050 the reduction will be equal 

to 75%. In this scenario, renewable energy provides between 75% and 100% of 

the electricity, and an important trade-off between hydrogen and electricity as the 
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final energy carrier in the energy industry will be needed, with a share of hydrogen 

equal to 5-20% in the energy consumption in addition to about 50% in electricity 

production [22]. In this case, the installed storage capacity of natural gas that there 

is in Europe nowadays would exceed the needs, but an increased interest in 

renewable energy sources along with the strong presence of hydrogen will lead to 

an increase in the demand for underground hydrogen storage facilities. Due to this 

trend is important to understand the feasibility of changing the natural gas storage 

facilities into hydrogen ones, to meet the demand and the goals of the European 

countries.           

 
2.4 KEY PARAMETERS FOR GAS STORAGE 
 
To ensure a secure and reliable supply of gas is important to have clear the 

characteristics of a gas storage facility. After the analysis of the gas network and 

the market is critical to understand how gas storage works and which one are the 

physical parameters behind its design to exploit it as well as possible. Nevertheless, 

it’s important to know that some characteristics are due to the facility, such as its 

capacity, and others are given by the gas within the facility, such as the energy 

density [23]. 

One of the factors that influence a storage facility is its capacity. This is important 

to evaluate when a site is taken into consideration, and it refers to the maximum 

amount of gas that can be stored in the reservoir at any given time. It is usually 

expressed in cubic meters/feet of gas volume or concerning the gas stored and its 

energy in Watt-hours and varies widely depending on the type of storage facility. 

For instance, underground storage facilities in depleted oil or gas fields can have 

capacities ranging from a few million to several billion cubic meters, while above-

ground tanks may have a much smaller capacity.  

It’s possible to distinguish two different types of capacity, such as the design 

capacity and the demonstrated peak capacity. The design capacity, or nameplate 

capacity, is a theoretical limit of this parameter, based on the physical 

characteristics of the reservoir, the operating procedure used, and the installed 
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equipment, which must be certified by state regulators. Instead, the demonstrated 

peak capacity, or total demonstrated maximum working natural gas capacity, 

reports the actual facility usage and is typically less than the theoretical one. In a 

storage facility that has more than one individual storage field, it is the sum of the 

largest volume of working natural gas for each field registered anytime within the 

last five years [24]. Another type of capacity is named working gas capacity and 

stands for the working gas volume that can be stored, injected, or withdrawn within 

the normal operation of a gas storage facility. It is defined as the total storage 

volume minus the base or cushion gas, which is the minimum gas required to stay 

in the storage to prevent issues related to pressure, injection, or withdrawal rates 

[25].    

The deliverability, or withdrawal rate, is the complement of the injection rate. They 

refer to the amount of gas that can be withdrawn/injected on a daily base and are 

usually expressed in terms of million cubic meters/day. These rates are not 

constant but vary over the year, in relation to several factors such as the production 

strategy, the wells placement, and the geological characterization, but they depend 

also on the amount of gas in the facility: the withdrawal rate of a full reservoir is 

higher than one that contains only the base gas, on the opposite, injecting gas in an 

empty one is faster than injecting gas in one that is close to its maximum gas 

volume stored. These rates vary also among different types of storage facilities 

aquifers and depleted fields are the slowest solutions, while the salt cavern is the 

fastest, having a fast response and allowing multi-cycle [26].  
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Figure 2.7 Different underground storage facilities [27]. 

 

There are several types of gas storage facilities such as underground storage 

facilities (UGS), which are the most common type in Europe and can take place in 

depleted oil or gas fields, salt caverns, or aquifers. Each type of storage has 

different characteristics that affect its capacity, availability, and cost. Other types 

of gas storage are represented by liquified gas storage and above-ground gas 

storage.   

The location of the gas storage facility is also important because it affects the cost 

of transporting gas to and from the facility, as well as the availability of 

infrastructure such as pipelines and storage tanks. For example, a storage facility 

located near a major gas pipeline can have lower transportation costs and greater 

availability of gas than one located in a remote area.  

The energy density of a gas storage facility is another important factor to evaluate. 

Energy density refers to how much energy can be stored in a given volume and is 

mainly a characteristic of a gas instead of a facility. For instance, hydrogen has a 
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much lower volumetric energy density than natural gas, which means that it 

requires more space to store the same amount of energy. This is important because 

it affects transporting and storing gas costs and efficiency.  

Many other factors are important to consider when a gas storage facility is 

evaluated like the cost associated with construction, operation, and transportation. 

Regulatory compliance is also critical, as gas storage facilities are subjected to 

regulations from the government regarding their construction, operation, and 

safety.  

Ensuring a secure and reliable supply of gas requires careful consideration of all 

these factors.  

 

3. RESERVOIR ENGINEER BACKGROUND  
 
3.1 GEOLOGICAL DESCRIPTION AND SEISMIC MONITORING  
 
The techniques developed by the oil industry for the research and exploitation of 

hydrocarbons are now used to investigate the presence of underground gas storage 

and its structure. This R&D spin-off accounted for 600 billion USD of savings for 

the storage industry in the early 2000s, whose own R&D was just about 4 billion 

USD [28]. 

This sector is not particularly innovative, with drilling techniques used from the 

19th century and seismic monitoring from the first half of the 20th century, which 

has had a significant improvement in the 1980s thanks to the development of 

computer technology. In fact, in the 1990s the 3D seismic monitoring tool 

enhanced the progress, leading to the 4D seismic in the 2000s.  
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Figure 3.1 Time-laps 4D seismic processing and imaging [29]. 

 

The feasibility study of a structure's suitability to be a storage facility is a complex 

and expensive process, that requires at least the use of a 3D seismic survey, 

drilling, and various measures and tests, e.g. the interference measurements 

between wells. Fortunately, the accuracy reached in the 3D tests reduces the 

uncertainties. It minimizes the number of wells to be drilled for the certification 

and gives a better allocation of them along the structure, lowering the development 

wells required. The geological and geometrical characteristics of a structure 

influence its performance, thus this knowledge helps to optimize the development 

and productivity of the site.  The geological description has benefitted from 

advances in geostatistics, a science developed in the latest 1970s, related to the 

increased computational power [30].  

The 4D seismic technology, or 3D repeatable seismic measures, is based on the 

use of seismic sensors placed at regular intervals in the wells or on the surface 

permanently [28]. The new technologies, such as the time-lapse 4D seismic 

technology, supply accurate reservoir characterization and seismic monitoring 

based on the utilization of expert data processing, imaging always more complex, 

and multi-vintage data acquired. The baseline survey and any 4D monitor repeat 
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surveys must be considered together, in a method that optimizes the results, instead 

of using an individual 3D seismic dataset [29].  

In the interpretation of the dataset is very important to consider seismic attributes 

such as frequency, amplitude, and phase because these parameters change over 

time since they are sensitive to reservoir parameters like pressure and fluid 

changes. This characteristic implies that nowadays these tools are not used just to 

investigate the presence or the features of a reservoir but also for its surveillance 

and monitoring the productivity over the long term [31].  These detailed techniques 

allow us to collect data on small structures, small-scale discrepancies, gas-liquid 

interfaces, and even stratigraphy. Due to these improvements, we are now able to 

develop better structures. Moreover, the seismic measures help to investigate the 

limit of the gas bubble in the facility and notice the difference between two 

measures, this improves the production prediction. The main advantage of this 

technology is the possibility to check the progression of the gas bubble between 

the critical spill points in several directions to maximize the filling of the reservoir 

and to recognize the area with the vastest presence of the gas to better organize the 

production wells system in that area. The fluid flow numerical simulation with the 

geostatistical model of the space of reservoir properties, such as porosity and 

permeability, helps to provide a prevision of the reservoir behavior in operational 

conditions, optimizing recovery and wells efficiency.   
 
3.2 GEOLOGICAL CHARACTERISTICS  
 
The development of a storage facility exploits the technology of the hydrocarbons 

industry but is also more complex since not every suitable reservoir is appropriated 

to be used as a storage facility without proving that the site can store gas that will 

not escape through the caprock, which must be analyzed to assure its continuity 

and closure of the structure. A caprock is defined as a relatively impermeable rock, 

that forms a barrier above and around reservoir rocks so that fluids cannot migrate 

beyond the reservoir. The permeability of a caprock capable of retaining fluids 

through geological times is usually considered from 10-6 to 10-8 Darcy [32].  
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The Darcy is recognized as the unit of permeability, equivalent to the passage of 

one cubic centimeter of fluid, having a viscosity of one centipoise (cP), per second 

through a sample one square centimeter in cross-sectional area under a pressure of 

one atmosphere per centimeter of thickness [33].  

 
Figure 3.2 Schematic diagram of a caprock over reservoir [32]. 

 

Concerning the geological characteristic is preferred that a depleted field has a 

high porosity and permeability the former is one of the main parameters that 

influence the amount of gas that the reservoir can hold, and the latter accounts for 

the calculation of the rate of the gas in the facility and so influence the injection 

and withdrawal rates, but this process is enhanced by the pressure, that is usually 

higher than the normal pressure of natural reservoirs, and when a certain amount 

of gas is needed it’s possible to extract it by an expansion process.   

Depending on dimensions and geometry, the design of the original exploitation 

wells, and the properties of the storage facility, different values of the gas turnover 

rates can be obtained. To increase this parameter new wells must be drilled 

designing the lower section of the well to run horizontally with respect to the 

depleted field. By using this design is possible to reach a larger flow area that 

increases the availability of the formation.  

Nevertheless, the computerized description reached so far is strictly needed to 

create the huge amount of data that must be evaluated for fluid flow simulation, 
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such as geometric characteristics and petrophysical properties of a potential 

storage site.  

3.3 DARCY’S LAW 
 
The displacement of gas components requires a convective and dispersive 

transport mechanism. Darcy’s law describes the convection phenomenon, which 

does not lead to mixing. The dispersive transport mechanism, instead, is led by 

diffusion and dispersion, where diffusion is the random motion of the molecules 

of gas, and the word dispersion is usually referred to various physical phenomena.  

Darcy’s law is a phenomenologically derived equation that describes fluid flow 

through a porous medium. This important law came out from the experiments of 

Henry Darcy on the flow of water through the sand. One of the applications of this 

law is in geology, more precisely in the depleted fields, to investigate the behavior 

of gas in the reservoir. 

In the case of constant elevation, it is reduced to a simple proportional relationship 

between the instantaneous discharge rate, the viscosity of the fluid, and the 

pressure difference over a certain length: 

𝑄 =
−𝑘𝐴(𝑃! − 𝑃")

𝜇𝐿
 

Where Q, which represents the total discharge with a unit of volume per time 

[m3/s], is obtained by the product of k, the intrinsic permeability of the medium 

[m2], A, the cross-sectional area of the flow [m2], and the pressure drop (Pb-Pa) 

[Pa] between the points A and B that are analyzed, all divided by the viscosity 𝜇 

[Pa s], and the distance L [m] over the pressure drop is considered. The minus sign 

relates the formula with the real behavior of the flow, which goes from the high 

pressure to the low pressure as illustrated in Figure 2.3. 
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Figure 3.3 Definitions and directions for Darcy’s law [34]. 

 

If the inlet and the outlet are at different elevations, this must be considered. If the 

interest is focused on the evaluation of the fluid velocity, a further step is needed. 

The velocity of the fluid is related to the Darcy flux, which is obtained by dividing 

Darcy’s law by the cross-sectional area of the flow.  

𝑞 =
−𝑘
𝜇
∆𝑝 

In this case, regarding the parameters that have changed, q is the flux discharge 

per unit area [m/s], and ∆𝑝 is the pressure gradient vector [Pa/m]. This value is not 

the fluid velocity in a reservoir. Porosity (∅) has to be considered in this evaluation 

because not all the volume of the reservoir allows the fluid to flow through it, so 

Darcy’s flux (q) is divided by the porosity (∅), obtaining the velocity of the fluid 

(v): 

𝑣 =
𝑞
∅

 

Darcy’s law is important because it relates these quantities and summarizes 

different properties of a gas in a reservoir: 

• if there is no pressure gradient over a distance there is no flow, this 

condition is called hydrostatic condition; 
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• the motion of a fluid is driven by a pressure gradient, from high-pressure 

zones to low-pressure ones; 

• the velocity of the fluid is directly proportional to the pressure gradient, and 

so do the discharge rate; 

• the discharge rate of a fluid has different values through different materials, 

or even through the same material but in different directions, considering 

the same pressure gradient. 

Darcy’s law is valid only for a slow and viscous flow, but almost all the 

underground gas and the groundwater respect this condition, which is respected 

for a laminar flow with a Reynolds number minor than one unit, even if 

experimental tests have shown that fluids with a Reynold number up to 10 units 

can still be considered Darcian [34].  

Although this law is very important in the evaluation of the deliverability rates of 

a reservoir, is important to remember that these are influenced by many different 

parameters not only by Darcy’s law, which consents to have a better explanation 

of a fluid motion in a porous medium, but alone is not enough to develop a 

production strategy of a reservoir.   
 
3.4 NUMERICAL SIMULATION 
 
The always increasing computational power in calculation and the reduced prices 

of the technology allowed the simulations to be more accurate, rapid, and cost-

effective. Thanks to the fluid flow simulation is now possible to have a clear 

scheme of how the gas is distributed inside the facility at any moment and place, 

assuming that the rock properties are known. This is very important for the 

operational parameters of a UGS because it permits the assessment of the working 

volume, the peak withdrawal rate, the number and location of new wells required, 

and eventually the minimum cushion gas to be used to assure an optimal 

performance [35]. 
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Figure 3.4 Example of 3D modeling [36]. 

 

These simulations are used not just to predict the water or liquid production but 

also to implement an operational strategy, taking decisions on the quantities to 

inject or withdraw in a specific area and through which well, or in which layer. 

The growth of computational power was an important achievement, but the 

simulation software development itself led to a better explanation of phenomena 

through case studies more and more complex. Now is possible to study in a very 

detailed way tens of possible scenario development at the same time as the pilot 

project, adapting the productivity to the client's requests. This allows more 

flexibility in the management of the facility, with an optimization of the storage 

system. The higher calculation accuracy level is shown by simulations of data 

measured on-site, or by the tuning of models over a longer period, which are 

obtained quicker, and in almost all cases, along with some tuning “tricks”, the 

engineers have more confidence in their result, due to the decreased uncertainty of 

the simulations. Moreover, the increased complexity of the analyzed phenomena 

led to very accurate descriptions of faults and gas constituents, through the 

compositional simulation, that can be done within the reservoir [37]. These 

improvements and the reduced calculation costs made it possible to study in detail 
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more sites that can be suitable for a storage facility, and by multiplying the number 

of studies, they became more profitable. Even if is difficult to assess the 

profitability derived from modeling development since it regards the entire system, 

it’s clear that now is possible to estimate the performance of a storage facility in 

advance and with fewer uncertainties than ever [28].  

Therefore, the assessment needs to take care of different aspects, such as the 

reservoir properties, like dimension and geochemical composition, to avoid over-

pressuring and over-filling. An appropriate well design to avoid leakages, and a 

study of the overburden geology to evaluate potential migration pathways. Thus, 

this investigation aims to assure the capacity of the storage facility to operate at 

the desired pressure and under some operational parameters. The maximum safe 

operating pressure is related to the three primary geomechanical factors, which are 

constituted by the mechanical properties of the reservoir and overburden, the 

natural state of stress in the reservoir and overburden, the stress changes in the 

reservoir and overburden due to the pressure cycling. 

4. DIFFERENT TYPES OF GAS STORAGE FACILITIES 
 
Like many other commodities also natural gas can be stored for a geological time. 

The processes around gas exploitation require a long time, and when the gas 

reaches its final destination most of the time is not used immediately, but stored 

during a low-demand period and used when needed.  

The places in which the gas can be stored are many and with different 

characteristics from each other. The first distinction that is possible to notice is that 

there are storage facilities above the ground, like above-ground tanks in which the 

gas can be stored in gaseous or liquid form, and underground facilities, such as 

depleted oil or gas fields, aquifers, and salt cavities.  
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Figure 4.1 Different types of underground storage facilities [38]. 

 

This already influences the position of a storage facility, because is not possible to 

build a very large above-ground tank in the middle of a city for many reasons as 

environmental impact or safety. Otherwise, most of the depleted fields are 

collocated close to the demand center since they don’t occupy any space on the 

surface that can be significantly relevant to represent a problem [39]. There are 

several other features that characterize the different types of gas storage to focus 

on, then probably it is better to analyze each storage facility apart from the others 

to highlight its working principle, the physic that is behind it, and understand the 

advantages and drawbacks related to it.  

 

4.1 DEPLETED GAS RESERVOIRS 
 
Storage facilities in porous reservoirs, e.g. depleted oil and gas fields, are the most 

common type of reservoir, with more than 100 sites in Europe among the operative, 

under construction, and planned ones. They seem to be one of the most reliable 

and cheapest solutions. Most of them are depleted gas reservoirs, even if there are 

some oil depleted fields used for the same purpose.  
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Figure 4.2 Schematic cross-section of a gas or oil depleted reservoir [40]. 

 

The term depleted field refers to a reservoir of oil or gas that has been depleted by 

its commodity. The scenario, or component spatial distribution, in the depleted 

reservoirs after primary production depends on various factors. Generally, there 

are many driving mechanisms for a conventional gas reservoir, e.g. water-drive, 

compaction drive, or gas expansion drive and each drive mechanism will result in 

different component distribution. 

Some general requirements are preferred in the construction of these facilities: 

• The location of the storage site is very important. It should be as close as 

possible to the pipeline that supplies the gas, but also close to the main 

consumers. This allows to reduce the capital expenditure for the 

construction of pipelines, pumping, and transportation costs, increasing the 

availability of the facility.  

• The storage must be airtight, this condition is essential for the feasibility of 

a reservoir, that must not allow the leakage of gas, not only for the 
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operational efficiency but also to prevent serious damages to the 

environment.  

• The pressure in the gas transportation and distribution network must be met 

also in the storage facility.  

Checking if the productivity goal can be developed before investing in a storage 

facility like this is necessary, and the analysis of the tightness of the cap rock, 

which is the above layer of the storage structure, is needed to avoid the diffusion 

of the gas outside the storage. 

The working principle of depleted fields reservoir is simple since the reservoir used 

to contain gas or oil in the past, thus it satisfies the porosity and permeability 

conditions required. Physical and geological characteristics usually have already 

been analyzed by the petroleum companies that depleted the field itself. These 

structures have trapped hydrocarbons for millions of years, so they already showed 

their geological suitability for storage purposes. They don’t require special 

explorations, and moreover, any pre-existing exploitation well can be adjusted to 

inject and withdraw gas in the facility, and the infrastructure that was built to 

support the field can be used for the storage facility. Depleted fields usually have 

good rock properties and well-developed infrastructure, which makes them a cost-

effective option for gas storage. Thus, these are often considered the easiest to 

develop and the cheapest to operate and maintain of all types of underground gas 

storage facilities.  

According to the GSE (Gas Storage Europe) [10], Ukraine has the biggest UGS 

capacity and it is operated by the UkrTransgaz, a state-owned company that has 

12 reservoirs all over Ukraine, for a total volume of 31 billion cubic meters, a value 

that covers roughly the total storage capacity of Italy, French, Austria, and 
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Hungary together [41]. 

 
Figure 4.3 Distribution of UGS in Ukraine and relative capacities in mcm [41]. 

 

The official dataset reports, a working gas (technical) of 327.92 TWh, which in 

this case is equal to the working gas TPA. This acronym stands for Third-Party 

Access and means that third parties are allowed to access the gas infrastructure, on 

the basis of published tariffs, which includes also the transmission and distribution 

pipelines, as well as the storage itself [42].  In Europe, it is considered the main 

element that allows energy competition in the Internal Energy Market.  

The Bilche-Volytsko-Uherske underground gas storage facility, in Ukraine, is the 

biggest in Europe with a technical capacity of 17,05 billion cubic meters (180 

TWh) at 20° C, an injection rate of 120 million cubic meters per day, and a 

withdrawal rate of 102 million cubic meters per day [43].  

To provide a significant range of characteristic values of this type of facility, it’s 

interesting to compare the biggest storage with the smallest one. The reservoir of 

Fronhofen-Trigonodus in Germany can store 10,4 million cubic meters (0.11 

TWh), with injection and withdrawal technical rates respectively equivalent to 
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0.51 and 0.76 million cubic meters/day. Eventually is possible to assume that 

depleted field reservoirs in Europe vary between a few million to a few billion 

cubic meters in working gas capacity and between some hundred thousand cubic 

meters to hundreds of million cubic meters concerning the daily injection and 

withdrawal rates.  

The second country with the largest capacity of gas storage in Europe is Germany 

with 246 TWh, and the third is Italy with 193 TWh, an amount that covers 25% of 

the 2021 gas consumption [9]. 

Another important aspect to consider is the quality of the gas that goes into the 

pipelines. In fact, is not possible to guarantee that any residual gas present in the 

facility won’t mix with the gas injected in it. To avoid problems related to this 

scenario different measures can be adopted. One of these solutions can be to 

increase the volume of the cushion gas, regarding the different compositions of the 

gas stored and the residual one.  

Gas processing plants are often installed above the facility, on the surface, to assure 

that the gas re-injected into the pipelines has the same composition and quality as 

the gas transported in the pipelines.    
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Figure 4.4 Groningen gas processing plant [44]. 

 

A gas processing plant aims to remove impurities and particles that might be inside 

the gas before selling it, also removing solids and liquids contaminants.  

This process can be very complex and usually is developed in 4 different steps. 

The first step is made to remove the solid largest particles, like sand by using 

scrubbers for instance, in the presence of heaters to control the temperature. Then 

the goal is to separate oil, condensate, and water from the gas, obtaining the sour 

gas. In this step, the gas contains sulfur, which can lead to corrosion in the 

pipelines. This element, along with carbon dioxide is pulled out with different 

methods. The last step is focused on the natural gas liquid recovery, where methane 

is obtained and other valuable liquid hydrocarbons are collected, such as propane, 

butane, and ethane [44].  
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4.2 AQUIFERS 
 

Aquifers act like natural water reservoirs and are used to store gas by injecting it 

into the spaces of the reservoir to create an artificial gas field. The amount of gas 

used in this process is similar to the one used in depleted fields. As the other storage 

facility, also aquifers have some important characteristics to be respected to assure 

good productivity of the site. They must be composed of an anticline with 

sufficient closure, in a porous and permeable medium with good airtight capacity.  

 

Figure 4.5 Schematic cross-section of an aquifer converted into UGS [45]. 

Among the UGS, aquifers are the less used and the more expensive ones for 

different reasons. The geological characteristics are usually not well known like in 

depleted fields, and the capital expenditure for this solution increases due to the 

expense of the analysis of these characteristics, to assure the feasibility of a storage 

facility. These studies include the seismic monitoring of the site with the technics 

previously analyzed. The size of the site, the existing pressure, porosity, and 
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permeability are important parameters to study in the project, although the capacity 

of the formation will be discovered just in the further development of the facility.  

 

 
Figure 4.6 Typical aquifer facility [46].  

 

Regarding technical issues, usually, aquifers require more cushion gas to be 

injected into the facility to assure a correct operation, because natural gas was not 

in the formation and so a large part of it would never be recovered. The value of 

cushion gas can reach 80 percent of the total volume of the total gas, and if 

extracted, even when the facility is shut down, could lead to damage the formation. 

The more elevated costs are not just related to the exploration of the geological 

characteristics but also due to the higher initial operation costs, otherwise the 

monitoring of the gas-water interface and the long-term tightness can be compared 

to the ones of depleted reservoirs. This type of facility is used because, sometimes, 

it represents the only available solution in the area close to gas pipelines.  

This facility offers the advantage of being a low-impact solution for the 

environment because in operation it doesn’t require the disposal of the brine or the 

injection of fresh water.  

Usually, it is used for seasonal balancing and peak shavings according to the 

facility's characteristics.  



 34 

In Europe, the biggest aquifer takes place at Inčukalns, in Latvia, with a working 

volume equal to 24,2 TWh, or 2,3 bcm, an injection rate of 178,5 GWh/day, or 17 

mcm/day and a withdrawal rate of 316 GWh/day, or 30 mcm/day . Thanks to this 

capacity it helps to balance the gas demand in the region with the possibility to 

inject 17 million cubic meters of gas per day and withdraw 30 million cubic meters 

per day [10].   

 

4.3 SALT CAVERNS 
 
This kind of facility is spreading fast all around the world and particularly in 

Western Europe, because the knowledge around it is increasing and so is the 

understanding of its physical and geological characteristics that are interesting for 

storage purposes. In Germany, there are over 300 salt caverns used to store energy 

carriers, and in Europe, other countries such as Denmark or Netherlands have a 

strong presence of salt deposits, with deals to create new storage capacity in the 

next years, not only for themselves but also to develop an international storage 

system that allows other nations to access to the facility [47]. 

 

Figure 4.7 Location of salt deposits around the world [47]. 
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In the past, they have been used to store permanently Liquified Petroleum Gas 

(LPG), then in recent years, the aim of this structure changes to store natural gas, 

although the studies around the possibility to store hydrogen in this kind of 

facilities are becoming more insistent and it seems clear yet that this will be the 

future trend.    

Different types of UGS can be distinguished according to the thickness of the salt, 

which is expressed in meters. In fact, for a thickness in the range of thousands of 

meters, the formation is called a salt dome, for a thickness of some hundreds of 

meters it is named a thick salt layer, and finally, a thin salt layer for a thickness of 

some tens of meters.    

  

 
Figure 4.8 Different types of UGS in salt caverns with relative depth [48]. 

 

Basically, salt formation may exist in two different main forms, which are the salt 

domes and the salt beds, which comprehend the ones that have been called thick 

and thin salt layers. The salt domes are thick salt accumulations, which have been 

deposited over a long period and drained from the above layers to create this large 

structure. Salt domes’ wideness can be up to a few hundred meters in diameter and 

some hundred meters in height. The depth of the commercial facilities usually 

varies between 500 meters and 2 kilometers under the surface, even if it’s possible 

in some extraordinary cases that they are shallower. 
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Figure 4.9 Formation of salt domes from initially uniform thickness salt layer 

due to loading [49]. 

 

Salt beds are located closer to the surface and are formed by much thinner layers, 

that reach no more than 300 meters in height, but due to their wider and thinner 

shapes, they are more expensive to build and maintain than salt domes, being more 

suitable to deterioration.    

The first caverns were built in the 1960s and 1970s, and since the knowledge in 

this area was not much developed, they served as a test. With the gathering of 

experience, they became models for the general elastoplasticity rules needed to 

design salt cavities, concerning important factors like gallery sizes, pillars, and 

chambers.  

In the 1970s the reservoir of Tersanne, in France, suffered from significant 

geometric volume losses, that didn’t stabilize. This problem led the scientist to 

start large R&D programs, which found out that the rocks in salt cavities have a 

non-linear elastoviscous behavior, that could be better analyzed in the 1990s with 
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the advent of 3D software and new technologies. Now is possible to investigate 

the presence of these reservoirs and predict the geometric variations due to the 

operation strategy followed in the facility [28].  

 
Figure 4.10 Convergence of a salt cavern and stress calculation about operating 

pressure [50].  

 

The storage capacity for a given volume of this facility can vary according to the 

maximum operating pressure, related to the site's depth, and it can reach the value 

of 200 x 105 Pa (200 bar). Overall, the range for salt cavern storage volume 

capacity is between 100.000 m3 and 1.000.000 m3, with an average height between 

300 and 500m, and a diameter that may vary from 50 to 100m [47].  

As anticipated before, the characteristics of this facility are very interesting and 

are a good media to store gas due to their ability to keep the gas inside allowing 

just a few of it to escape, if not for intentional extractions.  

They have high deliverability, a high degree of availability, short filling periods if 

large compressor units are used, and a low percentage of cushion gas that can be 
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totally recovered when the facility is no more utilized [28]. The percentage of 

cushion gas is roughly 33% of the total gas capacity and is the lowest among the 

UGS.  

Moreover, salt is inert with respect to gas and liquid hydrocarbons and salt cavities 

don’t have residuals of hydrocarbons inside as it happens in depleted fields. This 

is important because allows the salt cavities to be one of the best facilities not just 

to store natural gas and hydrogen, but also compressed air or carbon dioxide, which 

otherwise could react with the rocks or the residuals present in the facility and 

explode. Their deliverability, that for facilities which have between one and three 

wells can vary from 8,5 to 17 million standard cubic meters per day, allows the 

salt caverns to be used for shaving peak loads and short-term variations in demand 

[51]. Salt cavity turnover can be daily or weekly according to the commercial 

needs of the market in a certain period [52]. Moreover, gas can be extracted from 

it within a short time notice, like one hour, and this feature increases the reliability 

that this kind of structure, which has to cover short-term changes in demand and 

supply gas during emergencies.  

 
4.3.1 MINING SOLUTIONS IN SALT CAVITIES  
 
The way they are built is called leaching and is peculiar since it’s artificial and it’s 

exploited fresh or sea water to dissolve and extract a certain amount of salt present 

in the cavity, leaving a large empty space in the formation. The brine, composed 

of the pumped water and the dissolved salt is then extracted from the facility 

through the same well that has been drilled to pump the water in it, and that same 

well will inject and withdraw gas.  This procedure is common for all the salt 

caverns that are meant to be storage facilities and can be an expensive procedure. 

Mining the cavities can cost 25-35% of the investment and takes years to be 

completed, using a large amount of water, which may vary from 7 to 9 m3 of water 

per m3 of rock mined. The brine which is produced by this process can contain 

260-310 kg/m3 of salt and the disposal may vary. Sometimes it could be sold to a 
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chemical industry that uses chlorine or sodium, or re-injected underground, in 

estuaries, or in the sea.    

 

 
Figure 4.11 Mining solution in salt domes [53]. 

 

Due to the large mining time required to build this facility, usually, the technic of 

solution mining under gas (SMUG) is adopted during the leaching. To manage the 

shape of the cavern is often used natural gas or inert gases like nitrogen on the roof 

of the cavern, or the more convenient diesel oil or LPG.  

After the water has been pumped and the salt dissolved the next step is called 

dewatering, in which gas is injected through the well for the first time between the 

dewatering string and the production casing, while the brine is extracted from the 

dewatering tube. Once the cavern is full of gas, the dewatering tube is no longer 

necessary so it can be cut, left in place, or pulled out of the well. This procedure 

can take 18 months to be completed. 
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To save time is possible to operate the SMUG. In this case, the first steps of the 

traditional mining solution are performed, developing the upper part of the cavern 

to its designed diameter, while the lower part is not fully developed. This comports 

some adjustments in the wellhead and the strings used for the solution mining. 

Now the upper part is dewatered, and the gas pumped into it is ready to be stored. 

This gas behaves like a blanket for the continued solution mining of the lower part, 

forming a gas-brine interface that must be monitored constantly and maintained at 

mid-cavern. 

 
Figure 4.12 Solution Mining Under Gas (SMUG) [54]. 
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When the lower part of the salt cavity reached roughly the same diameter as the 

upper part, the same process discussed previously for the upper section takes place 

here and develops more capacity for storage purposes.  

When gas is withdrawn by the facility is possible to inject water, and at the same 

time is possible to inject gas when the brine is extracted. In this phase, the gas-

brine interface is no longer situated at mid-cavern but varies continuously in height 

and must be monitored even more strictly to avoid the risk of overfilling and 

maintaining roof protection. If for some reason, there is the need to expand the 

cavern the SMUG can be resumed anytime.   

Overall, this process doesn’t only save time, but also the amount of cushion gas to 

be injected into the facility in this phase is reduced. The deliverability of the gas is 

influenced by the level of gas in the storage, among other parameters, but thanks 

to the injection of water which maintains the pressure up, it is possible to have a 

better deliverability of the facility over time. Every time that all the gas is extracted 

by the facility and water is injected it’s created more volume capacity.  
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Figure 4.13 Operations in a salt cavern [54]. 

 

4.4 GENERAL AND ECONOMICAL CONSIDERATIONS  
 
Many different types of underground storage facilities have been presented. Each 

one with its characteristics and consideration aimed at explaining the behavior of 

these systems. When a reservoir is in the project phase, it’s important to understand 

the parameters that influence the construction and the lifespan of the facility. Not 

all the different types of facilities meet the demand in the same way or are suitable 

for a certain region. It has been analyzed how different facilities perform 

differently under all the main aspects.  
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Depleted fields have a large capacity and availability. The reduced general 

investigation costs, due to their proven ability to store gas for geological eras, and 

the studies taken by the petroleum industry, allow for reducing the R&D for 

storage purposes. Saving money in the construction of the facility by reconverting 

the wells present in that, used by the petroleum industry, and sometimes using the 

same actual facility can mean a significant cut in the expenditure, for a site that 

has already low operational costs. Otherwise, the purity of the gas stored is not 

assured since it’s probable that hydrocarbon residuals are present at the site. 

Overall, these factors bring the depleted reservoirs to be the most used all over the 

world.     

Aquifers need several studies to prove the feasibility of a gas reservoir. They 

require the maximum amount of cushion gas between all the UGS facilities and 

most of the time it’s not recovered to avoid damages at the formation. They are 

used in regions in which there is no availability of other solutions.  

Salt caverns have high deliverability and are inert to hydrocarbons and other 

substances due to their physical properties that are suitable and well-performing 

for the storage of natural gas and other gases. The main problem of these facilities 

seems to be the elevated cost of the construction and operation.  

The cost of a solution is very important to assess the feasibility of the project. Gas 

storage aims at the reduction of the gas price and its stability, the availability of 

this commodity in the shortest time possible, and the seasonal balancing, so the 

economical aspect is fundamental here as in all men’s activities.  

For this reason, it’s interesting to highlight the economic aspects of these facilities, 

first in relation to the capacity. In this way, it will be possible to understand the 

cost for a certain type of facility to store 1 m3 of gas, making it easier to confront 

them.  
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Figure 4.14 Average cost (in USD) and capacity for UGS [28]. 

 

As anticipated before, here is clear that depleted fields present the lowest capital 

expenditure (CAPEX) and the highest capacity. Instead, the operation expenditure 

(OPEX) is higher for salt cavities. All these data are normalized on the m3 of the 

storage volume.   

 

 

Figure 4.15 Average costs for UGS facilities [28]. 
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The reported costs for UGS facilities such as exploration, wells, gas treatment, 

compression facilities, and cushion gas for porous reservoirs are all variable. Every 

facility is different from the others, and also between the same type of facility, as 

many parameters are considered, and different solutions are applied. These are just 

average forecasts that must be adapted case by case but are useful to realize the 

weight of these costs on the total expenditure of a general UGS, to visualize which 

part of the production cost more, and try to reduce the expenditure. The reported 

value of cushion gas for porous reservoirs is mainly related to oil fields and 

aquifers but still must be adjusted depending on the depletion level of the field. 

For the salt cavity is possible to say that this value covers roughly the expense for 

cushion gas and leaching facilities.  

 
 

 
 

Figure 4.16 Comparison of costs between UGS and LNG [55]. 

 

UGS doesn’t represent the only solution to store gas. In recent years Liquified 

Natural Gas became more important, even more after the beginning of the Ukraine 

War. To give the reader a complete idea, the comparison between UGS and LNG 

has also been performed. The results show that LNG is more expensive for storing 

and delivering gas than the UGS systems. The LNG solutions are adopted in 
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particular circumstances, where the use of UGS and the gas network is difficult. 

Storing gas in the liquified form reduces the volume by a factor of 600 times, at -

162 Celsius degree for natural gas, but it’s more expensive due to the high quality 

of the materials and the solutions used to keep the gas as cold as needed. Nowadays 

underground storage continues to be the cheaper method to store and deliver gases.  

Overall, each type of gas storage facility has its pros and cons, and the choice of 

which type to use can be taken from their characteristics and factors like capacity 

requirements, location, energy density, and cost. An appropriate knowledge of the 

technical features and trade-offs of each type of storage facility is critical to ensure 

a secure and reliable supply of gas. A combination of the presented technologies 

may be used to provide a flexible and reliable gas supply system. If large-scale 

storage is required, underground gas storage facilities may be the best option due 

to their higher capacity and location close to demand centers. Liquified gas storage 

might be suitable for remote locations and peak shaving and backup power 

generation, instead, above-ground tanks can represent a valid option for small-

scale storage applications.  

 

5. UNDERGROUND HYDROGEN STORAGE 
 
5.1 INTRODUCTION 
 
The intensive use of carbon fossil fuels has mainly contributed to the greenhouse 

gas emissions on the planet Earth, that now suffers from global warming due to 

this behavior. To fix this problem, the global community is heading into renewable 

energies such as solar, wind, hydro energy, geothermal energy, and ocean energy, 

all sources of clean energy that can be exploited avoiding the production of 

greenhouse gasses. According to the International Energy Agency renewables 

accounted for 28,7% of the total global production in 2021 and will account for 

60,9% in 2030. Now a large part of this production is satisfied by solar panels and 

wind turbines, that with 2873.2 TWh in 2021 supplied 35,4% of the renewable 
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energy and are expected to produce 66,9% of renewable energy with a total of 15 

346,4 TWh within 2030 [56]. 

 

 
 

Figure 5.1 Renewable power energy generation by technology in the Net Zero 
Scenario 2010-2030 [56]. 

 
Nevertheless, these technologies are impacted by a fluctuating behavior that 

creates a mismatch between energy production and the energy demand of the final 

users, due to their weather dependency. This is the consequence of sources of 

energy such as the sun or the wind that are not constant over the days and absent 

during the night, or not constant over the year. The growth forecast of green energy 

is consistent, with an estimated average of 12% growth annually over 2022-2030, 

to reach the goal. Otherwise, is not exactly defined yet how the production will 

meet the demand. In fact, the storage systems are fundamental in the market to 

allow complete access to natural resources, storing the excess energy produced to 

provide it later, or during the night, when needed. Due to the huge amount of 

energy considered in this operation also the storage system must be bulky, and to 

be able to satisfy the requirement different forms of energy storage must be used. 

It’s not likely to think that all the electricity can be stored in huge batteries due to 

many problems related to this application, such as the technology, the materials, 



 48 

the space, the efficiency, and the safety of this solution. Underground storage is, 

instead, proven to be able to store a big amount of energy or electricity after 

converting it into hydrogen, which has a bigger energy content per unit mass than 

methane or natural gas that is now stored in these facilities.  

The future trends, according to the Technical Report of the European Commission, 

which analyzes part of the 67 possible scenarios publicized between 2017 and mid-

2019, are represented by a 25% reduction in natural gas use by 2030, and in 2050 

the reduction will be equal to 75%. In this scenario, renewable energy provides 

between 75% and 100% of the electricity, and an important trade-off between 

hydrogen and electricity as the final energy carrier in the energy industry will be 

needed, with a share of hydrogen equal to 5-20% in the energy consumption in 

addition to about 50% in electricity production [22]. 

Hydrogen can be used as propellant fuel, inside fuel cells, for agriculture, refinery, 

and other uses, but in the last years, it has been discussed mainly as an energy 

carrier. Thus, the energy surplus in the production can be converted into hydrogen 

and stored to be re-converted into electricity later, when needed, in a zero-emission 

process. This solution can be applied to balance the energy fluctuation in 

renewable energy sources to meet the demand.  

There are many different ways to produce hydrogen, such as thermochemical 

processes, electrolysis of water, and biological or direct solar water splitting 

processes [57-58]. 

The hydrogen obtained can be stored in high-pressure systems that as usually 

cylinder shape, in cryogenic tanks, in materials able to absorb it and present a large 

surface specific area, in host metals, or through oxidation of reactive metals, such 

as Li, Na, Mg, Al, Zn with water [59]. 

In the near future, mid to long-term storage of hydrogen will be fundamental to 

meet the demand at a lower cost, according to the scientists. This could be realized 

within underground hydrogen storage in well-known underground facilities like 

depleted fields, aquifers, and salt caverns.  
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The process to store hydrogen is similar to the one of natural gas, including the 

previous injection of cushion gas such as N2 and CH4 before the hydrogen injection 

in the facility. The cushion gas itself doesn’t take part in the production of the 

facility, but it undergoes many cycles of compression and expansion according to 

the withdrawal and injection needs, always inside the porous media, to maintain 

the operative pressure at the desired level and minimizing the hydrogen losses. 

Otherwise, in the withdrawal operation, the cushion gas can mix with hydrogen, 

so according to the final user aims, is important to have a processing plant that 

separates the gasses.  

In the last decades, many projects have been granted and launched to understand 

the production, storage, and transport of hydrogen. Some of the most interesting 

are Roads2HyCOM (2005), Hychico (2006), H2STORE (2012), HyUnder (2012), 

CEN-CENELEC (2014), InSpEE (2015), and HyINTEGER (2016). 

 Moreover, different studies and different laboratories proved the feasibility of 

UHS evaluating capacity [60], security [60], physiochemical [61], geochemical 

[62], biochemical or microbial [63], and also economic viability [64]. 

Thus the storage process needs to take care of many different aspects that have to 

be optimized together to reach a good solution design.  

The aim of this chapter is to evaluate the different problems that affect UHS, 

discussing their nature and solutions that are essential to be able to design an 

efficient facility in a safe way.  

 
5.2 BACKGROUND 
 
12.7 MJ of energy is produced by the combustion of one cubic meter of hydrogen, 

which is actually lower than the energy potential of methane, which is equal to 40 

MJ. The energy used to produce hydrogen is higher than the one it can produce. 

For this reason, hydrogen is not considered as a source of energy but as an energy 

carrier. Thanks to its easy conversion into heat or electricity, or its storing energy 

capabilities, this molecule could fit the important task to balance renewable energy 

fluctuations. 
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 If a gaseous carrier is used the losses in the transport procedure can be reduced up 

to <0.1%, instead of the 8% for pipelines of the power network.  

One of the benefits to store hydrogen underground, in addition to the large capacity 

of the facility, which makes the economic perspective cheaper, is the absence of 

air, in fact, hydrogen is explosive when in contact with oxygen, as might happen 

in above-ground tanks.  

According to some scientific papers, it has been found that storing hydrogen is 

pretty similar to storing natural gas, for this reason, the experience in natural gas 

storage is reported into the new hydrogen one in many aspects, like site location, 

storage techniques, monitoring and even cost life cycle and economic viability. 

Naturally, is not reported all in the same way, due to the different physiochemical 

properties of the two gasses, which led to different behaviors in leakages, 

monitoring, and chemical affinity, because hydrogen is more likely to have 

chemical reactions which may lead to leakages. Other hydrodynamic properties 

like the low viscosity and the high mobility of this molecule lead to other 

phenomena such as fingering, gas rising, and overriding.  

The gas processing plant is not useful just for separating the cushion gas from the 

hydrogen but, in depleted fields, is needed also to separate hydrogen from the 

hydrocarbon residuals that may still be present in the facility, to assure an almost 

100% pure hydrogen. If the aim of the storage is to maintain the 100% purity of 

hydrogen through many cycles, for fuel cell application for instance, salt caverns 

are more suitable since they don’t have residuals that can contaminate it.  

Even if the literature affirms that UHS is feasible, further projects to assure it are 

needed. In fact, there is particular attention on three practical important aspects, 

location, safety, and simulations of the performance. The site selection needs to be 

further developed since there are still many regions that could be suitable but there 

is a non-well knowledge of the region. Safety is the most important aspect of a 

storage facility and can be improved with a better monitoring technique over time. 

For a complete understanding of the phenomena, also, an accurate simulation of 
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the performance of the security might be useful and could help to improve further 

the storage process.  

Carden and Patterson, in 1979, discovered that 1% of hydrogen is lost per cycle in 

a UHS when injected due to operational process, while 0,4% of the hydrogen 

injected in the first cycle can be lost due to the solution of the hydrogen into the 

formation brine, although it has been proved that cushion gas improves these 

performances [65]. 

In 1986, Taylor et al. went through a techno-economic feasibility evaluation of 

UHS in the salt cavities, depleted fields, and rock caverns, and came out that salt 

cavities are the most economical facilities [66]. 

In 2004, another study executed by Schaber highlighted how UHS is preferred to 

an above-ground storage system because of the larger capacity [67]. 

Much research has been done to evaluate potential sites in Europe and out of 

Europe, and in 2020 Lankof and Tarkowski published a map with high-potential 

salt caverns for UHS purposes, including storage capacity, energy, and calorific 

values [68]. 

In 2020 Shi and other colleagues of his, have studied the potential of a natural gas 

and hydrogen blend storage in a depleted gas reservoir that was in use for natural 

gas. They saw how injecting this mix can reduce the permeability of the cap rock, 

leading to a better gas tightness of the facility, and the pore size distribution 

changed because of the interaction between rock and fluids [69]. 

 

5.3 PHYSICAL PROPERTIES OF HYDROGEN  
 
Hydrogen presents different physical properties than methane or natural gas that 

we are used to store. Having complete knowledge of these characteristics is 

fundamental to operating in a safe way and planning the operation with efficiency.  

The density of hydrogen is eight-time less than that of natural gas at the same 

temperature and pressure, so to store the same mass more pressure is required, and 

this leads to the importance of the storage capacity in UHS. 
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Even the viscosity is less, so considering a facility with a blend of natural gas and 

hydrogen, or hydrogen with natural gas or methane as cushion gas, it’s clear that 

this characteristic can be used to improve the efficiency of the withdrawal process, 

in which hydrogen will be extracted in with more efficiency since it presents higher 

mobility and so a lower residual of hydrogen in porous media will be trapped. 

Another important aspect to consider in aquifers and depleted reservoirs is the 

solubility of hydrogen, which from preliminary tests seems to be lower than the 

one of natural gas, which can be an advantage. A higher solubility could leads to 

higher losses due to the dissolution of hydrogen into water. In a system composed 

of methane, hydrogen, and brine, this physical characteristic of hydrogen implies 

less dissolution. Moreover, in a water-hydrogen-salt system, a typical storage 

system, the presence of salt reduces even more the solubility of hydrogen. The 

dissolution rate can vary according to pressure, temperature, and contact area, and 

if the brine is recirculated, changing the hydrogen-saturated brine with a fresh one, 

the dissolution process is enhanced.  

Another type of loss is represented by leakages, due to the molecular weight of 

hydrogen which is sensitive smaller than the one of air, carbon dioxide, or methane 

and allows the molecule to diffuse inside the overburden layers [70]. At standard 

conditions of temperature and pressure, hydrogen diffuses three times more than 

methane in pure water, but considering a porous medium the diffusion coefficient 

must be adjusted by scaling it with tortuosity, giving a real effective diffusion 

coefficient, which is usually smaller than the coefficient in pure water [71].  

Considering the weight and not the volume, instead, hydrogen has the highest 

energy content per unit mass among the fuels, which is roughly 2,5-3 times the one 

of methane.  

These characteristics make clear the difference between hydrogen and methane but 

are just the principal ones, so a table with other physical aspects of interest is 

reported down here, to give a complete landscape and a comparison of these 

properties.  
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Table 1 Physical properties of hydrogen and methane [72]. 

 

5.4 UNDERGROUND HYDROGEN STORAGE IN GEOLOGICAL STRUCTURES 
 
As discussed in the previous chapters underground storage can be built in a porous 

medium, where the gas stays in the pore space of the sandstone or carbonate 

formations, or in cavern storage, such as salt cavities, in which the gas is in a man-

built void of an airtight rock.  

As highlighted before, each type of underground storage has its own advantages 

and disadvantages derived from its characteristic, with a common factor like the 

trapping capacity, which is a fundamental requirement of a storage facility. In the 

evaluation of a storage site also the properties of the gas must be taken into 

account, in fact, density, compressibility, and solubility are important aspects that 

might influence the storage itself. For example, in the same volume can be trapped 

more carbon dioxide than hydrogen due to its higher density and compressibility.   

 

5.4.1 SALT CAVITIES 
 
Salt cavities are practical options for hydrogen storage due to their geological 

conditions, along with the mechanical properties of salt and its resistivity to 

chemical reactions [73]. Moreover, the salt avoids microbes to consume hydrogen 

[74]. According to the depth of the facility it can vary the pressure in the site so, at 

high depth corresponds high pressure and so more hydrogen can be stored, 

otherwise for low depth and low pressure less cushion gas is needed and so there 

is a cost advantage. As it has been analyzed in the chapter ‘mining solutions in salt 

cavity’ water availability is important for salt cavities, along with the distance from 
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the pipelines. The overall price to build a salt cavity can be less than other facilities 

because the same well is used to build the facility and to inject and withdraw gas 

from it, also multiple times a year. This solution is good for the mid and short-term 

and also to shave the peaks of the demand along the seasons, as considered in many 

papers.  
 
5.4.2 AQUIFERS 

To store hydrogen efficiently in this kind of facility certain requirements are 

needed. For instance, the sites where the caprock has very low permeability are 

preferred to prevent the migration of the gas. When the gas is injected into an 

aquifer, the different densities of gas and water make the liquid move to the sides 

or downward, leading to an increase in the pressure of the facility derived by 

adding material to a closed system without withdrawing water, changing the 

liquid-gas interface during the operations. In withdrawal operations, the liquid may 

be produced together with the hydrogen and this represents one of the issues of 

this kind of solution.                                                                                                                       Apart 

from this, other problems may occur in aquifers for hydrogen storage, such as 

leakages along the undetected faults, biochemical reactions, or reactions of the gas 

with the minerals of the facility, and the leakage of a relevant amount of pieces of 

information about the facility itself in comparison with the pieces of information 

available for other facilities. All these problems conduce to the necessity to acquire 

new pieces of information by drilling and studying the facility, increasing the cost.                                                                                   

So far, in the literature is not possible to find an aquifer that contains just pure 

hydrogen. But it’s possible to find aquifer storage with a half of composition of 

hydrogen and half of methane in Europe, in places like Engelbostel and Bad 

Lauchstädt in Germany, Lobodice in Czech Republic and Beynes in France [75] 	 

5.4.3 DEPLETED FIELDS  

As has been stressed before in this analysis, depleted fields are the most 

appropriate options for gas storage, because of their well-known geological 
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structure, the analysis already performed and the facility built by the petrol 

industry. Usually, depending on the final purpose of the storage, the presence of 

some gas leftover is seen as an advantage that allows the owner of the structure to 

same on the cushion gas. If a very high percentage of pure hydrogen is required, 

otherwise, it could represent a problem. So when a UHS is planned is important to 

understand the right time to stop the extraction. This implies a reduction of the 

time needed and costs. In the new UGS facilities, this period is roughly five years 

and includes also the withdrawal of the water that may invade the facility after its 

gas exploitation. In the built facility usually, the operating pressure reaches higher 

values of the natural pressure of the facility, and this makes it possible to store a 

higher quantity of the commodity [73].                                                                                    

Overall, to build a hydrogen storage facility in a depleted gas field a 

comprehensive study is required, due to the possible presence of residual oil in the 

site, the chance to have chemical reactions, and the conversion of hydrogen into 

methane or other substances. In the hydrogen-oil interface is possible to see a 

reduction of hydrogen purity, or even the dissolution of hydrogen inside the oil, 

which causes hydrogen loss.  

5.4.4 WORLDWIDE OPERATING AND POTENTIAL SITES  
 
All around the world, there are just four sites that are already storing hydrogen 

with a purity of 95% or higher and are situated in the United States of America and 

in the United Kingdom. In all these cases salt cavities have been chosen due to 

their characteristics. The Teesside project is operative since 1972 and shows how 

a salt cavity is a good choice. The other storage projects are resumed in Table 2, 

where the reader can find also gas storage made of hydrogen mixed with other 

gasses that are operative.  
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Table 2 Worldwide hydrogen storage operating sites [72]. 

 
The importance of hydrogen is rising in the scientific and engineering world, and 

this is also more appreciated when the facility is located close to a renewable 

energy power production plant, due to the main purpose of hydrogen storage 

related to the exploitation of renewable sources. The only safe and successful 

method to project a UHS is to evaluate the storage type, capacity, chemical 

stability, and economics. A first approach to evaluate the potential sites to store 

hydrogen around the world has been done in Table 3. 
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Table 3 Worldwide potential hydrogen storage sites [72]. 
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5.5 HYDROGEN STORAGE  

5.5.1 MECHANISM AND MONITORING 
 

In order to realize a good project is fundamental to understand the mechanism 

beyond the operation of a facility spread along its lifetime, which may vary 

according to the technique used to produce hydrogen, or on its application, and 

may comport the mixture with different gasses like carbon dioxide, carbon 

monoxide, methane, and nitrogen. These considerations are resumed in Table 4. In 

the future, for the thermochemical transport of energy, a solution of hydrogen 

mixed with other gasses like energy carriers might be probable. Related to the 

stored gas, the wide experience in storing carbon dioxide and natural gas is helpful, 

in fact, the structure used to store the carbon dioxide is similar to the one needed 

to store hydrogen. Otherwise, they present many differences. The final purpose is 

also different because the CO2 trapping is meant to be for the long term and the 

withdrawal is not present, because the goal is to remove the carbon dioxide from 

the atmosphere and not to use it later, and this implies also lower attention on the 

co-production of CO2 with other existing gases or fluids in the facility, and on the 

number of cycles and the idle time before injection and withdrawal. Otherwise, 

there are other concerns that are not related to hydrogen such as the risk of leakage 

from the caprock, or the risk of corrosion of the downhole facility that is high when 

it’s in contact with carbon dioxide. Moreover, CO2 can dissolve the caprock and 

lead to important leakages [76].  Regarding the natural gas storage, the geological 

structure needed to store hydrogen is similar, for instance, it must present a well 

confined porous and permeable formation inside an impermeable cap rock to 

guarantee minimal leakages. Despite the different physical and chemical features 

of hydrogen and natural gas, it’s from the natural gas experience that engineers are 

inspired to project hydrogen storage facilities, with the only difference in the 

withdrawal frequency of the gas that is frequent for hydrogen purposes. 

Nevertheless, the lower density, viscosity and molecule size of hydrogen can lead 

to leakage and so the loss of hydrogen can be high. In aquifers, the injection 
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pressure should be higher to overcome the natural pressure of the aquifer itself, 

and thus the water is displaced by the well, but due to the lower viscosity and 

density, the fingering and the gas overriding of injected gas are granted. The 

experience gained with natural gas teaches that aquifers have constant pressure and 

variable volume in a few months period and constant volume and variable pressure 

over a period of a few days [65]. These variations in aquifers, when hydrogen is 

injected, are controlled by flow behavior which depends on geometrical factors, 

porosity and permeability, reservoir geometry, fluid saturation, and well locations. 

Darcy’s law can describe these phenomena. To estimate the location of the 

transition zone, in contrast to hydrogen and water saturation, the capillary pressure 

and relative permeability curves are used, and this depends also on the mobility 

ratio of the fluid phases [65]. Nevertheless, the saturation of fluids changes along 

different phases of cycles, so a flow behavior study is suggested for each cycle. 

These conditions that may affect the hydrogen production or the facility itself can 

be managed by choosing an optimal injection rate and selecting a reservoir with 

low heterogeneity. Also, steeply dipping structures and thick formations help to 

inhibit fingering [77]. 

 

 
Table 4 Convenient storage site and energy application based on the composition 

of the injected stream [72]. 
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The hydrogen withdrawal needs to be more frequent and with higher rates than the 

natural gas one to meet the market demand. Is difficult to maintain the rates 

constants due to many variables, for instance, because of the expansion of gas 

inside the facility that depends on time, the loss in flow pressure, and inside the 

reservoir during the process. Thus, a good amount of gas remains inside the facility 

at each cycle, roughly one-third of the total capacity, and to fix this problem other 

cheaper gases may be used, such as CO2, CH4, and N2.  On the other hand, this 

solution could represent a problem for hydrogen loss and so the hydrogen inside 

the cushion gas is usually between 1-3% [78]. Another problem could be 

represented by the dissolution of a part of the hydrogen into the oil phase in a 

depleted oil reservoir, and typically the solubility is lower than 1,5 mol% at 100°C 

and 150 bar in heavy oil [79]. The losses of hydrogen inside the facility can also 

be due to microscopic and macroscopic trapping, dissolution in water depending 

upon the recovery rate, capillary forces, initial water saturation, and diffusion 

coefficient [77]. Another problem may be represented by the production of cushion 

gas with hydrogen production, but from the natural gas experience, where low-

value town gas has been used as cushion gas, came out that just 1% of cushion gas 

can be produced after many cycles [80]. In certain circumstances, according to the 

condition of some parameters like the extent of fingering, the gas dissolution and 

diffusion, mixing, surface tension, solubility, water saturation, capillary effect, and 

withdrawal rate, it’s feasible that a few of other substances are produced together 

with hydrogen, such as water vapor, free water or other contaminated gasses. 

Engineers try to avoid it because it means energy loss, extra effort, and tools to 

process the gas produced and obtain pure hydrogen. As for the cushion gas in the 

withdrawal operation, also this phenomenon is reduced over time, but it still needs 

to be controlled.         Another concern can be represented by geochemical, 

biochemical, and microbial reactions that might take place quite often in the 

hydrogen storage process and are discussed in the next chapter. These reactions 

may lead to hydrogen loss and lower the efficiency and are supported by the variety 

of ions, microbes, minerals, and other catalyst elements, in undesired reservoir 
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conditions depending on temperature, pressure, and salinity.                                                                

Moreover, the hydrogen losses are important to project storage, and there are 

different aspects to consider, like the caprock sealing strength and losses through 

it that depend on the permeability and the capillary pressure in the caprock, the 

injection and withdrawal rate together with the wells’ materials and the physical 

properties of them, the number of wells, frictional pressure drop, and eventually 

the facilities for gas treatment and the energy they use, the pumping loss in porous 

media that depends on the permeability of the medium, and energy dissipation in 

capillary hysteresis [80]. Additionally, one of the main operational problems is 

hydrogen embrittlement which may change the physical and mechanical properties 

of the subsurface tools [80,81].                                                                                           

Another important aspect of UHS is related to monitoring different things, for 

instance, is important to monitor the position of the hydrogen and of the cushion 

gas that must stay inside the geological formation and don’t leak or migrate, or the 

geochemical and microbial activities. However, the most important thing, 

whatever is the monitoring technique adopted, is the frequency of monitoring, 

considering the cyclic nature of this kind of storage. Regular monitoring leads to a 

more safe and efficient process.  

5.5.2 OPTIMIZATION OF INJECTION AND WITHDRAWAL STRATEGIES 

 

To meet the energy demand usually a UHS undergoes different cycles, that are 

characterized by injection, withdrawal, and idle phases. These phases can vary also 

according to the season, which can require a different amount of energy. In Figure 

4.2 the largest quantity required in injection and withdrawal rates (qm) is kept 

constant for a fixed time (three months) then the rate is divided by two for the 

following month. The idle period usually is located between the injection and the 

withdrawal and lasts one month. The rates are increased linearly to prevent a steep 

pressure rise in the storage, in this case an aquifer is analyzed. The area enclosed 
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in each cycle represents the working gas volume of that cycle, but it happens very 

often to change the periods to perform more cycles during peaks and fluctuations. 

 
Figure 5.2 Example of a yearly injection, idle, and withdrawal cycles [72]. 

 

The flow rate of hydrogen is usually higher than methane due to the lower viscosity 

and high mobility, so large size wellbore can reduce the effect of this issue [80], 

and to avoid the embrittlement of the wellbore casing materials are used, choosing 

the ones that can be in contact with hydrogen and undergo a pressure between 70 

and 140 bar. Thus, the natural gas wells don’t fit this kind of facility and this can 

cause a cost increase. The attention on the flow rate is high because a too-low 

injection flow rate may cause gas fragmentation, so more time for the gas to be 

trapped somewhere, but too-high flow rates may cause gas rising and lateral 

spreading, so optimize the flow rate is essential, and it has to meet the bottom-hole 

pressure criteria, along with capillary entry pressure and fracture pressure [82]. 
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Engineers have made different solutions to fix this problem and one of them 

consists of two separate wells, so with the injection well is possible to inject the 

hydrogen on the bottom of the storage decelerating the gas rising (driven by 

buoyancy) and reducing the extent of lateral spreading, and the withdrawal well is 

situated in the top part of the reservoir [83]. With a high withdrawal rate there is 

the possibility to get a gas mixing (gas-gas or gas-water) and so to produce a large 

amount of cushion gas, or water, together with hydrogen, requiring a treatment 

plant to separate them. As seen before for the cushion gas, also for water 

production it has been seen that drastically reduces over each successive cycle. If 

this rate is excessively high and non-optimized, it’s possible to have water coning, 

a phenomenon where due to the dominance of viscous force over gravity the water 

overrides gas and breaks through the production well. Sainz-Garcia et al. (2017) 

have presented an analysis of different configurations with wells at different 

orientations and locations (W1 vertical, W2 horizontal, W3 vertical) and one 

injection well ( I vertical ), as it’s possible to see in the next figure.  

	

Figure 5.3 Location of injection and withdrawal wells [72]. 

From	this	test,	the	data	are	analyzed	on	the	production	of	hydrogen,	which	increases	

every	year,	through	the	different	wells.	For	W2	and	W3	the	percentage	of	hydrogen	

recovery	 is	 important	 also	 after	 just	 one	 injection/production	 cycle.	 For	W1	 the	

water	coning	phenomenon	has	ruined	the	result	of	the	first	year.	At	the	end	of	the	

cycle	W3	got	the	best	result,	then	using	more	wells	for	extraction	located	below	the	

caprock	 (in	 the	 top	 part	 of	 the	 reservoir)	 can	 lead	 to	 a	 good	 amount	 of	 water	
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produced	 and	 reduce	 the	 formation	 of	 water	 coning.	

	

Figure	5.4	Amount	of	hydrogen	produced	in	different	years	from	different	

extraction	wells.	Hydrogen	recovered	(produced/injected)	[72].	

Another study, conducted by Katarzyna and Radosław (2019) [84], performed on 

an aquifer in Poland, has determined that the water production increase with flow 

rates of 1-5 kg/s, but always been less in each successive cycle, increasing the 

hydrogen produced instead. According to their study, the optimal flow rate for 

storage purposes is 0,51 kg/s as the injection rate and 3 kg/s as the withdrawal rate 

to avoid water coning.  

5.5.3 MICROBIAL AND GEOCHEMICAL ACTIVITIES  

To fully understand the mechanisms inside the hydrogen storage process is needed 

a study to investigate the reaction between the injected gas and the pre-existing 

minerals, gases, ions, bacteria, etc. This will ensure a safe (to minimize any leakage 

risk) and successful (to avoid the conversion of hydrogen into other gases or 

reducing its purity) storage process. The electron-donor nature of hydrogen makes 

it seems like a source of energy for microorganism, and its concentration can 
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control the reaction speed [63], which is usually high since the concentration is 

high.                                                                                                                                                                  

In general, the abiotic and biotic processes are related to hydrogen consumption 

and production. The abiotic processes are made with non-living components such 

as rocks, water, and gasses. The biotic components, instead, are made of living 

components like bacteria that might be present in the porous of the facility [83]. 

To have an abiotic process temperature up to 600°C may be needed, but for biotic 

processes, the operating temperature of the storage is already enough. It’s not 

reported in the literature about hydrogen generation through these processes, 

which include nitrogenases, a process that produces hydrogen gas as byproduct of 

nitrogen fixation [85]. In this chemical reaction, one mol of nitrogen is used to 

produce 1 mol of hydrogen and 2 mol of ammonia, and this could be important 

where the cushion gas is nitrogen. Another process, that has been reported in 

Chimaera seep in Turkey, is methanation, where hydrogen is converted into 

methane at 50°C [86].  

Many biotic processes, such as methanogenesis, acetogenesis, sulfate reduction 

and iron (III) reduction, can consume hydrogen. To have methanogenesis are 

needed archaea microorganisms, CO2, a pressure of 90 bar, and a temperature 

between 30 and 40°C. The reaction is reported below [83]: 

𝐶𝑂! + 4𝐻! ⟷ 𝐶𝐻" + 2𝐻!𝑂                                         (1) 

An example of this reaction is the Lobodice town gas storage project, where a large 

amount of gas has been converted into methane [87].  

The reaction related to acetogenesis, which converts acetate into acetic acid, is the 

following [83]:    

2𝐶𝑂! + 4𝐻! ⟷ 𝐶𝐻#𝐶𝑂𝑂𝐻 + 2𝐻!𝑂                                 (2) 
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There are microorganisms called sulfate-reducing bacteria (SRB) that use 

hydrogen to produce hydrogen sulfide in UGS at a temperature around 39°C up to 

110°C. For example, in the case study of Cavallaro et al. (2005), it’s been reported 

of an increase in H2S production due to active sulfate-reducing bacteria that 

entered in contact with water flooding in Las Heras-Cerro Grande oilfield in the 

Gulf of San Jorge Basin, Argentina [88]. The reaction is the following [83]: 

𝑆𝑂"!$ + 5𝐻! ⟷𝐻!𝑆 + 2𝐻!𝑂                                         (3) 

Along with hydrogen sulfide (H2S) also water is produced, and this represents 

another problem because it increases water saturation and so there is less space for 

hydrogen.  

In UHS another possible hydrogen reaction is made through the iron-reducing 

bacteria (IRB), which enhance the reaction between hydrogen and Fe2O3 [83]:  

3𝐹𝑒!𝑂# + 𝐻! ⟷ 𝐹𝑒#𝑂" + 𝐻!𝑂                                        (4) 

This reaction creates water as the previous one but can also lead to precipitation or 

dissolution of minerals inside the storage or the caprock. The rate of the dissolution 

or precipitation of minerals depends on the pressure, temperature, bacteria, ions, 

and pre-existing minerals. If this phenomenon happens also the porosity and the 

permeability of rocks change [89]. 

The caprock integrity is safe until the precipitation rate is higher than the 

dissolution rate, especially near the wellbore, but the reduced permeability and 

porosity may reduce the efficiency in injection/withdrawal operations. When the 

precipitation rate is smaller than the dissolution rate, otherwise, the integrity of the 

caprock may be compromised, and so the enhanced porosity and permeability can 

lead to hydrogen loss and leakages, proportionally to the enhancement of these two 

parameters of the reservoir, increasing the operational efficiency.  
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5.5.4 PHYSICS OF HYDROGEN FLOW IN POROUS MEDIA AND HYDRODYNAMICS 
ACTIVITIES 
 
Another important aspect to consider in hydrogen storage is the rock-fluid and 

fluid-fluid interactions. The data reported in the literature for dynamics of fluid in 

porous media are rare for hydrogen-water systems, in particular for relative 

permeability, capillary pressure, interfacial tension, and contact angle. The same 

problem is reported for hydrogen-oil systems. 

In 2018, Yekta et al., made experiments on steady-state core flooding with a 

sample of sandstone, which has a porosity of 19,5% and permeability of 44mD, 

and with mercury injection method to investigate over capillary pressure (MICP). 

These experiments on core flooding and capillary pressure allowed the scientists 

to evaluate the interfacial tension between water and hydrogen at 55 bar and 20°C 

as 0,051 N/m and at 100 bar and 45°C as 0,046 N/m [90]. The interfacial tension 

between methane and hydrogen is reported as 0,065 N/m at 55 bar and 20°C, or 

0,0589 N/m at 100 bar and 38°C. Thus, the values are lower for water-hydrogen 

systems than for methane-hydrogen systems.  

Moreover, the contact angle, especially the value of cos q at the experimental 

condition stated before is respectively 0,93 and 0,82 [90]. 

When the gas is injected into the facility, either depleted reservoirs or aquifers, it 

replaces the pre-existing water or gas and stays at the top of the storage facility, 

close to the caprock, so the role of the threshold capillary pressure is very important 

here because it maintains the caprock integrity. This parameter defines the pressure 

at which is possible for hydrogen to enter the largest available pore in the rock and 

is reported in the next equation [91]: 

𝑃𝑐#$ =
%&'()*

+
                                                  (5) 

Where Pcth is the threshold capillary pressure, 𝜎 is the interfacial tension, 𝜃 is the 

contact angle and r is the radius of the largest pore. Thus, this relation is controlled 

by two important and critical parameters like the interfacial tension 𝜎 and the 
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contact angle 𝜃, but as it has been said before the data around the contact angle are 

limited and so the value used is always the same for every kind of gas in the water-

gas system. Otherwise, the interfacial tension of water-hydrogen systems is known 

and less than the methane-hydrogen one, so the threshold pressure will be lower 

and the risk of leakages through the caprock will be higher.                                 

Another important factor for hydrogen storage is viscous fingering. The hydrogen 

fingering was analyzed by Patterson in 1983, and this highlighted fingering can be 

considered as a source of losses, dependent on the injection rate [92]. Viscous 

fingering comes out of viscosity and density differences, and surface tension 

forces. In fact, the fingering phenomena (interface instability) develops 

perpendicularly to the flow direction, inside water, our high-viscosity fluid, with a 

frequency that decreases along with the flux, due to the shielding phenomenon 

[93]. In the process, the area between the injected gas, the rocks, and the water 

increases, and so does the possibility of hydrogen to dissolute into the water 

according to the gas diffusion. Also, the interaction with rocks can be higher.  

Concerning methane and hydrogen storage, when they have the same injection 

rate, and so same Darcy velocity, it’s important to remember that hydrogen has 

less viscosity and so it has less sweep efficiency. Talking about an aquifer or a 

depleted reservoir it leads to less volume of water or gas that can be swept by 

hydrogen injection, and so less space for storage purposes.   

Otherwise, hydrogen has also less interfacial tension, and so lower capillary force, 

resulting in less capillary trapping, than hydrogen is easier to extract. According 

to the following figures extracted from the paper written by Yekta et al. in 2018, 

it’s possible to see the relative permeability and the capillary pressure curves, and 

how the hydrogen values are relatively low.  
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Figure 5.5 Relative permeability of hydrogen-water system [72]. 

Figure 5.6 Capillary pressure of hydrogen-water system [72]. 
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The efficiency can be reduced and the hydrogen losses can be increased through 

the relative permeability and the capillary pressure hysteresis. The relative 

permeability can be influenced by the saturation history, which is known as 

hysteresis. In the operation processes like injection and withdrawal of hydrogen, 

the gas saturation in the facility can vary according to the quantity injected or 

withdrawn, but the mobility of hydrogen is different due to the trapping of 

hydrogen in the facility, which is represented by the hysteresis effect on the relative 

permeability curves. Increasing the number of injection/withdrawal cycles also the 

trapping of gas will be increased, reducing the relative permeability for the next 

cycles. 

 

Figure 5.7 Schematic of capillary hysteresis (imbibition happens during the 

withdrawal process and drainage in the injection process) [72]. 

The capillary pressure can control the spatial disposition of the fluids inside a 

porous media, and it depends on the past cycles, having different behaviors 
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(pathways) for the same process, as shown in figure 4.7. This phenomenon is very 

important to be considered because the goal of a storage facility is to be able to 

perform cycles, but each cycle influences the following one, according to capillary 

hysteresis.   

5.5.5 THE ECONOMICS OF UHS 

The economics of this process would include the capture cost, the transportation 

cost, the storage cost, the injection and withdrawal cost, and the monitoring cost, 

but in this paper, the focus is on the underground storage cost, and so on capital 

and operating costs. Aspects like injectivity, pressure change, maintenance, cyclic 

operation cost, and annual throughput are considered together with the net storage 

cost. The storage cost may vary significantly according to the facility chosen for 

the project and if there is a need to cap any potential leakage point [72]. In 1986, 

Taylor et al. cataloged the different capital and operational costs for different kinds 

of facilities, including the underground one [66]. The capital costs are divided into 

the compressor cost (operating units and power required), foundation and erections 

costs, the installation cost of transformer and primary breaker, cost of building, 

cooling, heating, ventilation, lighting, alarm system and gas monitoring, cost of 

the gas holder, dependent on the capacity, cost to connect the gas network pipelines 

to the storage and the compressor, cost of wells and wellhead equipment. The most 

expensive factor mentioned is the compressor cost. Moreover, concerning a cavern 

it has to be considered also the cost of cavern construction, which is the second 

highest after the compressor cost, brine lagoons, reinforcement, grouting, plugs, 

surface work, and handling equipment [66].  

In comparison with natural gas storage, for hydrogen, the cost of surface and 

subsurface equipment, borehole tubing, and pipelines is usually higher due to the 

special materials required to avoid hydrogen embrittlement which may lead to 

mechanical or physiochemical failure. 
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Concerning now the operating costs, the main ones are represented by hydrogen 

generation through electrolysis, cost of power, cooling water, utilities, labor 

(operation and maintenance), supervision, administration, and maintenance 

materials. However, also the cushion gas needs to be considered in the calculation, 

even if it’s a hidden cost that the final user will not access, so it has to be as low as 

possible [66]. Eventually, after the last cycle, especially in salt cavities, the cushion 

gas can be withdrawn through the brine displacement. A complete review of cost 

analysis of different UHS is accessible in these papers [64,94,95,96,97]. 

According to Taylor the storage itself can increase the cost of hydrogen technology 

between 30 and 300%, so benefits must exist to a storage facility. In fact, the 

interaction between the system utilization and the capital cost is significant [66]. 

According to the analysis performed by Tarkowski et al. in 2019, the highest 

construction and operational cost among the principal types of underground 

facilities to store hydrogen is the one for aquifers, followed by caverns and 

depleted reservoirs. Moreover, the application in depleted oil fields results more 

expensive than in depleted gas fields [73].   

In 2011 and 2014, Lord et al. assessed the capital expenditure for each kind of 

storage, and the results were that for depleted reservoirs the cost to store hydrogen 

is 1,23 USD/ Kg, for aquifers is 1,29 USD/ Kg, and for salt caverns is 1,61 USD/ 

Kg [72,98,99].  

Even if these studies have been performed, it has to be said that so far there is no 

completed and detailed lifecycle cost assessment for each kind of underground 

hydrogen storage, both in pure and mixed solutions, and so what is reported here 

is still uncertain.  
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5.5.6 CHALLENGES, FEASIBLE STRATEGIES, AND ROAD MAP 

Storing natural gas is a routine procedure nowadays, but is more difficult to find 

information or past experiences about storing hydrogen around the world. The data 

collected are also discussed due to the new entity of these studies, which need time 

to be confirmed. To project a good storage facility there are many parameters to 

consider such as geological criteria, engineering, economic, legal, and social 

issues. For sure the most important one is geological criteria, because it cannot be 

changed and can affect many aspects like operational costs, efficiency, and risks, 

and because of it thay have the priority over the other parameters.  

Probably salt cavities are the best option for UHS but the number of cavities is 

limited. Instead, the depleted oil fields are easier to find but they present the 

problem that the hydrogen could react with the residual oil. Saline aquifers can fit 

the requirements for hydrogen storage purposes but due to their less-known 

geological structure and the high amount of cushion gas are not the best option. In 

2014 a study conducted by Bai et al. stated that in a depleted oil or gas field the 

needed cushion gas is roughly 33% of the total volume for hydrogen storage and 

roughly 50% for methane, instead these numbers go up to respectively 33-66% for 

hydrogen and 80% for methane [100]. Usually, the best option is represented by 

the depleted gas fields, which have a well-known geological structure, pre-existing 

facilities, and inexpensive operation, apart from the already well-shown tightness 

of the caprock.  

The permeability is the ability of a porous media to deliver the fluid. A good value 

of permeability for hydrogen storage is between 2 and 600 mD but higher values 

are preferred to guarantee an optimal injection and withdrawal phase of hydrogen. 

Salt cavities have very high permeability, close to a non-porous medium, and 

moreover, they avoid the risk of hydrogen reactions with rocks, microbial, or 

residual fluids, which is high in aquifers and depleted fields. For instance, the SO42-

is usually present where there is water or groundwater, and having a lower 
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concentration reduces the risk of consuming hydrogen in the reaction that produces 

hydrogen sulfide. Thus, the salt cavities are not preferred just for their low 

microbial or geochemical interaction but also for the absence of clay, in fact, 

storage facilities with a high concentration of clay have reported phenomena of 

hydrogen trapping, mineral dissolution, and mineral precipitation. According to 

these parameters, the preferred ones are the salt cavities, the second is aquifers, 

followed by depleted gas fields, and then depleted oil fields.  

One of the main issues related to underground hydrogen storage is the treatment 

of the contaminated water produced with hydrogen due to water coning, which 

may contain toxic chemicals and reduce the economic viability of the project. This 

phenomenon is strictly related to the storage site. 

In the following table are reported all the influential parameters for hydrogen 

storage in the different types of facilities.  

 

Table 5 Comparison of different underground storage options (+, 0, - represent 

feasible, medium, and poor respectively) [72]. 

Nevertheless, due to the characteristics of the hydrogen molecule and the purity 

required the availability of these options change and more practice and technical 

revisions are required in the future. 
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6. CONCLUSIONS  
 
The aim of this paper is to inform the reader about future hydrogen storage trends. 

Most of the experience related to hydrogen storage comes from past experience in 

natural gas storage, then to explain the future trend, the used technique, the 

advantages and the issues, the economics, and the project variables, it was 

necessary to start from the state of the art of the underground gas storage in Europe 

and all over the world.  

The narrative involved the gas market, and the importance to have a gas storage 

system to meet the energy demand while limiting the dependency on other 

countries and increasing the security of the gas supply; along with the technical 

aspects that are fundamental to have a complete engineering picture of the project. 

Every kind of facility has been analyzed in detail, investigating the main 

advantages and issues related to their use, and presenting a complete panorama of 

the available solutions in terms of physical and geochemical laws and phenomena 

which rule the facility, economics, and comparison between the main selected 

facilities.    

Analyzing the future of the gas market and the energy demand, hydrogen resulted 

as one of the main players for the next years due to its good energy-carrier 

behavior. In fact, the forecasts state that hydrogen will be important not only for 

those heavy transport solutions that cannot be electrified but also to meet the 

energy demand. Hydrogen has been identified as the future energy carrier that can 

relate the fluctuating production of renewable energies to the energy demand, 

converting the renewable energy surplus into hydrogen through the electrolysis 

process, and then using it to produce energy anytime when needed. In this 

panorama, where natural gas will be cut as an energy source, it’s important to 

understand if the same facilities can be used to store hydrogen.  
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This feasibility study started from the different physical and chemical 

characteristics of methane and hydrogen, and developed through the scientific 

literature to find examples of existing plants or projects which confirmed the 

possibility to switch the purpose of these facilities, under certain conditions. With 

respect to methane, in fact, hydrogen resulted more difficult to be stored due to the 

major problems related to its leakages and losses, geochemical and microbial 

activities, different physics of hydrogen flow in a porous media, and hydrodynamic 

activities. All these problems have been discussed, highlighting the principal 

causes and the possible solutions, along with an optimization of the injection and 

withdrawal operations and an economic analysis.  

The result of this research led to a complete overview of the underground storage 

facilities, with particular attention to hydrogen applications and future trends, 

allowing the reader to be able not only to understand the differences and the 

problematics of every kind of storage facility, but also to evaluate personally which 

kind of facility could fit better a different aim according to the capacity, the 

location, the purity required and the final user.  

Thus, according to this study, it has been demonstrated that it’s possible to extend 

the life of underground gas storage to make a revolutionary change in Green House 

Gasses control worldwide. The investigation of this technology, now more than 

ever, is crucial to develop a green and sustainable energy market in the future.  
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futuro. Alla mia amica Diana, dal Perù, ma costantemente nella mia chat a sentire 

i miei racconti.   

Se è vero che “tutto quello che farete nella vita non sarà così leggendario, se non 

avrete con voi degli amici”, io nella mia vita da viajero di amici ne ho incontrati 

molti e sicuramente uno dei migliori è stato Alessandro, un fratello più che un 

amico in quel di Torino, che mi ha aiutato non solo negli studi, ma soprattutto al 

di fuori. Una persona sincera e soprattutto leale, che non mi ha voltato le spalle 

nemmeno quando sarebbe stato facile farlo, ma anzi mi ha spalleggiato come 

solo un fratello può fare, mi ha fatto sentire davvero in famiglia, insieme a 

Chiara. Un pensiero speciale va anche a Marcello e Madalina, con cui ho 
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condiviso momenti spensierati e felici al politecnico e a Martina, una coinquilina 

e un’amica speciale.  

Ai miei nonni Enza e Roberto, la cui mancanza è il vero fardello del viaggio, che 

spero vivano altri cento anni e possano vedermi brillare nella vita.  

Ai miei genitori, che sono fieri di me e mi accettano anche se sono decisamente 

un ragazzo sopra le righe, che mi hanno sostenuto non solo economicamente ma 

in tutto, in maniera così diversa. Mio papà, Alessandro, a cui assomiglio davvero 

molto, che per primo mi ha impartito un modo di pensare quasi ingegneristico, 

mi ha reso una persona forte che non si abbatte davanti a niente. Mi ha dato 

l’esempio di cosa vuol dire lavorare duro e sapersi reinventare, non si ferma 

davanti a niente e per questo stimo profondamente. Come un padre mi ha dato 

l’esempio di come essere un uomo, ma non un uomo qualunque. Mia mamma, 

Loredana, che invece mi ha dato un cuore. Una persona pura e genuina, che mi 

ha dimostrato amore incondizionato da sempre e per sempre. Siamo due persone 

diverse, ma ci uniscono l’amore, il cuore grande e la capacità di emozionarci. 

Abilità non scontate per un ingegnere. Questa laurea è per voi. Mio fratello 

Matteo, per cui ci sarò sempre nella vita, non importa a quale distanza o da quale 

continente.  

Insomma, a chi ha condiviso la vita con me anche se non è stato citato, che sia 

per un breve periodo o per lunghi anni. A chi ha condiviso con me l’intimità e so 

che mi guarda e mi supporta da lontano, anche se la vita ci ha separato so che ci 

siamo scambiati un pezzo di cuore, grazie.  

Mi sento fortunato, sento di essere amato e con molta gente che crede in me e che 

mi sostiene, e con questo supporto sono pronto per prendermi tutto quello che 

verrà. Voi avete tutto il mio amore e spero davvero possiate vivere una vita 

ancora migliore di quella che potete immaginare. La vita è un viaggio fantastico, 

la mia vita fin’ ora è stata così, mai banale e sempre piena di colpi di scena. Una 

vita piena, una vita senza filtri o mezze misure, pura vida. Credo sinceramente 

che siano le persone a fare la differenza nella nostra vita, non importa dove vivi, 

quanti soldi hai o da dove vieni, senza degli affetti speciali al tuo fianco nulla ha 
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più senso. Non sarebbe stato lo stesso senza di voi e sicuramente non sarei dove 

sono oggi, grazie con tutto il mio cuore!!!! 

“Last but not least, I wanna thank me 

I wanna thank me for believing in me 

I wanna thank me for doing all this hard work 

I wanna thank me for having no days off 

I wanna thank me for, for never quitting 

I wanna thank me for always being a giver 

And tryna give more than I recieve 

I wanna thank me for tryna do more right than wrong 

I wanna thank me for just being me at all times”    


