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Abstract

In this paper the suitability of compressed hydrogen gas storage in salt caverns is analysed. The presence of
microbial sulfate reducing bacteria create a contamination risk of H2S inside the cavern. Key cavern param-
eters that influence the production of H2S are highlighted by a chemical model. The model uses empirical
data provided by Vattenfall, in order to predict what would happen inside cavern S43, would it be contami-
nated by sulfate reducing bacteria. By doing so, it can be understood what cavern conditions are suitable for
the storage of hydrogen. An analysis is done on the above ground process of a salt cavern storage plant to
determine what extra separation steps are required to reach ISO limitations for hydrogen gas. The research is
done by answering the following research questions:

What are key cavern conditions that influence the suitability of hydrogen storage in salt caverns and for
what purpose can the storage plant be implemented?

The sub-research objectives are formulated as follows:

1. What are the potential process risks when storing hydrogen in salt caverns?

2. Are there substantial risks of contamination with subsurface hydrogen storage? What are the defining
variables that contribute to said contamination?

3. How do these impurities build up when the salt cavern is used?

4. Is the equipment currently used in the gas storage facility in Epe useable for hydrogen gas storage? What
changes should be made to the current storage process?

When analysing future utilisation demands of hydrogen, one of the primary applications is energy con-
version by fuel cells. There are severe limitations set by the International Organization for Standardization on
the maximum amount of H2S in hydrogen gas used by fuel cells. This paper uses a chemical model based on
PHREEQC to predict the chemical reactions in the cavern. In order to get close to actual results, the model
input is constructed following empirical data of an existing salt cavern. With the chemical model different
cases can be constructed each highlighting an important cavern constraint. What are the positive and neg-
ative forces on the production of H2S in salt caverns and what could be theoretically done to prevent H2S
contamination? Primary aspects that positively contribute to H2S production, when the cavern is modelled
as a batch reactor, sorted by significance are:

• Bacterial growth and reduction rate

• Brine volume and sulfate concentration.

• Brine pH and ionic strength.

• Cavern pressure and temperature.

• Fe2+ and Fe3+ concentration.

The chemical model only predicts what will happen in the cavern when there is no gas coming in or
out, like a batch reactor. For this reason a dynamic model is constructed which predicts H2S outflow in the
gas when applying different demand-cases to the cavern. The model results showed that with applying a
maximum use case, which fluctuates between the maximum pressure and minimum pressure, there is still a
minimum H2S output that is higher then the allowed limits. A demand curve is simulated where the cavern
is used to power a hydrogen gas-turbine to profit from seasonal energy price changes. In this demand curve
the cavern produces significantly less and less often, giving time for the H2S to build up. In two years, the
H2S production reaches levels above the allowable limits set for hydrogen gas turbines.
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A gas process facility is required to eliminate H2S contamination, in order to size such a facility it was
modelled in Aspen Hysys. The model is validated by using data from literature. After analyses of resulting
process equipment and gas streams, the absorber tower's ef�ciency is most dependant on its temperature its
pressure and the absorbent �ow rate. The water concentration is above ISO levels when withdrawn from the
cavern. So to follow these limitations, an additional dehydration step is required. In conclusion the process
is capable of accurately separating the H2S to below ISO limits. The process works using 3% of the potential
chemical energy of hydrogen. The process is unable to purify the water concentrations.

As a result of this research some conclusions can be made. When using salt caverns for long term hy-
drogen storage can be a signi�cant risk of H2S contamination as a result of microbial sulfate reduction. For
the reference case the H2S concentrations reach above the levels set for fuel cell use and concentrations will
increase in signi�cance when utilisation of the cavern is decreased. For fuel cell application, a separation pro-
cess based on MDEA gas sweetening can be used to get the hydrogen up to the demanded H2S purity. But a
more economical solution would involve extensive testing of the cavern soil for any microbial activity. If there
are no sulfate reducing bacteria there will be no problem. Other pre-process steps could involve increasing
the pH of the brine in the cavern to avoid H2S production. As well as increasing the iron concentration in the
brine.
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1
Introduction

In this report, a study on the suitability of large scale underground salt cavern storage for hydrogen gas is
presented as a project created by Vattenfall Amsterdam and supervised by the Delft University of Technology.
This chapter illustrates the problem at hand. It gives valuable background information required to under-
stand the vastly changing world of hydrogen energy and it highlights both the positives as the challenges that
arise in this new world. Next, the research question is outlined in section 1.3. Its approach is described in
section 1.4. Finally, to narrow the research area, the scope is de�ned in section 1.5.

1.1. Problem background
To create a complete view of the potential of hydrogen gas, this chapter will take a closer look at the (potential)
bene�ts and challenges that accompany the use of the smallest molecule in the universe. An illustration on
the use of hydrogen is given in �gure 1.1

Figure 1.1: Roadmap of hydrogen, from production to storage to potential use.

1.1.1. The potential of hydrogen
One of the great bene�ts of hydrogen is the diversity of industries in which it can be applied. One of these
advances is the possible use of hydrogen in 'deep' emissions in hard-to-abate sectors. These emissions are
in industries where electricity is not the applied form of energy, or where electricity-based solution have
high costs and drawbacks. Hard-to-abate emissions include aviation, shipping, iron and steel production,
chemical manufacturing, high-temperature industrial heat, long-distance road transport and off-grid heat

1
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Figure 1.2: Policies directly supporting hydrogen deployment by target application[47]

for buildings. As a low-carbon chemical energy carrier, hydrogen is a leading prospect for reducing these
hard-to-abate emissions as it can be stored, combusted and combined in chemical reactions, using processes
that are similar to natural gas, oil and coal. [47]
Another bene�t of hydrogen is its ability to supplement other technologies. As the declining renewable en-
ergy costs enables competitiveness of the production of clean hydrogen, converting electricity to hydrogen
can positively in�uence the way these renewable energy technologies are being used. For example by opti-
mising down time of solar and wind energy production, or by supporting energy security on the imbalance
market. International hydrogen trade could, in an ambitious low-carbon context, provide the possibility of
trade and storage of solar and wind energy between different countries to overcome seasonal and environ-
mental differences.
The versatility of hydrogen is not only found in its appliances, also the way it is stored, transported and pro-
duced are highly adaptable. Hydrogen can be stored in the ground, as is the primary subject of this report, but
also in metal containers, as a liquid, gas, or attached to solids. It can be transformed to electricity, methane or
ammonia. Produced using renewables, nuclear, natural gas, coal and oil. Transported by pipeline or in bulk.
The possibilities for hydrogen gas seem endless, but �rst there are some substantial challenges that need to
be remedied.

• Production:
Currently the production of hydrogen is almost entirely supplied from natural gas and coal, as is illus-
trated in the Sankey diagram of �gure 1.4. To overcome this challenge on this scale will require a larger
portion of hydrogen to be produced by renewables. Supplementary to this 'green' hydrogen produc-
tion, it will require a larger portion of 'grey' hydrogen, produced from fossil fuels, to implement CO2
capturing technology. This way making the process carbon neutral. More depth in to the production of
hydrogen will be speci�ed in chapter A.1.1.

• Cost:
Following on from the challenges that arise from the method of hydrogen production is the cost of
hydrogen. The production price of hydrogen is highly dependant on the method of production, the
location of production and the quantity produced. Looking at the estimated price progression of green
hydrogen production by renewable energy, as displayed in �gure 1.3, it is seen that theoretically the
price of green hydrogen produced in Germany (blue line in the left �gure) will be able to compete with
large scale grey hydrogen production, from fossil fuels, from 2026 onward [92].

• Molecular properties of hydrogen
The biggest challenge when processing hydrogen gas are related to the chemical properties of the gas.
Hydrogen gas has the lowest density of all gasses, which means it will take up more space when it is
compressed, which results in a larger storage volume. Another problem comes with the small size of
the molecule, which makes it very dif�cult to contain. Especially when pressurised, the gas molecule
can slip through the cracks or porosity of the containment material, creating possible hazardous situa-
tions and an overall loss of material. This creates a challenge, both for the transportation as well for the
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Figure 1.3: Prospects for renewable hydrogen production. a,b, The break-even price of renewable hydrogen
for Germany (a) and Texas (b) relative to the benchmark prices for fossil hydrogen supply. ¯ = adjustment
rate, »= energy price differentiation. [39]

storage of hydrogen gas. Operationally, hydrogen embrittlement can prove to be big concern. Hydro-
gen embrittlement refers to a variety of effects hydrogen has on the mechanical properties of metals.
The presence of hydrogen can cause metals to crack, blister and lose its strength an ductility, especially
in the use of high strength steel.[58]. Another possible issue to consider is the interaction of hydrogen
with chemical species present in underground reservoirs. The possible chemical reactions could cause
the production of toxic gas as well as the loss of hydrogen. [33].

Figure 1.4: Today's hydrogen value chains Sankey diagram[47]

With the positives and negatives of hydrogen technology explained, the next section will shortly discuss
different methods of storing it.

1.1.2. Storage methods
Transport and storage costs play an essential role in the competitiveness of hydrogen. The economic poten-
tial of hydrogen arises from the fact that it can be stored in large quantities for a long time and that with the
right infrastructure hydrogen is available for long-distance transport. This results in a technology that is both
bene�cial to energy transportation and energy storage. Methods for storing hydrogen are appropriated based
on the stored volume, the duration of storage, the required speed of discharge and the geographic availability
of the various alternatives. The current perspective is to store hydrogen as a gas or liquid in tanks for station-
ary or mobile applications.

Liquidised hydrogen is cooled to approximately ¡ 253°C[77], where the hydrogen reaches its liquid form.
This way the hydrogen can be stored in atmospheric pressure. However, the hydrogen has to be heavily in-
sulated to minimise any boil off. Typical lique�ed hydrogen boil-off rate can reach up to 0.2% per day [7].
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The process of lique�cation of hydrogen is costly and not very ef�cient. However, lique�ed hydrogen can be
a cost-effective solution when transporting large amounts over vast distances. For long term storage, the en-
ergy requirements needed to keep the hydrogen lique�ed will prove to be the limiting factor. For this reason
this report will focus entirely on pressurised hydrogen gas.

Pressurised hydrogen can be stored in vessels or underground storage facilities. When comparing hy-
drogen gas to natural gas, the difference in energy per volume is paramount. The low volumetric density of
hydrogen makes it necessary to store it in containers with maximised pressure to minimise storage or trans-
portation volume. Pressurised hydrogen at 700 bar for example still only has 15% of the volumetric energy
density of natural gas. For this reason, hydrogen fuel re�lling station would need seven times the space of a
current natural gas refuelling station.

When handling signi�cant amounts of hydrogen, as is necessary for continuous operations in an inter-
national value chain, pressurised tanks or liquid storage vessels do not suf�ce. Substantially sized hydrogen
storage can take place in underground storage facilities. Salt caverns, depleted natural gas reservoirs and
aquifers are all viable options.[56] Differences between the three are primarily found in the propriety of their
use with hydrogen. Unlike gas reservoirs and aquifers, where dif�culties can arise with the permeability of
the storage environment, salt caverns have been used to store pure hydrogen in the United Kingdom since
the 1970s and in the United States since the 1980s [59].
Salt cavern storage produces high ef�ciencies and competitive storage costs, as is seen in �gure 1.5. Figure
1.6 further explains the hydrogen storing process, as well as de�ning the positive aspects of salt cavern stor-
age in comparison to alternative large scale storage options. Rados�aw Tarkowski sums it up in his review on
the potential of hydrogen storage in Poland: "Rock salt is chemically neutral to hydrogen, the walls of a salt
cavern are impermeable for hydrogen and plasticity of salt prevents formation and propagation of fractures
that could compromise the reservoir's tightness." [86] A salt cavern in the European Union on average has a
volume of around 680.000 m 3 and can reach pressures of up to 250 bar, depending on the depth of the cav-
ern. The salt caverns are primarily used for natural gas storage, as 112 billion m 3, or 987 TWh, of methane is
currently stored in salt caverns in the EU alone.[75]
The large volume of methane stored gives high hopes for hydrogen salt cavern storage. The only apparent
limitation being possible geographic locations of these man-made underground salt domes.

Figure 1.5: Overview of storage costs of hydrogen based on throughput[75]

1.2. Problem statement
When the diverse spectrum of hydrogen related technologies will be implemented in the near future, great
interest will follow towards ef�cient long term, large scale storage. Salt cavern storage has proven with natural
gas to be a viable solution for gas storage and seems to be a suitable option for hydrogen as well. In the
literature review of chapter 2, the largest operating problems surrounding hydrogen are highlighted. Leakage
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Figure 1.6: The concept of underground hydrogen storage in geological structures.[86]

risks, hydrogen embrittlement, risks of contamination, cost and volumetric density are factors which should
be taken into account. The literature review showed that there is a lack of knowledge on what happens inside
the cavern. A cavern operator should be fully comfortable knowing that the gas purity remains constant
throughout the process. This research will therefore focus on the cavern's internal chemical processes, to
determine if the hydrogen purity can be guaranteed.
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Figure 1.7: Overview of the paper layout.

1.3. Research objective
Combining the problem statement and problem background presented in this chapter, the main question of
this thesis can be stated as follows:

What are key cavern conditions that in�uence the suitability of hydrogen storage in salt caverns and for what
purpose can the storage plant be implemented?

The sub-research objectives are formulated as follows:

1. What are potential process risks when storing hydrogen in salt caverns?

2. Are there substantial risks of contamination with subsurface hydrogen storage? What are the de�ning
variables that contribute to said contamination?

3. How do these impurities build up when the salt cavern is used?

4. Is the equipment currently used in the gas storage facility in Epe useable for hydrogen gas storage? What
changes should be made to the current storage process?

The report is structured in such a way that sub-objectives are dedicated to speci�c chapters as explained in
the following section (1.4) where the approach of this research is given.

1.4. Research approach
First of all, this report will need to answer the �rst sub-question and �nd out where the high risk areas will be
when storing hydrogen in salt caverns. To do this a literature review is done, making a step by step journey
through the below ground storage process in chapter 2. This way, high risk risk areas can be explained and
this report �nds out where literature alone proves to be unful�lling when trying answer the sub-questions.
In chapter 3 the above ground process is analysed of an existing natural gas salt cavern storage plant. The
goal in this chapter is to get a clear view of how the storage plant operates and to calculate constraints that
are used in both the above and below ground process simulations. Investigation of cavern contamination can
be divided into two equally important parts: First, a research should be done on the cause of contamination,
the factors that de�ne the level of contamination and what could be done to prevent contamination in the
�rst place. This part, chapter 4, will be called the below ground process, what happens inside the cavern. The
second part, chapter 5, concerns the above ground process and concerns what should be done to �lter out
the impurities in the gas �ow coming out of the cavern. This is illustrated in �gure 1.7
The cavern, cavern S43, that will be researched in this thesis is located in Epe Germany and is operated
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by NUON Vattenfall. The data supplied by Vattenfall will determine the cavern and brine composition and
dimensions. The cavern in Epe is selected, based on its average shape, size and depth.

1.4.1. Below ground process:
The goal is to build or �nd a modelling structure that can simulate gas mixture equations of state, transport
of gas in aqueous solution, solid liquid equilibrium reactions and kinetic reactions. Lastly, it should do all
this over time. To model what happens inside the cavern, this report uses the chemical modelling software
PHREEQC. The model is veri�ed by analysing its use in literature and by analysing different crucial reactions
in the cavern, and comparing it to experimental data from literature. The saturation limit of NaCl in water and
the solubility of CaSO4 are used for the veri�cation. Following the results of the veri�cation methods, there
is an error in the solubility rate of minerals in brine with high ionic strength, which is is taken into account in
the conclusions of the chemical analysis.

1.4.2. Above ground process
The above ground process is simulated through process modelling software. Since PHREEQC has given an
estimation of what happens inside the cavern, the output concentrations of the gas can be calculated. The
concentration and accompanying gas stream parameters are taken as inputs to the processing software. The
simulation method is veri�ed by comparing empirical data of a reference gas sweetening plant operated by
Lurgi [14], to model output with the same plant inputs. Therefore, verifying the accuracy of H2S absorbing
as calculated by Aspen Hysys. The process is partially designed via sizing methods available in literature, and
partially by running simulations in Aspen Hysys. The simulation of the process is used as an rough numerical
estimate of a real process, which function is only to determine if its possible to purify the gas streams to the
ISO limits, and to analyse if the energy and cost requirements of such a process are reasonable.

1.5. Scope of the research
In order to ful�l the objective of the research and ensure the quality, validity and reliability of the �ndings
within the limited time available. The scope of the research is presented, con�ned by the objectives as for-
mulated in section 1.3. This report will limit itself to the microbial production of H2S inside hydrogen �lled
salt caverns. It is hereby assumed that there is no CO2 present in the cavern, which will exclude the possibility
of methanogenesis. The hydrogen that enters the cavern is assumed to be pure and no other gas traces are
found in the cavern. The gas inside the cavern is assumed to be homogeneouslymixed, the same goes for the
brine.
The cavern (S43) that will be researched in this thesis is located in Epe Germany and is operated by NUON
Vattenfall. The cavern wall is assumed to be impermeable for hydrogen gas. The cavern in question is as-
sumed to be contaminated by Sulfate Reducing Bacteria. The contamination level and bacterial growth rate
are determined from literature.





2
Analysis of hydrogen storage in salt caverns

This chapter will address the different aspects of the hydrogen storing process that might provide necessary
information when designing a salt cavern hydrogen storage plant. The goal of this chapter is to accumulate a
viable supply of information from literature with which calculations and conclusions can be made on a later
stage and with which the �rst sub-question can be answered:

What are the potential risks when storing hydrogen in salt caverns?

This goal will be obtained by �rst listing the properties of gaseous hydrogen that are signi�cant in section
2.1. Starting of with the methods of production, followed by the thermal and chemical properties, concluded
by the different safety aspects of hydrogen. This way a sub-conclusion can be given as to where the greatest
risks will emerge in the process of sub surface gas storage in a salt caverns.
The same idea is applied to the salt caverns in which the gas is trapped in section 2.3. First a small look
into the creation of these caverns is given. After which the possible location, structure and risks of failure
are analysed. Also, like with hydrogen, the signi�cant properties of the salt caverns are examined. Lastly, in
section 2.3.4, this chapter will give a short risk analysis summarising the information found in literature.

2.1. Properties of hydrogen
Hydrogen is a colourless, odourless, nonmetallic, tasteless, highly �ammable diatomic gas with the molecu-
lar formula H2. Hydrogen, with just one proton and one electron, an atomic weight of 1.00794, is the simplest
and lightest element in the universe. With its simplicity it is also the most abundant of the chemical ele-
ments, constituting roughly 75% of the universe's elemental mass. It enables the sun to warm the earth by
converting hundreds of millions of tons to helium every second. On earth, however, hydrogen is primarily
available attached to one oxygen atom, as water. Gaseous hydrogen is not as abundantly available here on
Earth since it forms covalent compounds with most available non-metallics. It provides an important role in
acid-bases, reduction-oxidation (REDOX) chemistry, as the the reactions commonly involve the exchange of
protons ( H Å) between soluble molecules. Acidic solutions are de�ned by a low pH, which in turn is de�ned
as the concentration of H Å available in the solution. With higher concentrations of H Å comes a lower pH,
therefore an acidic solution. Through out this chapter hydrogen will be often compared to methane in order
to get create a reference point of view. Throughout calculations in this report it is assumed that the hydro-
gen is produced via electrolysers. Which is referred to as green hydrogen, in green hydrogen impurities are
rare, but can consist of N2, O2 and H2O. Based off article [57]. When we consider grey hydrogen, produced
using methane reforming, impurities are more frequent and can consist of C H4, Ar , CO, CO2 and N2. More
information on the different production methods can be found in the appendix A.1.

2.2. Hydrogen Hazards
By their nature, all fuels are in some degree dangerous. To determine the risk level that accompanies a type
of fuel, depends on the characteristics of the fuel system and on the properties of the fuel. A number of
hydrogen properties make it safer to use then other fuel types and a number of properties require additional
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Figure 2.1: Hazzards of the use of high pressure hydrogen gas.

engineering controls to ensure safe use. Hydrogen safety can be divided and ranked into four different sub-
sections: The leakage risks, the diffusion related embrittlement risks, problems with detection and possible
contamination. This is illustrated in �gure 2.1. The leakage risk is rated as the single biggest threat when
processing high pressure hydrogen gas, the reason for this is explained in the following section.

2.2.1. Hydrogen embrittlement
Diffusion of hydrogen in metals has been the subject of great interest: [69],[13],[60],[76]. However is still
not fully understood, because of the variety and complexity of mechanisms that can lead to embrittlement.
Hydrogen embrittlement is a process where a metal becomes brittle, or fractures, due to the exposure or dif-
fusion of hydrogen atoms, or ions, into the metal. In the storage process the primary cause of embrittlement
are followed by the diffusion of hydrogen in the metal which followed by either absorption or adsorption of
hydrogen into interstitial sites in metal lattices. The hydrogen can then either react to impurities or isotopes
of metal, forming hydrides, or gasses and creating an imbalance in the metal structure.[13] Another more
common form of embrittlement is caused by the diffusion of hydrogen to the metal grain boundaries, where
it forms bubbles. These bubbles exert pressure on the metal grains. The pressure can build up to a point
where the metal has reduced ductility and strength, which in turn can lead to cracks. [66] This is further
illustrated in �gure 2.2.

Figure 2.2: Embrittlement process
[66]

2.2.2. Hydrogen leakage
The high diffusion and dispersion rate of hydrogen can be seen as both its greatest safety asset, as well as the
cause for its greatest concerns. As seen in table 2.2, the diffusivity of hydrogen in air is around three times
higher then methane. Hydrogen embrittlement, as well as any other causes for cracks, holes and the smallest
of openings will be the cause of hydrogen leakage. The small size of the molecule (125pm) in combination
with a pressure driven force, will cause it to slip through materials previously thought were impermeable. In
the storage process these risks will increase with pressure. All places with high pressure, from the compressor
to the cavern, will be high risk areas. This will require extra attention to any seals, valves and piping equip-
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ment used in the compressor stage as well as in the rest of the plant. The leak rate can be predicted when
the leak rate of another gas is known using equation 2.1. Here M x are the molecular weight of the two gasses.
When comparing the leak rate of hydrogen relative to that of natural gas, a leakage ratio of 3.1 is calculated.
These rough estimates do not take the viscosity into account [41]. When hydrogen leaks the high dispersion
rate will prove a safety asset, as it will prevent build-up and therefore reduces explosive risks.

R1 ÆR2

p
(
M2

M1
) (2.1)

2.2.3. Detection
Hydrogen and Methane are both odourless, colourless and tasteless. The smell of natural gas however is
achieved by addition of an odorant as a safety measure. The odorant often used for natural gas is Butanethiol,
also known as Butyl-Mercaptan. Mercaptan has the same chemical structure as alcohols except that the -OH
groups are replaced with the Sulfur containing -SH groups. These Sulfur groups can contaminate fuel cells
and are therefore incompatible with hydrogen gas. Properties of a suitable hydrogen odorant are highly spe-
ci�c as there is no known odorant light enough to “travel with” hydrogen at an equal dispersion rate.
Unlike Methane, a hydrogen gas �ame is invisible in daytime conditions. Therefore, a hydrogen �ame can
not be easily detected by people during the day. Invisibility of hydrogen �ames is due to the distinct spec-
tra resulted by burning of hydrogen. Burning hydrogen emits thermal radiation in the Ultra Violet (UV) and
Infra-Red (IR) spectra.[90] The invisibility of the �ame of hydrogen-air combustion, is due to the absence of
carbon particles causing the visible radiation in a standard �ame. When in too close proximity to a hydrogen
�ame, there is little sensation of heat, making accidental contact with the �ame a notable concern. UV over-
exposure is also a concern, as it can result in sun-burn like effects.
This, in combination with the high leakage and auto-ignition chance, greatly increases workers risk when
handling hydrogen gas. Accurate hydrogen detection through sensors is critical in the application or storing
process of hydrogen. A wide range of sensor technology is available for this purpose. The palladium-based
hydrogen sensors are the most extensively researched and hold the most promise for the industry.[83]

(Auto)-ignition

Looking at table 2.2, an auto-ignition temperature for hydrogen is given as 858 K, since this temperature is
not reached during the process, temperature will not be the source of ignition. When we look at �gure 2.4, or
in the table 2.2, we see that there is a high chance of electrostatic, or other types of spark fused, ignition. The
low minimum ignition energy makes it far more sensitive to ignition than most other gaseous or vaporised
�ammable materials, and therefore the potential for electrostatic ignition is much greater. This is one of the
reasons, the leakage risk of hydrogen gas is seen as such a big safety hazards. When the leaking hydrogen is
ignited by a small spark it will cause an invisible hydrogen �ame. As seen in table 2.2, the burning velocity
of hydrogen in air can be around nine times larger then that of methane, which will result in a concentrated
high velocity �ame, perfect for rockets.

Figure 2.3: Comparison of ignition energy vs. concentration for hydrogen, methane, and propane.[20]
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2.2.4. Contamination
Purity of hydrogen gas is an important aspect when concerning the hydrogen cycle. The importance of pu-
rity is primarily caused by the effects these contaminants have on Proton exchange membrane (PEM) fuel
cells. PEM fuel cells are used as a replacement for internal combustion engines, producing zero emissions
as they use hydrogen as the fuel and air as the oxidant. However, impurities in the air and hydrogen in�ow
can cause performance degradation and in time can even lead to permanent damage to the membrane elec-
trode assemblies. Important impurities that have effect to the PEM fuel cell process include: Carbon Dioxide
(CO2), Carbon Monoxide (CO), Hydrogen Sul�de (H 2S), Ammonia (NH 3), Sulfur Carbons (Sn -Cm ) and Car-
bon Hydrogen compounds (C n -H m ). Considering PEM fuel cell technology for the automotive industry and
its wide application due to its the advantage in low weight and volume compared with other fuel cells, this
report will consider the formation of these impurities. In particular CO, CO 2 and H2S. Table 2.1 gives an
overview of maximum allowable concentrations of contamination in hydrogen fuel according to limitations
set for application in the automotive industry (grade D), as well as limitations set for applications industrial
heating and power generation (grade B). These classi�cations are found in ISO-14687. This paper will use
these limitations as a controlling factor for input variables as well as a limit set to calculated output variables.

IMPURITY Total (g) C H4 H2O He N2/ Ar O2 CO2 CO H2S HC HO HCOOH
grade D (ppm) 300 100 5 300 300 5 2 0.2 0.004 0.2 0.2
grade B (ppm) 1000 - - - 400 100 - - 10 - -

Table 2.1: Maxmium allowable concentration according to ISO 14687- 2:2012, for grade D (Proton exchange
membrane (PEM) fuel cell applications for road vehicles) and grade B ( Indrustrial heating and power gener-
ation) in ppm(v).[48]

CO
Carbon Monoxide when available in hydrogen rich fuels can sharply degrade the fuel cell catalyst ef�ciency.
This is caused by the characteristics of CO to bind to platinum sites, resulting in the reduction of active sur-
face sites available for hydrogen adsorption and oxidation. Even the presence of small concentrations of CO
present in the feed to the anode can block active Pt surfaces, this is because the bond between CO and Pt
is much stronger than that between H 2 and Pt. [28]. The CO poisoning effects are strongly effected by cell
current, concentration, temperature, exposure time and anode and catalyst types [22]. Concentration effects
of CO contamination are displayed in �gure 2.4. The maximum allowable concentration of Carbon Monoxide
is 0.2 ppm(v).

Figure 2.4: Effects of CO concentration and exposure time on cell performance for different anode catalysts.
A = 4 cm2; cathode catalyst: pure Pt; catalyst loadings: 1 mgcm2; Na�on 117; Tcell = 80 °C.[22]

CO2

Effects of Carbon Dioxide contamination are often attributed to hydrogen fuel dilution, however, the avail-
ability of both hydrogen and carbon dioxide in combination with the availability of a suitable catalyst gives
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rise to the reverse water gas shift reaction (RWGS), a simpli�cation of the reaction is given in equation 2.2.
This means that even a non-containing CO fuel can drastically degrade performance when suf�cient CO 2 is
available.

CO2 Å H2 ! COÅ H2O (2.2)

H2S
Hydrogen Sul�de allowable concentration is 0.004 ppm(v) (grade D) and 10 ppm (grade B). This means that
even trace levels of H2S can cause severe performance degradation; It is reported that at a level of 1 ppm
the fuel cell performance can be completely halted after only 20 hours [79]. The effect of H2S, as with CO,
is primarily caused by the poisoning effect against the catalyst. Equation 2.3 describes H2S adsorption and
equation 2.4 describes HS¡ adsorption. These equations use a platinum catalyst (Pt).

P t Å H2S � Pt ¡ H2Sads (2.3)

Or:
P t Å SH¡ � Pt ¡ SHads (2.4)

With the sulfur adsorbed species caused by H2S adsorption the effectiveness of the platinum electrode
surface is reduced. After the adsorption and oxidation process, studies have found that even after cleaning,
a percentage of the catalyst area remains inactive. A viable reason for the irreversible damage caused by H2S
poisoning are subsurface sulfur build ups, or adsorbed sulfur contamination's that are dif�cult to remove.[80]
Effects of sulfur poisoning are again effected by fuel cell current, temperature, electrode and anode type,
concentration and exposure time. The effects of H2S concentration and current density are displayed in
�gure 2.5. The effects of CO and H2S poisoning are most frequently studied for PEM fuel cells [9],[93], [68],
but the effects are also found on molten carbonate fuel cells and phosphoric acid electrolyte fuel cell.[74],
[51] and [23] respectively.

Figure 2.5: Individual and combined effects of 5 ppm NO2 and 5 ppm SO2 in air and 2.5ppm H2S in fuel on
cell voltages and lifetime. Symbols represent experimental data, while solid lines show model simulation.
Total Pt loadings at 1.0 mg cm2, Na�on 112 and 500 mA cm2. [22]
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Properties [Unit] Hydrogen Methane L-Gas

Chemical formula H2 CH4 81% CH4, 14% N2

2.87% C2H6, 0.89% CO2

0.38% C3H8, 0.15% C4H10
0.04% C5H12, 0.01% O2

Chemical structure H H C H

H

H

H

Mix

Molecular weight [g/mol] 2.016 16.043 18.63
Critical temperature [K] 33.2 190.65 187
Critical Pressure [bar] 13.15 45.4 44.6
Density of gas at NTP [Kg/m 3] 0.08376 0.65119 0.833
Normal boiling point (NBP) [K] 20 111
Enthalpy of Vaporization at NBP [kJ/mole] 0.92 8.5
Lower heating value (LHV) [MJ/kg] 119.96 50.02 38
Gibbs free energy [MJ/kg] 118.5 49.92
Higher heating value (HHV) [MJ/kg] 141.80 50-55 33.32 MJ/m3
Limits of �ammability in air [vol%] 4 - 75 5.3 - 15 4.7-16.6
Explosive limits in air [vol%] 18.3 - 59.0 6.3 - 13.5
Minimum spontaneous ignition pressure [bar] » 41 » 100
Minimum ignition energy [J] 0.02 0.29
Flame temperature in air [K] 2318 2148
Auto-ignition temperature [K] 858 813 890
Burning velocity in NTP air [m/s] 2.6 - 3.2 0.37 - 0.45
Diffusivity in air [cm 2/s] 0.63 0.2

Table 2.2: Physical and Combustion Property Values for Hydrogen, L-Gas, and Methane.[54], [89]
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2.3. Salt caverns
In order to analyse the risks that involved in sub-surface gas storage, this section will go deeper into the
subject of salt caverns. It will analyse the caverns creation, the location and composition of salt layers that
are capable of supporting gas storage. This report will focus on the Zechstein sea. The bore-data analysed is
speci�c for the ground of the storage plant in Epe Germany.

2.3.1. Cavern creation
This section will describe the creation and �rst use of salt caverns for natural gas storage. It is divided into
three phases:

1. Leaching phase
The salt caverns are arti�cially constructed out of existing salt bed deposits. The construction process of
a salt cavern is started by pumping water into the salt formation through an access-well. This process is
called solution mining, the salt will slowly be dissolved, and the created brine can be extracted and used
for salt production. The well construction process involves drilling a hole ( d < 1m) into the ground with
a depth depending on the storage product and the geological con�gurations, the depth of excavation
may range between 300 and 2000m.[52] Several pipes are installed in a telescope formation [25] after
which the pipes are cast in place by cement, making the arrangement gas-tight. The process is often
�uctuated by two methods developing and shaping the cavern. First in the direct circulation method,
the solvent is injected through the central pipe dissolving salt at the bottom of the cavern. Secondly,
with the indirect circulation method, water is injected through the pipes outer annulus, entering the
cavern from the top of the formation. Here the water will start dissolving the salt near the roof of the
cavern, �owing downwards, where the brine will be extracted. The brine created by solution mining is
used for the production of salt, for chemical purposes, or it can be deposited in the sea. Depending on
the volume of the cavern, the �rst phase could range from one year to a few years. Detailed overview
of the leaching phase structure is given in �gure 2.6. In this �gure an outer annulus is added to the
construction where a protective blanket �uid is added to prevent brine from �owing upwards.

2. Debrining phase
Once the salt cavern reaches its �nal volume, tests are carried out to determine the tightness of the
cement casing, after which the debrining process starts. The brine is displaced by injecting gas into
the cavern. The gas is injected through the outer pipe, while the brine is extracted through the inner
leaching pipe. It is impossible to extract 100% of the brine as the pipes do not reach the bottom of the
cavern.

3. Filling phase
After the �rst �lling, substituting brine with gas, an explosive charge is detonated splitting the pipeline
near the mouth of the cavern. It is practically impossible to remove the pipe as injecting gas into the
cavern has caused the piping from the top of the cavern to dis�gure. The pipe deformations are created
by the high out�ow of the �uids, comparable to a loose garden hose that sprays water in an arch. For
the controlled explosion, the purity of the working gas is signi�cant as an ample availability of oxygen
would amplify explosive range, possibly damaging the cavern head and wall. The pipes ending, now
discarded from the storage well, will fall to the bottom of the reservoir and remain there inde�nitely. It
is now possible to withdraw the top remaining part of the pipe system, after which a pipe system can
be inserted capable of injection and withdrawal of the gas, or liquid, for which the cavern functions as
a storage medium.

2.3.2. Geographical location
Selection of geographic location of subsurface salt cavern for gas storage is done after a thorough geological
analysis of the location using methods of deposit engineering. To understand where possibilities of salt cav-
ern formation lie, this section will further investigate the origins and location of salt slabs. Analysis of these
formations is important to determine the different substances and impurities that can be found in the cavern
wall, essential for the ascertainment of potential reactions further on in the report.
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Figure 2.6: Simpli�cation of solution mining of a salt cavern. Leaching phase (left), debrining phase (middle),
�lling phase (right).

Figure 2.7: Topography of the Zechstein sea and the location of Epe Gasspeicher.

Zechstein sea

Salt formations are found on every continent around the world, these salt formations are commonly referred
to as evaporites as they are originated from concentration and crystallisation by evaporation from an aque-
ous solution. In other words the evaporation of seas. This happens in a restricted environment where water
input into this environment remains below the net rate of evaporation. With marine transgression a �ooding
on such an area is initiated. This is followed by a regression which results in lowering of the sea level and the
precipitation of salt during an arid climate. To limit our scope, as mentioned in 1.5, this report will focus on
the salt formations at Southern Permian Basin area, in particular the area where the Zechstein sea used to be.
Speci�cations are given in �gure 2.7.
The Zechstein of central Europe was deposited between 258 and 252.3 Ma [36], during the Lopingian (late
Permian) Epoch. The Zechstein sea had a subtropic climate, which resulted in temperatures that allow the
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Cavern Depth Volume Date created Cement-casing Diameter Min. dist. to cavern
S43 1241 - 1330m 371785 m3 1984 1175m 83m 195m

Table 2.3: Cavern properties

formation of evaporites. The structure of this salt disposition is highly variable throughout its overlay. From
almost undeformed salt layers in salt poor areas, to steep-�anked salt diapirs, pillows and walls (�gure 2.9).
These variations are closely linked to the tectonic evolution and original thickness of the layer. The base of the
Zerchstein layer can vary from 700 to more then 5000 meter of depth.[30] As previously mentioned, the Zech-
stein salt layers were established by separate sedimentary cycles that re�ect the type of deposit within the
vast salt-basin. These cycle dependant Zechstein layers are generally divided chronologically into formation
categories.

Salt layer composition
Since the salt plateau this paper will analyse is located in Germany, this paper will use the German categori-
sation of Zechstein formation layers. The layers range from Z1 to Z7, the �rst being the oldest and when
existing the deepest [84]. The different cyclic layers differ by substance and structure, as their composition
was de�ned by the revolutions of nature over several million years. The Zechstein layers compose of salts,
anhydrites, carbonates and clay, as is illustrated in �gure 2.8.
Picking the most suitable layer for gas storage depends on the thickness, depth, purity and composition of the
saltlayer. Within the basin area, the distribution, thickness and continuation of the evaporitic rocks vary. This
is highlighted by the availability of salt structures such as diapirs and pillows. These structures are caused by
the movement of salt between its overlying strata and substrata. This is called halokinesis and is caused by
buoyancy, differential loading, gravity spreading and thermal convective. [84] Especially buoyancy and the
low density of salt compared to the surrounding tectonic plates have proven to be an important role of the
deformations. The different type of salt structures are illustrated in �gure 2.9 For an exact representation of
the salt caverns in Epe, this paper will analyse the stratigraphic borehole research of cavern S43. The cavern
is chosen to function as the model cavern throughout the report as it represents a stable spherical cavern
shape, illustrated in appendix A.7 and in �gure 2.10.

2.3.3. Cavern properties
The borehole research is found in appendix A.7. Cavern characteristics are displayed in table 2.3. When com-
paring the cavern depth with the borehole research, it can be concluded that the cavern is drilled in the Z1
Zechstein layer. The salt caverns operated in Epe, are constructed in a salt diapir.
Further analysis of the the layer at this depth concludes that cavern S43 consists of halite with small lay-
ers of anhydrite. When analysing other borehole reports from caverns in Epe the same conclusion can be
made, therefore the two primary soil substances that will be analysed in this report are halite and anhydrite.
Although the composition of the Z1 Zechstein layer is composed of around 99% pure halite[78], there are
impurities that should be taken in to account. The most common insoluble impurities in the Z1 layer are
Anhydrite (CaSO4), Gypsum (CaSO4¢2H2O), Dolomite (CaMg(CO 3)2), Calcite (CaCO3), Pyrite (FeS2), Quartz
(SiO2), also clay dispositions are possible. The most common soluble impurities include the following ions:
CaÅ2, FeÅ2, FeÅ3, MgÅ2, KÅ , Cl¡ , CO¡ 2

3 , and SO¡ 2
4 ; in addition, Ba Å2, SrÅ2, BÅ3 and Br may be present in mi-

nor amounts[37]. These impurities, however insigni�cant they may seem, can form obstacles for long therm
hydrogen storage. Impurities in the cavern wall can, for instance, incite leaking or chemical reactions, which
will have a negative effect on the stored quantity and quality of hydrogen.

• Halite - Sodium Chloride (NaCl)
Halite is the main component in the Z1 Zechstein layer of the salt caverns in Epe. It has favourable
properties to act as an underground leak-proof storage container thanks to its low permeability, plas-
tic behaviour (creep), self-healing (damage recovery) properties, and high thermal conductivity. Halite
does not react with hydrogen gas. [86]. Its high solubility (340 g/ L water at 20°C) creates the possibil-
ity for brine mining. Its impenetrability proven by nature as many of the worlds large natural carbon
sources are organically captured in rock salt. However, the high dispersion rate that characterises hy-
drogen creates a potential concern that is being researched by the TU Delft Admire group.

• Anhydrite - Calcium Sulfate (CaSO 4)
With the thin layers of Werra anhydrite found in the Z1 Zechtein layer of cavern S43, an analysis is
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Figure 2.8: Comparison of the average Zechstein stratigraphy and lithology of the Netherlands (left) and Ger-
many (right). Relative thicknesses of layers are indicated, but not to scale. Note also that the occurrence and
thickness of units may vary with the facies (i.e., basin, diapir, pillow and platform). 3)[84]

Figure 2.9: Main types of salt structure. (left) Salt pillow, showing salt move in a lateral sense and the covers
are not pierced by salt; (middle) Salt diapir, showing that salts move in a vertical sense and salts pierce out
the covers. Arrows show the direction of salt �ow; (right) Salt wall, showing the salt slab being pushed over a
tectonic plate.
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Figure 2.10: 3D representation of cavern S43

needed on the properties of this mineral. Calcium sulfate is highly hydroscopic. When in contact with
water anhydrite reacts to the �exible inelastic mineral calcium sulfate dihydrate, also known as gypsum
(CaSO4¢2H2O). anhydrite has a solubility that is around 140 times lower then that of Halite (2.5 g/ L
water at 20°C), however there will be slight formation of SO 2¡

4 and Ca2Å . SO2¡
4 can, in the presence of

methane or hydrogen, create hydrogen sul�de via abiotic sulfate reduction [35]. Hydrogen sul�de is a
toxic and corrosive gas that can lead to sul�de contamination in PEM fuel cells[79]. Further analysis on
the formation of hydrogen sul�de is required and will be given in 4.2.3.

• Calcite - Calcium Carbonate (CaCO 3)
Highlighted here as it is considered a microbial metabolic byproduct, research suggests that microbial
sulfate reduction drives calcium carbonate precipitation [40]

• Pyrite - FeS2

Pyrite is the thermodynamically stable end product of iron compounds reacting with sul�de in reduced
sediments, with the latter being produced mainly by microbial sulfate reduction [40].

Cavern leakage
As is further explained in appendix A.3, most cavern leakage incidents are consequences of breaches in the
well casing, as a result of either salt creep, faulty welding or corrosion. However the sealability of the rock
salt is an extremely important safety factor that should not be overlooked. Due to the self healing capacity
of the rock salt and its low permeability, a pure salt mine is considered as an ideal selection for gas storage.
However, abnormalities and halokinesis in the salt layer can result in an increase in the salt permeability, or
can be the cause for breaches in the cavern wall [64][29]. A more extensive investigation into the effects and
causes of cavern leakage can be found in appendix A.3.

2.3.4. Signi�cant cavern storage plants
Practical experience in the development and operation of hydrogen caverns has been accumulated over 40
years in the (petro) chemical industry. At this moment there are four operational hydrogen salt caverns, of
which three are in Texas, USA. Overview of published cavern properties is displayed in 2.4. The caverns in
Teeside Uk act as a buffer in a shared distribution network for chemical producers and consumers. The cav-
erns are relatively small and are situated in a 50 m thick salt layer. The working principle of the caverns in
Teeside is not through compressing and decompressing of the stored gas, but by pumping brine into the cav-
ern while keeping the caverns at a constant pressure of 45 bar. The three caverns in Texas follow the more
conventional modern natural gas caverns method. The caverns are used to cover chemical operational shut-
downs in producing or consuming installations and, consequently, ensure constant production operations.
The caverns are attached to a hydrogen pipeline grid with a range of several hundred kilometres.[26]
Although these caverns have existed for some time, there is no further available data on the caverns or on the
storage plants.
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Teeside
(UK)

Clemens Dome
(Texas)

Moss Bluff
(Texas)

Spindletop
(Texas)

Salt formation Bedded Salt Salt dome Salt dome Salt dome

Operator
Sabic
Petrochem.

Chevron Phillips
Chem. Comp.

Praxair Air Liquide

Commissioned 1972 1986 2007
Information
not available

Geometrical
volume [m 3]

210 000 580 000 566 000 906 000

Mean cavern
depth [m]

365 1 000 1 200 1 340

Pressure range [bar] 45 70-135 55-152 68-202
Net energy
stored [GWh]

27 81 123 274

H2 mass [ton] 810 2 400 3 690 8230
Net volume [m 3] (std) 9.12 x 106 27.3 x 106 41.5 x 106 92.6 x 106

Table 2.4: Metrics of Hydrogen caverns in the USA and the UK

2.4. Risk analysis
After a literature review on the potential risks when processing hydrogen, some conclusion can be made. It
is expected that from an engineering standpoint, the leakage rate of hydrogen is going to be the biggest chal-
lenge: Combining the leakage risks with possible auto-ignition and an invisible �ame poses great possible
hazard in a gas storage facility, or any other hydrogen processing plant. Another possible challenge has to
do with the diffusion rate of hydrogen in metals which can lead up to hydrogen embrittlement, which in turn
can lead to equipment failure and more leaks. This is why a great amount of current and recent studies are fo-
cused on either the diffusion rate or the leakage rate of hydrogen when transported or stored under pressure.
Since the effects have a great number of contributing variables such as: Temperature, pressure, material type,
shape and volumetric �ow. These studies are more often then not accompanied by extensive lab testing to
con�rm �ndings. Not a lot of research is done to �nd out what actually happens inside the cavern, while a lot
of questions still remain unanswered. One of those questions concerns the demand for highly pure hydrogen.
Is there a risk of contamination, either by aerobic or anaerobic reactions? This report will try to answer this
question, in order to �nd out if hydrogen in = hydrogen out.
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Key takeaways: Chapter 2

Biggest challenges when using salt caverns for long term hydrogen storage:

• Hydrogen leakage: The high leakage risks that accompany hydrogen are seen as biggest chal-
lenge for hydrogen processing. The small molecule size and high dispersion rate will cause the
gas to slip through cracks as small as 130 pm. Hydrogen gas can diffuse through many materials
considered airtight or impermeable to other gases.

• Hydrogen embrittlement: Constant exposure to hydrogen can lead metals to absorb hydrogen
causing material fatigue and can lead to cracks.

• Detection: Hydrogen gas has a very low minimum ignition energy, making it sensitive for igni-
tion risk. The combination with high leakage risks and the invisibility of a hydrogen �ame for
the human eye is a great hazard.

• Hydrogen contamination: Effects of hydrogen contamination are very relevant when using hy-
drogen for fuel cells. Limitations set to sulphur content has a maximum of 0.004 ppm. Water
content has a maximum of 5 ppm.

• Salt caverns: While the cavern is located in a mostly pure halite (NaCl) salt layer, the cavern wall
and brine could have natural impurities containing Ca Å2, FeÅ2, FeÅ3, MgÅ2, KÅ , Cl¡ , CO¡ 2

3 , and
SO¡ 2

4 .

• Cavern leakage: Highest leakage risks is expected to be caused by breeches in the steel casing
closest to the cavern, this in combination with porous cementation surrounding the casing can
lead to costly cavern leaks.





3
Process conversion: From natural gas to

hydrogen

To get an accurate view of how a subsurface hydrogen gas storage plant would look and where the critical ar-
eas will arise, this report reviews and compares the process to that of an existing natural gas storage plant. The
plant is Vattenfall's Nuon Epe Gasspeicher GmbH, located in Germany near the border to the Netherlands.
The goal of this chapter, like with chapter 2, is to �nd any high risk areas in the storage process, speci�cally
when the process is changed from natural gas to hydrogen gas. Along side theory this chapter will give cal-
culations to determine important variables speci�c to cavern S43 and the natural gas storage plant in Epe.
These calculations are used in chapter 4 and 5 of the paper.

3.1. CNG storage process overview

Figure 3.1: Natural gas storage process.

The storage plant in Epe is connected to two natural L-gas grids, the Gasunie Transport Services (GTS)
and the Open Grid Europe (OGE). As the gas arrives from the gas networks, it �ows through a slugcatcher to
absorb any surges in the network, after which it will �ow through measurement systems to determine �ow
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