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Abstract
The Netherlands will need to transform her traditionally fossil fueled energy system in the coming decades to achieve
the goal of reducing 𝐶𝑂 emissions to net-zero in 2050. Therefore, an increase in renewable energy sources as solar
and wind energy in the overall energy mix will be essential. However, due to the highly variable energy production
patterns of these renewable energy sources, a primary need for energy storage is created. Since electricity can not
be stored on a large enough scale to balance significant energy fluctuations, the need for a gaseous 𝐶𝑂 neutral
energy carrier is created. In The Netherlands, this role could potentially be fulfilled by green hydrogen gas. Green
hydrogen can be stored in geological formations such as depleted gas reservoirs. Due to the immense storage vol-
umes and frequent occurrence in the Dutch subsurface, depleted gas reservoirs could be an excellent opportunity to
serve as large scale energy storage sites. Moreover, underground natural gas storage in gas reservoirs is a proven
and used technique in The Netherlands.

Utilizing a natural gas reservoir as a hydrogen storage site comes with several challenges. This report provides a
full overview of all the challenges with underground hydrogen storage in geological formations as aquifers, depleted
gas reservoirs and salt caverns based on literature. In this way, the full potential and risks of using depleted gas
reservoirs for this technique is clearly highlighted. Using this overview, a priority scheme for the usage of different
geological formations as storage facilities for hydrogen is proposed. In combination with possible meteorological
conditions combined with different Dutch policy scenarios, a minimum seasonal storage need of 16 TWh through
the use of hydrogen is identified. Using the priority scheme, rock salt caverns are used as much as possible to fulfill
the minimal need for seasonal hydrogen storage. By performing an analysis on the potential subsurface storage
capacity in The Netherlands, it becomes clear that the Dutch subsurface can not realize more than 12.1 TWh of
potential hydrogen storage capacity by only utilizing salt caverns. Since depleted gas reservoirs are identified as the
best alternative for underground hydrogen storage, a minimum need for hydrogen storage from Dutch depleted gas
reservoirs is estimated at 3.9 TWh in 2050.

In this thesis, all physical and chemical aspects that are important during the subsurface storage of hydrogen in
porous media are addressed. This leads to the identification of potential losses of hydrogen during the storage of
the gas in the depleted gas reservoir. Analyzing all the possible methods leading to potential hydrogen loss shows
that on the long term, bacterial conversion seems to be the biggest challenge if no measures against this conversion
are taken.

Using numerical reservoir simulation as a quantification and sensitivity analysis tool, the hydrodynamic behaviour
of hydrogen in contact with other gasses is described. This is done by introducing a dimensionless gravity number.
The interpretation of this number shows if the displacement process is either dominated by viscous or gravitational
forces. Furthermore, the displacement efficiency of hydrogen towards other gasses is analyzed. Displacement of
hydrogen towards residual gasses in porous media dominated by viscous forces proves to be more efficient than the
displacement dominated by gravitational forces.
By performing cyclic storage simulations, the overall efficiency of injecting and reproducing hydrogen from a depleted
gas reservoir is examined. This is done for both homogeneous and heterogeneous reservoirs. By performing a
sensitivity analysis on the input parameters of the simulator, an overview is given of the parameters that will have the
most positive or negative impact on the cycle efficiency. The results of the simulation show a regular cycle efficiency
that is estimated at roughly 70%. Applying a higher difference in injection and production pressure leads to a lower
cycle efficiency whereas using a more elongate reservoir as storage site shows to have a positive effect on the overall
cyclic efficiency.
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1
Introduction

The Dutch Climate Agreement forces The Netherlands to reduce her emissions of greenhouses gas emission with
49% in 2030 [1]. Therefore, The Netherlands is facing a great challenge to adapt her national energy system.
Traditional fossil fuels as coal, oil and gas need to be phased out throughout the coming decades and be substituted
by 𝐶𝑂 neutral energy sources. A current disadvantage of an energy mix dominated by renewable energy sources
as solar and wind energy is the fact that these sources are fluctuating due to weather conditions causing intermittent
electricity to be delivered to the grid [2]. Consequently, these fluctuations in energy production will cause surpluses
and deficits and will therefore lead to an unreliable supply of energy. This mismatch of supply and demand for 𝐶𝑂
neutral energy sources leads to a primary need for energy storage in the future.
Currently, renewable energy sources as solar and wind energy primarily produce electricity.

Figure 1.0.1: Used energy carriers in The Netherlands in 2017 [3]

Figure 1.0.1 shows that electricity only accounts for a relatively small share in the overall usage of energy carriers
in The Netherlands [3]. Energy consuming sectors such as the industry and mobility will not be able to completely
switch to electricity in the nearby future. In terms of potential, 𝐻 can also replace the energy carrying role for
nearly 60% of non-industrial processes for which currently natural gas is used [4]. Moreover, the scale of electricity
generation will not be great enough in order to supply each energy consuming sector with electricity [5]. Also, current
storage technologies are limited in both capacity and discharge time when it comes to the storage of electricity [3].
Therefore, a primary demand for alternative energy carriers other than electricity will remain, for example through
the use of ’green’ gas (𝐶𝐻 ) or hydrogen gas (𝐻 ). A great theoretical volume can be used as a storage site in which
a clean energy carrier as 𝐻 can be stored. Through the use of large scale energy storage, fluctuations in energy
usage and production can be balanced. In Figure 1.0.2 it is clear to see that energy storage through the use of
hydrogen can be realized at a much greater scale than many other conventional storage techniques [6].

1



2 1. Introduction

Figure 1.0.2: Discharge time vs. storage capacity for different storage technologies [6]

1.1. Hydrogen as an energy carrier and storage medium
Hydrogen (𝐻) is the lightest and most abundant element that can be found on Earth [7]. The atom is largely present
in a great amount of molecules like for example water (𝐻 𝑂), methane (𝐶𝐻 ) and ammonia (𝑁𝐻 ). Pure hydrogen
gas (𝐻 ) however is not a natural source and needs to be produced through the use of different chemical reactions.
The four biggest sources through which 𝐻 can be produced are coal, natural gas, oil and water. Currently, 𝐻 is
mainly produced for industrial purposes using fossil fuels as a source. The most common method used nowadays is
Steam-Methane-Reforming (SMR). In this process, 𝐻 is separated from 𝐶𝐻 using high temperature steam [8], i.e.,

𝐶𝐻 + 𝐻 𝑂 → 3𝐻 + 𝐶𝑂. (1.1)

Then, using the water-gas-shift reaction (WGSR), the produced carbon-monoxide 𝐶𝑂 is used for the following reac-
tion producing again 𝐻 , i.e.,

𝐻 𝑂 + 𝐶𝑂 → 𝐻 + 𝐶𝑂 . (1.2)

However, when applying SMR and WGSR to produce 𝐻 , 𝐶𝑂 is produced simultaneously which means that this
production method for 𝐻 is not feasible due to the simultaneous production of greenhouse gas emissions. This
process is therefore often referred to as grey 𝐻 production [9]. If, however, the produced 𝐶𝑂 is then sequestrated
and stored safely, no additional 𝐶𝑂 will enter the atmosphere. This would mean a production of net 𝐶𝑂 neutral 𝐻
which is often referred to as ’blue’ 𝐻 production [9].

The production of green 𝐻 can be performed by several methods, including biomass induced processes and
several water splitting techniques. The water splitting techniques include promising proton-exchange-membrane
(PEM) water electrolysis through which 80-90% efficiency can be achieved [10]. When green electricity is used as
the energy source for this process, green 𝐻 can be produced through the following chemical reaction:

2𝐻 𝑂 → 2𝐻 + 𝑂 (1.3)

In this process, no carbon emission is established creating a carbon neutral methodology to produce the energy
carrier 𝐻 .

In the current energy infrastructure, oil and gas have the great benefit that these sources can be characterized
as both natural resources and energy carriers. This means that both sources are relatively efficient to be produced,
transported and consumed for different applications. Current green energy sources as solar and wind produce
electricity as primary product which is not seen as an ideal energy carrier due to the limited capacity on the electricity
grid and the inability to store large amounts of energy in batteries [3].
In order to replace the energy carrying role of an energy source like oil or natural gas, 𝐻 is a potential candidate to
replace these fossil fuels. This is mainly due to the high energy density of 𝐻 making it a suitable energy carrier. As
stated before, energy consuming processes are needed prior to production of 𝐻 . Therefore it can only be seen as
an energy carrier instead of an energy source.
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Figure 1.1.1: Volumetric and Gravimetric Density of several energy carriers [11]

In Figure (1.1.1) it is noticeable that the potential of 𝐻 can be found in the gravimetric density [11]. Therefore, in
order to store the most energy in a volumetric unit, compression of 𝐻 is an essential step to be taken.

1.2. Seasonal energy storage
Another reason making 𝐻 a potential candidate for the future energy infrastructure can be found when looking at
the relationship between energy consumption and production. The current usage of electricity and (industrial) gas
are characterized by respectively small daily and large seasonal fluctuations. In The Netherlands, this difference is
clearly visualized in the figure below:

The large difference in usage of natural gas is related to the demand for heat during the winter. This extra
demand for gas can be compensated for by simply increasing the gas production rate from existing gas reservoirs
or by making use of seasonal underground gas storage (UGS). Currently in The Netherlands, cheap gas is stored
during the summer in four depleted onshore gas reservoirs. When heat demand rises in the winter, the stored gas is
produced from these gas reservoirs completing the seasonal gas storage cycle. If in the future, 𝐻 would become the
energy carrier for a large portion of the utilities for which now natural gas is used, the demand for 𝐻 would roughly
follow the same seasonal demand curve.

Figure 1.2.1: Fluctuations of Renewable Energy Production in Germany [17]
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As mentioned before, if the future energy mix will rely on a great share of fluctuating renewable energy sources,
the supply of energy will show both surpluses and deficits. In the above Figure(1.2.1), the typical scale of such
fluctuations in the German energy mix are visualized throughout the months of January and February. The red line
visualizes the load that is delivered to the electricity grid. During the last week of January and the first week of
February, there is clearly not enough energy produced by renewable energy sources to meet the electricity demand
and the deficit is covered by fossil electricity generation. However, already in the second week of February, the
renewable energy production has caused a significant surplus of energy production. These surpluses can not be
stored on the electricity grid and would therefore account as lost energy. Since these fluctuations would also occur
due to the Dutch meteorological conditions, it is clear to see that with an increase in solar and wind energy, an
increase in surpluses and deficits of energy can be expected. This would make the need for energy storage through
the use of 𝐻 even more necessary than seasonal natural gas storage already is in today’s world.

1.3. Subsurface storage in geological formations
Using the surpluses from renewable energy generation, water can be converted through electrolysis to produce the
green energy carrier 𝐻 . The produced green 𝐻 can then be stored in geological formations such as salt caverns,
depleted gas and aquifers. This technique is also known as underground hydrogen storage (UHS) [12]. An overview
of these geologic formations can be seen in Figure 1.3.1 [13].

Figure 1.3.1: Visualization of potential geological storage sites for UHS [13]

In The Netherlands, storage of natural gas in depleted gas reservoirs has been executed since 1997 [14]. In
Figure 1.3.2, an overview is given of the locations of all Dutch UGS sites are given. A total of four onshore gas
reservoirs are currently used for seasonal storage of natural gas. These are the reservoirs of Norg, Grijpskerk,
Bergermeer and Alkmaar. Since 2011, also salt caverns in Zuidwending are used for the storage of natural gas. In
Winschoten, nitrogen gas (𝑁 ) is stored in a salt cavern. This 𝑁 is blended in the natural gas infrastructure in The
Netherlands to make the natural gas applicable for usage in the Dutch built environment [15].

On an international scale, UGS has rapidly increased over past decades. In total 680 UGS sites exists as of 2017
accounting for roughly 420 billion cubic meters (bcm) of stored natural gas [16]. UHS does not necessarily differ from
UGS and therefore several similarly projects have already been conducted to investigate the appliance of UHS. For
example, in Teesside, England and in Clemens, USA salt caverns are used to store 95% ’grey’ 𝐻 . This 𝐻 is then
used as an industrial feedstock for chemical processes [17]. From 1956 to 1972 in Beynes, France, GDF stored
a mixture of manufactured gas containing 50% ’grey’ 𝐻 in a saline aquifer. The change in chemical composition
of the gas in the reservoir proved the presence of microbial activity in the subsurface leading to the conversion of
𝐻 during UHS [18]. In both Argentina and Austria, a first feasibility study of UHS in a depleted gas reservoir site
was performed. In Austria, a mixture of gas containing 10% 𝐻 combined with methane (𝐶𝐻 ) was injected into the
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Figure 1.3.2: Locations of underground gas storage sites in The Netherlands [15]

reservoir. The results from the field test showed that 82% of the injected 𝐻 can safely be retrieved again from the
reservoir [13].

1.4. Technical & economical Challenges of underground hydrogen storage
Just as with natural gas, 𝐻 can be stored in potential geological formations such as salt caverns, aquifers and
depleted gas reservoirs. An overview of characteristics per type of geologic formation is given below.

Capacity
The storage capacity of above ground storage facilities in for example storage tanks is of a much smaller scale com-
pared to the theoretical volumes found in the subsurface. The Netherlands largest above ground storage facility, the
Gate Terminal has a volume of 0.3 bcm [19]. The storage capacity, of geologic formations is significantly greater.
Especially for aquifers and depleted gas reservoirs, these potential volumes could easily range from 1-10 bcm [9].
This would provide energy storage capacity up to hundreds of GWh or several TWh in terms of natural gas or 𝐻 .
Salt caverns tend to have a smaller storage capacity and a single 𝐻 filled cavern is estimated to provide around 100
GWh of energy storage capacity [19].

Discharge Time
In order to use these storage sites efficiently high injection speeds for 𝐻 are essential in order to store as much 𝐻 as
possible during periods of high 𝐻 production and low 𝐻 demand. Vice versa, 𝐻 production speeds need to meet
the demand for 𝐻 during periods of energy shortage. Due to the relatively compact geometry and smaller volumes
of salt caverns, changes in pressure can lead to high production speeds of 𝐻 . For example, the 𝑁 filled salt cavern
in Winschoten can produce up to 4,56 M 𝑚 /𝑑𝑎𝑦. In comparison with aquifers and depleted gas reservoirs, the
maximum production rates per well are estimated at around 1 M 𝑚 /𝑑𝑎𝑦 [9]. However, the usage of multiple wells
at very high rates is strongly limited by the risk of induced seismicity.

Seismic Risks
When large pressure changes are applied to subsurface formations, risks of induced seismicity are always present.
Salt caverns are man made structures that need to be constructed through a process called solution mining. This
process already could possibly lead to local effects such as subsidence [9]. The use of depleted gas reservoirs is
generally less prone to seismic risks. In the past, natural gas production from this reservoir has provided sufficient
knowledge of the subsurface in this area. This knowledge can be used to quantify the possible risks related to
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seismicity. Aquifers generally have not been depleted prior to the usage as a storage facility. Therefore, a lot
of uncertainty is linked to the local behaviour of the subsurface when pressure differences are applied. Without
extensive research of the effects of these pressure changes on the subsurface, increased risks of induced seismicity
during cyclic storage will occur. However, oil and gas production are traditionally mainly characterized as depletion
processes. The extraction of these natural resources leads to a constant pressure decline in the subsurface. In
comparison, during cyclic storage, the pressure in the subsurface will always be maintained between a safe upper
and lower limit reducing the risks of seismicity [9].

Cushion Gas
During the cyclic storage of gasses in geological formations, only a share of the total theoretical volume of the
reservoir can be used. Prior to the cyclic storage of 𝐻 a large amount of gas needs to be injected in the subsurface in
order to maintain aminimum pressure in the cavern or reservoir. Maintaining this minimum pressure in the subsurface
will limit the risks for induced seismic activity. The gas that is used to guarantee this stability is called cushion gas and
ideally remains permanently in the storage site. Salt caverns need less cushion gas due to their compact geometry
and generally smaller scale. Depleted gas reservoir and aquifers on the other hand are often characterized by their
wide and elongate structures. Since this cushion gas will not be used for the seasonal storage for energy, the main
criteria for cushion gas is that it is cost efficient and that it will maintain the minimum pressure in the subsurface. In
order to keep the concentration 𝐻 as pure as possible in the storage site, 𝐻 itself could be used as a cushion gas.
However, due to the potential high production costs of 𝐻 this could be a costly option. Alternatively, 𝑁 is therefore
proposed as a more cost-effective option. 𝑁 is also a less reactive gas and would therefore reduce the possibility
of 𝐻 reacting with the cushion gas and other fluids [2]. Lastly, 𝐶𝐻 could be used as cushion gas. However, more
research is necessary regarding the reactivity between 𝐻 and 𝐶𝐻 .

Costs
As mentioned before, salt caverns are man made structures that first need to be constructed before storage in the
subsurface is possible. Since depleted gas reservoirs have already been used for the production of natural gas in the
past, all knowledge of the subsurface and possible infrastructure is already present. This would not be the case for
aquifers since generally no production has occurred from an aquifer in the past. The costs for the construction of a
salt cavern including the necessary infrastructure for cyclic storage is estimated at around 334 €/MWh. The levelized
cost of storage for cyclic storage of 𝐻 including the costs for infrastructure construction is estimated at 17 €/MWh per
year [20]. In comparison, for depleted gas reservoirs the costs for constructing the new infrastructure are estimated
between 280 - 424 €/MWh dependent on the size of the reservoir. The levelized costs of cyclic storage in depleted
gas reservoirs are estimated between 51 to 76 €/MWh. Therefore, it is clear that reusing the existing natural gas
infrastructure as much as possible could be a great financial benefit compared to salt caverns. For aquifers, the initial
costs are not known. The operating costs for cyclic storage will be comparable to those of depleted gas reservoirs.
No infrastructure is assumed to be present since there generally has not been production from an aquifer in the past
meaning the total costs of establishing the storage facility will be significantly higher for aquifers.

Leakage
𝐻 is the lightest molecule on Earth and can therefore easily leak away from subsurface storage facilities if no mea-
sures are taken. The wells and other materials that are normally used for oil and gas production are not necessarily
applicable for subsurface 𝐻 storage and leakage through the materials could occur [18]. Also, the geologic forma-
tion itself could have pathways through which 𝐻 can migrate. For salt caverns this risk is relatively low since the
𝐻 will be surrounded completely by practically impermeable salt layers [17]. For depleted gas reservoirs, a proven
seal or cap rock layer is present under which natural gas has been trapped over millions of years. For aquifers, a
cap rock is present that proved to contain water in the reservoir rock. This does not mean that 𝐻 would also remain
safely trapped under the same cap rock layer of depleted gas reservoirs and aquifers. Within the low permeable cap
rock, a certain capillary threshold pressure exists which acts as the main sealing mechanism. Once this threshold
pressure has exceeded, the rock could become permeable for gas and losses of 𝐻 would occur [21]. Moreover,
(micro-) fractures in the cap-rock could provide migration pathways for 𝐻 to leak through.

Chemical Reactions
Aquifers and depleted gas reservoirs that contain sulphuric gas orminerals could potentially cause a reaction between
𝐻 and sulphur. This chemical reaction can create the highly toxic gas hydrogen-sulphide (𝐻 𝑆). Also, this reaction
will lead to acidification of the reservoir which could pose a threat to the integrity of steel alloys that are used at the
storage site [18]. Chemical reactions between 𝐻 and the reservoir rock and fluids could lead to changes in porosity
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and permeability impacting the storage space of a reservoir or aquifer. Decreases in porosity and permeability would
lead to lower efficiency of storage cycles [22]. Furthermore, in all subsurface storage sites, microorganisms are
present that can survive under subsurface conditions. These microorganisms potentially could convert 𝐻 to for
example methane (𝐶𝐻 ) or again 𝐻 𝑆 causing 𝐻 to be lost during storage cycles. This would lead to a decrease in
storage efficiency.

Capacity Discharge
rate

Initial
costs

Cyclic
costs

Seismic
risks

Chemical
conversion

of 𝐻
Cushion
gas need

Leakage
risks

Salt
caverns Average High High Low Low Low Low Low

Saline
aquifer High Low Average Average High High High High

Depleted gas
reservoir High Average Average Average Average High High High

Table 1.4.1: UHS Characteristics of different geological formations

An overview of all the factors that can positively or negatively impact the storage facility per geologic formation
is given in Table 1.4.1. Summarizing the above mentioned technical and economical challenges, one can conclude
that salt caverns are the most suitable for UHS. During a minimal need for safe storage of 𝐻 , salt caverns provide
the highest production speeds and account for minimal losses due to chemical reactions and leakage. Since also the
safety risks are relatively low compared to other geologic formations, salt caverns are the most prudent choice for the
initial development of UHS. Depleted gas reservoirs come next in terms of suitable geological formations for UHS.
The large scale capacity of a single reservoir could potentially be the same as the storage capacity of several salt
caverns. Also, the available knowledge of the subsurface and the possible reuse of existing infrastructure could be
very useful when the reservoir needs to be transformed from production site to storage facility. Aquifers are initially
the least suitable candidate for UHS. Most challenges are comparable to those encountered using a depleted gas
reservoir. However, since there is generally no knowledge nor infrastructure present beforehand, depleted gas will
be a more preferred alternative.
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1.5. Problem Statement & Research Questions
The need for UHS in geological formations will depend on the scale of which 𝐻 will be used as 𝐶𝑂 neutral energy
carrier in the future Dutch energy landscape. The combination of fluctuating energy productions coming from renew-
able energy sources and a need for an alternative energy carrier other than electricity leads to a primary need for
UHS. The huge volumes of geological formations such as depleted gas reservoirs, can potentially lead to the storage
of hundreds of TWh in terms of energy capacity [19]. During the same time span in which renewable energy sources
need to mature to become significant sources within the Dutch energy mix, the UHS technique needs extensive
research before a subsurface 𝐻 storage site can be realized [19]. This research is needed mostly in the following
fields:

• Usage of cushion gas and alternatives in presence with 𝐻
• Sealing degree of the cap-rock of the reservoir for different pressures and temperatures

• Geochemical reactions with 𝐻 and fluids and minerals within the reservoir system

• Biochemical conversion of 𝐻
• Mobility of 𝐻 and water to predict viscous fingering and sweep efficiency

In this research, all of the above mentioned topics will be investigated when applying UHS on depleted gas reser-
voirs. This will be done by conducting a literature study covering the listed topics and the current developments.
Then, by performing a simulation study, the physical challenges of storing 𝐻 in porous media is addressed. By ana-
lyzing and reducing the energy loss, the efficiency of 𝐻 storage cycles in depleted gas reservoirs can be increased.
Lastly, a sensitivity analysis will be performed to estimate the impact of different parameters on the potential of re-
alizing an UHS site at a depleted gas reservoir. The link of UHS in geological formations and the above mentioned
need for research in this field will be addressed using the following research question:

To what extent is hydrogen storage technically feasible in Dutch depleted gas reservoirs?

In order to better define the term feasibility the following sub-questions will be used to answer the research
question:

• What is the necessary capacity for 𝐻 that needs to be met in order to define this storage technique as feasible?

• What losses of 𝐻 can be expected during the first and subsequent storage cycles?

• How can the hydrodynamic behavior between 𝐻 and residual fluids be described?

• What levels of cyclic efficiency can be achieved by utilizing a depleted gas reservoir as storage site?

• What is the impact of the simulation input parameters on the overall efficiency of this technique?



2
Potential of hydrogen energy storage in Dutch

depleted gas reservoirs
Due to the large scale on which oil and gas production has been executed in The Netherlands a great amount of
knowledge of the both the onshore and offshore subsurface is available. By comparing the gas-initially in place
(GIIP) with the total production volume of a depleted gas reservoir, an estimation of potential storage capacity can
be made.

Figure 2.0.1: Overview of all oil (red) & gas (green) reservoirs in The Netherlands (left)
Presence of salt layers and domes in The Netherlands (right) [15]
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From the aforementioned properties of the different potential geological formations, the conclusion was made
that currently, in terms of efficiency and safety, salt caverns will be the most reliable geological formation to store
𝐻 into. Therefore, salt caverns will be used as much as possible for safe and reliable seasonal 𝐻 storage prior to
depleted gas reservoirs.

In Figure 2.0.1, it is clear to see that the region where salt domes (red and dark-red planes) are present in the
Dutch subsurface is limited to roughly the Dutch North-East onshore area and the North-West area offshore. Based
on the onshore areas, it is assumed that a total of 321 salt caverns could be safely constructed here. The total
effective storage capacity i.e. excluding the capacity occupied by cushion gas, is estimated at 14.5 bcm of 𝐻 [19].
Using the volumetric energy density for𝐻 at standard pressure and temperature of 10.79𝑀𝐽/𝑚 , this volume can be
converted to energy storage capacity [9] Therefore, the total effective volume in these salt caverns corresponds to an
energy storage potential of 156 PJ (43.3 TWh) [19]. Due to the current lack of worldwide knowledge and experience
with the construction of salt caverns offshore, the potential storage capacity of offshore salt caverns is excluded.

In Figure 2.0.1, it is clear to see that the dimensions of the gas reservoir can vary a lot. Also in terms of location,
there is a wide variety of where these gas reservoirs can be found in The Netherlands. The largest onshore gas
reservoirs are found in the northern part of The Netherlands. The most dense concentration of multiple gas reser-
voirs can be found in a few areas offshore. The total amount of effective storage capacity in depleted gas reservoirs
is estimated at 153 bcm of 𝐻 [9]. Therefore, the energy storage capacity through the use of 𝐻 in depleted gas
reservoirs is estimated at a total of 1641 PJ (456 TWh).

2.1. Quantitative need for 𝐻2 storage
In several scientific studies regarding large scale green energy storage, different predictive models are used leading
to scenarios that describe the use of different energy sources in the future energy mix. In order to quantify the future
need for 𝐻 storage in The Netherlands, the results of the report: ’Klimaatneutrale Energiescenario’s in 2050’ by
Berenschot & Kalavasta is used. This report is developed in cooperation with different network operators in order
to give an insight of the necessary energy infrastructure during the energy transition [23]. The final need for energy
storage in The Netherlands in 2050 trough the use of 𝐻 is a combination of the usage of 𝐻 in the future energy
landscape and the meteorological conditions occurring throughout the year. Berenschot & Kalavasta sketch the po-
tential usage of 𝐻 in The Netherlands according to four strategic and policy related scenarios:

Regional Management National Management
100% CO2-reduction in The Netherlands 100% CO2-reduction in The Netherlands

No import of energy Minimal import of energy
Decrease of energy-intensive industry No change in energy-intensive industry

European Management International Management
100% CO2-reduction in The Netherlands 100% CO2-reduction in The Netherlands

European hydrogen market Global hydrogen market
Growth of energy-intensive industry Growth of energy-intensive industry

Table 2.1.1: Highlights key assumptions from the different management scenario in Klimaatneutrale Energiescenario’s in 2050

In the above table, a few key assumptions of each management scenario are highlighted. The full definition for
each scenario can be found in the Appendix. One can see that in the National Management scenario, the assumption
is made that The Netherlands will rely on a fully sustainable and self-sufficient energy system. In this energy system,
mismatches of energy supply and demand will be covered through energy storage of green gas and 𝐻 . Since the
Dutch energy system will be self-sufficient, this automatically means that there is no import nor export of 𝐻 or other
energy carriers taking place. The primary need for 𝐻 storage will therefore arise from the need for seasonal energy
storage. In comparison, in the European and International Management scenarios the main assumption is made
that 𝐻 production and consumption will be governed through import and export with other countries. Due to the
lack of storage space in other countries, The Netherlands will serve as an import country for the import and strategic
storage of 𝐻 . Therefore, the great share of the need for 𝐻 storage is caused by strategic 𝐻 storage.

Besides management related scenarios, Berenschot & Kalavasta also analyze the historically occurring mete-
orological conditions in The Netherlands. The meteorological conditions of 2015 in The Netherlands are defined
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as an average year which is likely to return more often in the coming decades. The 2015 year is defined by mild
fluctuations in temperature and the regular presence of ideal conditions for the generation of wind and solar energy.
The weather during the year 1987 in The Netherlands is seen as an extreme year with a sharp decrease in average
temperature throughout the year leading to an increased demand for heat and energy throughout the winter. Also,
a great deficit of energy production from renewable energy sources will lead to an extra need for energy storage to
cover for such harsh conditions. From the combination of the above scenarios, the minimum need for 𝐻 storage is
found during the National Management scenario in combination with the mild 2015 meteorological conditions. This
need for storage in 2050 corresponds with a total volume of 5.3 bcm of 𝐻 or in terms of energy 57.2 PJ (15.9 TWh).
Since the different potential geological formations have both positive and negative aspects when it comes to UHS, a
suitable combination of geological storage sites need to be defined. This combination will be done using the priority
scheme defined at the end of Chapter 1. As described before, due to the lower efficiency and higher leakage risks
of 𝐻 storage in depleted gas reservoirs, the need for storage should initially be covered by salt caverns as much as
possible.

Figure 2.1.1: Minimal need for seasonal storage in Dutch depleted gas reservoirs

A limiting factor for constructing salt caverns is the construction capacity rate in The Netherlands. With the current
capacity, a total of three salt caverns per year can be constructed [19]. Starting in 2020, the yearly construction of salt
caverns at maximum construction rate could therefore realize ’only’ 90 caverns in 2050. This would corresponding
to an effective capacity of 12.1 TWh. Compared to the minimum need for 𝐻 storage in 2050, this would lead to
a storage deficit of 3.9 TWh of 𝐻 . Since depleted gas reservoirs currently serve as the best alternative to salt
caverns, this deficit could best be covered by the usage of large depleted gas reservoirs with a total of 11.5 bcm of
work volume.

2.2. Properties of gas reservoirs in The Netherlands
Understanding the geological setting of depleted gas reservoir in The Netherlands is essential to understand the
heterogeneity in reservoir properties that is present across the subsurface. From figure 2.0.1, one can see that most
greatest onshore and offshore gas fields can be found in the northern part of Netherlands.

The field data for several offshore reservoirs in the The Netherlands is made available by TNO. The reservoir
properties that are provided include mean porosity, reservoir dimensions, GIIP, initial reservoir pressure. These are
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essential input parameters that will be used for the eventual simulation of cyclic 𝐻 in a depleted gas reservoir. Since
only the minimum, maximum and average permeability and porosity are known, the average values are used for the
homogeneous reservoirs. An overview of these parameters can be found in the Appendix. According to TNO, the
total of the 456 TWh of effective storage capacity is subdivided into two groups. There are 73 gas reservoirs onshore
with together an effective work volume of 109 bcm. Another 67 suitable offshore gas reservoirs could provide 67
bcm of work volume capacity [19].

Figure 2.2.1: Overview of available work volume in gas reservoirs in different Dutch areas [9]

The great variation in reservoir capacity is best visualized in the histogram above showing the different sizes
and locations of these reservoirs throughout different regions in The Netherlands. The great variety in capacity of
suitable reservoirs in different regions provides the opportunity to use different storage strategies for area matching
with the regional need and preferences when it comes to 𝐻 storage. As stated before, a total capacity of at least
11.5 bcm of work volume aside from salt caverns is necessary to meet the minimum demand for 𝐻 storage capacity
in 2050. This roughly corresponds with twice the size of the existing onshore storage facility Norg in Groningen [9]
From Figure 2.2.1, one can also see that this storage capacity is also available by using for example the two largest
suitable gas reservoirs in the region ’Offshore Ver’.



3
Physical & Chemical Behaviour of Hydrogen

in Porous Media
In this chapter an overview of the essential properties of compressed 𝐻 gas will be provided. Furthermore, the
complex issues and challenges that occur due to the unique properties of 𝐻 gas when transporting compressed 𝐻
into a depleted gas reservoir, will be addressed independently.

3.1. Properties of hydrogen
Hydrogen (H) is the most abundant and lightest element that can be found in on Earth. 𝐻 gas is considered to
be a non-toxic, odorless and colorless gas. The melting point can be found at 14 K whereas the boiling point is
already found at 20K at atmospheric pressure [24]. These properties make it extremely difficult to store hydrogen
under standard atmospheric pressure and temperature. Whereas other gases can be liquefied around the standard
temperature of 293 K, this is unfortunately practically impossible for 𝐻 . In Figure 3.1.1, three different combinations
of pressure and temperature are given for different storage technologies [25].

Figure 3.1.1: Storage Density of Hydrogen under certain pressures and temperature conditions. (1) liquid storage, (2) compressed gas storage,
(3) cryo compressed storage [25]
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Since liquid storage and cryo-compressed storage need extremely low temperatures for storage, only compressed
storage can be applied to subsurface storage sites. For pressure ranges between 50 - 300 bar, and temperature
between 300 - 400 K,𝐻 can safely be stored as a gas. From Figure 1.1.1, it becomes clear that𝐻 can only transport
large amounts of energy when it can accumulate in a small volume, for example by pressurizing the gas. Leaks of 𝐻
in open spaces are not seen as a threat due to the very low density of 𝐻 making accumulation in the air improbable.
In closed spaces, leakage could pose significant risks [5].

3.2. Reactivity of 𝐻2 in reservoirs
𝐻 is characterized as a highly reactive element. In subsurface reservoirs a certain chemical equilibrium exists prior
to injection or production. Introducing 𝐻 to the reservoir causes a disturbance of this equilibrium which can lead to
both geochemical and biochemical reactions. The reactivity of an element is based on the the reduction-oxidation
(RedOx) potential at different pressures and temperature. This potential described the likelihood of a material to
either accept electrons (reduction) or donate electrons (oxidation) [7]. The half reactions taking place for 𝐻 read

𝐻 = 2𝐻 + 2𝑒 . (3.1)

The other way around,𝐻 ions have the ability to accept electrons and therefore to generate𝐻 . The overall complete
RedOx reaction is described as

𝑂 + 𝑛2𝐻 = 𝑅 + 𝑛𝐻 . (3.2)

Here 𝑂 is used as a term to describe a half reaction of an oxidant. Likewise, 𝑅 is used to describe the
corresponding reducer of this half reaction. From Equation 3.2 is clear to see that 𝐻 is a electron donor. During the
oxidation, 1 mol of 𝐻 has the ability to donate two electrons through RedOx reactions.

3.2.1. Geochemical Reactions
The injection of 𝐻 will lead to a disturbance in chemical equilibrium within the reservoir. This will induce geochemical
reactions between 𝐻 and the reservoir which can lead to dissolution or precipitation of minerals present in the
reservoir rock or fluid. This therefore could have an effect on properties such as the porosity and permeability
of the reservoir rock potentially leading to changes in productivity and stability of the reservoir [7]. It is therefore
essential that knowledge of the chemical composition of the reservoir rock and fluids are known prior to injection
of 𝐻 to the storage site. This can be done by, for example, performing a field study at natural gas storage sites
or laboratory experiments focusing on gas-fluid-interactions. Precipitation of minerals could also have a positive
impact, for example on the caprock where a decrease in porosity or permeability contributes to a higher integrity of
the caprock towards 𝐻 . An increase in porosity due to dissolution could on the other hand lead to a higher loss of
𝐻 due to leakage. A PHREEQC study showed that at 40 𝐶 and 40 atm the storage of 𝐻 induces the precipitation
of minerals as K-feldspar, kaolinite and dolomite in the reservoir [22]. Dissolution of minerals as quartz, calcite and
illite can occur simultaneously. These volume changes can lead to changes in porosity. This study calculated the
absolute change in porosity as a net decrease of 0.05%-0.21% [22].

3.2.2. Biochemical Reactions
During UHS,𝐻 consumption bymicrobial activity is most likely to occur leading to changes in the chemical equilibrium
and conversion of 𝐻 . Bacteria consume the energy that is produced from the RedOx potential of 𝐻 [17]. Evidence
of this activity can be found from town gas storage sites in Lobodice, Czech Republic and Beynes, France [18]. There
are three main biochemical reactions likely to occur when storing 𝐻 in porous media:

• Methanogenesis:
𝐶𝑂 + 4𝐻 → 𝐶𝐻 + 2𝐻 𝑂 (3.3)

Methanogenesis occurs when microorganisms are exposed to the presence of both 𝐻 and 𝐶𝑂 . 𝐶𝑂 can be
present in the reservoir as one of the minerals of the reservoir rock or by co-injection with 𝐻 into the reservoir.

• Acetogenesis:
2𝐶𝑂 + 4𝐻2 → 𝐶𝐻 𝐶𝑂𝑂𝐻 + 2𝐻 𝑂 (3.4)

Microorganisms causing acetogenesis will cause a pH-value decrease and are often found in UGS reservoirs.
These organisms are capable to survive up to temperature of 90 𝐶 and high levels of salinity.
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• Sulfate-Reduction
𝑆𝑂 + 5𝐻 → 𝐻 𝑆 + 4𝐻 𝑂 (3.5)

Sulfate-Reducing-Bacteria (SRB) can generate great volumes of the highly toxic hydrogen sulphide (𝐻 𝑆) caus-
ing increased safety risks at the storage site. Also, this reaction leads to significant acidification of the reservoir
which could pose a threat to the integrity of steel alloys using at the storage site.

In order to reduce the effects caused by this microbial activity the reservoirs used as storage facility should be high
saline and have a reservoir temperature well above 90 𝐶 . A numerical model based on PHREEQC showed that
for depleted gas reservoirs two hotstpots in the reservoir for the conversion of 𝐻 to 𝐻 𝑆 can be identified. These
are the contact area of the 𝐻 with the caprock and the contact area of the 𝐻 with the underlying rock [22]. At both
locations, the constant consumption of sulfate by SRB is balanced by a constant diffusion based supply additional
sulfate. Moreover, at the contact area of the 𝐻 with the underlying rock also additional 𝐶𝑂 is delivered using the
same transport mechanism leading to an increased concentration of 𝐶𝐻 here. By having a infinite supply and of
𝐶𝑂 and sulfate, the losses due to microbial conversion in low saline gas reservoirs with a low temperature could be
up to 50% in a timespan of 30 years [22].

3.3. Multi-Phase Flow in Porous Media
In order to store the 𝐻 safely in the subsurface reservoir, the 𝐻 needs to be pumped into the pores of the reservoir
rock. Prior to the storage the pores of a depleted gas reservoir are filled with either unrecoverable residual natural
gas or brine. Therefore, when injecting gaseous 𝐻 within the reservoir rock, the 𝐻 will displace the residual fluids
inside the pores. This behaviour of the gaseous 𝐻 within the pores of the reservoir rock can be predicted by applying
both (i) Darcy’s law and (ii) the law of mass conservation for two-phase flow.

(i) Darcy’s law for two-phase flow describes how this fluid is transported through a porous medium. The velocity
at which the fluids passes through the reservoir is calculated using the following relation [2]:

𝑞 = −𝑘𝑘𝜇 (∇𝑃 − 𝜌 𝑔∇𝑧) , 𝛼 = 𝑙, 𝑔 (3.6)

Here, 𝑘 is the absolute permeability, 𝑘 is the relative permeability of phase 𝛼, 𝜇 is the viscosity of phase 𝛼, ∇𝑃 is
the pressure gradient applied on the reservoir, 𝜌 is the density of phase 𝛼 and 𝑔 is the gravitational acceleration
acting on ∇𝑧 direction. Moreover, 𝑞 is the Darcy velocity of the fluid phase 𝛼.

(ii) For flow of both the phases in porous media, the conservation of mass is applied. This law is described as
follows [2]:

𝜕
𝜕𝑡 (𝜙𝜌 𝑆 ) + ∇ ⋅ (𝜌 𝑞 ) − 𝑞 = 0, 𝛼 = 𝑙, 𝑔 (3.7)

Where 𝜙 is the porosity of the reservoir rock, 𝑆 is the saturation factor of phase 𝛼 and q is the Darcy velocity of the
transported fluid.

Moreover, it is assumed that the phases fill up the entire pore space, i.e.,

∑𝑆 = 1. (3.8)

3.4. Compressibility
During flow of fluids in porous media changes in pressure causes different forces to be exerted on the reservoir rock
and fluids. These forces lead to changes in the volume of both the fluids present and on the pore space inside the
reservoir. This phenomena is called fluid and rock compressibility. Fluid and rock compressibility have a great effect
on the effective storage capacity of a reservoir. For example, in extremely low permeable zones inside a reservoir,
the effective capacity that can be used for storage is limited to the compressibility of the rock and the fluids. In this
way compressibility of fluids will lead to a significant pressure increase and could cause geo-mechanical damage to
the caprock and the reservoir rock [26].

Mass balance equations described before include the fluid compressibility via the density term. This can be
further extended by introducing the fluid compressibility as 𝑐 = ( )( ) [27]. The compressibility of gasses at
reservoir conditions is significantly higher than that of e.g. liquids and rock [27, 28].
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Typical Range of 𝑐 values 𝑐 [𝑃𝑎 ]
Rock 10 − 5 ⋅ 10
Water 4.5 ⋅ 10
Gas 1 ⋅ 10 − 1 ⋅ 10

Table 3.4.1: Typical Range of Compressibility Values [27]

Gasses are one to two orders of magnitude greater in terms of compressibility compared to rock and water for
example. During this study rock compressibility will be neglected since the used pressures for storage are not high
enough to cause any significant changes to reservoir rock [27].

3.5. Complexities with Hydrogen Storage in Porous Media
The properties of 𝐻 differ a lot from the properties of conventional storage gasses such as natural gas. Both the
density and viscosity of 𝐻 are significantly lower compared to natural gas influencing the behaviour within porous
media. Also, compared to natural gas, 𝐻 has a lower heating value meaning that more storage capacity is necessary
in order to store the same energy capacity per mass unit [1].

3.5.1. Solubility
During UHS in porous media, 𝐻 will get into contact with brine in the reservoir. This will lead to dissolution of the
gas into the brine. The dissolution of hydrogen needs to be understood since it leads to increments in pH values and
reduces the RedOx potential [29]. Also the dissolution of gas into liquid could lead to losses of 𝐻 during storage.
The solubility of a gas in a liquid can best be described by Henry’s Law:

𝑐 , = 𝑃
𝐾 (3.9)

Here 𝑐 , equals the concentration of the gas in the liquid phase, 𝐾 denotes Henry’s constant and 𝑃 is the partial
gas of the specific gas under equilibrium conditions [7]. 𝐾 is species, temperature and pressure dependent [30].

Figure 3.5.1: Solutbility of in water at different pressure and temperature [29, 31]

For 𝐻 under different pressure and temperature, the solubility is visualized in Figure 3.5.1 [29, 31]. One can
see that the solubility of 𝐻 in water decreases until 100 𝐶 . At higher pressures the solubility starts to increase
again. The solubility increases linearly with pressure as can be observed from Figure 3.5.1. Since the phenomena
of dissolution is based on changes in equilibrium, the losses due to dissolution of the 𝐻 can be seen as a capital
loss instead of an operational loss. After injection of 𝐻 the disturbance in equilibrium will be balanced again and
additional dissolution will be unlikely to occur. The total once only loss due to the dissolution of 𝐻 in brine are
expected to be 2% of the storage capacity [32]. From a successful field study test in Austria using 10% 𝐻 in the
injected gas, the loss due to dissolution where estimated at 0.88% [13]
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3.5.2. Viscous Fingering
During displacement of fluids in porous media, mobility differences between the injected and displaced phase can
lead to so called viscous fingering. During gas-water displacements the highly mobile gas will try to find pathways
through the relatively viscous water.

Figure 3.5.2: Stable gas-gas displacement (a) and viscous fingering during gas-liquid displacement (b) [17]

This effect is shown in Figure 3.5.2 [17]. The occurrence of viscous fingering can be described by the mobility
ratio between the respective fluids according to the following formula:

𝑀 =
𝑘 /𝜇
𝑘 /𝜇 (3.10)

If M<1, the displacement process is considered to be stable and efficient whereas an M>1 implies unstable
displacement and thus the occurrence of viscous fingering. In depleted gas reservoirs displacement between a
cushion gas or residual methane is considered. 𝐻 displacing another gas is considered to be 10 times faster than
the unstable displacement of water by 𝐻 [33].

3.5.3. Gravity Override
The effect of gravity is of great importance during UHS. Due to density differences among fluids the lighter fluids will
easily rise and accumulate above fluids with a high density. This phenomena is described as gravity override and
reduces the overall efficiency of displacement processes in porous media. Since 𝐻 is a very low dense gas, this
buoyancy effect will be noticeable when displacing almost any gas or liquid [34].

Figure 3.5.3: Gravity segregation in displacement processes. a) Gravity override b) Gravity underride [34]

On the other hand, gravity override can also be of beneficial use during UHS operation. Injection of cushion
gas by for example 𝑁 could displace a more dense residual gas or liquid. Due to gravity override the 𝑁 will then
rise above the heavier residual fluid. Consequently, when afterwards 𝐻 is injected in this subsurface, 𝐻 will be in
contact with cushion gas 𝑁 instead of the residual gas or liquid [7].

In this report the used fluids will always be pure 𝐻 gas in contact with other mixtures or pure gasses. Therefore,
the different gas components will differ in properties such as density, viscosity and compressibility. Since 𝐻 is the
lightest gas molecule that can be found in our atmosphere, the phenomena of gravity override is most likely to occur
in the presence of other fluids within the porous media. The ratio of viscous and buoyancy forces during the transport
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of gasses in porous media is quantified using a dimensionless gravity number 𝑁 [35]. For compressible fluids the
gravity number is as follows:

𝑁 = 𝑘Δ𝜌𝑔𝜌 2𝜋𝑟 𝑑
𝜇 𝑄 (3.11)

Here, 𝑘 is the intrinsic permeability of the reservoir, Δ𝜌 is the difference between the fluids, 𝑟 is the radial length, 𝑑
is the reservoir thickness 𝜇 and 𝑄 is the mass flow rate of 𝐻 [27]. The mass flow rate is chosen since accounting
for the compressibility in this system will lead to variable volumes and therefore densities. 𝜌 is the characteristic
density and can be chosen as the mean of the injected 𝐻 plume. For the sake of simplicity the decision is made
to assume a linear relationship between the gas components and the pressure. This is described by the following
formula:

𝜌 = 𝜌 + 𝜌 𝛽(𝑃 − 𝑃 ) (3.12)

where 𝜌 and 𝜌 are respectively the initial and present density of 𝐻 . 𝛽 is the compressibility factor of 𝐻 . 𝑃 and
𝑃 are the reference pressure for 𝜌 and 𝜌 . For large gravity number (𝑁 >> 1) , gravitational forces are dominant
during the transport of the gas. For smaller gravity numbers (𝑁 << 1) viscous forces are seen as the dominant
transport mechanism [27].

However, the analytical solution proposed by does only focus on the density difference between a compressible
injected fluid relative to an incompressible displaced phase. Moreover, the viscosity of the displaced phase is not
taken into account.

Therefore, another analytical solution described is additionally is used as well. Another dimensionless parameter
𝛾 , describes the the relative importance of viscous and gravitational forces [36]. This solution does not take
compressibility of both phases into account. However, the difference in both density an viscosity are necessary
making it possible to analyze the ration in effective gravitational and buoyancy forces. This dimensionless parameter
is obtained as follows:

𝛾 , = 𝑄
2𝜋𝑘𝑑 𝑔

Δ𝜇
Δ𝜌 (3.13)

Here, Δ𝜌 is the difference in density between the injected and residual gas, 𝑑 is the reservoir thickness, Δ𝜇 is the
difference in viscosity of the respective fluids and 𝑄 is the volumetric flow rate of the injected fluid. This is calculated
using 𝑄 = .

Figure 3.5.4: Predicted interface using for a less dense fluid injected into a more dense liquid (a) and for a more dense fluid injected into a less
dense one (b) [36]

Dominant
Forces 𝛾 𝑁

Viscous 10 10
Comparable 10 10
Gravitational 10 10

Table 3.5.1: Definitions of dominant forces using and [27,36]
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For 𝛾 , > 0, a less dense fluid displaces a more dense fluid. For 𝛾 , < 0, this is vice versa. Compa-
rable with the definition of the value of 𝑁, for values 0 > 𝛾 , > 1 gravitational forces are dominant during the
displacement process. For 𝛾 , >>> 1, viscous forces are the dominant component during displacement of the
fluids.

3.5.4. Diffusion
The dispersion of 𝐻 in porous rocks needs to be also included in a feasibility study. Mass transfer due to dispersion
consists of two components: molecular diffusion (𝐷 ) and mechanical dispersion (𝐷 ). Molecular diffusion occurs
due to the random–so called Brownian–motion of the molecules caused by thermal kinetic energy. This movements
are known to be isotropic and occur at all times, even in the absence of Darcy’s velocity field. Mechanical Dispersion
is split up in both longitudinal dispersion (parallel to the flow direction) and transverse dispersion (normal to the flow
direction). Longitudinal dispersion has two main causes:
i) The flow velocity profile through pores changes from low velocity at the edges to high velocity at the center of the
pores. ii) In a porous network the invading fluid will flow faster in greater pores than in smaller pores [37]. Transverse
dispersion is caused due to the tortuosity of porous networks. Flow will follow the pathway branches within the porous
networks and therefore the direction will differ from the original flow direction.

Mass transport of 𝐻 in subsurface porous media can be described by the sum of advection (𝐽 ) and dispersion
(𝐽 ) fluxes. The advective flux reads

𝐽 = 𝐶⃗⃗⃗𝑢. (3.14)

Here, 𝐶 is the concentration of the mass/unit of volume of the solution and ⃗⃗⃗𝑢 is the Darcy velocity. Dispersive flux
can be also stated according to Fick’s law as

𝐽 = −𝜙𝐷∇𝐶. (3.15)

Here 𝐷 is the sum of molecular diffusion 𝐷 and mechanical dispersion 𝐷 . The total flux 𝐽 = 𝐽 + 𝐽 needs to be
included in the balance equation [33]. For example, for phase 𝛼, one can state

𝜕
𝜕𝑡 (𝜙𝜌 𝑆 ) + ∇ ⋅ (𝜌 𝐽 ) = 𝜌 𝑞 , (3.16)

where 𝐽 = 𝐽 + 𝐽 .

According to [38], the diffusion coefficient is calculated by

𝐷diff, = 𝜙𝑆 𝜏( ∑
𝑐
�̃� ,
diff,

) & 𝐷diff, = 𝜙𝑆 𝜏�̃�diff, . (3.17)

The mechanical dispersion [38], on the other hand, is given by

𝐷disp, = 𝜙𝑆 (
𝑣 𝑣
||𝑣 || (𝑎 − 𝑎 ) + ||𝑣 ||𝑎 ). (3.18)

Here the term a represents the dispersivity in either longitudinal (L) or transverse (T) direction, and 𝑣 is the flow
velocity in the principle direction.

Since 𝐻 is a very small and light molecule, it can easily penetrate through any hole or fracture present in the
reservoir. The low ability of 𝐻 to dissolute under reservoir conditions makes a water saturated cap rock a likely
impermeable barrier for 𝐻 to migrate through. Losses of 𝐻 by diffusion through the cap rock are estimated to be
between 2%-6% [13, 32]. The molecular diffusion coefficient for 𝐻 in water is considered to be 1 ⋅ 10 6 𝑚 /𝑠 at
standard conditions [33]. The coefficient for mechanical dispersion for 𝐻 is considered to be 5 ⋅ 10 4 𝑚 /𝑠 [33].





4
Simulation Methodology

4.1. Introduction to Reservoir Simulation
In order to visualize the behaviour of 𝐻 displacing residual fluids and gasses in subsurface conditions, reservoir
simulation is used as a tool to quantify the dynamics and sensitivities of the process. In the area of reservoir en-
gineering, research is often conducted using laboratory experiments. Unfortunately, these experiments are always
limited due to great difference in scale between the experiments and an actual reservoir. Geological data or results
from laboratory experiments can be utilized as input parameters that will be utilized by the reservoir simulator. In
this way the behaviour of a reservoir can be examined on a field scale. Common reservoir simulators discretize and
solve partial differential equations that describe flow, transport and energy [39]. A suitable reservoir simulator for this
research should incorporate the differences in density and mobility ratios between different gaseous components so
that the characteristic hydrodynamic behaviour can be described.

4.2. Numerical Simulation in DARSim2
The Delft Advanced Reservoir Simulation research group of the faculty of Civil Engineering of the Delft University of
Technology is established for the development of advancedmodelling and simulationmethods for complex processes
in the subsurface geological formations [40]. The reservoir simulator used in this thesis is theMATLAB andC++ based
dynamic reservoir simulator, DARSim2. This open-source simulator tool is developed to perform fully implicit method
(FIM) simulations of multi-phase flow in both homogeneous and heterogeneous reservoir condition [40]. In order to
simulate multi-phase flow within the reservoir the two fundamental conservation equations are used as described
in Chapter 3. These are Darcy’s law for flow in porous media (Eq: 3.6) and the conservation of mass (Eq: 3.7).
According to these total bass mass balance equations, this means that in an open system the change in mass is
always balanced.

4.3. Scenario Definitions
The reservoir simulator will be used for both 2D and 3D simulations. The 2D simulations will be used to describe the
hydrodynamic behaviour of the 𝐻 in contact with the residual gas. The 3D simulations will be used to perform cyclic
simulations. In this way, the performance of the reservoir for seasonal storage of 𝐻 can be analysed.

4.3.1. Fluid Parameters
In order to examine the hydrodynamic behaviour of 𝐻 in contact with different types of cushion gas, the choice is
made to analyse the scenarios where:

• 𝐻 displaces 𝑁
• 𝐻 displaces an ideal gaseous mixture 80% 𝑁 & 20% 𝐶𝐻

21



22 4. Simulation Methodology

𝐻 - 𝑁 - Displacement
The 𝐻 - 𝑁 case simulates the process in which 𝐻 displaces the cushion gas 𝑁 . The following fluid parameters
have been assigned for the respective components in the reservoir [28, 41].

Parameter Value
𝜌 6.18 𝑘𝑔/𝑚
𝜌 87.4 𝑘𝑔/𝑚
𝜇 1.183⋅ 10 Pa⋅ S
𝜇 2.09⋅ 10 Pa⋅ S
𝑐 8.3⋅ 10 Pa
𝑐 1.43⋅ 10 Pa

Table 4.3.1: Fluid properties of = hydrogen gas and = nitrogen gas [28,41]

Note that the initial density values here given at 𝑃 = 100 bar. Due to compressibility of both gas components,
these values will change over time. Here, 𝑆 is the injected component and thus 𝐻 whereas the residual phase 𝑁
is denoted by 𝑆 . The simulation assumes an injection of 100% 𝐻 whereas the gas initially present in the reservoir
consists of 100% 𝑁 . The compressibility factor 𝑐 for each gas component is obtained by linearly interpolating the
values for the gas density given at at respectively the minimum and maximum pressure that is set for each simulation.

𝐻 - 𝑁 - 𝐶𝐻 Displacement
The 𝐻 - 𝑁 - 𝐶𝐻 case simulates the process in which 𝐻 displaces an ideal mixture that is used as cushion gas.
This mixture consists of 80% 𝑁 and 20% 𝐶𝐻 The following fluid parameters have been assigned for the respective
components in the reservoir.

Parameter Value
𝜌 6.86 𝑘𝑔/𝑚
𝜌 80.8 𝑘𝑔/𝑚
𝜇 1.03⋅ 10 Pa⋅ S
𝜇 1.94⋅ 10 Pa⋅ S
𝑐 8.3⋅ 10 Pa
𝑐 1.45⋅ 10 Pa

Table 4.3.2: Fluid properties of = hydrogen gas and = 80% nitrogen - 20% methane [28,41]

4.3.2. Reservoir Properties
This study will make use of both a homogeneous and heterogeneous reservoir. For both the homogeneous and
heterogeneous cases, the reservoir has no angle of inclination. This means that the reservoir will have a completely
horizontal orientation. Both the homogeneous and heterogeneous reservoir will be composed of mesh grid consisting
of equidistant grid cells with no changes in grid cell size throughout the reservoir cells. The boundaries of the reservoir
are so called Dirichlet boundary conditions, meaning no flux is possible to pass through. At the location of the well
a constant (in)flux is considered which are Neumann boundary conditions.

Homogeneous Reservoir
For the homogeneous 2D and 3D test cases, geological input parameters are used based on the data of several
depleted offshore reservoirs in The Netherlands. The chosen reservoir properties are a combination of several
reservoir properties from depleted gas reservoirs with reservoir rocks of the Main Bundsandstein stratigraphical unit.
This data was provided by NLOG [15]. An overview of the data from the Main Bundsandstein reservoirs is given in
the Appendix. The dimensions of the reservoir and the change in injection and production pressure are based on
the average values used in several numerical simulation studies regarding this topic [33] [42] [38].
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Parameter Value Unit
Dimensions 𝐿 ∗ 𝑊 ∗ 𝐻 750 x 1 X 90 [m]
Grid Cell Size 𝑑 ∗ 𝑑 ∗ 𝑑 12.5 x 1 X 2.14 [m]
Injector Location (X,Y) (1,1) [m]
Producer Location (X,Y) (750,1) [m]
Well Perforation Zone (Z) 90 [m]
Injection Pressure 100 [bar]
Production Pressure 50 [bar]
Initial Reservoir Pressure 50 [bar]
𝐾 283 [mD]
𝐾 32 [mD]
Porosity 0.127 [-]
Inclination 𝜃 0 [ ]
Temperature 373 [K]

Table 4.3.3: Reservoir properties of the used homogeneous 2D reservoir

Heterogeneous Reservoir

In order to obtain results from the simulation that better reflect the real situation, heterogeneity of the reservoir is a vital
aspect to include. Modelling a realistic reservoir can unfortunately not be based on the assumption that all reservoir
properties are homogeneous in every direction. Introducing varieties in the porosity and permeability will have a
significant impact on the hydrodynamic behaviour of 𝐻 in contact with different gasses. For the heterogeneous 2D
and 3D test cases, a geostatistical model including the porosity and permeability of the Delft Sandstone aquifer was
used. This aquifer will potentially be used for the realization of a geothermal energy doublet. Since the hydraulic
properties of aquifers are generally more favorable than those of gas reservoirs, the porosity and permeability values
that are assigned the box reservoir can be interpreted as highly favourable in comparison with the general reservoir
properties for Dutch depleted gas reservoirs.The heterogeneity is introduced by giving the grid cells of the mesh grid
of the reservoir different values for both porosity and permeability. A detailed visualization of the permeability and
porosity throughout this reservoir can be seen in the Appendix.

Delft Sandstone Reservoir Mean (𝜇) Standard Deviation (𝜎)
𝐾 359 mD 88 mD
𝐾 35 mD 8 mD
𝜙 0.158 0.098

Table 4.3.4: Average properties of the Delft Sandstone Reservoir

A few key reservoir properties have been listed in Table 4.3.4. Note that since this dataset if from an geothermal
aquifer the porosity and permeability values in this case are on average more favourable compared to the homoge-
neous case. Compared to other Dutch gas reservoirs, such properties would be interpreted as highly favourable for
a natural gas reservoir.

The dimensions assigned to the reservoir are for length and height respectively 750m x 90m. The combination of
the porosity and permeability values throughout the reservoir also lead to the occurrence of so called high and low
permeability streaks. In the homogeneous case, each grid cell was classified with a relatively high permeability and
porosity. This would mean imply that the net-to-gross (𝑁/𝐺) of the reservoir is equal to 1. Using a heterogeneous
reservoir, this ratio will sharply decrease. Therefore, when 𝐻 is injected in such a heterogeneous reservoir, prefer-
ential pathways are likely occur due to the presence of these permeability streaks. A 2D slice of the 3D data set is
used to first hand describe the effects of introducing heterogeneity to the displacement of 𝐻 towards other gasses.
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Figure 4.3.1: Permeability distribution of the Delft Sandstone model

Figure 4.3.2: Porosity distribution of the Delft Sandstone model

In the above figures, the distribution in of permeability and porosity is visualized throughout the reservoir slice. It
can be expected that the injected 𝐻 will penetrate more easily through the red zones shown in the above figures.
The injecting well is placed on the far left side of the reservoir and perforated throughout the whole of the reservoir.
The far right side of the reservoir is fully perforated by a producing well. The reservoir specific properties will logically
change using the heterogeneous reservoir data set.

Parameter Value Unit
Dimensions 𝐿 ∗ 𝑊 ∗ 𝐻 750 x 1 X 90 [m]
Grid Cell Size 𝑑 ∗ 𝑑 ∗ 𝑑 12.5 x 1 X 2.14 [m]
Injector Location (X,Y) (1,1) [m]
Producer Location (X,Y) (750,1) [m]
Well Perforation Zone (Z) 90 [m]
Injection Pressure 100 [bar]
Production Pressure 50 [bar]
Initial Reservoir Pressure 50 [bar]
Average 𝐾 1-1000 [mD]
Average 𝐾 0.1-100 [mD]
Porosity 0.1 - 0.35 [-]
Inclination 𝜃 0 [ ]
Temperature 373 [K]

Table 4.3.5: Reservoir properties of the heterogeneous 2D reservoir
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4.3.3. Main Assumptions
The scenarios that are studied using the reservoir simulator assumes only the presence of different gasses. The
ability of the injected 𝐻 to displace another fluid or gas is in gas-liquid and liquid-liquid systems among others de-
termined by the permeability of the reservoir rock towards each fluid. Since in this study only gas is present in the
reservoir, it is assumed that there is no difference in permeability per gas component. Therefore, relative permeability
is ignored. In order to carefully examine the effect of the viscous and gravitational forces, the two gas components
are considered to be immiscible meaning that no mixing or diffusion processes are taken in to account.

Furthermore, since no equations of state (EoS) for 𝐻 are incorporated the DARSim2 simulator, the effect of
temperature on the fluid properties will be neglected. Viscosity values for the used gasses will be based on a con-
stant reservoir temperature which is chosen to be 373𝐾. This value is seen as the minimum temperature to limit the
activity of the potential biochemical reactions described in Chapter 3 [18]. Other potential (geo-)chemical reactions
are not taken into account during the displacement simulation. By excluding EoS, assuming incompressibility of
the reservoir rock and assigning an isothermal temperature, changes in density of the gaseous components will be
purely caused due to the compressibility of the gasses. Change in the respective fluid properties will therefore be
limited to the density of the components caused by pressure gradients.

The 2D simulations will be used to analyze the ratio of viscous and gravitational forces, by investigating both 𝑁
and 𝛾 during for both displacement cases in a homogeneous reservoir. The values for the gravity will provide the
opportunity to quantify the behaviour of 𝐻 . throughout the simulation.

The 3D simulation will be used to investigate the efficiency that can be achieved per cycle during seasonal storage
of 𝐻 . This will also be done using the same assumptions as described previously. The effect of including hetero-
geneity and the sensitivity of certain assigned input parameters in a homogeneous reservoir will be examined as
well. Lastly, by incorporating the potential losses described by the various causes in Chapter 3, an overall efficiency
of the seasonal storage can be given.

4.3.4. Gravity Number Analysis
Using the previously mentioned gravity number, an estimation can be made in order to quantify the displacement
process to be either dominated by viscous forces or gravitational forces. For this analysis two different dimensionless
gravity numbers are used. Due to the dependency of the characteristic distance (𝑟 ) from the injections well, the
gravity number 𝑁 is used to analyze the ratio between the gravitational and viscous forces at different positions
along the interface between the injected and residual gas. The calculation of 𝑁 is done by using Equation 3.11.
Using Equation 3.12 the effect of compressibility is taken into account in the calculation. The gravity number 𝛾
describes the average reaction between the gravitational and viscous forces regardless of the compressibility of the
gas nor the position of the interface. This is done using Equation 3.13.

Parameter Value Unit
𝐾 283 [mD]

𝛽 = 𝑐 8.3 ⋅ 10 [-]
𝑑 90 [m]
𝑔 9.81 [𝑚/𝑠 ]
𝑄 0.039 [kg/s]
𝑄 𝑄 /𝜌 [𝑚 /s]

Table 4.3.6: Parameters necessary to calculate the gravity number [41]

The necessary parameters to calculate both gravity numbers are given in Table 4.3.6. The mass flow rate (𝑄 )
is based on the density of 𝐻 at standard conditions [28]. The volumetric flow rate (𝑄 ) is calculated using the actual
density of the 𝐻 gas during the flow through the reservoir.
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4.3.5. Cyclic Storage
By making additions to the DARSim2 reservoir simulator, cyclic storage simulations are implemented in such a way
that the overall simulation can be divided up into different stages. Hence, the reservoir state during the last time step
of stage 𝑥 will be the initial state of the reservoir for stage 𝑥 +1. Using this methodology the injection and production
phases described in the beginning of this chapter can be performed independently

In order to demonstrate the pressure behaviour exerted on a gas reservoir during seasonal energy storage,
different stages are assigned during the cyclic simulations. There are four main stages that normally would take
place during the storage of 𝐻 in gas reservoirs:

1. Depletion of the reservoir until the desired state reservoir state is reached

2. Injection of the cushion gas in the depleted gas reservoir

3. Injection of 𝐻 in the remaining work volume of the reservoir

4. Cyclic production and re-injection of 𝐻 in the reservoir.

During the cyclic simulations, the initial state of the reservoir swill be set to the pressure that can be found in a
depleted gas reservoir that is already filled with cushion gas. Therefore, the first stage will not be shown in the cyclic
simulation results. Since the simulation assume that the residual phase it cushion gas, the second stage is also
not used as a separate simulation stage. In both the 2D and 3D results two full injection and production cycles are
simulated.

The dimensions assigned to the reservoir are set as follows for length, width and height respectively 750m x
750m x 90m. The reservoir data set has a mesh grid of 60 by 40 by 42 (X,Y,Z) corresponding to cell dimensions of
12.5 m by 12.5 m by 2.14 m. The position of the injector well is at the center of the reservoir i.e. X,Y = 375m,375m.
The injector well is changed to a producer after each stage and therefore the locations of both wells is kept the same.
Perforation of the wells is throughout the whole depth of the reservoir which equals 90 meters. For the base cyclic
storage scenario, the following reservoir states have been assigned for each stage:

Stage 1
(Injection) Value Unit

𝑃 100 Bar
𝑃 - Bar

Stage 2
(Production) Value Unit

𝑃 - Bar
𝑃 30 Bar

Stage 3
(𝐻 Injection) Value Unit

𝑃 100 Bar
𝑃 - Bar

Stage 4
(𝐻 Production) Value Unit

𝑃 - Bar
𝑃 30 Bar

Table 4.3.7: Injection and production pressure in the base cyclic storage scenario

4.3.6. Sensitivity Analysis
Using the homogeneous reservoir as a base scenario, different input parameters have been altered to check the
effect on the overall cyclic storage efficiency of the reservoir. This is done looking at the following parameters:

• Dimension ratio of the reservoir

• Injection and Production pressure

• Time scale

By varying the dimensions of the reservoir, the effect of the efficiency of the storage cycles are investigated. By
executing this analysis the effect of different ratios of the geometry of the reservoir can be seen.

Case LxW [m] H [m]
Base Case 750x750 90
Scenario A 2000x2000 90
Scenario B 2000x2000 45

Table 4.3.8: Reservoir dimensions assigned in scenario A and B
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In order to check to impact of injection and production pressure on the cycle efficiency, a separate analysis is
performed. This is done by applying different pressure regimes to the seasonal storage stages. The net difference
between injection and production pressure is both doubled and halved compared to the base scenario. Therefore,
the pressure difference of 70 bars used in the base scenario is now shifted to respectively 35 bars and 140 bars
difference.

The following reservoir states have been assigned for each stage during the cyclic storage scenario:

Stage 1
(Injection) Value Unit

𝑃 170 Bar
𝑃 - Bar

Stage 2
(Production) Value Unit

𝑃 - Bar
𝑃 30 Bar

Stage 3
(𝐻 Injection) Value Unit

𝑃 170 Bar
𝑃 - Bar

Stage 4
(𝐻 Production) Value Unit

𝑃 - Bar
𝑃 30 Bar

Table 4.3.9: Injection and production pressure in scenario A

Stage 1
(Injection) Value Unit

𝑃 65 Bar
𝑃 - Bar

Stage 2
(Production) Value Unit

𝑃 - Bar
𝑃 30 Bar

Stage 3
(𝐻 Injection) Value Unit

𝑃 65 Bar
𝑃 - Bar

Stage 4
(𝐻 Production) Value Unit

𝑃 - Bar
𝑃 30 Bar

Table 4.3.10: Injection and production pressure in scenario B





5
Hydrodynamic Behaviour in a 2D Reservoir

In this chapter the results for the 2D simulation are described and interpreted. In order to safely inject 𝐻 into a de-
pleted gas reservoir, knowledge of the displacement behaviour is essential prior to the operation. The hydrodynamic
behaviour of 𝐻 will be analyzed during the injection phase which corresponds with the previously mentioned stage
3. In the following scenarios the same fluid parameters of the homogeneous 𝐻 - 𝑁 and 𝐻 - 𝑁 - 𝐶𝐻 displacement
scenarios are used. An overview of this can be found in Table 4.3.1 and Table 4.3.2.

5.1. Displacement in a Homogeneous 2D reservoir
In the following scenarios a homogeneous 2D box reservoir reservoir is used to clearly visualize the displacement
of 𝐻 in contact with another gaseous mixture. The properties of the homogeneous reservoir are corresponding to
those listed in Table 4.3.3.

5.1.1. 𝐻 - 𝑁 - Displacement
The 𝐻 - 𝑁 case simulates the process in which 𝐻 displaces the cushion gas 𝑁 . The simulation runs for 100 days.
At this point the whole reservoir has been cleared of the 𝑁 component and is filled with 100% 𝐻 . The following
figures show the saturation of 𝐻 in the reservoir at 𝑡 = 10 days and 𝑡 = 30 days.

Figure 5.1.1: displacing in a homogeneous 2D reservoir after 10 days (left) and 30 days (right)

The resulting simulations show the effect of gravity between the 𝐻 and 𝑁 component within the gas phase.
Since the permeability in all directions is the same, the lighter 𝐻 component within the gas phase can easily rise
above the initially in place 𝑁 component. The previously described effect of gravity override is substantiated in this
visualization.

5.1.2. Gravity Number Analysis
The ratio between the viscous forces and buoyancy forces is considered to be in advantage of the buoyancy forces
causing a change in the displacement front over time. This observation is checked by calculating both the dimen-
sionless gravity numbers 𝑁 and 𝛾 at the interface of the both components. The interface is analyzed a 𝑡 = 10 days.
From Equation 3.13, it becomes clear that 𝑁 is dependent of 𝑟 which represents the characteristic distance from the
injection well horizontally to the the interface. Therefore, from bottom to top of the reservoir, 𝑟 will gradually increase
looking at the position of the interface in Figure 5.1.1. Due to the curvature of the interface it is evident that the value
for 𝑁 will also vary along the interface of the 𝐻 and 𝑁 component. In contrast to 𝑁, the parameters used to calculate
𝛾 remain constant throughout the simulation. This makes 𝛾 a more suitable number to describe the average ratio
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between gravitational and viscous forces. In order to describe the ratio of the forces including compressibility and
position of the interface for pure 𝐻 , the gravity number 𝑁 is used.

Using Equation (3.11), the mean gravity number 𝑁 is 2.09 and increases simultaneously when the characteristic
the distance of the interface to the injection well is increased. This makes sense since the gravitational forces are in
vertical direction. In proximity to the injection well, the horizontal viscous forces are dominant decreasing the gravity
number.

Gravity Number Value Dominant
Forces

𝛾 1.13 Comparable
𝑁 - mean 2.09 Slightly gravitational

𝑁 - near well bore 1.17 Comparable
𝑁 - away from well 5.55 Gravitational

Table 5.1.1: Characterization of dominant forces for - scenario

The dominant forces are characterized as either viscous, comparable of gravitational according to Table 3.5.1.
From Table 5.1.1, it is proven that during the displacement of 𝑁 by injection of 𝐻 in a homogeneous horizontal
reservoir, gravitational forces are dominant over viscous forces. In the appendix the relation between gravity number
and distance from the well is analyzed.

Since under actual reservoir conditions, the horizontal permeability is often found to be significantly greater than
the vertical permeability component, a first alteration to the permeability tensor 𝐾 is implemented. Therefore, in
the following simulation, the vertical permeability component (𝐾 ) is reduced from 283 mD to 32 mD.

Figure 5.1.2: displacing in a homogeneous 2D reservoir with reduced after 10 days (left) and 30 days (right)

Clearly, the ratio between the viscous and buoyancy forces has shifted in favor of the viscous forces. Due to a
decrease in vertical permeability by a factor 10, the gravitational forces upward have also been reduced. This makes
gravity override much harder to occur leading to stable displacement of 𝐻 in the horizontal direction.

Gravity Number Value Dominant
Forces

𝑁 - mean 5.6 ⋅ 10 Viscous

Table 5.1.2: Average value of after reduction in in - scenario

This is confirmed by looking at the resulting gravity number for the reduced 𝐾 case. Compared to the previous
simulation the value for 𝑁 has decreased significantly meaning that the ratio of the viscous and gravitational forces
has shifted in favor of the viscous forces.

5.1.3. 𝐻 - 𝑁 - 𝐶𝐻 Displacement
In the following scenario the same homogeneous 2D reservoir is used. In this case the residual gas is considered
to be an ideal mixture of 80% 𝑁 and 20 %𝐶𝐻 . The injected gas is again 100% 𝐻 . The simulation time is again
set at 𝑡 = 100days. For the following simulation the fluid parameters listed in Table 4.3.2 have been used [28][41].
Noticeable compared to the previous simulations fluid parameters is that the injected 𝐻 gas will now displace a
less dense and less viscous gas compared to pure 𝑁 . Also, the overall compressibility factor of the residual has
deceased due to the presence of 𝐶𝐻 . The following figures show the saturation of 𝐻 in the reservoir at 𝑡 = 10 days
and 𝑡 = 30 days.
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Figure 5.1.3: displacing - in a homogeneous 2D reservoir after 10 days (left) and 30 days (right)

The resulting simulation again shows the effect of gravity during displacement of 𝐻 towards the 𝑁 -𝐶𝐻 mixture
that is initially in place. However, during the same moments in time, the 𝐻 component has progressed much further
compared to the 𝐻 -𝑁 case. It seems that the combination of relatively lower density and viscosity values is more
favorable for 𝐻 to be transport in the reservoir.

Gravity Number Value Dominant
Forces

𝛾 1.43 Slightly Gravitational
𝑁 - mean 1.59 Slightly Gravitational

𝑁 - near well bore 1.09 Comparable
𝑁 - away from well 4.15 Gravitational

Table 5.1.3: Characterization of dominant forces for - - scenario

The ratio between the viscous forces and buoyancy is again considered to be in advantage of the buoyancy
forces causing a change in the displacement front over time. However, the quantitative difference is analyzed using
the gravity number again. Compared to the 𝐻 -𝑁 case the value of N has decreased.

Figure 5.1.4: displacing - in a homogeneous 2D reservoir with reduced after 10 days (left) and 30 days (right)

Again, the alteration to the permeability tensor 𝐾 is implemented. Reducing the vertical permeability compo-
nent (𝐾 ) is from 283 mD to 32 mD. Likewise, the ratio between the viscous and buoyancy forces has again shifted
in favor of the viscous forces making gravity override harder to take place. The effect of reducing the vertical perme-
ability component leads to a more stable displacement of 𝐻 in the horizontal direction. The gravity number shows
a slight difference compared to the 𝐻 - 𝑁 - reduced 𝐾 case.

Mean Gravity Number- 𝑁 Value Dominant
Forces

𝐻 - 𝑁 - reduced 𝐾 5.6 ⋅ 10 Viscous
𝐻 - 𝑁 - 𝐶𝐻 - reduced 𝐾 4.2 ⋅ 10 Viscous

Table 5.1.4: Average value of after reduction in in - - scenario

The resulting mean 𝑁 for both cases is listed in Table 5.1.4 The results show that the mean 𝑁 has decreased the
most in the 𝐻 - 𝑁 - 𝐶𝐻 - reduced 𝐾 scenario.
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5.2. Production Efficiency of 𝐻2
Next, an analysis is performed in terms of production efficiency of 𝐻 . The previous simulations have all been
performed until the whole of the 2D reservoir is saturated with 𝐻 gas. Therefore, it is possible to describe which
case shows the most efficient displacement of the residual gas over time. From the previously shown results of the
respective simulations, it is visible that the displacement front at 𝑡 = 10 days and 𝑡 = 30 days in the 𝐻 - 𝑁 -𝐶𝐻
scenario has progressed significantly further compared to the 𝐻 - 𝑁 scenario. This implies 𝐻 can more easily
displace the mixture of 𝑁 - 𝐶𝐻 than pure 𝑁 gas.

Figure 5.2.1: Fraction of hydrogen produced in both cases for a homogeneous reservoir

This implication is confirmed by looking at Figure 5.2.1. A visualization of the fraction of 𝐻 present is the produc-
tion well is shown over a time span of 100 days for both the 𝐻 - 𝑁 scenario and the 𝐻 - 𝑁 -𝐶𝐻 scenario. The result
clearly shows that after roughly 𝑡 = 25 days an increase in 𝐻 production is witnessed in the 𝐻 - 𝑁 -𝐶𝐻 scenario.
This proves that 𝐻 can more easily displace a mixture of 𝑁 -𝐶𝐻 which could have a positive effect on the overall
efficiency of the injection and production cycle of storing 𝐻 in depleted gas reservoirs.
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5.3. Displacement in a heterogeneous 2D Reservoir
For the following scenarios, a 2D slice of the heterogeneous 3D dataset of the Delft Sandstone aquifer is used.
Initially, the simulation time is kept the same as in the homogeneous simulations at 𝑡 = 100 days.

5.3.1. 𝐻 - 𝑁 Displacement
The same fluid parameters of the homogeneous 𝐻 - 𝑁 and 𝐻 - 𝑁 - 𝐶𝐻 displacement scenarios are used. An
overview of this can be found in Table 4.3.1. and Table 4.3.2. The reservoir specific properties have logically changed
using the heterogeneous reservoir data set. In Table 4.3.5 an overview is given of all the properties used to perform
the heterogeneous 2D simulation.

Figure 5.3.1: displacing in a heterogeneous 2D reservoir at t=10 days

Figure 5.3.2: displacing in a heterogeneous 2D reservoir at t=30 days

The above results visualize the saturation of𝐻 within the reservoir at different time steps. The effect of preferential
pathways created by high perm streak is clearly visible. The high perm streaks cause the net-gross ratio (𝑁/𝐺) to be
highly reduced. Therefore, the injected 𝐻 will mainly be transported through the high perm streaks. Consequently,
this reduces the effective volume in the reservoir through which 𝐻 can effectively flow.
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5.3.2. 𝐻 - 𝑁 - 𝐶𝐻 Displacement

In the following section, the displacement of 𝐻 towards the mixture of 𝑁 - 𝐶𝐻 in the heterogeneous reservoir is
visualized.

Figure 5.3.3: displacing - in a heterogeneous 2D reservoir at t=10 days

Figure 5.3.4: displacing - in a heterogeneous 2D reservoir at t=30 days

As can be seen from Figure 5.3.3 and Figure 5.3.4, there are not too much differences observed compared to the
𝐻 - 𝑁 case. The relative effect in hydrodynamic behaviour is significantly reduced due to the heterogeneity that is
introduced to the reservoir. In term of produced fraction of 𝐻 , a more clear difference between both scenarios can
be distinguished.
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5.3.3. Production Efficiency of 𝐻

Figure 5.3.5: Fraction of hydrogen produced in both cases for a heterogeneous reservoir

In Figure 5.3.5 the resulting fraction of 𝐻 in the produced gas has been visualized for both the case where 𝐻
displaces 𝑁 and when 𝐻 displaces 𝑁 -𝐶𝐻 . It is clear that at 𝑡 = 100 days, for both cases, just over 10% of 𝐻
can be extracted from the produced gas. Compared to the homogeneous case, this is a drastically decrease in
efficiency. In order to improve the fraction of 𝐻 in the produced gas at the end of simulation time, the decision is
made to increase the simulation time until the ’successful’ percentage of 82% of𝐻 is reproduced [13]. The simulation
time is stopped afterwards since it will take a significant longer time period to obtain a 100% fraction of 𝐻 in the
producing well. In both cases, the simulation time is increased to 500 days. For both the 𝐻 - 𝑁 case and the
𝐻 - 𝑁 - 𝐶𝐻 case, the successful production percentage of 82% of 𝐻 in the produced gas can be observed at
respectively 𝑡 = 458 and 𝑡 = 466 days. This is significantly later than when the same simulation is performed on the
homogeneous reservoir.

Also, it is again clear that during the 𝐻 - 𝑁 - 𝐶𝐻 , during most of the simulation time, a higher fraction of 𝐻 can
be found in the producing well compared to the 𝐻 - 𝑁 scenario. Due to the increase in simulation time however, this
effect has become relatively small compared to the homogeneous case. It has become clear that in order to define
the performance of depleted gas reservoir for the storage of 𝐻 , the amount of time that necessary to reproduce the
injected 𝐻 should be thoroughly analyzed when comparing the results.





6
Seasonal storage performance in a 3D

Reservoir

In order to simulate the seasonal storage process of 𝐻 in an underground reservoir, the most realistic results can
be obtained when cyclic simulations can be implemented and performed by the reservoir simulator.

6.1. Homogeneous Box Reservoir
For the homogeneous case, the same reservoir properties of a Dutch depleted gas reservoir are used as in Chapter
5. Each of the four stages each last for 100 days.

Figure 6.1.1: Reservoir pressure vs. time in a homogeneous box reservoir

The pressure regime in the reservoir, visualized in Figure 6.2.1, throughout the 400 days of simulation shows
the previously described simulation strategy (Note that the time steps of the simulations are each 48 hours). The
increasing pressure regimes show the stages where 𝐻 is injected in the reservoir whereas the pressure declines
are caused by the production of gas from the reservoir. The efficiency of the injection and production cycles can be
described by the fraction of 𝐻 that remains inside the reservoir after production.
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Figure 6.1.2: Concentration of present in a homogeneous reservoir
- - - = -

—– = - -

Using the aforementioned strategy the efficiency of two subsequent storage cycles are analysed. For both the
case where 𝐻 is displacing 𝑁 or a mixture of 𝑁 − 𝐶𝐻 the amount of produced 𝐻 is compared to the injected
volume. This is visualized in Figure 6.1.2

From both Figure 6.1.1 and Figure 6.1.2 two main observations can be described that are directly linked to the
efficiency of cyclic 𝐻 storage in porous media.

• Comparing both cases, using the same well strategy, a slight difference is observed in the amount of 𝐻 that
that can be injected and reproduced. Similar to the 2D results, a higher fraction of 𝐻 can be produced in the
𝐻 - 𝑁 - 𝐶𝐻 scenario.

• For both cases, at the end of the second cycle and using the same well strategy, the amount of 𝐻 left in the
reservoir has significantly increased compared to the first cycle.

In theory, the total amount of 𝐻 that is injected could be reproduced using the same time intervals and same
pressure difference. The efficiency per full cycle is therefore calculated as follows:

𝜂 =
𝑁𝑒𝑡 𝐻
𝑁𝑒𝑡 𝐻 (6.1)

𝐻 in Reservoir 𝐻 -𝑁 𝐻 -𝑁 -𝐶𝐻
Time (days) t=100 t=200 t=100 t=200

Fraction of reservoir saturated by 𝐻 in Cycle 1 63.2% 20.7% 63.7% 19.0%
Total efficiency of Cycle 1 67.2% 70.2%

Time (days) t=300 t=400 t=300 t=400
Fraction of reservoir saturated by 𝐻 in Cycle 2 70.8% 35.4% 70.6% 33.5%

Total efficiency of Cycle 2 70.6% 71.9%

Table 6.1.1: Efficiency of multiple cycles of storage in a homogeneous box reservoir

The corresponding efficiency values of the homogeneous box are listed in Table 6.1.1.
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In the 𝐻 -𝑁 scenario, a maximum efficiency of 67.2% is obtained in the first cycle. In the 𝐻 -𝑁 -𝐶𝐻 , a higher
maximum efficiency is reached i.e.70.2%. For both scenarios, it is clear that the cycle efficiency increases slightly in
the subsequent cycle. This increase in efficiency can most likely be linked to the higher initial saturation of 𝐻 at the
start of the second cycle

6.2. Heterogeneous Box Reservoir
In the heterogeneous case, the full 3-dimensional dataset of the Delft Sandstone reservoir has been used.

Figure 6.2.1: Reservoir pressure vs. time in a heterogeneous box reservoir

When the pressure regime is compared with the homogeneous 3D case, it is clear to see that it takes a significant
amount of time longer for the average reservoir pressure to reach the upper constraint of 100 bars. Where this
occurred at roughly 𝑡 = 20 days in the homogeneous case, this reservoir pressure is now reached at the end of the
first stage i.e. 𝑡 = 100 days. This delay already indicates that in the heterogeneous case more time is necessary
to saturate the reservoir with 𝐻 . Also, in the production stage, it is noticeable that after 100 days of production, the
lower constraint of 30 bars has not yet been reached.

The effect of the displacement efficiency of 𝐻 towards different cushion gasses is even more reduced in the
heterogeneous case. The saturation of 𝐻 within the reservoir almost follows the same curve for both scenarios.

Figure 6.2.2: Concentration of present in the heterogeneous reservoir
- - - = -

—– = - -



40 6. Seasonal storage performance in a 3D Reservoir

The same well strategy as for the homogeneous case leads to the following values in terms of efficiency per
storage cycle:

𝐻 in Reservoir 𝐻 -𝑁 𝐻 -𝑁 -𝐶𝐻
Time (days) t=100 t=200 t=100 t=200

Fraction of reservoir saturated by 𝐻 in Cycle 1 63.2% 22.1% 63.7% 22.0%
Total efficiency of Cycle 1 65.0% 65.4%

Time (days) t=300 t=400 t=300 t=400
Fraction of reservoir saturated by 𝐻 in Cycle 2 71.1% 38.4% 70.5% 38.0%

Total efficiency of Cycle 2 67.6% 67.9%

Table 6.2.1: Efficiency of multiple cycles of storage in a heterogeneous box reservoir

The same observations are seen on a relatively smaller scale when applying an heterogeneous reservoir to this
cyclic storage configuration. The 𝐻 -𝑁 -𝐶𝐻 scenario appears to be slightly more efficient compared to 𝐻 -𝑁 sce-
nario. However, the heterogeneity reduces the absolute difference between these scenarios. Again, a small increase
in both scenarios is witnessed in the second storage cycle compared to the first cycle. Another important observation
is the time it takes per stage to reach the maximum concentration reached in either the injection or production stage.
Since the upper and lower pressure constraints of the injection and production wells are reached at a later moment
during each stage, the wells can both inject and produce for a longer period of time. Compared to the homogeneous
reservoir, the cycle efficiency reaches comparable values in the heterogeneous scenario. However, it takes a sig-
nificantly longer to reach this level of efficiency compared to the homogeneous scenario. The noticeable difference
in efficiency between the 𝐻 -𝑁 scenario and the 𝐻 -𝑁 -𝐶𝐻 scenario that was encountered in the homogeneous
reservoir, diminished in the heterogeneous reservoir simulations.
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Sensitivity Analysis

Using the homogeneous reservoir as a base scenario, different input parameters have been altered to check the
effect on the overall cyclic storage efficiency of the reservoir. This is done by looking at the following parameters:

• Dimension ratio of the reservoir

• Injection and Production pressure

• Time scale

7.1. Reservoir Dimensions
By varying the dimensions of the reservoir, the effect of the efficiency of the storage cycles are investigated. The
results of this analysis shows what the effect of the dimensions of the reservoir is on the overall cycle efficiency.

𝐻 in Reservoir Base Scenario A Scenario B
Time (days) t=100 t=200 t=100 t=200 t=100 t=200

Fraction of reservoir saturated by 𝐻 in Cycle 1 63.7% 19.0% 63.7% 16.4% 63.7% 16.6%
Total efficiency of Cycle 1 70.2% 74.3% 74.5%

Time (days) t=300 t=400 t=300 t=400 t=300 t=400
Fraction of reservoir saturated by 𝐻 in Cycle 2 70.6% 33.5% 69.3% 27.5% 69.5% 27.6%

Total efficiency of Cycle 2 71.9% 79.0% 79.2%

Table 7.1.1: Efficiency of multiple cycles of storage using different reservoir dimensions

Increasing the length & width of the reservoir while maintaining the the same reservoir height leads already
leads to a rise in cycle efficiency. Subsequently in Scenario B, the height of the reservoir is decreased, making the
reservoir more thin and elongate. The effect of adjusting the reservoir has an almost negligible effect on the cycle
efficiency. Important to note is that in scenario A and B the constraint of respectively 100 bar injection pressure and
30 bars production pressure are reached relatively later in each phase compared to the base scenario. In other
words, the overall cycle efficiency increases but the time necessary to fully inject and produce from the reservoir has
simultaneously increased in both scenario A and B. Overall, an significant increase of maximum 7.3% efficiency is
achieved in scenario B compared to the base scenario.

7.2. Injection & Production Pressure
The higher and lower pressure difference applied to the reservoir leads to the following concentration of 𝐻 present
in the reservoir over time.

41



42 7. Sensitivity Analysis

Figure 7.2.1: Concentration of present in the reservoir
- - - = Scenario A
- - - = Scenario B

—– = Base

𝐻 in Reservoir Base Scenario A Scenario B
Time (days) t=100 t=200 t=100 t=200 t=100 t=200

Fraction of reservoir saturated by 𝐻 in Cycle 1 63.7% 19.0% 86.9% 42.3% 39.7% 12.3%
Total efficiency of Cycle 1 70.2% 51.3% 69.0%

Time (days) t=300 t=400 t=300 t=400 t=300 t=400
Fraction of reservoir saturated by 𝐻 in Cycle 2 70.6% 33.5% 92.4% 64.9% 47.2% 21.8%

Total efficiency of Cycle 2 71.9% 54.9% 72.7%

Table 7.2.1: Efficiency of multiple cycles of storage using different injection and production pressures

From the sensitivity analysis it becomes clear that introducing a higher pressure difference in the same time span
initially leads to a higher concentration of 𝐻 present in the reservoir, but significantly deceases the cycle efficiency.
This means that relatively more 𝐻 can be injected but less 𝐻 is retrieved. By decreasing the pressure difference by
50% a slightly higher cycle efficiency is achieved. However, a maximum of just 47.2% of the reservoir is saturated
with 𝐻 in the second cycle. This means that almost half of the reservoir capacity is not utilized during this scenario.

7.3. Time Scale Effect
The efficiency of the storage cycles in the base scenario was calculated for time periods of 100 days per injection or
production stage. Now the effect of timescale is analyzed by means of:

• Scenario A: Decreasing the cycle length to 2 months, i.e. 1 month of injection followed by 1 month of production

• Scenario B: Extending the cycle length to a full year i.e. 183 of injection followed by 100 days of production

The results of the simulations are listed in table:

𝐻 in Reservoir Base Scenario A Scenario B
Time (days) t=100 t=200 t=30 t=60 t=183 t=366

Fraction of reservoir saturated by 𝐻 in Cycle 1 63.7% 19.0% 63.5% 19.2% 63.9% 18.6%
Total efficiency of Cycle 1 70.2% 69.7% 70.8%

Time (days) t=300 t=400 t=90 t=120 t=549 t=732
Fraction of reservoir saturated by 𝐻 in Cycle 2 70.6% 33.5% 70.2% 33.7% 73.5% 32.3%

Total efficiency of Cycle 2 71.9% 71.6% 75.0%

Table 7.3.1: Efficiency of multiple cycles of storage using different duration for injection and production stages
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It is clear to see that the cycle efficiency in the scenario A, where the length per cycle has been decreased, shows
only a little decrease in efficiency. This is because most of the injected 𝐻 is reproduced in the the first 15 days of
the production stage. Afterwards, the production rate per day severely decreases since the threshold production
pressure of 30 bars has been reached. Vice versa, during the injection of 𝐻 the upper constraint of 100 bars for the
injection pressure is also reached after roughly 15 days of of injection. By extending the time per stage, as is done
in scenario B, the efficiency of the storage cycles is increased. Since slightly more 𝐻 can be injected and produced
over a longer time period, a higher overall efficiency is achieved. However, comparable cycle efficiency can already
be achieved by using the cycle length as described in scenario A.





8
Conclusion

The objective of this research was to asses if seasonal 𝐻 storage is technically feasible in Dutch depleted gas
reservoirs. Firstly, the need for seasonal storage for 2050 in The Netherlands was quantified. Based on the reser-
voir specific properties from the portfolio of Dutch gas reservoir a first analysis was made, identifying the need for gas
reservoir capacity instead of other suitable geological formations. Then, based on literature, various complexities
and issues with UHS in depleted gas reservoirs were addressed and quantified. Subsequently, using the DARSim2
reservoir simulator, the hydrodynamic behaviour of 𝐻 in porous media was described according to the dimension-
less gravity number. Lastly, additions were made to DARSim2 simulator which made it possible to perform cyclic
simulations investigating the efficiency of retrieving the injected 𝐻 in the reservoir. By means of a sensitivity study,
the effect of different input parameters of this model were analysed. The conclusions of this thesis are presented by
answering the different sub-questions.

• What is the necessary capacity for 𝐻 that needs to be met in order to define this storage technique as feasible?

By defining a minimal need of 16 TWh for seasonal 𝐻 storage in The Netherlands in 2050, a strategy was
proposed quantifying the need for storage specifically in depleted gas reservoirs in The Netherlands. Firstly, the need
for the storage of 𝐻 was quantified for 2050. Then, based on the effective storage capacity of the Dutch subsurface,
it became clear that 456 TWh of 𝐻 could be stored theoretically in 321 salt caverns and 140 gas reservoirs. Due to
the relatively higher efficiency and limited safety risks, salt caverns have the priority compared to the other potential
formations suitable for 𝐻 storage. Based on both policy related scenarios and possible meteorological conditions,
a minimal need for 𝐻 storage in 2050 was defined at 16 TWh [23]. Concluding, by constructing 90 caverns in 2050,
a minimal need for 3.9 TWh of 𝐻 storage in Dutch gas reservoirs was identified.

• What losses of 𝐻 can be expected during the first and subsequent storage cycles?

Literature shows that the losses of potential energy due to the loss of 𝐻 can be divided into different segments.
Firstly, a loss of 𝐻 was to be expected due to the interaction of 𝐻 with the reservoir rock, leading to geochemical
reactions. Experimental studies showed that typical sandstone abundant minerals as K-feldspars and quartz will not
be highly reactive with the 𝐻 gas under subsurface conditions [7]. Therefore, the losses by geochemical conversion
will be minimal. Geochemical effects could induce porosity changes leading to a maximum decrease of 0.21% [22].
The dissolution of 𝐻 will also not account for great amounts of 𝐻 losses during subsurface storage. The solubility
of 𝐻 is minimal at around 100 𝐶 which is roughly in the range of the temperature of many Dutch gas reservoir.
Therefore, the respective losses will be minimal and are predicted between 0.88 - 2% of the total injected 𝐻 volume
[13][32]. The losses by dissolution can be seen as a one-time loss since after the first injection cycle the liquid in the
reservoir rock is saturated with the dissolved𝐻 . The diffusion of𝐻 through the caprock is an area of research that no
field studies with 100% 𝐻 have been conducted for so far. Therefore, from numerical simulation studies, the losses
by diffusion through the caprock are estimated up to 6% [13]. The mixing of 𝐻 in residual gasses such as cushion
gas is likely to lead a loss of 3% in the first cycle. During subsequent cycles this loss will be lower and eventually
decreasing to 1% of the injected volume [43]. Through several microbiological reactions 𝐻 can also be converted to
other molecules leading to the loss of pure 𝐻 gas. Methanogenesis and SRB are likely to be problematic when there
is a noticeable concentration of respectively 𝐶𝑂 and sulphur present in the reservoir. Potential subsurface storage
sites for 𝐻 in The Netherlands should therefore have a low initial concentration of these molecules. Moreover, the
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activity of the microorganisms is limited by choosing reservoirs with a high enough temperature and salinity content
in order to make the conditions for the organisms inhabitable [18]. Otherwise, losses up to 50% over a time span of
30 years can be expected [22].

• How can the hydrodynamic behavior between 𝐻 and residual fluids be described?

The displacement of 𝐻 towards different reservoir fluids was analysed by describing the ratio between the grav-
itational and viscous forces acting on the gasses. The choice was made to analyse both the displacement of the
potential cushion gas (𝑁 ) and an ideal mixture of the cushion gas and residual methane (𝑁 − 𝐶𝐻 ). Using the di-
mensionless gravity numbers 𝑁 and 𝛾 a quantification could be given in the ratio of gravitational and buoyancy forces
that are exerted on the different gas components [27]. In the homogeneous 2D cases a more stable displacement
was seen in the 𝐻 -𝑁 -𝐶𝐻 case leading to a higher efficiency during the displacement by 𝐻 . The gravity number
analysis showed that the displacement of 𝐻 with both residual gasses is slightly dominated by gravitational forces
in a fully homogeneous reservoir. Reducing the vertical permeability as would be the case in most existing gas
reservoirs change the dominating forces to a more viscous displacement. Introducing heterogeneity in permeability
and porosity to the 2D reservoir made clear that 𝐻 is prone to move in the high permeability streaks reducing the
efficiency of the displacement. Moreover, the time to fully saturate the 2D reservoir increased by a factor of five, thus
decreasing the displacement efficiency significantly.

• What levels of 𝐻 storage efficiency can be achieved by utilizing a depleted gas reservoir as storage site?

By implementing the option to perform cyclic 3D simulations in the original DARSim2 simulator, an analysis
was performed on the cycle efficiency during the first and subsequent seasonal storage cycles. By analysing the
homogeneous reservoir for both 𝑁 and 𝑁 −𝐶𝐻 as residual gas, it became clear that a slight increase in efficiency
was found in the 𝐻 -𝑁 -𝐶𝐻 scenario. Moreover, for all simulations , an increase in cycle efficiency was found in the
subsequent storage cycle. For the homogeneous reservoir the highest efficiency that was achieved was 71.9%. By
introducing heterogeneity the noticeable difference between the 𝐻 -𝑁 and 𝐻 -𝑁 -𝐶𝐻 scenario was decreased. The
cycle efficiency decreased by roughly 5%. The most noticeable difference was found looking at the pressure of the
reservoir throughout the simulation. In the heterogeneous scenario, the upper constraint of the injection pressure
was reached at nearly the end of the injection stage. The lower constraint during the production stage was never
reached. In comparison with the homogeneous scenarios, this was a significant change since both the upper and
lower pressure constraints were reached within the first 30 days of each stage.

• What is the impact of the simulation input parameters on the overall efficiency of this technique?

A sensitivity analysis was performed to validate the results and to analyse the effect of respective input parameters
assigned to the 3D cyclic simulations. By increasing the length and width of the reservoir, a maximum increase in
cycle efficiency of 7.1% was achieved. Afterwards, the previous reservoir was also decreased in height by 50%.
The smaller height of the reservoir lead to a minor addition of 0.2% in cycle efficiency. By doubling the difference in
injection and production pressure, a greater volume of 𝐻 could be stored and produced from the reservoir. However,
in terms of net cycle efficiency, this increase in pressure difference had a negative effect on the cycle efficiency. A
reduction of 18.9% was the result. Decreasing the net pressure difference by 50% of the injection and production
stage had an almost negligible effect on the cycle efficiency. Therefore, the initially used pressure difference of 70
bars showed to be a good range in order to cyclically store 𝐻 in a depleted gas reservoir. The effect of time scale
was analysed by first decreasing the time per stage to one month and afterwards increasing the time per stage to
half a year. The effect of reducing the time per stage had a minor negative impact on the cycle efficiency since there
was less time to inject and produce from the reservoir. However, increasing the time per stage by 83% only leads
to a maximum increase in efficiency of 3.1%. Therefore, the time scale of one month per stage is already sufficient
to reach the average cycle efficiency of roughly 70%. From the sensitivity analysis the conclusion was made that
the biggest increase in efficiency was increasing the length and width of the reservoir. The greatest reduction in
efficiency was achieved by increasing the net pressure difference between the injection and production stage.
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Discussion
From literature it became clear that cycle efficiency also depends on multiple independent aspects including the
conversion of pure 𝐻 gas in the reservoir and diffusion through the caprock [19]. These losses were not taken into
account when calculating the cycle efficiency. By using the field data of a specific Dutch depleted gas reservoir,
an estimation in losses due to the previously mentioned mechanisms could be provided. In terms of simulation
methodology a few key assumptions were made that are likely to have a significant impact on the simulation results.

First of all, the gasses were assumed to be immiscible and therefore no mixing between the gasses takes place.
This limits the possibilities of transport of the injected 𝐻 through the porous media. Therefore, the ability of the
gas to disperse in the reservoir is limited. This would have a significant impact on the hydrodynamic behaviour
of 𝐻 in contact with other residual gasses which could be described by a change in gravity number for example.
Furthermore, no equations of state (EoS) for 𝐻 were incorporated in the DARSim2 reservoir simulator. This meant
that the density was calculated based on linear compressibility of the different gas components.

Also, the viscosity was treated as a constant value in this study, whereas this parameter would also change under
different temperature and pressure conditions. The geometry of the reservoir can be seen as the first structural
trapping mechanism of 𝐻 . In the simulation a box reservoir with no angle of inclination was assumed. One can
imagine that, comparable to natural gas reservoirs, a curved anticlinal shape of the reservoir would make it possible
for 𝐻 to accumulate in a more central region. This would lead to a reduction in lateral spreading of 𝐻 in the
reservoir. Furthermore, it is unlikely that a depleted gas reservoir will have a completely horizontal orientation. The
effect of inclination would impact the gravitational forces during the transport of 𝐻 which could impact the cyclic
storage efficiency. The introduction of using differently shaped reservoir could have a significant impact on the
overall efficiency of the storage cycles.

Lastly, from Table 1.4.1 the conclusion was drawn that the salt caverns are currently the most safe geological
formation for seasonal storage. In order to reduce the risks caused by induced seismicity, the effect of cyclic pressure
on sensitive area as nearby faults or compressible overburden layers needs to be further investigated. In order to
provide a more detailed study of the overall efficiency of the cyclic storage of 𝐻 in depleted gas reservoirs, all of the
above mentioned subjects need to be taken into account to execute a more accurate analysis of the cycle efficiency.
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A
Need for seasonal 𝐻 storage in Klimaatneutrale Energiescenario’s 2050

Figure A.0.1: Detailed overview of key assumptions in the different climate-neutral scenarios described by Berenschot & Kalavasta [23]

An overview of the main assumptions that are made in each of the climate-neutral management scenarios de-
scribed by Berenschot & Kalavasta [23]. The National Management scenario showed to have the lowest need for
seasonal storage of 𝐻 . The highest need of 𝐻 storage was identified using the International Management scenario
primarily due to the need for strategical 𝐻 storage.
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C
Gravity Number Analysis

Figure C.0.1: Gravity Number as a function of distance from the injecting well

In Figure C.0.1 the value for the dimensionless gravity number 𝑁 as a function of the characteristic distance 𝑟 is
visualized. Noticeable is the roughly linear increase in gravity number the further the distance is from the injection
wells. Therefore, in proximity of the injection well, a comparable ratio between the gravitational and viscous forces
is seen. The more we move away from the well, the more the gravitational forces will dominate.
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D
Delft Sandstone Reservoir

Figure D.0.1: Full Permeability Distribution of the Delft Sandstone

In Figure D.0.1, the full distribution of the permeability values are visualized. Noticeable is the very low perme-
ability of 1 ⋅ 10 𝑚 in the caprock. Furthermore, the low horizontal permeable zones are respectively 5 ⋅ 10 𝑚
for 𝐾 and 5 ⋅ 10 𝑚 for 𝐾 .
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60 D. Delft Sandstone Reservoir

Figure D.0.2: 3 Dimensional view of the Delft Sandstone Dataset



E
2D slices of 3D Cyclic Simulations

In the following figures is the concentration of 𝐻 in the reservoir visualized throughout different time steps during the
cyclic storage of 𝐻 in the homogeneous reservoir. These figures make it clear where the irretrievable 𝐻 is located
in the reservoir.

Figure E.0.1: Concentration of in reservoir at the end of injection cycle 1

Figure E.0.2: Concentration of in reservoir at the end of production cycle 1
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62 E. 2D slices of 3D Cyclic Simulations

Figure E.0.3: Concentration of in reservoir at the end of injection cycle 2

Figure E.0.4: Concentration of in reservoir at the end of production cycle 2



F
Sensitivity Analysis

This section shows the upper an lower pressure constraints used to analyze the sesntivity of the injection and pro-
duction stages.

F.1. Increased Net Pressure Difference - Scenario A

Stage 1
(Injection) Value Unit

𝑃 30 Bar
𝑃 170 Bar
𝑃 - Bar

Stage 2
(Production) Value Unit

𝑃 170 Bar
𝑃 - Bar
𝑃 30 Bar

Stage 3
(𝐻 Injection) Value Unit

𝑃 30 Bar
𝑃 170 Bar
𝑃 - Bar

Stage 4
(𝐻 Production) Value Unit

𝑃 170 Bar
𝑃 - Bar
𝑃 30 Bar

Table F.1.1: Scenario A

F.2. Decreased Net Pressure Difference - Scenario B

Stage 1
(Injection) Value Unit

𝑃 30 Bar
𝑃 65 Bar
𝑃 - Bar

Stage 2
(Production) Value Unit

𝑃 65 Bar
𝑃 - Bar
𝑃 30 Bar

Stage 3
(𝐻 Injection) Value Unit

𝑃 30 Bar
𝑃 65 Bar
𝑃 - Bar

Stage 4
(𝐻 Production) Value Unit

𝑃 65 Bar
𝑃 - Bar
𝑃 30 Bar

Table F.2.1: Scenario B
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