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Summary 
With a shift from reliable fossil fuel-based energy towards intermittent renewable energy sources, 
there is an increased stress being placed on the electricity grid. A mismatch of demand and supply 
exists where electricity is mostly produced during periods in which demand is low and produced the 
least during peak demand. Large-scale energy storage solutions are therefore necessary to store 
excess electricity for such potential deficits. Salt caverns, situated in subsurface salt layers at a depth 
of 1000 meters, offer suitable locations for storage due to their high pressures, large sizes, and 
impermeable walls.   
 
In this thesis the energy storage capacity of such salt caverns in the Netherlands was explored. Firstly, 
a model cavern was designed for energy storage purposes. A perfectly cylindrical model salt cavern 
was assumed, with identical geology to that of the salt caverns in Zuidwending, Groningen. The 
designed cavern was constructed with an average depth of 1000 m, a diameter of 50 m, and a volume 
of 1 000 000 m3. To minimize cavern convergence and subsequent surface subsidence it was calculated 
that the minimum average pressure difference between the lithostatic pressure and the pressure in 
the cavern should not exceed 15.5 MPa. For safe operations it was found that the ideal pressure range 
for the system to operate between is 7.7 MPa and 15.2 MPa.  
 
With the model completed, four different storage methods were compared: underground pumped 
hydroelectric storage (UPHS), compressed air energy storage (CAES), energy storage in hydrogen gas 
and energy storage in natural gas. Based on the comparison using the designed model the following 
storage capacities were obtained: 0.2 GWh (UPHS), 10.4 GWh (CAES), 61 GWh (hydrogen gas, 
including energy losses for electrolysis, 109 GWh without these losses), and 487 GWh (natural gas). 
From this comparison the conclusion was drawn that energy stored in gas yields higher storage 
capacities. It was therefore decided to focus on use of hydrogen gas as a storage medium, as it has a 
relatively high storage capacity and does not contribute to greenhouse gas emissions during 
combustion for electricity generation. 
 
Lastly, the maximum storage capacity in potential salt caverns was calculated based on a previously 
done exploration study by TNO. 321 suitable caverns were identified, and using hydrogen gas as 
storage medium, it was found that 745 TWh of energy can be stored in salt caverns per year, which is 
equivalent to 87% of the Dutch energy consumption in 2018. While this storage method offers an 
interesting opportunity for large-scale storage in the Netherlands, further research into the costs 
associated with the development of these caverns and its feasibility have yet to be performed.  
 
  



 6 

Introduction 
With the current concerns of global warming due to anthropogenic emissions the Paris climate 
conference (COP21) led to a first-ever universal, legally binding global climate deal between 195 
countries. The goal of this climate deal is to limit global temperature increase to 1.5°C by reducing 
anthropogenic greenhouse gas emissions [1]. The European Union has set a long-term goal of reducing 
greenhouse gas emissions 80 – 95% compared to the 1990s levels by 2050 [2]. In its Energy Roadmap 
the European Commission outlines its goals towards a decarbonized world by improving energy 
efficiencies up to a 41% reduction in 2050 and investing in renewable energy sources. In fact, 80% of 
all electricity generated by 2050 should come from renewable energy sources [3]. In November 2018 
new ambitious targets were set in which an increase in energy efficiency of 32,5% and a renewable 
energy market share of 32% should be attained by 2030 [4].  
 
While renewable energy sources such as wind and solar can be developed on a large scale to produce 
sufficient energy, their problem lies in the intermittency and dependency on weather. Solar panels 
can only produce energy with daylight, and wind turbines require sufficient wind which most 
frequently occurs at night when demand is low [5]. Because of this, it is difficult to predict the energy 
supply, causing an energy mismatch which poses a problem for the power grid system, as shown in 
Figure 1. The current use of fossil fuel sources for energy generation allows for power plants to run 
continuously, providing a base-load power supply with additional stand-by power capacity when 
demand surges [6].  
 

 
Figure 1 Mismatch between demand and supply of solar energy on a daily basis [7]. 

To reduce the mismatch between energy demand and supply from renewable energy sources, a need 
exists for energy storage. Excess electricity produced must be stored, to be re-used during periods of 
high demand. While small-scale storage units exist, such as batteries and flywheels, feasible large-
scale solutions on a national level in the Netherlands do not. In mountainous regions this can typically 
be done using pumped hydroelectric storage (PHS). However, due to the geography of the 
Netherlands this is not possible, creating a need for alternative solutions of energy storage.  
 
During the course of this project several storage methods were explored. Initial research focused on 
the potential use of underground pumped hydroelectric storage in the Netherlands, exploring projects 
such as the ‘Lievense Island1’ and the use of empty mines. Due to the high costs and large changes in 

 
1 A proposed idea for energy storage by constructing an artificial island with pumped hydroelectric energy in the 
North Sea. https://www.deingenieur.nl/artikel/lievense-de-man-van-het-opslagbekken 
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infrastructure associated with these methods, the storage capacities and overall feasibility of the 
projects was considered too low by the author. It was therefore decided to explore other, already 
large-scale projects instead, such as the use of underground caverns in salt pillars. These showed the 
most promising opportunity for such storage and therefore it was decided to focus on the use of salt 
caverns for energy storage with alternative storage methods.   
 
Salt caverns are a result of salt-solution mining and offer suitable energy storage potential due to their 
large volume, the high-pressure regimes at their depth range, and their impervious walls [8]. These 
caverns are currently being used for the seasonal storage of natural gas in the Netherlands and abroad 
[9]. In the Netherlands natural gas is stored at the Zuidwending salt caverns in the province of 
Groningen (Figure 2). These caverns are situated at a depth of over 1000 m and have been constructed 
with storage purposes in mind. Current efforts such as the Hystock project are even exploring the use 
of hydrogen gas storage on a large scale for future renewable energy storage [10]. 
 

 
Figure 2 Salt caverns in Zuidwending for storage of natural gas [11] 

 
 

Aim and Research Question  
The aim of this project is to investigate the potential of energy storage in salt caverns in the 
Netherlands. Several alternative storage methods are compared to conclude which is the most 
effective for large-scale storage in salt caverns in the Netherlands. The main research question for the 
project is: 
 
How much energy can be stored in underground salt caverns in the Netherlands? 
 
 To answer this question the following sub-questions are explored throughout the research project: 

• What are the parameters governing storage in a salt cavern? 
• How much energy can potentially be stored in a salt cavern? 
• Which underground storage method offers the most storage potential? 
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Scope 
This research focuses on the onshore potential of salt cavern energy storage in the Netherlands. While 
many salt domes also exist off-shore, producing caverns off-shore is more difficult and energy 
intensive. The model used in this project is based on the geology of the Zuidwending caverns in the 
province of Groningen. In addition, in this research only a theoretical, technical comparison is made 
between different energy storage methods. The finances involved with the construction and 
operation of each storage method have not been considered. For this project the following storage 
methods were explored: underground pumped hydroelectric storage, compressed air energy storage, 
hydrogen gas storage, and natural gas storage. Although the possible storage methods in salt caverns 
exceed these four, these were chosen since literature exists on the use of these methods in salt 
caverns.  
 

Thesis Outline 
To calculate the storage potential of salt caverns the project was divided into four parts. Firstly, a 
model salt cavern was constructed using parameters from literature corresponding to salt caverns in 
the Netherlands (Part A). Next, the alternative storage solutions (underground pumped hydroelectric 
storage, compressed air energy storage, hydrogen gas storage, and natural gas storage) were 
compared using this model (Part B). An analysis of the cavern dimensions was then made, exploring 
the effect of shape and depth on storage capacity (Part C). Lastly, the maximum storage capacity in 
salt caverns in the Netherlands using the most effective storage solution was explored (Part D). This 
report is structured into several smaller reports with each their own introduction, methodology, 
results, discussion and conclusion. This structure was chosen to convey the results in a clear way. 
Hence the report is composed of the following chapters: 
 

• Part A: Modeling a Salt Cavern in the Dutch subsurface 

o A.1 Introduction into Salt Caverns 

o A.2 Modeling a Salt Cavern: Minimizing Cavern Convergence 

o A.3 Modeling a Salt Cavern: Establishing the Cavern Pressure Regime  

• Part B: Comparing Alternative Storage Methods in Salt Caverns 

o B.1 Underground Pumped Hydroelectric Storage 

o B.2 Compressed Air Energy Storage 

o B.3 Hydrogen Gas Energy Storage 

o B.4 Natural Gas Energy Storage 

o B.5 Comparison of Energy Storage Methods  

• Part C: Salt Cavern Model Analysis  

• Part D: Estimating the Maximum Salt Cavern Storage in the Netherlands 
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1. Introduction 
Large-scale energy storage can be done by using salt caverns in subsurface salt domes. Salt caverns 
are large caverns in subsurface salt domes.  In Europe over 300 such caverns are currently in use for 
both seasonal and daily natural gas storage, with a total capacity of 9.06 billion m3 [12, 13]. Due to 
their high internal pressures, salt caverns may offer also interesting opportunities for storage solutions 
such as underground pumped hydroelectric storage, compressed air energy storage, and hydrogen 
gas storage. In this section salt caverns are explored and modelled to compare different energy 
storage methods.  
 

2. Salt Domes in the Netherlands  
In the Netherlands rock salt layers in the subsurface occur mainly in the strata of the Permian 
Zechstein Group, and the Triassic Röt Formation [14], formed due to evaporation of salt lakes and 
seas. Rock salt, or halite (NaCl mineral), has a relatively low density compared to other sediments. 
Additionally, unlike most sediments, rock salt can deform without fracturing due to its ability to flow 
and change shape at high pressures. These characteristics give rock salt the tendency to flow upwards, 
should for instance a fracture occurs above the salt layer (Figure 3). This leads to the formation of a 
salt pillar that can rise hundreds of meters, creating a so-called salt dome [15]. These are typically 
shaped as vertical cylinders and can reach a subsurface height of up to 2 kilometers and diameter of 
over 1 kilometer [16]. Their proximity to the surface allows for feasible salt solution mining [17]. 

 
Figure 3 Development of salt dome due to the difference in density between salt and surrounding sediments.[18] 

Salt caverns are artificially created within salt domes during the process of salt solution mining. This 
is done by drilling a hole into the salt dome and injecting warm water, dissolving the surrounding salt. 
The resulting brine is then pumped up and processed into e.g. table salt and components for the 
chemical industry. Continuous solution mining results in a large cavern forming (Figure 4). In the 
Netherlands, nearly 7 million tons of salt were produced through salt solution mining in 2017, 
operated by AkzoNobel, Frisia Zout, and NedMag (the latter mining magnesium salt instead of halite) 
[19].   
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Figure 4 Process of salt solution mining leading to cavern formation in salt dome. 

In Figure 5 the Zechstein salt layers in the Netherlands onshore and offshore are shown. The taupe 
colored region represents the presence of the layer, the bright red colored regions the salt pillows, 
and the dark red colored regions salt pillars [20].  
 

    
Figure 5 Salt layers in the Netherlands feasible for salt winning [20] 

2.1 Current uses of empty caverns  
Once sufficient salt has been extracted from the cavern, measures must be taken to ensure its 
stability.  Typically, two options exist for aftercare of the caverns. Firstly, they can be abandoned. To 
abandon a cavern, it is typically filled with brine and sealed off using a steel plug. It is then covered in 
cement to seal off the well [21]. Over time the cavern converges slightly until an equilibrium has been 
reached between the lithostatic pressure and internal pressure (the blue curve in Figure 6).  Another 
option is use for e.g. gas storage. The caverns have impermeable walls and a high internal pressure, 
making it suitable for storage.  
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Figure 6 Cavern volume losses after plugging [22]. 

Due to its viscoplastic properties, rock salt is extremely tight to liquids and gases such as hydrogen 
and natural gas [23]. This makes it a very suitable for long-term storage of gases. One example is the 
storage operation at the Zuidwending salt caverns in the province of Groningen, Netherlands. Here 
natural gas has been stored in salt caverns since 2011 as a flexible buffer for sudden changes in 
demand [24]. 

 
2.2 Cavern convergence and salt creep 

Salt caverns exist in high pressure lithostatic regimes due to the depth at which salt solution mining 
takes place. While this is beneficial for the compression of gas (increasing its storage capacity), it can 
also lead to cavern volume convergence, causing surface subsidence to occur. Under high pressure 
and temperature rock salt behaves as a dense liquid. Under these conditions, small deviatoric stresses 
will cause the rock salt to flow [25]. This is known as salt creep and consists of two phases: transient 
(primary) creep and steady-state creep, shown in Figure 7. Transient creep is triggered by a sudden 
change in stress, causing an initially high creep rate that then either returns to its primary state or 
reaches a steady-state creep rate, dependent on the duration of the stress. During steady-state creep 
the flow is slower and proportional to the amount of stress [25].  
 

 
Figure 7 A typical strain versus time plot for a constant stress creep experiment on rock salt [26]. 

Salt creep causes the cavern walls to show (slow) fluid behavior under the correct conditions, causing 
the cavern shape to change and converge. Salt creep occurs when the internal pressure of the cavern 
is lower than that of the surrounding lithostatic pressure. A large decrease in cavern volume can lead 
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to significant surface subsidence, which in turn may have large effects on the landscape and 
infrastructure. Cavern convergence should therefore be kept at a minimum.   
 
The leaching of salt during solution mining creates a hollow structure in the dome, leading to changes 
in the subsurface stress regime. To reduce cavern convergence occurring after abandonment, the 
internal pressure must be controlled. This is typically done by filling the cavern with a relatively cold 
brine solution. The brine in place increases in temperature until in equilibrium with rock temperature 
and expands in the process. At the same time, slight convergence due to salt creep occurs until a 
steady-state subsurface pressure is reached, preventing further surface subsidence from occurring. 
This is shown in Figure 8.    
 

 
Figure 8 Cavern abandonment with brine pressure slightly lower than maximum pressure. 

 
2.3 Cyclic pressure changes 

When using salt caverns for energy storage it is necessary to maintain the cavern’s shape and seal 
integrity. Subjecting the cavern walls to constant injection and withdrawal of gases and liquids causes 
a continuous change in internal pressure and temperature. During seasonal gas storage these changes 
are relatively slow, and sufficient time is given to prevent sudden decreases in temperature. Here the 
pressure changes are often in the 0.8 – 1 MPa/day range with an associated temperature drop of 
6°C/day [29]. However, during daily peak balancing, severe and frequent pressure drops in the range 
of 0.5 – 1.5 MPa/hr pose a concern as they can lead to much larger changes in temperature. In 
addition, they place tensile stress on the cavern wall [29]. These fast changes may lead to the 
fracturing of the rock salt, causing potential leaks, which must be avoided. To prevent this from 
happening a maximum daily pressure change must be set while using the caverns for energy storage 
solutions. This will be further worked out in the next chapter. 
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Chapter A.2: 
Modeling a Salt Cavern  

 
Part 1: Minimizing Cavern Convergence 
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1. Modeling a salt cavern for storage 
To compare different energy storage solutions in a salt cavern a model was created in Excel. The model 
was based on the geology of the Zuidwending caverns, with a cavern volume of 1 000 000 m3, an 
average depth of 1000 m, a height of 509 m and a diameter of 50 m. To calculate the storage potential 
in the model, a working pressure regime was constructed. This pressure regime, consisting of a 
minimum and maximum pressure, was calculated keeping surface subsidence at a minimum and 
preventing overpressure in the cavern. Firstly, the maximum pressure difference between the cavern 
pressure and lithostatic pressure was calculated using the BGR-method (Bundesanstalt für 
Geowissenschaften und Rohstoffe) designed by the German Federal Institute for Geosciences and 
Natural Resources (described in section A.2.4). Secondly, the boundary pressures and maximum daily 
pressure changes were calculated to build the model.    
 

2. Model Parameters  
2.1 List of assumptions 
To model the salt cavern several assumptions were made, shown in the list below:  
 

• Constant temperature within salt cavern 
The temperature within the salt cavern was assumed to be uniform and constant in this model. The 
temperature was calculated using the temperature gradient from the Zuidwending caverns: 𝑇 =
290 + 0.023	 ∙ 𝑧, where 𝑧 = 𝑑𝑒𝑝𝑡ℎ	(m) and T is in K [30]. The average depth was used as input for the 
temperature within the salt dome.  
 

• Geology of Zuidwending 
In the model it is assumed that the geology of the salt cavern surroundings is similar to that of 
Zuidwending, with a lithostatic pressure gradient of 0.022 MPa/m. The pressure is assumed constant 
in the cavern and is measured at the average depth.  
 

• Salt domes comprised of 100% pure NaCl 
The salt cavern modeled is assumed to be positioned in a salt dome comprised of 100% halite rock 
salt (pure NaCl). It is assumed that no impurities exist in the salt layer.  
 

• Caverns are impermeable 
It is assumed that the caverns have sufficiently thick walls to ensure that there are no leakages.  
 
2.2 Dimensions of salt cavern 
The initial model is assumed to have a volume of 1 000 000 m3, a height of 509 m, a diameter of 50 m, 
and an average depth of 1000 m. The salt cavern is assumed to have a perfectly cylindrical shape.  
 
2.3 Model requirements 
For the creation and subsequent usage for long-term storage in salt caverns the following mechanical 
safety aspects should at least be met as described by the German Institute for Rock Mechanics (IfG 
GmbH) [31]:  
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1. The stability of the cavern for long-term storage operation should be guaranteed and must 
include: 

a. the cavern pressure should not exceed the lithostatic pressure. 
b. the cavern pressure should not cause instability of the pillars between neighboring 

caverns.  
c. the cavern pressure changes must be controlled to prevent progressive rupture 

processes, which may lead to collapse.  
 

2. The seal integrity of the caverns must be ensured at all times. This must include: 
a. the geological tightness of rock salt surrounding the cavern must be sufficiently thick 

to resist storage pressure in relation to effective stress conditions.  
b. the technical installations (borehole system consisting of casing – cementation and 

rock salt) as well as the rock salt acting as cavern roof must resist the impact of vertical 
strain caused by convergence.  

 
3. Prevention of inacceptable surface subsidence 

a. the pressure difference between the cavern and the lithostatic pressure must be 
limited to minimize surface subsidence.  

 
Surface subsidence rate 
To limit the surface subsidence due to cavern converge as much as possible, a maximum allowed 
subsidence level of 25 cm must be met [28]. For modeling purposes, it was decided that this 25 cm 
can be reached in 100 years. This translates to a maximum allowable surface subsidence rate of 2.5 
mm per year.  
 
Maximum pressure in salt cavern 
To prevent potential overpressure in the cavern the maximum pressure within the cavern should not 
exceed the lithostatic pressure at any time [32]. One can distinguish between two types of tightness 
levels that can be used to guarantee that overpressure in the cavern is prevent: 
 
Geological Tightness 
The geological tightness is guaranteed if the cavern at 𝑝123	is enclosed by a zone with an extent of at 
least 25 meters where the minimum principal stress (𝜎156) is 10% higher than 𝜌123 [31].  
 

𝜎156 ≥ 	1.1𝑝123 
Eq. A.2.1 
 

Technical Tightness 
The technical tightness is guaranteed when a salt layer of at least 30 meters in the roof above the last 
cemented casing shoe exists and the acting radial compressive stress 𝜎33 on the contact interfaces 
between salt, cement, and casing is in agreement with Equation A.2.2 [31].  
 

𝜎33 >
𝑝123
0.85

 

Eq. A.2.2  
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It was decided that the maximum pressure in the system should be at most 85% of the lithostatic 
pressure. In addition, it is assumed that at least 30 m of salt is situated above the top of the cavern.  
 
Minimum pressure in salt cavern 
The model should have a minimum pressure to prevent the cavern from converging. The minimum 
pressure required will be determined in the model calculations. 
 

3. List of Symbols 
Table 1 List of symbols and values of variables used in model calculations. 

Symbol Meaning Value Unit 
𝒂 factor determining ratio cavern 

volume reduction to subsidence bowl 
 - 

𝒇(𝒙, 𝒚) unit shape function  m-2 

𝑽𝑲(𝒕) convergence volume rate in time  m3 
𝒔(𝒙, 𝒚, 𝒕) subsidence in location (x,y) and time 

(t) 
 m 

𝜻 time-effects parameter  - 
𝜹 shape adjustment factor  - 
𝑹 gas constant 8.314 ∙ 10-3 kJmol-1K-1 

𝚪 gamma function representing the 
generalized factorial 

 - 

𝒙 x-coordinate of desired location  m 
𝒙𝑲 x-coordinate of cavern axis  m 
𝒚 y-coordinate of desired location  m 
𝒚𝑲 y-coordinate of cavern axis  m 

𝒛𝒖 depth of cavern bottom  m 
𝒛𝒐 depth of cavern roof  m 
𝜷 angle between horizontal and cone 

determining boundary of surface 
subsidence bowl 

 ° 

�̇�𝑷 production rate  m3day-1 

𝒕 time  day 
𝒌 convergence rate  day-1 

𝒑𝒍𝒊𝒕𝒉 lithostatic pressure  MPa 

𝒑𝒊 internal cavern pressure  MPa 
𝒏 stress exponent 5 - 
𝝈∗ reference stress 1 MPa 
𝑨 salt-specific creep factor  day-1 
𝑸 activation energy 54 kJmol-1 
𝑻 temperature  K 
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4. Calculating the Rate of Surface Subsidence 
To design a system with pressures for which the surface subsidence rate does not exceed 2.5 
mm/year, the subsidence prediction method created by the German Federal Institute of Geosciences 
and Natural Resources (Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) was used [33]. This 
method is particularly useful as it has been used by BGR in the Netherlands to measure subsidence 
levels of the salt caverns in Heiligerlee and Zuidwending. The subsidence prediction is based on the 
Eickemeier model shown in Equation A.2.3 [34]. 
 

𝑠(𝑥, 𝑦, 𝑡) = 𝑎 ∙ 𝑓(𝑥, 𝑦) ∙ 𝑉c(𝑡) 
Eq. A.2.3 
 
Where s is equal to the predicted subsidence at location x, y and time t for a single cavern. Factor a 
determines the contribution of each cubic meter of cavern volume to subsidence (ranging between 0 
and 1). f(x,y) is the unit shape function of the subsidence bowl and VK(t) is the convergence volume as 
a function of time [34].   
 
The unit shape function f(x,y) represents the general form of the Gaussian bell curve taken from the 
Fokker subsidence model and is shown in Equation A.2.4 [34].  
 

𝑓(𝑥, 𝑦) = 	
𝜁 ∙ 𝛿

2 ∙ 𝜋ghi
j
kl ∙ 𝑅

n
k ∙ Γ(2𝛿)

∙ exp	(−𝜋 ∙
𝛿
𝜁2
∙
((𝑥 − 𝑥c)j + (𝑦 − 𝑦c)j)

k
j

𝑅j
) 

Eq. A.2.4 
 
With:  

𝑅j = 𝑧t ∙ 𝑧u ∙ 𝑐𝑜𝑡j ∙ 𝛽 
 
Eq. A.2.5  
 
Here 𝑥c	and 𝑦c  refer to the x,y coordinates of the cavern axis,  𝑥 and 𝑦 to the coordinates of a location 
at which subsidence is measured, and 𝑧 the depth at which the cavern is situated (with 𝑧u marking 
the roof and 𝑧t the bottom of the cavern, see Figure 9). 𝜁, the time-effects parameter value was based 
on data from Zuidwending [33] and can be found in Table 1. The shape adjustment factor, 𝛿,	 is 
dependent on the geology of a specific salt cavern. Values used by BRG for the salt caverns at 
Zuidwending and Heiligerlee are shown in Table 2. Lastly, the gamma function (Γ) represents the 
generalized factorial (Figure 10).  
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Figure 9 Illustration of parameters used in describing the unit shape function in Equation A.2 [22]. 

 
Figure 10 Gamma function for subsidence at Zuidwending [22]. 

 
The last variable required for the Eickemeier model (Equation A.2.3) is the volume convergence 
function, 𝑉c(𝑡). The convergence volume shows the convergence volume in time. As the model 
consists of a salt cavern formed from salt leaching with assumed minimal convergence during storage, 
the BGR model can be used [33]. The volume convergence function can be calculated using Equation 
A.2.6.   
 

𝑉c(𝑡) = 	 �̇�y(𝑡 −
1
𝑘
(1 − exp(−𝑘 ∙ 𝑡))) 

Eq. A.2.6 
 
Where �̇�y is the production rate, 𝑡 the time in days, and 𝑘 the convergence rate. The convergence rate 
is calculated using Equation A.2.7 [25].   
 

𝑘 = 	√3|
√3 ∙ (𝜌}5~� − 𝜌5)6

𝑛 ∙ 𝜎∗
� ∙ 𝐴 ∙ exp	(−

𝑄
𝑅 ∙ 𝑇

) 

Eq. A.2.7 
 
Here 𝜌}5~� refers to the lithostatic pressure, 𝜌5  to the internal pressure, and 𝑛 to the stress exponent. 
Also, 𝜎∗ refers to the reference stress, 𝐴 to the salt specific creep factor (Table 2), 𝑄 to the activation 
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energy, 𝑅 to the ideal gas constant, and 𝑇 to the temperature. Values used for these variables were 
based on the Zuidwending data [33] and can be found in Table 2.  
 
Table 2 Shape adjustment factor and salt-specific creep factor for Heiligerlee and Zuidwending calculated by BGR [33]. 

 Zuidwending Unit 
𝜹 1.833 - 
𝑨 0.3618 day-1 

 
Using this method, the subsidence rate can be calculated at any point away from the central axis of 
the salt cavern. By changing the internal pressure of the system, the change in subsidence rate can be 
observed. In Table 3 the parameters used by BGR in 2007 for the Zuidwending field are given.  
 
Table 3 Depths and lithostatic pressure of Zuidwending caverns A2, A3, A4, A6, A5A, A7A, A8A, A9A, A1A and A10A [33].  

Pressure gradient 0.022 MPa/m 
Average lithostatic pressure 26.2 MPa 
Top cavern 1030 m 
Bottom cavern 1350 m 
Average depth 1190 m 
Extraction volume 1 m3 

 
With these parameters, the expected subsidence rates over time were calculated by BGR for 2018, 
2030, and 2050 for the Zuidwending caverns drilled in Phase 1, 2, and 3. Phase 1 refers to the caverns 
A2, A3, A4, and A6 drilled in 2007 storing gas from 2011 onwards. Phase 2 refers to the caverns A5A, 
A7A, A8A, A9A storing gas from 2015 onwards, and Phase 3 to the caverns A1A and A10A, which are 
expected to store gas from 2019 onwards [33]. A map of the Zuidwending caverns can be found in 
Appendix 1.  
 
The expected average subsidence rates between 2018 and 2050 can be found in Table 4, which have 
been derived from the expected subsidence rate in 2018, 2030, and 2050. These rates have been 
calculated for average internal pressures of 12.5, 14.5 and 16.5 MPa. A more detailed subsidence rate 
projection for t = 2018, 2030 and 2050 as a function of pressure is given in Figures 11 – 13.  
 
Table 4 Maximum subsidence rates in mm/year calculated for Phase 1,2,3 caverns in Zuidwending [33]. 

Phase 1,2,3             
Average internal pressure  

[MPa] 
Expected maximum subsidence rate between 

2018 – 2050   
[mm/a] 

12.5 1.01 
14.5 0.49 
16.5 0.22 

 
Extrapolation of data from BGR 
To calculate the subsidence rates as a function of internal pressure of the cavern an extrapolation of 
the calculated subsidence rates in Table 4 was made. As Phase 1,2,3 considered the average of a larger 
number of salt caverns in the Zuidwending region it was decided to only use this data for 
extrapolation. The relationship between the subsidence rate and the average internal average 
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pressure was plotted for t = 2018, 2030, and 2050 and extrapolated and is shown in Figures 11, 12, 
and 13.  
 

 
Figure 11 Graph showing the extrapolated subsidence rate {in mm/a} versus average internal pressure for t = 2018 at 
Zuidwending based on BGR data [22]. 

 
Figure 12 Graph showing the extrapolated subsidence rate {in mm/a} versus average internal pressure for t = 2018 at 
Zuidwending based on BGR data [22].  

 
Figure 13 Graph showing the extrapolated subsidence rate {in mm/a} versus average internal pressure for t = 2018 at 
Zuidwending based on BGR data [22]. 
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5. Results 
Using the equations of best fit for the extrapolated data the subsidence rates were calculated for 
several average internal pressures. The pressures were then subtracted from the average lithostatic 
pressure (22 MPa) to yield the average pressure difference between the inside of the salt cavern and 
its surroundings. Results of this calculation are shown in Table 5.  
 
Table 5 Calculated surface subsidence rates for different average internal pressures for t=2018, 2030, and 2050. 

  t =  2018 2030 2050 Average 
Average pressure 

difference 
[MPa] 

Maximum subsidence rate from start of t  
[mm/a] 

2.5 0.02 0.01 0.01 0.01 
5.0 0.05 0.03 0.03 0.04 
7.5 0.11 0.09 0.09 0.10 

10.0 0.26 0.25 0.24 0.25 
12.5 0.62 0.67 0.65 0.65 
13.5 0.88 1.00 0.97 0.95 
14.5 1.25 1.49 1.45 1.40 
15.5 1.77 2.23 2.16 2.05 
16.5 2.51 3.33 3.21 3.02 
17.5 3.55 4.97 4.79 4.44 
20.0 8.48 13.6 12.95 11.7 

 
As the maximum subsidence rate cannot exceed 2.5 mm/year it was found that the average internal 
pressure should not exceed 15.5 MPa on a yearly basis.  
 

6. Discussion and Conclusion 
In Table 5 above the maximum subsidence rates as a function of average pressure difference between 
the cavern and the lithostatic pressure were shown. While this gives a good indication of the 
relationship between pressure and subsidence rate for the model it must be noted that this is based 
on the Zuidwending salt dome only. Different salt domes are likely to have different geologies in terms 
of shape and lithological composition and may therefore differ in terms of subsidence rate. 
Additionally, the extrapolated data was based on three input values (12.5 MPa, 14.5 MPa, and 16.5 
MPa). For a more precise calculation of the relationship between pressure difference and subsidence 
rate, more data points should be used before extrapolation. Nevertheless, the data indicates that 
there is indeed a relationship between cavern pressure and subsidence rate.  
 
To ensure that subsidence rate is minimal the internal pressure must be kept as high as possible. A 
drawback here is that in that case more gas (air, hydrogen, or natural gas) is required as cushion gas, 
which can be costly. A trade-off between minimum convergence rate and maximum energy storage 
must therefore be made.  
 
Lastly, the time frame in which cavern convergence may occur must be considered. For modeling 
purposes, a 100-year timespan was assumed for convergence to occur in. However, the lifetime of the 
cavern for storage use has not been decided on, neither technically nor legally. Should it exceed 100 
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years the minimum pressure difference must be lower to limit convergence further. If the lifetime of 
a cavern is reduced to e.g. 50 years, the minimum pressure difference can be higher than 15.5 MPa.  
 

Conclusion 
In conclusion, to ensure cavern stability and keep cavern convergence within limits with an assumed 
a 100-year time span, the minimum pressure difference between the cavern and the lithostatic 
pressure is 15.5 MPa. This pressure difference was calculated by extrapolation of the data previously 
obtained by BGR for Zuidwending. More accurate calculations should be performed for individual salt 
domes. Additionally, a change in the assumed lifetime of a salt cavern for energy storage results in a 
different maximum convergence rate and pressure difference, which should be adjusted accordingly.    
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Chapter A.3: 
Modeling a Salt Cavern 

 
Part 2: Establishing the Cavern Pressure 

Regime 
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1. Introduction 
In this chapter the model parameters for the boundary pressures and cyclic operation of gas storage 
are explored. These are based on research by the German Institute for Rock Mechanics (IfG) at the 
Zuidwending caverns. After calculating the required boundary pressures and cyclic operation for a 
cavern at a given depth, the model salt cavern can be constructed. As the model is based on data from 
Zuidwending, the only differing variables between the results from IfG on and this investigation will 
be the average depth and cavern volume.  

2. Calculating the boundary pressures of the cavern 
2.1 List of caverns investigated by IfG 
To calculate the boundary pressures in which operation of gas storage can take place at Zuidwending, 
IfG has grouped the caverns into four types with similar volumes and depths. The following types have 
been distinguished by IfG [30]: 
 
Type C1: A2, A3, A4, A6  
Type C2: A5 
Type C3: A1 
Type C4: A7 
 
A map with caverns and labeled per type is show in Appendix 2. These types were then analyzed by 
IfG to produce the following list of geometrical and operating parameters used in their model [30].  
 
Table 6 Geometrical parameters of the caverns modelled by IfG [30]. 

 

Type C1 cavern roof depth 1030 m 
cavern bases depth 1230 m 
casing shoe depth 1000 m 
volume V 650 000 m3 
estimated convergence rate 𝜂 0.39 %/year 

Type C2 cavern roof depth 1130 m 
cavern bases depth 1410 m 
casing shoe depth 1100 m 
volume V 1 000 000 m3 
estimated convergence rate 𝜂 0.44 %/year 

Type C3 cavern roof depth 1080 m 
cavern bases depth 1360 m 
casing shoe depth 1050 m 
volume V 1 000 000 m3 
estimated convergence rate 𝜂 0.43 %/year 

Type C4 cavern roof depth 1080 m 
cavern bases depth 1500 m 
casing shoe depth 1050 m 
volume V 1 000 000 m3 
estimated convergence rate 𝜂 0.48 %/year 

Thermal 
parameters 

thermal gradient 𝐾�  0.023 Km-1 

salt rock temperature T 290	𝐾 + 0.023	𝐾𝑚ih ∙ 𝐻 

Pressure 
parameters 

pressure gradient 
(to top of model) 

𝛾 21.1 kPam-1  



 27 

 
The admissible pressure ranges calculated by IfG per cavern type at Zuidwending are shown in Table 
7 [30]. These pressure ranges were calculated using geomechanical modelling. A 3D model of each 
cavern was modelled, and the operating pressures with the estimated convergence rates were 
calculated with FLAC3D software using the mechanical properties of both the host rock formation and 
the overlaying rock sequences as input. 
 
Table 7 Operating pressure regimes for Zuidwending salt caverns based on IfG model [30]. 

 Absolute 
minimum 
pressure 

 
𝒑𝒎𝒊𝒏 
[MPa] 

Operating 
minimum 
pressure 
	
𝒑𝒎𝒊𝒏	(𝑶) 

[MPa] 

Geological 
tightness 
maximum 
pressure 
𝒑𝒎𝒂𝒙 
[MPa] 

Technical 
tightness 
maximum 
pressure 
𝒑𝒎𝒂𝒙i𝒙 
[MPa] 

Type C1 5  8 18 17  
Type C2 7.5  11 19.8 18.7 
Type C3 6 9 18.9 17.9 
Type C4 8.4 8.4  18.9 17.9 

  
The pressure boundaries calculated by IfG were then compared to the lithostatic pressures, based on 
their average depth and lithostatic gradient. This yielded the following ratio in percentages between 
each boundary pressure and the lithostatic pressure (Table 8).  
 
Table 8 Ratio between lithostatic pressure and parameters in working pressure regime. 

 Average 
depth 

 
[m] 

Lithostatic 
pressure 	
𝒑𝒍𝒊𝒕𝒉 

 

[MPa] 

	
𝒑𝒎𝒊𝒏
𝒑𝒍𝒊𝒕𝒉

	 
 

[%] 

 
𝒑𝒎𝒊𝒏(𝑶)
𝒑𝒍𝒊𝒕𝒉

	 
 

[%] 

 
𝒑𝒎𝒂𝒙
𝒑𝒍𝒊𝒕𝒉

 
 

[%] 

 
𝒑𝒎𝒂𝒙i𝒙
𝒑𝒍𝒊𝒕𝒉

 
 

[%] 
Type C1 1130 23.8  21  34  75  71 
Type C2 1270 26.8  28  41  74  70 
Type C3 1220 25.7 23 35  73 69 
Type C4 1290 27.2 31 31 69 66 
Average 1210 25.5 26 35 73 69 

 
These ratios were then used to make an assumption for the pressure boundaries of the model cavern. 
With an average depth of 1000 m and lithostatic pressure of 22 MPa (using the pressure gradient 
assumed in Chapter A.2) the following working pressures were established: 
 
Table 9 Working pressure regime of model cavern. 

 Average 
depth 

[m] 

𝒑𝒍𝒊𝒕𝒉 
 

[MPa] 

𝒑𝒎𝒊𝒏 
 

[MPa] 

𝒑𝒎𝒊𝒏(𝑶) 
 

[MPa] 

𝒑𝒎𝒂𝒙 
 

[MPa] 

𝒑𝒎𝒂𝒙i𝒙 
 

[MPa] 
Model cavern 1000 22 5.7 7.7 16.1 15.2 
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3. Cyclic Operation of Storage 
As described in Chapter A.1, the cyclic operation of a salt cavern must be performed in a controlled 
manner to prevent unfavorable influences on the rock mass from thermo-dynamic effects. Research 
by IfG has led to the following recommended boundaries with regard to daily pressure changes: [35] 
 

• The gas injection and withdrawal rates are limited to 1 MPa/day between 𝑝123 and 𝑝���	(�).  
• These rates are limited to 0.3 MPa between 𝑝���	(�) and 𝑝156. 
• If operating 6+ cycles per year the maximum pressure should not exceed 𝑝123i3. 

 
In addition, to ensure a long-term safe storage operation a limited maximum timespan of 30 
days/storage year at 𝑝156 and a total of 90 days/storage year between 𝑝���	(�) and 𝑝��� is 
recommended [35]. Figure 14 gives a schematic overview of the operating range and 
injection/withdrawal rates. To ensure safety within the salt caverns it was decided to follow these 
recommended operating ranges in the construction of the model.  

 
Figure 14 Schematic overview of recommended pressure ranges (in bar/day) [35]. 

 
 

4. Results 
4.1 Cavern Parameters 
Calculating the minimum average internal pressure to minimize surface subsidence using the BGR-
method, and the operating pressure regime using the IfG model yielded the following parameters for 
the model salt cavern. These values are used in the model to compare different storage methods in 
Part B.  
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Table 10 Parameters used in model of salt cavern. 

 Value Unit 
Volume 1 000 000  m3 

Diameter 50 m 
Average depth 1000 m 
Average temperature 313 K 
Maximum average pressure difference (per year) 15.5 MPa 
Working pressure regime   
𝒑𝒍𝒊𝒕𝒉  22 MPa 
𝒑𝒎𝒂𝒙  16.1 MPa 
𝒑𝒎𝒂𝒙i𝒙  15.2 MPa 
𝒑𝒎𝒊𝒏(𝑶)  7.7 MPa 
𝒑𝒎𝒊𝒏  5.7 MPa 
Operation boundaries    
Minimum injection/withdrawal time  	
𝒑𝒎𝒂𝒙i𝒙 to  𝒑𝐦𝐢𝐧	(𝑶) 

8.5 days 

Minimum injection/withdrawal time   𝒑𝐦𝐢𝐧	(𝑶) to  𝒑𝐦𝐢𝐧 8 days 
 

Minimum cycle time from 𝒑𝐦𝐢𝐧 to 𝒑𝒎𝒂𝒙i𝒙 and back to  
𝒑𝐦𝐢𝐧 

33 days 

Minimum cycle time from 𝒑𝐦𝐢𝐧(𝐎) to 𝒑𝒎𝒂𝒙i𝒙 and back 
to  𝒑𝐦𝐢𝐧(𝑶) 

17 days 

 

4.2 Operational cycles per year 
The pressure and operation boundaries shown in Table 10 were used to plot the maximum cycles per 
year and the daily changes in pressure. It was calculated that while working between 𝑝123i3 and 
𝑝���	(�) a total of 21.5 cycles can be operated per year (Figure 15). Reducing the minimum pressure 
to  𝑝���	leads to a maximum of 11.8 cycles per year (Figure 16). This is lower due to the reduced daily 
pressure change between 𝑝���	(�) and 𝑝���	. These scenarios yield an annual average internal 
pressure of 11.4 when using 𝑝���	(�) as minimum pressure, and 9.5 MPa when using 𝑝���	. With a 
lithostatic pressure of 22 MPa both scenarios therefore comply to the maximum annual average 
pressure difference set in Chapter A.2.  
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Figure 15 Operational cycle on annual basis when operating between pmax-x and pmin(O). 

 

 
Figure 16 Operational cycle on annual basis when operating between pmax-x and pmin. 

 

5. Discussion and Conclusion 
Building on the research done by BGR and IfG on the Zuidwending caverns allowed for a model cavern 
to be constructed for further analysis of energy storage methods. While this model suffices for a 
comparison between different storage methods, it must be noted that the results are not fully 
accurate. Firstly, it is assumed that the temperature is constant in the cavern. However, these caverns 
can have heights of several hundred meters (like the 509 m cavern height used in the model), and so 
the temperature regime in the top of the cavern will likely be different than at the bottom. Similarly, 
the pressure at the top of the cavern is likely lower than that at the bottom. Cavern convergence may 
therefore happen faster at the bottom of the cavern, where the external pressure is higher than at 
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the top. Proper modeling software should therefore be used to perform further analyses of the model 
cavern to investigate the different thermodynamics within the cavern.  
 
As only averages are used in the calculations using this model the effect of differences between 
diameters and heights at constant volume cannot be calculated. To overcome this a comparison is 
made between calculations using average values and through integration is made in Part D of this 
thesis.  
 
In Section 4.2 two scenarios for operational cycles on a yearly basis are shown, with pressures ranging 
from 𝑝���i�	 to 𝑝���	(�)	and 𝑝���	. However, decreasing the pressure from 𝑝���(�) to 𝑝���	 may cause 
strain on the cavern walls, especially when performing more than 6 operational cycles per year. It was 
therefore decided to only consider operational cycles between 𝑝���i�	 to 𝑝���	(�)	from this point 
onwards.  
 

Conclusion 
In conclusion it can be said that a cavern model was constructed based on the parameters calculated 
in Part A. This model allows for fair comparison between different energy storage solutions. The 
storage values produced using this model in Part B serve as an indication of possible energy storage, 
but do not reflect accurate numbers. For cavern stability it was decided to have operating cycles 
between 𝑝���i�	(15.2 MPa) and 𝑝���	(�)	(7.7 MPa). Operating between these pressures ensures 
minimal cavern subsidence and complies with the required technical tightness for cavern use for 
storage.  
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Part B: 
Comparing Alternative Storage 

Methods in Salt Caverns  
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Chapter B.1:  
Underground Pumped 
Hydroelectric Storage 

 



 34 

1. Introduction 
The first investigated storage method is underground pumped hydroelectric storage (UPHS for short). 
This solution is similar to the more commonly known pumped hydroelectric storage (PHS), where 
energy is stored in water in an upper reservoir, pumped from a lower reservoir during periods in which 
excess electricity is produced. This stored energy is released again by flowing the water from the upper 
reservoir back to the lower reservoir through a turbine [36]. In UPHS the upper reservoir is situated at 
the surface and the lower reservoir in a subsurface salt cavern. This allows for pumped hydroelectric 
storage to be used in areas without elevations such as the Netherlands. A schematic diagram of UPHS 
is shown in Figure 17. In this chapter the storage capacity of energy in salt caverns is calculated using 
UPHS as storage method.  
 

 
Figure 17 Diagram showing the general concept of UPHS. 

 

2. List of Assumptions 
Several assumptions were made when calculating the energy storage potential of UPHS. Below these 
assumptions are given:  
 

• Constant temperature 
It is assumed that the temperature does not change throughout the process of injecting and 
withdrawing water from the system. It is constant and equal to the temperature of the cavern. 
 

• Average pressure in cavern 
To calculate the energy storage potential an average pressure is used. This pressure is calculated based 
on the operational cycle on annual basis between 𝑝123i3  and  𝑝15 6(�).  
 

• Incompressibility of brine 
It is assumed that the brine solution is incompressible [37].  
 

• Kinetic energy of the brine in shaft 
To calculate the turbine pressure, it is assumed that the kinetic energy of the brine is the same before 
and after flowing through the turbine.  
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• Pump/Turbine  
It is assumed that a single-unit pump/turbine is used in the system able to work with a head of 1000 
m.  
 

• Wells in place 
It is assumed that the cavern has two wells in place spaced 20 m apart. These are identical to the wells 
situated at the Zuidwending caverns and have a last cemented casing diameter of 13 3/8” [38]. These 
specifications correspond to an inner diameter of 30.8 cm [39].  
 

3. List of Symbols 
 
Table 11 List of symbols and values used in the calculation of UPHS energy storage capacity. 

Symbol Meaning Value Unit 
𝒅 diameter of well - [m] 
𝒈 standard gravity 9.806 [ms-2] 
𝒉 height - [m] 
𝒉𝒔𝒄 height between center of salt cavern 

and surface 
- [m] 

𝒉𝒔𝒖𝒓𝒇 height at surface - [m] 
𝒏 number of moles - [mol] 
𝑷 power - [W] 
𝒑 pressure - [Pa] 

𝒑𝒂,𝒎𝒂𝒙 maximum pressure of air 15.2 [MPa] 
𝒑𝒂,𝒎𝒊𝒏 minimum pressure of air 7.7 [MPa] 
𝒑𝒂𝒔𝒄 average pressure in salt cavern 11.4 [MPa] 

𝒑𝒍𝒊𝒕𝒉𝒐𝒔𝒕𝒂𝒕𝒊𝒄 lithostatic pressure 22 [MPa] 
𝒑𝒂𝒕𝒎 atmospheric pressure 0.1 [MPa] 
𝒑𝒕 turbine pressure - [MPa] 
𝒑𝒕,𝒇 final turbine pressure - [MPa] 
𝒑𝒕,𝒊	 initial turbine pressure - [MPa] 
𝑸 volumetric flow rate - [m3s-1] 
𝑹 ideal gas constant 8.31 [Jmol-1K-1] 
𝑻 temperature - [K] 
𝒗 velocity - [ms-1] 
𝒗𝟏	  velocity before turbine - [ms-1] 
𝒗𝟐	  velocity after turbine - [ms-1] 
𝑽 volume - [m3] 

𝑽𝒂,𝒎𝒂𝒙 maximum volume of air 1 000 000 [m3] 
𝑽𝒂,𝒎𝒊𝒏 minimum volume of air - [m3] 

𝑽𝐦𝐚𝐱 	𝒘𝒂𝒕𝒆𝒓 maximum volume of water - [m3] 
𝒁	 gas compressibility factor - - 

𝒁𝒎𝒂𝒙	 compressibility factor of air at 𝑝2,123 - - 
𝒁𝒎𝒊𝒏	 compressibility factor of air at 𝑝2,156 - - 
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𝜼𝒈𝒆𝒏𝒆𝒓𝒂𝒕𝒐𝒓 generator efficiency 93 [%] 
𝜼𝒓𝒐𝒖𝒏𝒅𝒕𝒓𝒊𝒑 roundtrip efficiency 80 [%] 
𝜼𝒕𝒖𝒓𝒃𝒊𝒏𝒆 turbine efficiency 90 [%] 

𝝅 pi 3.14 - 
𝝆𝒍𝒂𝒚𝒆𝒓 density of rock layer 2000 [kgm-3] 
𝝆𝒃 density of brine 1202 [kgm-3] 

 

4. Methodology and Results  
In this section the methodology used to calculate the energy storage potential of UPHS, as well as the 
results from this calculation are given.  
 

4.1 Brine Density 
As the modeled cavern is composed of pure rock salt, fresh water cannot be used without risk of 
dissolving the cavern walls. Therefore, a fully saturated brine solution must be used in which no more 
salt can dissolve. Assuming the salt cavern consists of pure sodium chloride, then the maximum 
solubility is 357 kgm-3 [40]. The density of this solution is 1202 kgm-3 which will be from this point 
onwards will be referred to as 𝜌§. Furthermore, it is assumed that high pressure does not affect the 
solubility of salt in water, as this should only show significant changes in solubility in gaseous media 
[41].  
 

4.2 Calculation of maximum brine volume in cavern 
In this system both brine and air exist in the salt cavern. The air is used to ensure a minimum pressure 
within the cavern after all brine has been pumped into the upper reservoir. To calculate the ratio 
between brine and air the ideal gas law is used. Here it is assumed that at 𝑝15 6(�) the cavern is filled 
with air only, while at 𝑝123i3 the cavern consists of the compressed air and brine. The maximum 
brine volume in this system is calculated using Equation B.1.1 [42].  
 

𝑝2,156𝑉2,123
𝑍156	

=
𝑝2,123𝑉2,156

𝑍123	
= 𝑛 ∙ 𝑅 ∙ 𝑇 

Eq. B.1.1 
	

𝑉2,156 =
𝑝2.156𝑉2,123𝑍156	
𝑝2,123𝑍123	

 

Eq. B.1.2  
 
Where 𝑉2,123 is equal to 1 000 000 m3, 𝑝2,156 7.7 MPa, 𝑝2,123 15.2 MPa, 𝑍156	0.998, and 𝑍123	0.996 
[42].  The volume of air at maximum pressure, i.e. 𝑉2,156 was calculated to be 508	265	m3. The 
working volume of water is therefore equal to 491	735 m3.  
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Using UPHS, energy is generated by flowing the brine from the higher upper reservoir to the lower 
reservoir through a turbine (Figure 18). The UPHS system is considered to be a closed system, meaning 
that the potential energy of water at the upper reservoir can be considered as the theoretical 
maximum amount of energy that can be stored. As brine is the energy carrier it is possible to calculate 
the energy that can be generated by a turbine using the Bernoulli equation (Equation B.1.3). The 
Bernoulli equation can be considered a statement of the conservation of energy for flowing fluids. 
 
The following adaptation of the Bernoulli equation was used to calculate the pressure energy of the 
turbine [43]: 
 

𝑝2~1 +
1
2
𝜌¬𝑣hj + 𝜌¬𝑔ℎ¯t°± = 𝑝2¯² + 𝜌¬𝑔ℎ¯² +

1
2
𝜌§𝑣jj + 𝑝~ 

Eq. B.1.3 
 
Where, 𝑝2~1 is the atmospheric pressure, 𝜌¬the brine density, 𝑣h		

	 the velocity before the turbine, 𝑣j 
the velocity after the turbine, ℎ¯t°± the height at surface level (0 m), ℎ¯²  the average height of the salt 
cavern (– 1000 m), and 𝑝~ the turbine pressure. Assuming that the kinetic energy is the same on both 
sides of the turbine, the formula can be rearranged to: 
 

𝑝~ = 𝑝2~1 − 𝑝2¯² + 𝜌¬𝑔(ℎ¯t°± − ℎ¯²) 
Eq. B.1.4 
 
The turbine pressure energy was found to be equal to 0.45 MPa with a 100% efficient turbine. To 
compensate for losses the turbine was assumed to have an efficiency of 85%, with a drive efficiency 
of 95% [44]. Then, to account for losses during conversion to electricity a generator an efficiency of 
93% was assumed [44]: 
 

𝑝~,± = 𝑝~,5	 ∙ 𝜂~t°¬56³ ∙ 𝜂´°5µ³ ∙ 𝜂¶³6³°2~u°  
Eq. B.1.5 

𝑃~,± = 0.34	𝑀𝑃𝑎 
 
Multiplying this by the total volume of brine available at maximum pressure we can calculate the total 
energy that can be stored in the system:  

Figure 18  Volume of air and water and pmin(O) and pmax-x. 
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𝐸𝑛𝑒𝑟𝑔𝑦	𝑠𝑡𝑜𝑟𝑎𝑔𝑒	𝑝𝑜𝑡𝑒𝑛𝑡𝑎𝑙 = 	𝑝~ ∙ 𝑉��� 	¬°56³ ∙ 	𝜂°ut6´~°5¼ 

Eq. B.1.6  
 
The total energy storage potential with 𝑃~,±562} = 0.34	𝑀𝑃𝑎,  𝑉��� 	§2~³° =	 491	735 m3 
and		𝜂°ut6´~°5¼ = 0.80 [45] was calculated to be equal to 133 GJ or 37.1 MWh.  
 

 
Figure 19 Parameters of UPHS yielding a total storage potential of 22.6 MWh. 

 
4.3 Calculation of maximum power of storage plant 

Power based on standard well size and velocity  
With the potential energy storage calculated the power of the turbine can be determined using 
Equation B.1.7.  
 

𝑃 = 	𝑝~ ∙ 𝑄 
Eq. B.1.7  
 
Where 𝑄 is equal to the volumetric flow rate of the system (m3s-1). The volumetric flow is calculated 
according to Equation B.1.8.  
 

𝑄 = 	𝐴	 ∙ 𝑣 = 	
1
4
𝜋 ∙ 𝑑j 	 ∙ 𝑣 

Eq. B.1.8 
 
With 𝐴 the area of the well, 𝑑 the inner diameter of the well and 𝑣 the velocity of brine in the wells. 
The velocity of brine in a well was set at 1 ms-1 [46]. The inner diameter of the well is equal to 30.8 
cm. This yields a volumetric flow rate of 0.075 m3s-1 per well. Using two wells this generates a 
volumetric flow rate of 0.15 m3s-1.  
 
The power of the turbine that can be achieved at this velocity was then calculated using Equation B.1.7 
and equal to 0.05 MW. With a storage capacity of 37.1 MWh the turbine is able to generate electricity 
for 733 hours (30.5 days) on end at 0.03 MW.  
 



 39 

5. Discussion and Conclusion 
Using the Bernoulli equation, it was calculated that a salt cavern can store 37.1 MWh of energy per 
cycle using UPHS as storage solution. Operating 21.5 cycles per year this yields an annual storage 
potential of 796 MWh. Using two wells and standard well sizing of 13 3/8” outer diameter the power 
that can be generated by flowing water from the upper reservoir to the lower reservoir is 0.05 MW, 
or 50 kW. The average Dutch household consumes 3 MWh per year [47], meaning that this method 
could supply energy for 250+ households continuously for a whole year.  
 
While this solution does offer some storage potential for a small neighborhood, it is far too small for 
usage on a national scale. This is partially due to the high pressures existing in the salt cavern. This 
system differs significantly from pumped hydroelectric storage, as there is a large pressure difference 
between the upper and lower reservoir. In pumped hydroelectric storage the pressure change is 
negligible with both reservoirs at relatively similar pressures. The minimum pressure required in a salt 
cavern largely increasing the pressure difference between the two reservoirs, causing the water to 
flow against a pressure gradient. Assuming the same scenario with atmospheric pressure in both 
reservoirs would generate a turbine pressure of 8.85 MPa, energy storage potential of 1 GWh, and 
power of 1.3 MW.  
 

Conclusion 
In conclusion it can be said that using UPHS as energy storage method in a salt cavern, a storage 
capacity of 37.1 MWh can be reached per cycle. With 21.5 cycles per year this means that on an annual 
basis 796 MWh can be stored. The maximum power that can be generated at a given time is 50 kW 
due to the limited diameter of the wells and the low velocity of water. This means that on an annual 
basis, just over 250 households can be supplied with continuous energy from a single salt cavern using 
UPHS. It is however too low for national level storage.   
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Chapter B.2: 
Compressed Air Energy Storage  
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1. Introduction 
The second energy storage method investigated is compressed air energy storage (CAES). CAES is 
performed by compressing air during periods of excess electricity production. This air is then released 
and flowed through a turbine to generate electricity [48]. A salt cavern can serve as an ideal storage 
site for compressed air due to its ability to withstand high pressures. A basic representation of CAES 
is shown in Figure 20, where air is pumped into the empty salt cavern at minimum pressure (left) and 
released at maximum pressure to generate electricity.  
 

 
Figure 20 Diagram showing the compressing of air in a salt cavern (left) and subsequent release into the atmosphere to 

generate electricity (right). 

There are currently two sites in the world where CAES is employed: the Huntorf site in Germany (290 
MW) and the McIntosh site (110 MW) in Alabama, USA [49]. These CAES plants both use diabatic 
compressed air energy storage (D-CAES), where the released air is heated via combustion using 
natural gas to drive a gas turbine [50]. A general D-CAES plant is shown in Figure 21 and consists of 
four main units: a compressor (1), a motor-generator unit (2), a gas turbine (3), and underground 
compressed air storage (4) [49].  

 
Figure 21 Main components of a D-CAES plant [49]. 

New research suggests that the use of an adiabatic CAES plant (A-CAES) results in higher efficiencies 
and does not require natural gas combustion for heating. Instead, the heat released during 
compression is recovered during expansion to produce hot air used to drive the turbine [51]. A 
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schematic diagram of an A-CAES storage facility is shown in Figure 22. For this project it was assumed 
that an A-CAES system is used.  
 

 
 

Figure 22 Schematic diagram of A-CAES storage. Heat is stored during compression and released upon expansion to 
produce hot air to drive the gas turbine [51].  

 

2. List of Assumptions 
Several assumptions were made when calculating the energy storage potential of CAES. Below these 
assumptions are given:  
 

• Adiabatic CAES plant 
The efficiency of a A-CAES unit was based on research by X. Luo et al [53] and the European Association 
for Storage of Energy [51] and is assumed to be 68%. 
 

• Temperature remains constant 
While the temperature changes as a consequence of compression and expansion of a gas it is assumed 
that in this model the temperature remains constant. 
 

• Average pressure in salt cavern 
To model the CAES capacity, an average internal pressure of 11.4 MPa is assumed in the salt cavern.  
 

3. List of Symbols 
Table 12 List of symbols and values used in the calculation of CAES energy storage capacity. 

Symbol Meaning Value Unit 
𝒅 diameter of well 0.308 [m] 
𝑷𝒂𝒔𝒄 average pressure in salt dome 11.4 MPa 
𝑷𝒂𝒕𝒎 atmospheric pressure 0.1 MPa 
𝑷𝑪𝑨𝑬𝑺 Pressure coefficient used to describe relationship between 

work done by compression and working volume  
- MPa 

𝑸 volumetric flow rate - [m3s-1] 
𝑽𝒂,𝒎𝒂𝒙 maximum volume of air in cavern - [m3] 
𝒗𝑪𝑨𝑬𝑺 velocity of compressed air 25 [ms-1] 
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𝑾𝒂𝒔𝒄→𝒂𝒕𝒎 energy released by expansion of air from the high-pressure 
salt cavern to atmospheric pressure.  

 [J] 

𝜼𝑨i𝑪 efficiency of A-CAES unit 68 [%] 

 

4. Methodology and Results  
In this section the methodology used to calculate the energy storage capacity of CAES is given.  
 

4.1 Compression Energy 
To calculate the storage potential of CAES it was firstly assumed that no losses occur in the system. 
This means that the energy invested in compressing the air from atmospheric pressure to the high 
pressure in the salt cavern is the same amount as the energy stored. The work done for compression 
was calculated using Equation B.2.1 [52].  
 

𝑊2~1→2¯² = 	𝑝2¯² ∙ 𝑉2,123 ∙ 𝑙𝑛	(
𝑃2¯²
𝑃2~1

) 

Eq. B.2.1 
 
Where 𝑊2~1→2¯²  is the work done to compress the air from atmospheric pressure (𝑃2~1 = 0.1	𝑀𝑃𝑎) 
to the average pressure in the salt dome (𝑃2¯² = 11.4	𝑀𝑃𝑎). 𝑉2,123 is equal to the volume of the 
cavern, or 1 000 000 m3. Using Equation B.2.1 the work done for compression is calculated to be equal 
to 54 TJ or 15.1 GWh.  
 

4.2 Efficiency of A-CAES 
The total (electrical) energy storage potential is calculated using Equation B.2.2.  
 

𝐶𝐴𝐸𝑆	𝑒𝑛𝑒𝑟𝑔𝑦	𝑠𝑡𝑜𝑟𝑎𝑔𝑒	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 	𝜂ÆiÇ 	 ∙ 	𝑊2~1→2¯²  
Eq. B.2.2 
 
Using Equation B.2.2 the energy storage capacity in the model salt cavern using A-CAES is equal to 
36.8 TJ or 10.2 GWh per cycle. Assuming 21.5 cycles per year it has an annual storage capacity of 793 
TJ (220 GWh).  
 

4.3 Power of CAES Turbine 
Similar to the method used for UPHS in Chapter B.1, the power generated using CAES was calculated 
based on the volumetric flow and the work done by compression. Firstly, the work done is divided by 
the volume of the cavern using Equation B.2.3 
 

𝑃ÇÆÈÉ =
𝑊2~1→2¯²

𝑉2,123
= 		 𝑝2¯² ∙ 𝑙𝑛	(

𝑝2¯²
𝑝2~1

) 

Eq. B.2.3 
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Where 𝑃ÇÆÈÉ (MPa) is the pressure coefficient used to describe the relationship between work done 
by compression and the working volume.  
 
Using the well diameter of 0.308 m and assumed velocity of 𝑣ÇÆÈÉ = 25 ms-1 [54], the power 
generated using CAES is calculated using Equation B.2.4.  
 

𝑃 = 	𝑃ÇÆÈÉ ∙ 𝑄 = 𝑃ÇÆÈÉ ∙ 	
1
4
𝜋 ∙ 𝑑j 	 ∙ 𝑣ÇÆÈÉ	 

Eq. B.2.4 
 
The power that can be generated using CAES is equal to 162 MW for two wells, and 81 MW in a single-
well CAES plant. With a capacity of 10.2 GWh the cavern can run for 63 hours continuously.  
 

5. Discussion and Conclusion 
The energy that can be stored in CAES and the power that can be generated is significantly higher than 
that of UPHS. This is because the large difference in pressure between the cavern and the atmosphere 
has beneficial effects on CAES but negative effects on UPHS. With a power generation of 162 MW and 
storage capacity of 10.2 GWh the use of CAES for large-scale energy storage in the Netherlands poses 
a serious option. A single cavern has the ability to continuously supply nearly 75 000 households, 
consuming 3 MWh each, on an annual basis. While CAES offers suitable storage solutions, the low 
efficiencies of existing systems and consequential high costs of energy storage are the reason for only 
two plants to exist [55] However, it is expected that with increasing efficiencies (through for example 
further enhanced heat recovery) these costs will reduce. Moreover, the increasing production of 
renewable energy will increase the surpluses of electricity in the future, further driving the costs down.  
 
In the system it is assumed that the temperature remains constant. However, due to the compression 
and expansion of air, temperature fluctuations can be expected. When using A-CAES this heat released 
during compression can be reused during expansion. Currently there are no large-scale A-CAES plants 
in operation yet, so in case D-CAES is used instead, then the energy from heat is likely to be lost. 
Finally, in the calculations the average pressure of the cavern was used. Actual results may differ when 
completely draining a filled s alt cavern from 𝑝123i3 to 𝑝15 6(�).  
 

Conclusion 
To conclude it can be said that CAES offers potential for large-scale energy storage in salt caverns. A 
single cavern has the capacity to store 10.2 GWh of energy in an A-CAES system and using a double 
well allows for 162 MW of power to be generated during energy release. Per year, with 21.5 operating 
cycles, 220 GWh of energy can be stored, with is sufficient to power 75 000 households continuously 
without the need for alternative energy sources. For CAES to become a viable storage solution in the 
future, A-CAES plants must be operationalized and efficiencies must increase.    
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Chapter B.3: 
Hydrogen Gas Energy Storage  
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1. Introduction 
The third method explored is storage using hydrogen gas. Here the cavern is filled with compressed 
hydrogen gas, which can be combusted at a later time to produce electricity via a gas turbine in a 
power plant. Hydrogen gas can be generated via electrolysis during times of excess electricity 
production. To compare storage in hydrogen gas to UPHS and CAES, it was decided to explore two 
different scenarios. In the first scenario the generation of hydrogen gas through electrolysis is 
considered as part of the system. Input here is electricity, similarly to UPHS and CAES. The losses 
associated with electrolysis, compression, and combustion are considered as part of the storage cycle. 
In the second scenario the production of hydrogen is not included in the cycle and the availability of 
hydrogen is considered a given. Here the maximum storage capacity of a salt cavern using hydrogen 
based solely on cavern dimensions is explored, without considering the production and compression 
phase. This second scenario allows for the energy storage of hydrogen gas to be compared to the 
energy storage of natural gas. 

2. List of Assumptions 
Below the assumptions made in the calculation of energy storage of hydrogen gas are given:  
 

• Pressure and temperature at surface  
To calculate the ratio between hydrogen gas in place in the salt cavern and at the surface, it is assumed 
that surface temperature is 288.15 K with an atmospheric pressure of 0.1 MPa.  
 

• Hydrogen production using electrolysis  
Current electrolysis reaches efficiencies of 60 – 80% [56]. In this study it is assumed that the hydrogen 
is produced from electrolysis at an efficiency of 70%.  
 

• Compression of hydrogen gas to 20 MPa 
It is assumed that 20% of the energy content is required to compress hydrogen gas to 20 MPa [57].  
 

• Electricity generation using the same method as natural gas-fired power plant 
It is assumed that hydrogen is combusted to produce steam and heat used to drive a gas turbine [58]. 
A combined cycle power plant (CCPP) is used in this model with an overall efficiency of 60% [59].  
 

3. List of Symbols 
 
Table 13 List of symbols and values used in the calculation of hydrogen gas energy storage capacity. 

Symbol Meaning Value Unit 
E expansion factor - - 

𝑬𝑯𝟐,𝟏 expansion factor for hydrogen between 
pmax-x and pmin(O) 

- - 

𝑬𝑯𝟐,𝟐 expansion factor for hydrogen between 
pmin0 and patm 

- - 

𝚫𝑯𝒄,𝑯𝟐
	  Heat of combustion for hydrogen gas at 

standard conditions 
11.9 MJm-3 
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𝑻𝟏 temperature in cavern 313 [K] 
𝑽𝑯𝟐𝐚𝐭𝐦 volume of hydrogen at atmospheric 

pressure 
- [m3] 

𝑽𝒔 volume of gas at standard conditions - [m3] 
Z compressibility factor - - 

𝒁𝒉,𝒑𝒎𝒂𝒙Í𝒙  compressibility factor of hydrogen at pmax-

x 
- - 

 

4. Methodology and Results 
In this section the methodology used to calculate the energy storage capacity of hydrogen gas in a salt 
cavern is described.  
 

4.1 Gas Expansion Factor 
As the pressure in the cavern is much higher than that of the atmospheric pressure the hydrogen gas 
has to be compressed for storage. Removing hydrogen gas from the cavern to the surface will thus 
cause the gas to expand. More gas can therefore be stored at a higher pressure. Translating the 
amount of hydrogen gas that can be stored at the cavern pressure with a volume of 1 000 000 m3 to 
the surface requires the gas expansion factor to be used. The gas expansion factor is defined as the 
actual volume occupied by n moles of gas at standard conditions divided by the volume at reservoir 
conditions (shown in Equation B.3.1) [60].  
 

𝐸 =
𝑣𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	1	𝑘𝑚𝑜𝑙	𝑜𝑓	𝑔𝑎𝑠	𝑎𝑡	𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠
𝑣𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	1	𝑘𝑚𝑜𝑙	𝑜𝑓	𝑔𝑎𝑠	𝑎𝑡	𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟	𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠

 

 
Eq. B.3.1 
 
Using the gas law: pÏVÏ = 	RTÏ at standard conditions and  p	V	 = 	ZRT	 at reservoir conditions we can 
calculate the expansion factor as: 
 

𝐸 =	
𝑝𝑇
𝑝¯𝑍𝑇

		𝑜𝑟	𝐸 = 	
2844𝑝
𝑍𝑇

	 

Eq. B.3.2 
 

Hydrogen Compressibility Factor 
To calculate the expansion factor firstly the compressibility factor Z must be calculated for pure 
hydrogen gas at a given pressure and temperature. The temperature within the salt cavern was 
assumed to equal 313 K. Based on the compressibility data from NIST the following line of best fit was 
produced for hydrogen at 310 K, with the difference of 3 K assumed negligible [61].  
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Figure 23 Compressibility Factor for Hydrogen at 310K and various pressures [61]. 

Using the equation of the best fit line in Figure 23, the following compressibility factors were 
calculated for the working pressures in the salt cavern: 
 
Table 14 Compressibility factors of hydrogen at pressures in working regime of salt cavern. 

Pressure in Salt Cavern Pressure 
[MPa] 

Compressibility Factor 
[-] 

𝒑𝒎𝒂𝒙 16.1 1.10 
𝒑𝒎𝒂𝒙i𝒙 15.2 1.09 
𝒑𝒎𝒊𝒏(𝑶) 7.7 1.05 
𝒑𝒎𝒊𝒏 5.7 1.03 

 

4.2 Volume of hydrogen at pmax-x and pmin(O) 
Firstly, the gas volume increases due to expansion from 𝑝123i3 to 𝑝���	(�) is calculated. This is done 
to account for the required ‘cushion gas’ that must remain in the cavern to ensure a minimum 
pressure after removal of all working gas [62]. With V =	1 000 000 m3,  𝑝123i3 = 15.2	𝑀𝑃𝑎 and 
𝑝���	(�) = 7.7	𝑀𝑃𝑎, and an internal temperature of 313 K the gas expansion factor is calculated using 
Equation B.3.3. It is assumed that the temperature remains constant during expansion:  
 

𝐸ÔÕ,h = 	
𝑝123i3𝑇h

𝑝���	(�)𝑍�,¼Ö×ØÍØ𝑇h
= 	

𝑝123i3
𝑝���	(�)𝑍�,¼Ö×ØÍØ

≈ 	1.80 

Eq. B.3.3 
 
The exact volume of hydrogen gas at 𝑝���	(�) can then be calculated using Equation B.3.4.  
 

𝑉¼ÚÛÜ	(Ý) = 𝑉¼Ö×ØÍØ ∙ 𝐸ÔÕ,h = 1	799	872	𝑚Þ 

Eq. B.3.4 
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4.3 Volume of hydrogen at surface 
As 1 000 000 m3 of hydrogen gas must remain at 𝑝���	(�) as cushion gas to satisfy the minimum 
pressure in the salt cavern, 799 872 m3 of hydrogen gas can be removed from the cavern at  𝑝���	(�). 
Using Equation B.3.3 the expansion factor from 𝑝���	(�) to atmospheric pressure was calculated, 
yielding the follow results: 

𝐸ÔÕ,j ≈ 68.0 
 
The volume of hydrogen gas at surface is then equal to: 
 

𝑉ÔÕ�ß� = 54	382	653	𝑚Þ 
 

4.4 Energy storage potential of hydrogen 
To calculate the amount of energy that can be generated from the combustion of hydrogen gas the 
heat of combustion is used, which is equal to 11.9 MJm-3 [63]. With 𝑉ÔÕ�ß� = 54	382	653		𝑚Þ a total 
combustion energy of 647 TJ, or 180 GWh, can be generated from the hydrogen gas stored in the full 
salt cavern. Assuming a 60% efficient CCPP power plant this would yield 389 TJ (or 108 GWh) of 
electricity, and 2.32 TWh per year with 21.5 operational cycles. Including the losses made in 
electrolysis and compression in addition to combustion using a CCPP plant would translate to a storage 
capacity of 60.4 GWh (1.30 TWh per year).  
 

4.5 Power of Hydrogen CCPP Plant 
The power able to be generated is calculated based on the maximum volumetric flow and the heat of 
combustion per unit volume, shown in Equation B.3.5.  

 
𝑃ÔÕ = Δ𝐻²,ÔÕ

	 ∙ 𝑄 = 	Δ𝐻²,ÔÕ
	 ∙ 𝐴 ∙ 𝑣 

Eq. B.3.5 
 
With 𝑃ÔÕ  the power generated from hydrogen combustion, and Δ𝐻²,ÔÕ

	 the heat of combustion for 
hydrogen (11.9 MJm-3). Assuming a maximum velocity of 20 ms-1 at the base of the cavern [64] and 
two standard wells with 30.8 cm diameter the maximum volumetric flow is equal to 2.98 m3s-1. 
Including the expansion factor 𝐸�,j this translates to 195 m3s-1 at the surface. The power generated 
with 60% efficiency is then equal to 1.40 GW. With a fully filled cavern sufficient energy is then stored 
in hydrogen to generate 1.45 GW for 75 hours continuously (and 42 hours if including losses made 
during electrolysis and compression).  
 

5. Discussion and Conclusion 
The calculations made in this chapter show that hydrogen gas offers a significantly higher storage 
capacity than UPSH and CAES. A single cavern can store a maximum of 2.32 TWh per year while 
operating 21.5 cycles. This is sufficient to continuously supply roughly 775 000 households with energy 
on a yearly basis. The reason why this is much higher than CAES and UPHS is because of the higher 
energy density associated with chemical storage as opposed mechanical storage of energy (such as 
the compression of air or pumping of water against a gradient).  
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There is a large difference between the two hydrogen scenarios. The overall roundtrip efficiency from 
electricity to hydrogen and back to electricity is relatively low. While this does not influence the 
storage capacity of the cavern it must be considered that using hydrogen gas as a storage medium 
incurs high overall losses. Not only the energy lost in electrolysis, but also the energy required to 
compress hydrogen is relatively large. It may therefore be more beneficial to increase the energy 
density of hydrogen by methods other than gas compression. It could for example be stored as a metal 
hydride or liquid ammonia [65]. These alternative storage solutions were not considered in the scope 
of this project however and require further research. Potential reactions between these storage media 
and the salt cavern must also be explored.  Other further research can be an investigation into a 
combination of CAES and gas combustion. By flowing the hydrogen gas through a turbine before 
combustion could potentially increase the total energy recovery.  
 
Hydrogen gas, unlike UPHS and CAES can be used either for combustion in a power plant or for heating 
purposes using the current gas infrastructure in the Netherlands. The infrastructure is currently used 
for natural gas, and a shift towards hydrogen gas will require changes in the current system to be 
made. Nevertheless, as hydrogen could potentially play a large role in the Dutch energy system, 
storage in salt caverns can be an interesting path to explore.  
 

Conclusion 
In conclusion it can be said that stored hydrogen gas yields a significantly higher energy capacity than 
UPHS and CAES. A single cavern could potentially supply 775 000 households consuming 3 MWh per 
year each on an annual basis, which is over ten times the amount that CAES can supply. While the 
large-scale efficiency of electrolysis is increasing, the overall process of producing hydrogen and 
compressing it into the cavern requires a lot of energy. Alternative methods to increase the hydrogen 
density should therefore be investigated. Examples include the storage of energy in ammonia or metal 
hydrides.  
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Chapter B.4: 
Natural Gas Energy Storage  
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1. Introduction 
In the final scenario energy storage using natural gas is explored. This scenario is used as a point of 
comparison for the previous three scenarios, as it is currently already being operated. In this scenario, 
the model cavern is filled with compressed natural gas that is released and combusted during periods 
of high demand for electricity. This scenario is calculated similarly to the hydrogen gas storage 
scenario, using the expansion factor and heat of combustion for methane. The energy required for 
compression has not been considered as the only goal here is to quantify the amount of energy that 
can be stored. The efficiencies associated with combustion and electricity generation have been 
included, however.  
 

2. List of Assumptions 
Several assumptions were made when calculating the energy storage capacity of natural gas in 
addition to those of hydrogen gas in Chapter B.3. Below these assumptions are given:  
 

• Low-caloric Groninger gas assumed as natural gas 
It is assumed that low-calorific Groninger gas is used, containing 82% methane.  [66]. Furthermore, it 
is assumed that the remaining 18% of non-hydrocarbon gas does not generate any energy during 
combustion in the CCPP plant.  
 

• Electricity generated using a combined cycle power plant 
It assumed that natural gas is combusted to in the same combined cycle power plant as hydrogen gas, 
with an efficiency of 60% [59].  
 

3. List of Symbols 
 
Table 15  List of symbols and values used in the calculation of natural gas energy storage capacity. 

Symbol Meaning Value Unit 
𝑬𝒏,𝟏 Expansion factor for natural gas between 	

𝑝123i3	and 𝑝156(�) 
- - 

𝑬𝒏,𝟐 Expansion factor for natural gas between 
𝑝156(�) and 𝑝2~1 

- - 

𝚫𝑯𝒄,𝒏
	  Heat of combustion for natural gas at standard 

conditions 
37.4 MJm-3 

𝒁𝒏,𝒑𝒎𝒂𝒙Í𝒙  Compressibility factor of natural gas 𝑝123i3	 - - 
𝑽𝐧,𝐚𝐭𝐦 Volume of natural gas at surface - [m3] 
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4. Methodology and Results  
In this section the methodology used to calculate the energy storage capacity of natural gas is given.  
 

4.1 Gas Expansion Factor 
Similar to Chapter B.3, the natural gas storage potential is calculated by multiplying the gas volume in 
place by the gas expansion factor specific for natural gas.  
 

4.1.1 Natural gas Compressibility Factor 
To calculate the expansion factor firstly the compressibility factor Z must be calculated for natural gas 
at the required pressures. It was assumed that the pressure within the cavern is equal to the average 
pressure of the cavern, namely 11.4 MPa. The compressibility factor for methane is given in Figure 24 
at 323 K [67]. It was assumed that the difference between the compressibility factor at 323 K and 313 
K is negligible.  
 

 
Figure 24 Compressibility Factor for Methane at 323 K and various pressures [67]. 

The compressibility factors for natural gas at 𝑝123i3 and 𝑝156(�), were then calculated by plotting 
the compressibility factors given between 0 and 20 MPa and using a line of best fit. This line of best 
fit is shown in Figure 25. 
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Figure 25 Compressibility factor for Methane at 323 K with best-fit line [67]. 

The compressibility factors for the operating pressures of the salt cavern were then calculated and are 
shown in Table 5.1  
 
Table 16 Compressibility factors of methane at pressures in working regime of salt cavern. 

Pressure in Salt Cavern Pressure 
[MPa] 

Compressibility Factor 
[-] 

𝒑𝒎𝒂𝒙 16.1 0.8873 
𝒑𝒎𝒂𝒙i𝒙 15.2 0.8870 
𝒑𝒎𝒊𝒏(𝑶) 7.7 0.9166 
𝒑𝒎𝒊𝒏 5.7 0.9353 

 

4.2 Volume of natural gas at 𝑝123i3 and 𝑝156(�) 
Identical to the hydrogen scenario, firstly the gas volume increase from expansion between 𝑝123i3 
and 𝑝���	(�) is calculated to find the volume of working gas that can be used for combustion, while 
ensuring a minimum pressure within the cavern. With 𝑉 = 1 000 000 m3, with 𝑝123i3 = 15.2	𝑀𝑃𝑎 
and 𝑝���	(�) = 7.7	𝑀𝑃𝑎, and an internal temperature of 313 K the gas expansion factor is calculated 
using Equation B.3.2. It is assumed that the temperature remains constant. 
 

𝐸6,h = 	
𝑝123i3

𝑝���	(�)𝑍6,¼Ö×ØÍØ

= 	2.22 

 
The volume of hydrogen gas at 𝑝���	(�) can then be calculated using Equation B.3.4.  
 

𝑉¼ÚÛÜ	(Ý) = 𝑉¼Ö×ØÍØ ∙ 𝐸6,h = 2	215	822	𝑚Þ 

 

y = 0.0005x2 - 0.0155x + 1.0071
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4.3 Volume of natural gas at surface 
As 1 000 000 m3 of natural gas must remain at 𝑝���	(�) to satisfy the working pressures of the salt 
cavern, 1 215 822 m3 of natural gas can be removed from 𝑝���	(�) to the surface. Using Equation B.3.3 
the expansion factor from 𝑝���	(�) to the surface was calculated: 
 

𝐸𝑛j = 77.0 
 
The volume of natural gas at surface is then equal to: 
 

𝑉�,�ß� = 93	651	770	𝑚Þ 
 

4.4 Energy storage potential of natural gas 
To calculate the amount of electricity that can be generated from natural gas combustion firstly the 
heat of combustion is calculated for 𝑉�,�ß�. Using a heat of combustion value of 37.2 MJm-3 [63, 68] 
for low-caloric Groningen gas containing 82% methane at 288 K and 0.1 MPa, the total combustion 
energy of natural gas stored in the salt cavern is equal to 2.87 PJ, or 798 GWh.  
 
Assuming a 60% efficient CCPP power plant combusting this would yield 1.72 PJ or 479 GWh of 
electricity. Per year, with 21.5 operational cycles, this would allow for the storage of 10.3 TWh of 
energy.  
 

4.5 Power of Natural Gas CCPP Plant 
The power able to be generated is calculated based on the maximum volumetric flow and the heat of 
combustion per unit volume, shown in Equation B.4.1.  

 
𝑃6 = Δ𝐻²,6	 ∙ 𝑄 = 	Δ𝐻²,6	 ∙ 𝐴 ∙ 𝑣 

Eq. B.4.1 
 
Where 𝑃6 is the power generated from natural gas combustion and Δ𝐻²,6	  the heat of combustion for 
natural gas (37.4 MJm-3), A the area of the pipe (m2) and 𝑣 the velocity of the gas (ms-1). Assuming a 
maximum velocity of 20 ms-1 at the base of the cavern [69] and two standard wells with 30.8 cm 
diameter the maximum volumetric flow is equal to 2.98 m3s-1. Including the expansion factor 𝐸6,j this 
translates to 230 m3s-1 at the surface. The power generated with 60% efficiency and low caloric gas is 
then equal to 4.2 GW. With a fully filled cavern sufficient energy is then stored in natural gas to 
generate 4.2 GW for 113 hours continuously.  
 

5. Discussion and Conclusion  
In this final scenario the storage capacity of natural in the salt cavern gas was calculated as a 
comparison for all other methods. Using natural gas from the cavern would allow for 479 GWh of 
electricity to be produced from a single cycle, and 10.3 TWh per year. This is sufficient to supply 3.5 
million households with continuous energy for a year. This shows that natural gas yields the highest 
storage capacity by far. This is because, similar to hydrogen gas, energy is stored in chemical bonds 
rather than through mechanical storage. Natural gas has a much higher energy density than hydrogen 
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and is therefore a better storage medium. In addition, the compressibility of natural gas is better, 
yielding higher expansion values. However, natural gas is a fossil fuel, and in the efforts to reduce 
greenhouse gas emissions the production of it is likely to be slowly phased out. On the other hand, it 
could also be produced from hydrogen gas and CO2 via the methanation processes. Combustion 
methane would then have net zero CO2 emissions.  Efficiencies of 52% are currently achievable in this 
process [70]. The storage of methane may therefore in the future still be more effective than other 
methods when produced from hydrogen gas, despite the low efficiency.   
 
In the calculation of energy storage capacity for natural gas the losses made during compression and 
the energy involved in producing natural gas (from either methanation or drilling) were not included. 
The actual overall efficiency of storing energy in natural gas is likely to be lower, considering the energy 
required for drilling/methanation and compression. These should be incorporated in order to make a 
more accurate comparison.   
 

Conclusion 
In conclusion it can be said that natural gas shows the highest storage capacity of all methods 
explored. Reason for this is the high energy density due in chemical bonds and the higher 
compressibility compared to hydrogen. While natural gas is currently obtained from fossil fuel 
sources, future, cleaner sources of natural gas such as through methanation may be suitable for large-
scale storage without increased anthropogenic greenhouse gas emissions.   
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Chapter B.5: 
Comparison of Energy Storage 

Methods  
 



 58 

1. Results 
In this section the four different storage methods are compared. The energy storage capacities of each 
method in the model salt cavern is shown in Figure 26. Figure 27 shows the power that can be 
generated at a given moment with each method.  
 

 
Figure 26 Comparison of maximum energy storage capacity of the four energy storage solutions in the model salt cavern. 

 
Figure 27 Comparison of maximum power generated using the four energy storage methods in the model salt cavern. 
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2. Discussion and Conclusion 
Figure 26 clearly shows the differences in maximum storage capacities for each of the storage 
methods in a salt cavern. Of the four scenarios the storage in hydrogen and natural gas offer the 
highest potential. Both methods use chemical storage, while UPHS and CAES use mechanical storage. 
Here it shows that chemical storage of energy is denser. UPHS has a very low storage capacity here 
due to the energy loss by moving from a low pressure to a high-pressure region. In an isobaric scenario 
the storage capacity would be more than 30 times more.  
 
Further options can be explored by combining the storage of a gas such as hydrogen and natural gas 
with that of compressed air energy storage. This could increase the returns of electricity, as some of 
the losses made during compression can be recovered.  
 
In Figure 27 the differences in maximum power that can be generated are shown for the four methods. 
Differences here are related to the velocities that can be achieved in the pipes and the associated 
turbine efficiencies or heat of combustion. As gasses can reach much higher velocities in the pipes 
than water, the power generated for UPHS is limited. The different heat values from combustion of 
hydrogen and natural gas are the reason for their maximum power supply to differ.  
 
As the chemical storage in gas offers the highest storage capacities in a salt cavern, it was decided to 
focus on this type of storage from this point onwards. The focus will primarily be placed on hydrogen 
gas, offering the highest non-fossil fuel storage capacity. The comparison to natural gas will be 
continued in Part C and D, providing additional insight into the storage of natural gas in salt caverns.    
 

Conclusion 
In conclusion it can be stated that energy storage using chemical energy storage in hydrogen and 
natural gas offer the most potential for large-scale energy storage in salt caverns. While the storage 
capacity of a cavern using hydrogen gas is significantly lower than that of natural gas, it offers a fully 
renewable and CO2-neutral storage method (provided the input electricity is generated by renewable 
sources), while natural gas does not. Future research into the production of methane via the 
methanation process may offer a viable method of storing energy in salt caverns. In addition, other 
methods of chemical energy storage such as ammonia may offer higher capacities but have not been 
explored in this research.  
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Chapter C.1: 
Salt Cavern Model Analysis 

 



 62 

1. Introduction 
In this section the parameters and system boundaries determined in Part A for the design of the model 
are further explored, using hydrogen and natural gas as energy storage media. Firstly, the difference 
in energy calculations between the average depth of the cavern and incremental depth is investigated. 
Next, the optimal depth for storage is explored. By increasing the depth at which the cavern is 
situated, a higher internal pressure can be achieved, yielding higher storage capacities. Then, the 
diameter and height of the column are adjusted with constant volume to the determine the optimal 
dimensions of the cavern. Lastly, the different between full cyclic operation and small daily 
fluctuations are explored.  
 

2. Analysis of average versus incremental depth calculations 
In the model described in Part A it was assumed that the working pressure was equal to the pressure 
found at the average cavern depth. However, as the height of the cavern can be several hundred 
meters high, the actual, external, lithostatic pressure at the top and bottom of the cavern are quite 
different, as it is a function of depth. It was therefore decided to calculate the storage capacity with 
increasing depth by 10 cm increments with proportionally increasing pressures, assuming that the gas 
stored in the cavern does not flow, and the internal cavern pressure is proportional to the depth of 
the cavern. A cavern with a diameter of 50 m and average depth of 1000 meters was modelled. The 
total volume of the cavern was 1 000 000 m3, the top of the cavern is found at 745 m and bottom at 
1255 m. The total volume of the cavern was 1 000 000 m3. Each 10 cm increment has a volume of 
133.3 m3. The average versus incremental depth are plotted as a function of volume (in percentages) 
in Figure 28.  
 

 
Figure 28 Average versus incremental depth as a function of volume in the model salt cavern. 
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The pressure and subsequent storage capacity were calculated for each increment and compared to 
the same calculation performed using the average depth as performed in Chapter B.3 and B.4. The 
results of these two calculations are shown in Table 17 and 18.  
  
Table 17 Difference in hydrogen storage potential using average versus incremental depth calculations. 

Calculation with average depth Calculation with integration  
H2 Storage Potential 

[GWh] 
H2 Storage Potential 

[GWh] 
Ratio Integration 

vs. Average  
[%] 

181.9 114.9 63.2 
 
Table 18 Difference in natural gas storage potential using average versus incremental depth calculations 

Calculation with average depth Calculation with integration  
NG Storage Potential 

[GWh] 
NG Storage Potential 

[GWh] 
Ratio Integration 

vs. Average  
[%] 

478.7 294.8 61.6 
 

2.1 Discussion and Conclusion 
Comparing the two methods shows that the two methods yield very different values for the storage 
capacity in the cavern. This is because while using an average depth as input the assumption is made 
that the cavern has an infinitesimally small height with a very wide diameter. With the integration 
method a fixed height and diameter is established. As a result, the pressure differences within the 
cavern are varied. In this model, each increment has its own individual temperature and pressure 
regime, reflecting a different storage capacity. However, in reality, the stored gas will flow 
continuously within the cavern to reach an equilibrium with constant pressure and temperature, 
despite the external, lithostatic pressure gradient along the height of the cavern walls. This was not 
accounted for in the model. Assuming the pressure of the gas within the cavern is constant and equal 
to the pressure at the bottom of the cavern the actual storage capacity is higher than calculated in 
both the average pressure and integration method. Further modelling could therefore be done to 
calculate the storage capacities assuming the gas and temperature are constant and in equilibrium 
throughout the cavern. Nevertheless, when comparing to the calculations made using the average 
pressure, the integration gives a more accurate reflection of the storage capacities that can be reached 
in the system. It was therefore decided to continue from this point onwards with this method. 
 

3. Cavern Depth Analysis 
Next, the ideal depth at which the salt cavern should be situated is analyzed. Higher depths yield 
higher lithostatic pressures. This allows for higher internal cavern pressures, and thus larger storage 
capacities. However, the rock salt temperature also increases with increasing depth, which may cause 
the stability of the walls to decrease due to salt creep. Additionally, storing gas at higher pressure will 
require a larger amount of gas to remain in the cavern as cushion gas, ensuring the minimum pressure 
to be met. A trade-off must therefore be made between maximum storage, minimal decrease in 
cavern stability, and minimal loss of energy stored in cushion gas. Figure 29 and 30 show the increase 
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in energy storage capacity in the salt cavern for hydrogen gas and natural gas. The increase in required 
energy stored as cushion gas is also shown.  
 

 
 

 
Figure 29 Energy storage capacity and energy in cushion gas of hydrogen at different depths.  

 

 
Figure 30 Energy storage capacity and energy in cushion gas of natural gas at different depths. 
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3.1 Discussion and Conclusion 
Figure 29 and 30 show the increase in storage capacity for hydrogen gas and natural gas as a function 
of average cavern depth. Due to the higher pressures the gas can be compressed further, increasing 
the energy density. However, the minimum pressure of the system also increases, requiring larger 
amounts of gas as cushion gas to maintain this. While more energy is required to stay in the cavern as 
cushion gas than what can be used for storage, it must be noted that Figure 29 and 39 only show the 
working gas for a single operational cycle. It can be assumed that the amount of cushion gas present 
in the cavern does not change. Over larger time frames the ratio between the two therefore becomes 
increasingly smaller. Table 19 shows the ratio between working gas and cushion gas for 1 operating 
cycle, 10 operating cycles (assuming a full cycle between 𝑝123i3 and 𝑝15 6(�)), 50 operating cycles, 
and 100 operating cycles at an average depth of 1000 m.  
 
Table 19 Ratio between cushion gas and working gas with increasing operation cycles.  

Hydrogen Gas 1 cycle 10 cycles 50 cycles 100 cycles 
Total Energy from Working Gas 

Hydrogen gas 
[GWh] 

180 1799 8993 17986 

Total Energy from Working Gas 
Natural gas 

[GWh] 
479 4787 23934 47868 

Ratio between Cushion Gas and Working Gas 
[%] 

125 12.5 2.5 1.3 

 
While operating at a larger depth allows for increased storage capacity due to the pressure increase, 
the effect of temperature has not been considered fully. Changes in temperature due to increasing 
depth have been included in the calculations. However, the higher pressure and temperature might 
affect the plastic behavior of rock salt. The cavern convergence rate at higher depths may be higher 
than that at 1000 m. Further research should therefore be done to model the effect of cavern 
convergence at different depths. Therefore 1000 m was kept as an average depth in further 
calculations.  
 

4. Cavern Dimension Analysis 
Other parameters that can be optimized for maximum storage capacity are the height and diameter 
of the caverns. Variations in the diameter and corresponding height of the cavern yield different 
depths and pressures regimes. The legal maximum diameter for caverns in the Netherlands is 90 m, 
which was therefore used as maximum diameter in calculations [71]. The volume of the cavern was 
kept constant at 1 000 000 m3, with cavern diameters ranging from 40 m to 90 m in steps of 10 m. 
With constant volume the height of the cavern was adjusted accordingly. The energy storage capacity 
of hydrogen and natural gas were then calculated at average depths of 550 m, 750 m, 1000 m, and 
1250 m. When using the average cavern depth, no differences can be distinguished between height 
variations. It was therefore decided to calculate the storage capacity using integration with 10 cm 
height increments. The calculated energy storage capacity values are shown in Table 20 and 21. Figure 
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31 shows the energy storage capacity using hydrogen and natural gas as a function of increasing 
cavern diameter at an average depth of 1000 m.  
 
Table 20 Energy storage capacity of a 1.000.000 m3 salt cavern of different diameters and average depths using hydrogen 
gas. 

Diameter 40 m 50 m 60 m 70 m 80 m 90 m 
Depth  
[m] 

H2  
[GWh] 

H2  
[GWh] 

H2  
[GWh] 

H2  
[GWh] 

H2  
[GWh] 

H2  
[GWh] 

550 112.7 73.6 51.3 38.5 30.0 24.3 
750 145.5 94.6 65.7 49.4 38.5 31.1 
1000 180.5 116.8 81.1 60.9 47.4 38.4 
1250 211.5 136.7 94.9 71.2 55.4 44.9 

 
Table 21 Energy storage capacity of a 1.000.000 m3 salt cavern of different diameters and average depths using natural gas. 

Diameter 40 m 50 m 60 m 70 m 80 m 90 m 
Depth  
[m] 

NG  
[GWh] 

NG  
[GWh] 

NG  
[GWh] 

NG  
[GWh] 

NG 
[GWh] 

NG 
[GWh] 

550 428.6 273.5 188.9 141.5 110.0 89.0 
750 597.7 384.6 266.5 200.0 155.6 125.9 
1000 802.4 519.4 360.7 270.9 210.8 170.7 
1250 994.4 646.0 449.2 337.5 262.7 212.8 

 

 
Figure 31 Energy storage capacity of salt cavern at different cavern diameters for hydrogen and natural gas. 

 
4.1 Discussion and Conclusion 

Figure 31 shows that as the diameter of the salt cavern increases the storage capacity decreases at 
equal depth. This is because a narrower cavern must increase in height to keep the volume constant. 
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As a result, the cavern will extend into deeper parts of the salt pillar. Due to the pressure increases, 
the compression of gas is higher, yielding higher storage capacities. The increase of storage capacity 
is proportional to the square of the radius (derived from the area of the cavern base).  
 
Ideally the diameter is reduced as far as possible to increase the storage capacity and density of salt 
caverns in a salt dome. However, creating very narrow can be unfavorable as the cavern heights 
increase rapidly at constant volume. For instance, creating a cavern with a diameter of 40 m requires 
a height of nearly 800 m while that of a cavern with a 50 m diameter only requires a height 
approximately 500 m. Additionally, a narrow cavern may decrease the stability of a cavern. A trade-
off should therefore be made between the diameter and the stability of the cavern. It was therefore 
decided to continue with an assumed diameter of 50 m.  
 

5. Cavern Storage Maximization 
Another way to increase the storage potential of energy in the salt caverns is by optimizing the 
duration of storage by changing the cycle length. In Chapter A.2, a cyclic operation of 21.5 days is 
shown. Here a pressure change of 1 MPa/day governs the amount of energy that can be used or 
stored. It was assumed that cyclic operations were performed where the cavern is fully drained 
between 𝑝123i3 and 𝑝���	(�) before refilling. This cycle of reducing the cavern pressure from 𝑝123i3 
to 𝑝���	(�) and back up to 𝑝123i3 takes 17 days and can be done approximately 21.5 times per year. 
However, one could also keep the pressure within the cavern higher and decrease the cycle length. 
This would not only allow for more cycles per year, but also increase the amount of energy that can 
be removed per day (which is a function of pressure due to the compression).  
 
In Table 22 different scenarios are explored with different operational cycles to investigate the most 
efficient use of the cavern. For this analysis it is assumed that seasonality doesn’t play a role and that 
storage is used continuously. Figure 32 shows the total energy storage capacity at various cycle lengths 
for natural gas. A similar trend can be observed for hydrogen gas.  
 
Table 22 Storage capacity of the salt cavern using different operation cycle lengths for natural gas. 

Days per cycle Cycles per year Maximum storage capacity 
using natural gas 

[TWh] 
2 182.5 49.6 
4 91.3 48.3 
6 60.8 46.9 
8 45.6 45.5 

10 36.5 43.9 
12 30.4 42.4 
14 26.1 40.8 
16 22.8 39.2 
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Figure 32 Graphical representation of storage capacity as a function of cycle length. 

 

5.1 Discussion and Conclusion 
Table 22 and Figure 32 show that increasing cycle length decreases the maximum annual storage 
capacity in the cavern. This is due to the daily changes in cavern pressure. Increasing cycle length 
decreases the overall average pressure in the cavern. Reason for the cycle of 17.5 days to yield a 
slightly lower storage capacity is the fact that the pressures come so close to 𝑝156 that for two days 
out of 17.5 only half the energy can be withdrawn without working outside of the boundary pressures.  
 
The storage capacity can be maximized by reducing the cyclic operation as much as possible. A 
drawback here is that a more frequent consumption and supply of gas is needed. This could be 
beneficial when using the storage for peak balancing on a day-to-day basis. It would however be 
undesirable to reduce cycle length for seasonal storage of gas.  
 

6. Analysis of Power Generation from Salt Cavern 
Lastly, the maximum power that can be generated during energy release and combustion was 
analyzed. As described in Chapter B.3, it was assumed that the system is composed of a cavern with 
two wells with an internal diameter of 30.8 cm. The maximum velocity of hydrogen in these pipes is 
20 m/s. Assuming combustion of hydrogen in a CCPP plant at 60% yields a maximum generation of 1.4 
GW continuously when consuming energy from the cavern. However, the volumetric flow rate of the 
gas is not only dependent on the velocity in the pipes but also on the maximum pressure change in 
the cavern per day. The maximum volumetric flow rate and subsequent daily average power 
generation was calculated for a cycle ranging from 𝑝123i3 to 𝑝���	(�) of 17 days, with a maximum 
withdrawal limit of 1 MPa/day. This showed that the maximum attainable power generation is 855 
MW per day for 8,5 days (followed by 8,5 days of gas injection). This is 61% of the theoretical maximum 
of the wells. It can therefore be concluded that the maximum daily pressure change within the cavern 
is the limiting factor. Further investigations should therefore be performed analyzing whether it is 
more feasible to work with a single well at 700 MW or use two wells at 855 MW. 
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Part D: 
Maximum Energy Storage in Salt 

Caverns in the Netherlands  
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Chapter D.1: 
Estimating the Maximum Salt 

Cavern Storage in the Netherlands 
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1. Introduction 
In this final chapter, with the capacity of a single cavern calculated, an estimation can be made of the 
total energy storage capacity in salt caverns available in the Netherlands. To do so, the requirements 
for cavern spacing and suitable locations are investigated in this chapter. A review by TNO [72] on salt 
caverns is used to estimate the location and number of suitable caverns in the Netherlands. It is 
assumed that each cavern is placed at an average depth of 1000 m and with a volume of 1 000 000 m3 
and a diameter of 50 m. It should be emphasized that this chapter only gives an indication of what 
could theoretically be done in terms of salt cavern storage in the Netherlands. Costs of producing 
these caverns and a timescale for production are not considered.  
 

2. Calculating the maximum storage potential 
 

2.1 Requirements for salt cavern spacing 
To calculate the maximum number of suitable cavern sites in the Netherlands firstly the requirements 
for cavern spacing are set.  Research by IfG, and consequent German legislation, suggest that for stable 
caverns a minimum of 210 m distance between caverns in a salt pillar is required. A minimum distance 
of 150 m has been set between the outermost caverns and the salt wall.  These requirements are 
recognized by the Dutch National Mines Inspectorate (Staatstoezicht op de Mijnen, SodM) and are 
therefore used as guideline in estimating the maximum possible salt caverns in the Netherlands [73].  
 
The study performed by TNO [72] explores the potential of salt caverns assuming a cavern diameter 
of 90 m. To build on this research further the energy capacity values associated to diameters of 50 m 
calculated in Chapter C.1 using hydrogen and natural gas are used as a reference. Using smaller 
diameters and larger heights should yield higher storage capacities and may allow for more caverns 
to be constructed in a single salt dome. A denser structure of salt caverns was however not included 
in this analysis; the number of caverns remains the same for 50 m diameter and 90 m diameter. Figure 
33 shows the spacing pattern of salt caverns in a salt dome with a maximum cavern diameter of 90 m. 
 

 
Figure 33 Cavern spacing in a salt dome with a maximum cavern diameter of 90 m. 
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2.2 Possible salt cavern locations in the Netherlands 
The locations suitable for cavern production used in this analysis are based on the results from TNO 
[72]. Is it assumed that the yet-to-be constructed caverns have a uniform shape and size. While TNO 
assumes a volume and depth similar to that of Zuidwending (600 000 m3 volume and 1000 m depth), 
it is here assumed that the volumes are 1 000 000 m3 each at an average depth of 1000 m. The analysis 
focused on onshore salt pillars in the Zechstein layer shown in Figure 34. Here the shades of grey 
correspond to apt salt layers at a depth of over 1500 m. Darker shades correspond to more suitable 
areas with thicker salt layers. The yellow areas on the map are considered the most appropriate for 
cavern construction, with stable salt layers with thicknesses over 300 m. It can be observed here that 
most of the suitable locations are situated in the northernmost area of the Netherlands, with little to 
no salt layers at a depth of 1500 m in the southern regions of the country.  
 

 
Figure 34 Analysis by TNO of suitable locations for salt cavern production in the Netherlands [72]. 

 
A further analysis of these locations performed by TNO has narrowed down the suitable areas 
according to the following criteria: 

• The salt pillars reach a depth of at least 1500 m.  
• Between a depth of 1000 m and 1500 m there exists at least a 300 m continuous layer of salt.   
• The quality of salt is suitable for cavern production. 
• The pillars are sufficiently large for cavern production. 
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This analysis has reduced the potential locations for appropriate cavern production. Figure 35 shows 
the remaining suitable locations in the province of Groningen, Drenthe, and Overijssel (from top to 
bottom). Green locations represent salt pillars and pink locations represent salt cushion [72].  

 
Figure 35 Suitable locations for salt cavern production in the northern provinces of the Netherlands [72]. 

With the suitable locations identified the number of caverns can be calculated, keeping in mind the 
210 m distance between each cavern and 150 m between the cavern and wall. A hexagonal structure 
of caverns can be constructed. Figure 36 shows an estimate of suitable potential caverns at the 
Zuidwending salt dome [72]. Here red and yellow dots represent realized caverns, white dots 
represent planned caverns, and blue dots represent theoretically feasible caverns.  
 

 
Figure 36 Estimation of potential salt cavern sites in the Zuidwending salt dome [72]. 
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2.3 Maximum energy storage in the Netherlands  
With the locations identified an estimated calculation can be made for the maximum storage capacity 
in the Netherlands. To account for spatial limitations, it was estimated that 50% of all suitable cavern 
locations can be used.  With this conservative estimate the following number of caverns shown in 
Table 23 has been identified by TNO [72].   
 

Table 23 Number of potential salt caverns onshore in the Netherlands identified by TNO [72]. 

Name Number of caverns 
(50% of theoretical maximum) 

Groningen 230 
Zuidwending 52 
Winschoten 22 
Pieterburen 39 
Onstwedde 66 
Boertange 51 
Friesland 31 
Ternaard 31 
Drenthe 60 

Anloo 14 
Hooghalen 37 
Hoogeveen 1 
Schoonloo 8 

Total 321 
 
The total amount of energy that can be stored in these caverns was then calculated for hydrogen gas 
and natural gas. It was assumed that all caverns are identical and can store the amount of energy 
calculated in Chapter B.3 and B.4.   
 

3. Results 
Below in Table 24 and Figure 37 the amount of energy that can be stored in salt caverns in the 
Netherlands is given per region for both storage in hydrogen gas and natural gas. The values for 
storage capacity here represent the maximum amount of gas that can be stored in a cavern at a given 
moment (excluding losses from electrolysis and compression). This means that the values below 
represent the amount of energy that can be stored per operational cycle.   
 
Table 24 Storage Capacities per Salt Pillar and Province in the Netherlands. 

Name Number of Caverns Storage Capacity 
using H2 [TWh] 

Storage Capacity 
using NG [TWh] 

Groningen 230 24.8 110.1 
Zuidwending 52 5.6 24.9 
Winschoten 22 2.4 10.5 
Pieterburen 39 4.2 18.7 
Onstwedde 66 7.1 31.6 
Boertange 51 5.5 24.4 
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Friesland 31 3.3 14.8 
Ternaard 31 3.3 14.8 
Drenthe 60 6.5 28.7 
Anloo 14 1.5 6.7 
Hooghalen 37 4.0 17.7 
Hoogeveen 1 0.1 0.5 
Schoonloo 8 0.9 3.8 
Total 321 34.6 153.7 

 
 

 
Figure 37 Storage Capacities per suitable locations and provinces in the Netherlands using hydrogen gas. 

 

4. Discussion and Conclusion 
Table 24 shows the storage capacity in salt caverns in the Netherlands. If all caverns were to be 
developed a total of 34.6 TWh of energy could be stored per cycle of 17 days using hydrogen gas. With 
21.5 cycles per year this would yield an annual storage capacity of nearly 745 TWh. In 2018 the 
Netherlands consumed 861 TWh of energy [74]. This means that the salt caverns can store roughly 
87% of the Dutch energy consumption in a year with hydrogen gas as storage medium. The amount 
of energy required to produce and compress hydrogen for storage have not been included here. 
Producing 745 TWh of hydrogen would require a significant increase in energy in the Netherlands 
(124%), as the losses made in the process are relatively high. Nevertheless, this shows that salt caverns 
can play a role in large-scale storage of energy in the Netherlands as they have the capacity to do so. 
Whether this would be for seasonal storage with fewer cycles in a year or short-term storage with 
frequent cycles in a system heavily reliant on renewable energy sources was not considered.   
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When evaluating the results presented above the following remarks must be made. Firstly, it is 
assumed that the caverns are all situated in salt layers with identical, appropriate geology and 
temperatures at ideal depths. However, further analysis will likely show that each cavern will be 
situated in a unique environment with differing pressures, temperatures, and compositions. 
Nevertheless, this serves as an estimate of the potential amount of energy that can be stored in the 
Dutch subsurface using salt caverns.  
 
Another point of discussion is the shape of the cavern. It was assumed that each cavern has a diameter 
of 50 m, which is the maximum diameter allowed in the Netherlands. However, as shown in Chapter 
C.1 the storage capacity increases with decreasing diameter. Using a diameter of 40 m would increase 
the storage capacity by threefold. In addition, creating a narrower cavern would allow for an increase 
in number of caverns for a given site. For a cavern with a volume of 1 000 000 m3 a cavern height of 
nearly 800 m would be required. Assuming an average depth of 1000 m this should theoretically be 
possible in the locations identified by TNO, as each location has a salt layer exceeding a depth of 1500 
m. Whether this would be suitable for all locations must be determined individually. Further research 
should therefore be done to map suitable locations for such caverns.  
 
Whereas the effect of cavern convergence in a single cavern has been investigated, the effects for 
numerous caverns next to each other have not been explored in sufficient detail. The energy storage 
facility in Zuidwending currently employs five caverns for storage, but as Figure 36 shows this can be 
increased to over 50 caverns. This increase in cavern density may have additional effects on the cavern 
convergence rate and should therefore be analyzed. 
 
It should also be mentioned that while salt caverns offer significant storage capacities, the process of 
producing them is lengthy and expensive. For instance, currently only few areas in the Netherlands 
have obtained permits for salt production (Zuidwending, Winschoten, Harlingen, Haaksbergen and 
Zuid-Oost Enschede) [72]. Increase in permits is therefore required to develop new caverns in the 
additional locations. Also, the production of new caverns is currently dependent on the demand for 
salt. Increasing the production of caverns would impact the market for salt. Currently, approximately 
1.9 million m3 of salt is leached per year in the Netherlands [72]. Therefore, at the current rate roughly 
two caverns can be produced per year. It would at this rate require over 150 years of production to 
produce all caverns. 
 
Lastly, it must be noted that the use of salt caverns for storage will require public acceptance. Despite 
having calculated the storage capacities with a safety margin, it is likely that there will be public 
resistance towards the implementation of such a project. This is due to the potential risk of extreme 
surface subsidence, cavern blowouts, or earthquakes if poorly managed. The focus of this research is 
placed on the technical feasibility of large-scale storage in salt caverns. Public acceptance as well as 
economic feasibility are however equally important in the overall feasibility of such a project.  In 
particular, as the majority of suitable cavern locations is situated in the region subject to earthquakes 
from natural gas production, public acceptance is essential. This should be considered in the potential 
development of underground energy storage in salt caverns.  
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Conclusion 
In conclusion, to answer the research question “How much energy can be stored in underground salt 
caverns in the Netherlands?” it can be said that salt caverns offer significant storage capacities for 
energy in the Netherlands. 745 TWh, or 87% of the energy consumed in the Netherlands can be stored 
in hydrogen gas, given that all 321 caverns are realized. To produce this much hydrogen gas from 
electrolysis at 70% efficiency, however, 923 TWh of electrical energy (124% of the current Dutch 
energy consumption) is required. While this research shows that such storage methods are technically 
possible, the economic feasibility and public acceptance have yet to be explored. The production of 
salt caverns is a costly procedure, and the market for hydrogen gas is currently not mature enough for 
large-scale use. Nevertheless, this shows that energy storage in salt caverns has the potential to play 
a significant role in the goal of matching demand and supply of electricity on a national level in the 
Netherlands.  
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Appendix 1: Zuidwending Caverns 
 
The following images show the location of the Zuidwending salt caverns in the province of Groningen 
in the Netherlands. These images have all been acquired via NLOG [75] 
 

 
Figure 38 Location of Zuidwending caverns on map of the Netherlands. 
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Figure 39 Salt layer with permits for drilling in Groningen. Green represents areas with permits for production. . 

 

 
Figure 40 Salt layer with permits for drilling and storage in Groningen. Green represents areas with permits for production. 
Blue represents areas for storage. 
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Figure 41 Map of Zuidwending storage facility with existing caverns. 
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Figure 42 Geographical map of the Zuidwending salt dome. 
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Appendix 2: Cavern Typing by IfG 
 
The following diagram shows the cavern typing by IfG in their calculations regarding working pressure 
regimes in the Zuidwending caverns [30].  
 

 
Figure 43 Cavern types in the Zuidwending salt dome [30]. 


