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Underground Hydrogen Storage (UHS) has received significant attention over the past few
years as hydrogen seems well-suited for adjusting seasonal energy gaps.

We present an integrated reservoir-well model for “Viking A” the depleted gas field in
the North Sea, as a potential site for UHS. Our findings show that utilizing the integrated
model results in more reasonable predictions as the gas composition changes over time.
Sensitivity analyses show that the lighter the cushion gas, the more production can be
obtained. However, the purity of the produced hydrogen will be affected to some extent,
which can be enhanced by increasing the fill-up period and the injection rate. The results
also show that even though hydrogen diffuses into the reservoir and mixes up with the
native fluids (mainly methane), the impact of hydrogen diffusion is marginal. All these
factors will potentially influence the project's economics.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

The impacts of climate change are catastrophic to nature and
people, threatening our planet's health and eventually leading
to an uncertain future. The latest Intergovernmental Panel on
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Climate Change (IPCC) [20] explained the impacts of climate
change and provided the necessary actions to adapt to such a
phenomenon. Unfortunately, as stated in their report, some of
these impacts are irreversible. In this context, 196 countries
adopted the Paris Agreement [31] to limit global warming
below 1.5 °C. Greenhouse gas emission is a direct contributor
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to climate change. Therefore, reducing greenhouse gas emis-
sions is the primary measure to mitigate the impact of global
warming.

Following the Paris agreement and implementing its arti-
cles, the world is gradually transforming from fossil fuels to
carbon-neutral ones. Several initiatives have been taken in
these regards. Clean energy for all Europeans [5] is one of
Europe's vital initiatives to tackle the energy transition to
ensure a clean and fair energy transition. They are targeting
by 2030 at least a 40% cut in greenhouse gas emissions, 32%
renewables in energy consumption, and 32.5% energy effi-
ciency, which in turn will lower the EU's reliance on imported
energy, mainly in the form of oil and gas to make the energy
supply more secure and fight against any possible blackouts in
case of emergencies. However, total reliance on renewable
energy sources such as wind and solar is still being
researched. As such, energy sources are highly weather de-
pendents, and the electricity produced fluctuates. This fluc-
tuating nature of produced electricity, which does not match
the consumption rates, requires a vast energy storage system.
From an economic point of view, pumped hydro and com-
pressed air energy systems (CAES) are more economical for
smaller volumes of fuel when compared to hydrogen. Still, for
more considerable volumes, hydrogen is the better choice [27].

It has been proven that hydrogen can be utilized as an
energy carrier to store surplus energy during low energy
consumption and regenerate it during high energy
consumption.

The underground storage of gases was first introduced in
1915 in a partially depleted gas field in Ontario, Canada [35].
Due to this similarity between UHS and natural gas storage,
most of the underground hydrogen storage projects make use
of the experience gained from natural gas storage but, of
course, considering the physical and chemical differences
between hydrogen and natural gas, as hydrogen is more
chemically active and has a high affinity for chemical, and
microbial reactions underground, in addition to the physical
properties of hydrogen such as high diffusivity, low viscosity,
and high mobility. All these characteristics make hydrogen
storage more complicated as hydrogen is more susceptible to
leakage and energy loss [21].

Several studies address the geological and operational
impacts of underground hydrogen storage. For an in-depth
and comprehensive review of underground hydrogen stor-
age, mechanisms, efficiency, and associated challenges, the
interested reader is referred to Refs. [15,30] and the references
therein. To highlight some studies: Pfeiffer and Bauer [19]
investigated a hypothetical site based on actual geologic data
in Schleswig-Holstein, Germany. The aim was to create a
storage site to mitigate the energy production gap for one
week by optimizing the injection scheme, shut-in periods, and
initial filling of the reservoir. Amid et al. [1] worked on Rough
Gas Facility to compare its energy output against a case where
hydrogen is used as the working gas in that depleted gas
reservoir. Phreeqc geochemical modeling tool was used to
examine the chemical stability of the pool. Several assem-
blages of minerals in the presence of hydrogen and water
were investigated. Their study showed that Clay-bearing
sandstone and iron oxides are stable under the reservoir
condition, while the sulfur-containing sample produced H,S.

Therefore, the proper reservoir should be selected that either
has little sulfur or is too hot to prevent the chemical activity of
hydrogen. In 2010 Hychico [3] looked for a potential UHS in a
depleted gas reservoir near its hydrogen facilities. The project
aimed to test the reservoir capacity and tightness. Their re-
sults show that underground hydrogen storage can involve
chemical and microbial reactions and alteration of reservoir
characteristics such as permeability. Tarkowski and Cza-
powski [28] analyzed seven salt domes as promising sites for
hydrogen storage, showing the geological conditions favor-
able for hydrogen storage, and also discussed the advantages
of hydrogen storage in depleted reservoirs. Heinemann et al.
[10] investigated three conceptual hydrogen storage plays in
the Midland Valley of Scotland and assessed their conditions
as future potential targets for pilot projects. Hassannayebi et
al. [9] studied the geochemical interaction of hydrogen in a
depleted gas reservoir in the Molasse Basin in Upper Austria.
They proposed a geochemical modeling workflow that results
in extensive insight into the contributing mechanisms and
risk evaluation in such projects. Their findings show consid-
erable uncertainty in the process due to a lack of experimental
and field data. Therefore, the disturbance of reservoir integrity
associated with geochemical interactions with hydrogen
cannot generally be ruled out, and it is more site-specific that
needs particular considerations. Several studies highlighted
that microbial reactions initiated by various bacteria and
archaea are challenging during underground hydrogen stor-
age [3,6,8,12,29]. These studies showed that such microbial
reactions might influence the overall performance of under-
ground hydrogen storage projects. Lemieux et al. [13] assessed
possible hydrogen storage in geological formations such as
salt caverns, depleted oil and gas fields, and aquifers. Shi et al.
[24] studied the impact of storing a mixture of hydrogen and
natural gas in an existing natural gas storage site in California
and investigated the alteration of the reservoir properties
such as permeability, porosity, surface area, mineralogy, and
structural characteristics caused by hydrogen injection. Their
results show a decrease in caprock permeability after expo-
sure to the gas mixture, indicating an improvement in the
sealing capacity. Wang et al. [33] performed a 2D simulation
with a very fine cell size to examine the flow behavior of H,
with CO, as a cushion gas. They analyzed the viscous insta-
bility, capillary bypassing, gas trapping, and gravity effects.
They applied three dimensionless groups to correlate
different scales, including aspect ratio, capillary/viscous ratio,
and gravity/viscous ratio. Lysyy et al. [14] studied the Norne
field and examined three scenarios by injecting pure hydrogen
into the gas, oil, and water zones. Their results show that the
thin gas zone gives the highest hydrogen recovery factor while
the geologic structures and fluid saturation determine the
hydrogen distribution. Okoroafor et al. [17] investigated the
reservoir, geological, and operational controls that affect
large-scale hydrogen storage using the ECLIPSE E300 reservoir
simulator. They introduced a screening criterion for potential
underground hydrogen storage sites and a methodology to
rank geological and reservoir properties.

While most of the simulation studies on underground
hydrogen storage utilize conceptual/hypothetical models or/
and only consider reservoir simulation, this study elaborates
on the effectiveness of integration between the reservoir and
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the well models to address the practical application of large-
scale underground hydrogen storage. The sensitivity anal-
ysis is carried out to examine the role of cushion gas, the
impact of hydrogen diffusion, and the effect of injection rate
and schedule on the performance of UHS.

This paper proceeds as follows. First, the characteristics of
the target field and the required data are reviewed. Second,
the different elements used in the modeling step are intro-
duced, and the features are discussed. The simulation results
and the respective interpretations of the findings are pre-
sented in section 3. The sensitivity analysis of contributing
parameters is shown in section 4, followed by conclusions at
the end.

Materials and methods
Viking a gas field - UK North Sea
This study considers the Viking A field in the North Sea as a

potential hydrogen storage site for the following reasons: (1)
Need for electricity: Electrolysis is green carbon-free hydrogen

Table 1 — Viking gas fields data summary [22].

Trap

Type Tilted/inverted fault blocks
HC contact Variable 9000—10,200 ft

Gas Column 700 ft max. in the Rotliegendes
Formation Leman Sandstone Formation
Age Permian

Reservoir

Gross thickness 400-700 ft

Porosity 7—25%

Permeability 0.1-100 mD

Water saturation 0.1 average value

Rock Compressibility 9.814 x 10 7 psi*

Reservoir temperature
Initial pressure
Current pressure

183 °F average value
4150-4670 psi
500 psi average value

production from renewable resources. There are tens of wind
farms currently operating in the North Sea. When writing this
paper, Germany, Belgium, the Netherlands, and Denmark
pledged to build 150 GW of offshore wind capacity in the North
Sea to help achieve the EU's climate goals and, eventually,
break away from imported energy [2]. Therefore, it would be
helpful to have such an energy buffer or temporary storage in
the area to store the energy generated from these wind farms;
(2) The availability of data: Viking A is one of the potential sites
selected for Carbon Capture and Sequestration (CCS) projects
in the UK offshore. There are several publications in this field,
and the reservoir model is available for the CCS project [18]; (3)
Almost fully depleted reservoir: It is a highly depleted reser-
voir with more than 90% recovery ceased in 1991. Thus, not
much hydrocarbon will be lost.

The Viking field is located in the Southern North Sea,
approximately 140 km east of Lincolnshire, in blocks 49/12a,
49/16, and 49/17. The original field contains nine reservoirs (A,
B, C, D, E, F, G, Gn, and H). The whole field contains approxi-
mately 2990 BCF gas in place of which 2895 BCF has been
produced with nearly 97% recovery factor as of December 1999
[22]. A detailed description of the structure and stratigraphy
can be found in Refs. [4,23,26,32,34]. Viking A was discovered
by well 49/12—2 in March 1969, put into production in October
1972, and ceased in 1991 after production of 1035.42 BCF [16].
Table 1 shows a data summary of the Viking gas fields.

The Viking A is considered as one of the potential sites for
Carbon Capture and Sequestration (CCS) offshore projects in
the North Sea, UK. The reservoir model of the Viking field was
initially built by Pale Blue Dot Energy [18] and is available in
the public domain. For this study, we extracted RESCUE files
from the Eclipse model to import them into the CMG-GEM
simulator, where we can simulate hydrogen storage and
then integrate reservoir and wellbore models into the CoFlow
platform.

Reservoir geometry

Fig. 1 shows the 3D grid and depth map of the Viking A
reservoir implemented in CMG.
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[ ]14372
13 495
12619
11743
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Fig. 1 — The 3D view of the grid and corresponding depth map (units are in ft).
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The grid and reservoir properties are directly taken from
the RESCUE file exported from the original Eclipse model.

Initial condition
The reservoir pressure, water saturation, and fluid composi-
tion are taken from the original Eclipse model, and the model

is initialized by enumeration. Table 2 shows the average
composition of the fluid.

Table 2 — Average initial composition.

Component Symbol Mole Percentage
Methane C1 90.3
Ethane Cc2 4.5
Propane Cc3 1.2
Nitrogen N2 2.8

Others Others 1.2

Fluid model

The fluid model was created in CMG-WinProp using the PR78
equation of state. WinProp is the PVT modeling tool provided
by the CMG simulation package to tune the equation of state
for predicting fluid behavior at reservoir conditions. Table 3
shows the list of components used in the fluid model. The
reservoir temperature is uniform and set at 183 °F.

Table 3 — The list of components used to create a fluid
model.

Component Symbol Pc (atm) Tc (K)
Hydrogen H2 12.80 33.2

Carbon Dioxide COo2 72.90 304.7
Nitrogen N2 33.50 126.2
Methane C1 45.44 190.6
Ethane Cc2 48.20 305.4
Propane C3 41.90 369.8
Butane Cc4 36.98 419.5
Pentane C5 33.15 465.9
Hexane Cc6 29.71 507.5
Heptane Cc7 29.00 548.0

Rock-fluid model

The gas saturation in the reservoir varies from 0.7 to 0.95, and
the liquid phase is considered an immobile phase in our
model.

Injection and production strategy

The operation starts on 01-Jan-2031 by either fill-up or cushion
gas injection to pressurize the reservoir such that the wells
can produce naturally at the desired production rate. This is
followed by five annual hydrogen injection/production cycles
until 01-Mar-2037. Hydrogen is injected during summer
(March to September), when the electricity demand is low,

followed by three months of a shut-in. Then, the stored
hydrogen is produced and retrieved during winter (December
to March) (see Table 4 below).

Base case

The base case consists of fill-up the reservoir with hydrogen
for nine months with an injection rate of 30 MMSCF/day/well,
followed by cycling as shown in Table 4. The injection rate and
the period for a fill-up are determined after several trials so
that the reservoir can produce at a desirable production rate of
40 MMSCF/day/well for three months, double the injection
rate of 20 MMSCF/day/well for six months.

Table 4 — Base case strategy.

Event Period (month) Rate (MMSCF/day/well)
Fill-up 9 30
Shut-in 3 (Sep—Nov) —
Production 3 (Dec—Feb) 40
Injection 6 (Mar—Aug) 20
Well model

As shown in Fig. 1, the model has two vertical wells located on
the crest of the reservoir, and each well is used as a producer
or an injector during different cycling periods. Therefore, two
producers and two injectors named W01-GP, W01-GI, W02-GP,
and WO02-GI are defined in the model.

As pure hydrogen is being injected into the reservoir, a
pure hydrogen lift table is required for injectors. However, the
produced gas could be a mixture of hydrogen, methane, and a
small fraction of the other native gases. Therefore, for pro-
ducers, two extreme lift tables are defined: (1) the H2 lift table:
assuming the produced gas is 100% hydrogen (2) the CH4 lift
table: assuming the produced gas is 100% methane.

From a production perspective, a lift table or lift curve
demonstrates the flow performance of a well, that is, how
much pressure is required to lift a certain amount of fluid to
the surface at the given wellhead pressure.

In this work, the lift tables are built using Gray correlation
[7] in the PIPESIM (multiphase flow simulator for wells, flow-
lines, and pipeline systems, including surface equipment).
Table 5 shows the well downhole equipment used to setup the
well model and generate the lift tables.

The overall heat transfer coefficient of 3 Btu/(hr.ft>F) is
used for vertical gas flow calculations.

Table 5 — The well downhole equipment.

Bottom ID (in) Wall Roughness
MD (ft) Thickness (in)
Casing 9300 8.681 0.472 0.001
Tubing 8300 4.95 0.275 0.001

Table 6 shows the constraints defined for different periods
of injectors and producers in different project phases.
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Table 6 — The well constraints defined in the simulation
model for different periods.

Simulation results

Phase Parameter Value
Fill-up Well-head pressure 800 (psi)

Injection rate 30 (MMSCF/day/well)
Hydrogen Injection Well-head pressure 800 (psi)

Injection rate 20 (MMSCF/day/well)
Hydrogen Production Well-head pressure 100 (psi)

Production rate 40 (MMSCF/day/well)

Standalone model

The standalone model consists of the reservoir model with

predefined lift tables, either pure H2 or pure CH4 lift tables,
introduced in the previous section. It should be noted that this
is an ideal assumption because the produced gas composition
changes over time; therefore, the lift tables considering a fixed

composition (pure H2 or pure CH4) cannot describe the actual
production characteristics.

Integrated model with CoFlow

The integrated Asset Modeling (IAM) tool is commonly used to
couple the different production elements (reservoir, well, and
surface facility) into a single model, enabling us to examine
the impact of individual production components on the total
performance of the field.
Each injector has two sources, one for cushion gas (de-
activated in the base case as we are filling up with hydrogen)
and one for hydrogen for storage cycling and set the properties
of the sources to match the base case strategy (the shut-in and
start times, flowrate limits, fluid type, etc.). The two producers
are connected to a 2-phase separator.
For further analyses, the reservoir, well, rock and fluid

models, and well constraints and events are implemented
into the CoFlow package.

Gas Production (MMSCF/DAY)
100

80 — Y
\

B)
)

60

40
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2032 2033 2034 2035 2036 2037

Date (year)

=== H2 table CH4 table ====CoFlow

Here the results of standalone and integrated models are
presented to compare the performance of each for under-
ground hydrogen storage.

Standalone model: As can be seen in Fig. 2 (left), the field can
produce at the target of 40 MMSCF/day/well (i.e., 80 MMSCEF/
day in total for two wells) when using a H2 lift table (blue
lines). However, this cannot be achieved if a CH4 lift table
(yellow lines) is being used. This can be explained by the
pressure plot in Fig. 3, where the WHP constraint of 100 psi is
violated when using the CH4 lift table. The reason would be
that the hydrostatic column in the case of pure methane is
much heavier than pure hydrogen case, and consequently, the
pressure drop is higher and the production rate is lower.

Moreover, Fig. 2 (right) shows that the hydrogen percentage
decreases for both cases as more native gas (methane) is
produced over time. However, the hydrogen percentage is
higher when the CH4 lift table (yellow lines) is used. This can
be explained by the pressure plot in Fig. 3, where less gas is
being produced as the system is constrained by minimum
WHP of 100 psi; that is, the reservoir is depleted less and more
hydrogen is available in the vicinity of the well.
This result shows that the lift table has a significant impact
when using a standalone model. In practice, a mixture of
gases (hydrogen, methane, tiny fraction of the other gases) is
produced. In the beginning, the produced gas is pure hydrogen
which gradually decreases over time while the composition of
other gases increases. Utilizing individual lift tables alone (H2
or CH4) cannot describe the production system accurately.
This can only be modeled by a fully integrated model, which
captures compositional changes of the produced fluid over
time.

Integrated model with CoFlow: The CoFlow module is used to
accurately couple the reservoir-wellbore production system. It
was already demonstrated that a standalone model with a lift
curve of either 100% methane or 100% hydrogen is unrealistic.
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Fig. 2 — Total gas production profile (left) and hydrogen mole fraction (right) in the produced stream for the standalone

model with H2 lift table (blue), CH4 lift table (yellow), and CoFlow (black). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 3 — Well-head pressure (dashed lines) and bottom-hole pressure (solid lines) for well W01 with H2 lift table (blue), CH4
lift table (yellow), and CoFlow (black). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Due to the nature of UHS, the producing gas changes over
time, and using a lift table with a fixed composition leads to
inaccurate results. Fig. 2 (left) includes the results from
CoFlow (black dashed lines), which considers the composi-
tional changes for pressure drop calculations in the wellbore
against the results of the standalone model. In the flow model,
the so-called shaking hand frequency is set daily basis; this
means that the rate at which the GEM reservoir model will
deliver (shake hand) its data (IPR, composition, and well
indices) to the well model is evaluated daily, this will increase
the simulation time considerably, but it gives more accurate
results. As can be seen, the field cannot produce the aimed
target of 40 MMSCF/day/well (i.e., 80 MMSCF/day in total for
two wells) for the three months, especially after the first cycle.
This means that the initial reservoir pressure is insufficient to
support continuous production. Perhaps, a more extended fill-
up period and/or higher injection rate is required to achieve
the target rate. This effect is much more pronounced in the
hydrogen compositional plot in Fig. 2 (right) when the
hydrogen mole fraction drops well below 90%, again showing
that the reservoir pressure is insufficient before cycling starts.
This can be explained by the pressure plot in Fig. 3, where BHP
(solid black lines) and WHP (black dashed lines) for the CoFlow
are lying between the results of the standalone models, again
highlighting that the CoFlow considers the compositional
changes for pressure drop calculations in the wellbore instead
of using fixed composition in the standalone models.

This should be noted that the composition of the produced
fluid significantly impacts BHP and WHP and, consequently,
the rate at the end. As can be seen at the beginning of the
production cycle, hydrogen purity is high (the gas column is
lighter); this implies that the pure hydrogen lift table can
describe the production fluid (blue curves); however, as pro-
duction continues, the impurities increases in the produced
gas and more methane are being produced (the gas column is
gradually getting heavier) results in up to ~220 psi additional
pressure drop for the CoFlow model and moving the produc-
tion behavior toward the yellow curves (pure methane lift

table). The results show that fully integrated model will
improve the prediction of the overall production system.

Sensitivity analysis

Here a couple of scenarios are considered to figure out the
impact of different factors on the dynamic behavior of the
reservoir during hydrogen storage.

Role of cushion gas

For this analysis, the CoFlow module is used to investigate the
impact of different cushion gases on the performance of the
UHS in the Viking A field; it should be mentioned that all other
properties are kept similar to the base case.

Fig. 4 shows the total gas production rates and hydrogen
mole fraction in the produced gas stream from 2032 to 2037
end of the fifth cycle, when using the different cushion gases.

It can be concluded that the lighter the cushion gas, the
more hydrogen can produce, especially at early cycles. How-
ever, the effect of the cushion gas on the production rate di-
minishes for later cycles. Furthermore, when the reservoir is
filled up with hydrogen before cycling, it results in higher
hydrogen purity in the production. But again, this is more
visible in early cycles and diminishes in later cycles, and in the
fifth cycle, almost equal purity for all cases will be obtained.
During these scenarios, 53.3 BSCF of gas in total has been
injected, of which 16.5 BSCF during the cushion gas/fill-up
injection period and 36.8 BSCF of cycling hydrogen. Fig. 5
shows the amount of produced and remaining hydrogen
with different cushion gases.

It is shown that when CO2 is used as cushion gas, 40% of
the injected hydrogen remains and cannot be produced back,
which resembles the worst performance compared to other
scenarios. This result shows that only 22% of the cycling
hydrogen remains in the reservoir when the reservoir is filled
up with hydrogen before cycling starts.
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Fig. 5 — Total produced and remaining hydrogen after five cycles of injection using different cushion gases.

Among other cushion gases, methane performs best, with
30% remaining hydrogen. However, an economic study should
be conducted to evaluate the feasibility of such scenarios, as
hydrogen is considerably more expensive than other gases.
Furthermore, the cost of the separation processes at the sur-
face should also be included in the feasibility study.

Diffusion effect

The hydrogen has very high diffusivity, about 0.61 cm?¥s,
almost four times more than methane. Therefore, hydrogen
diffusion to the surroundings could affect the project's
economy. As the CoFlow simulation with diffusion takes a

much longer time, the effect of diffusivity is examined
using a standalone GEM simulator with a pure hydrogen lift
table. The Sigmund correlation [25] is used to calculate the
binary diffusion coefficient between different components
in the mixture. Fig. 6 shows the purity of the produced
hydrogen and methane with and without the diffusion ef-
fect. As expected, hydrogen diffuses into the reservoir and
is mixed up with the native fluids (mainly methane) to
some extent, producing more methane. However, the level
of mixing with the native fluids (i.e., cushion gas) depends
on the reservoir properties and cycling strategy [11]. As can
be seen, the impact of diffusion is marginal as diffusion is a
prolonged process in general that would be more effective
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Fig. 6 — Mole fraction of hydrogen and methane without diffusion (solid lines) and with diffusion (dashed lines).

at the time scales beyond the seasonal injection-production
intervals.

Extended/longer fill-up period

An important metric to evaluate the performance of the UHS
is the purity of the produced hydrogen because this will affect
the surface processing operations and, in turn, the operating
expenses. To enhance the purity, the fill-up period is extended
from 9 months to 2 years with the same rate of 30 MMSCF/day/

well of hydrogen (i.e., 60 MMSCF/day in total for two wells), as
shown in Fig. 7.

After extending the fill-up period, the reservoir can main-
tain the target of 40 MMSCF/day/well (i.e., 80 MMSCF/day in
total for two wells) for the three-month production period.
This is due to the increased BHP compared to the 9-month fill-
up period, as shown in Fig. 8. As it can be seen, the purity of
produced hydrogen is enhanced to some extent, but a
considerable amount of produced methane will still require
surface processing.
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Fig. 7 — Total injection and production profiles with an extended fill-up period (2-year fill-up).
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Fig. 9 — Produced and remaining hydrogen with 2-year and 9-month fill-up period.
Fig. 9 shows that, in the 2-year fill-up period, 43.8 BSCF Increased cycling injection rate
hydrogen is injected vs. 16.5 BSCF in the 9-month fill-up case,
and the produced hydrogen is increased only by 9%. This is It was shown in Fig. 5 that among different cushion gases
because the hydrogen dissipates into the reservoir and does other than hydrogen, methane gives the best performance,

not remain in the well's vicinity. Thus, the fill-up hydrogen with the lowest remaining hydrogen of only 30%. Methane, as
doesn't act as a good barrier, producing methane. a cushion gas, has an advantage over hydrogen due to its
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Fig. 11 — Produced and remaining hydrogen with 20 MMSCF/day and 30 MMSCF/day cycling injection rate and methane as

cushion gas.

lower cost and availability. Thus, the hydrogen injection rate
increases from 20 to 30 MMSCF/day/well in this case.

Fig. 10 shows that the target production rate is reached
when the cycling injection rate increases, as more
hydrogen is injected than produced; also, the purity of the
produced hydrogen increases over time which is more
desirable.

Fig. 11 shows that the efficiency is decreased considerably
as 46% of the injected hydrogen remains in the reservoir
compared to only 30% when injecting at a rate of 20 MMSCEF/
day.

Conclusions

Through this study, we have shown the role that underground
hydrogen storage technology can play in the process of the
inevitable energy transition the world needs. Viking A gas field
in the North Sea is selected as a potential UHS for that pur-
pose. Our findings are as follows.

¢ Utilizing the integrated model built with CoFlow, captures
the effect of compositional variation of the produced gas
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on the vertical flow model. This shows that the integrated
model has a significant advantage over a standalone
model, especially when the density of components in the
produced fluid is considerably different.
e Much care should be given to selecting the cushion gas in
terms of density and compatibility compared to the native
fluids and the injected hydrogen. It was concluded that the
lighter the cushion gas, the more the production rate. Still,
the purity of the produced gas will be affected because
cushion gas will be produced with hydrogen, which re-
quires further surface processing and increases the total
operating cost.
Hydrogen has high diffusivity compared to methane. The
diffusion effect was examined, and the results show that
the diffusion effect is marginal.
The purity of the produced hydrogen is an essential metric
for evaluating the UHS performance, efficiency, and,
eventually, the project's economics. It was shown that the
purity of the produced hydrogen could be enhanced by
increasing the fill-up period and the injection rate.
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