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A B S T R A C T

Hydrogen, as an energy carrier, is at the centre of research attention for its potential advantages over electricity
to transport and store excessive renewable energy at the GW scale as part of the energy transition. To store
energy at such a large scale and in a seasonal manner, energy storage technologies such as compressed air
storage and high-temperature aquifer thermal storage are proposed, where Underground Hydrogen Storage
(UHS) in porous reservoirs may be an important technology for hydrogen economy. Research studies suggest
the necessity of using alternative gas to hydrogen as cushion gas due to the very low density at reservoir
conditions and the high production cost of hydrogen. In addition, the potentially lower development cost of
UHS in existing depleted natural gas reservoirs or former sites for underground gas storage compared to that
of saline aquifers makes gas mixing a real possibility for future UHS operations. However, this topic is rarely
studied, let alone its geological governing factors. In this study, we focus on the most likely geological settings
for early UHS projects (Depleted gas fields in high permeability braided fluvial reservoirs) to understand the
potential impacts of geological heterogeneity on project economics.

To quantify the possible gas mixing induced by macro-scale heterogeneity and find the dominant factors
that affect storage performance, in this study, we start by building synthetic high permeability water-gas
reservoir model with geological characteristics of braided-fluvial systems often encountered in the oil and gas
industry. Then we examine the effects of structural and litho-facies heterogeneity on gas mixing processes
during typical UHS projects (10 mol% hydrogen-methane mixture as stored gas) via compositional numerical
simulation. Homogeneous cases with different injection/production rates are also part of the sensitivity
analysis. The cumulative days hydrogen fraction in produced stream is used as the metric for quantifying gas
mixing during this process. Our results show that, compared to the homogeneous cases, macro-scale geological
heterogeneity will intensify gas mixing and degrade the hydrogen fraction in the produced stream, affecting up
to 15.8% of the recovery in 10 years (6% more than the homogeneous cases). Geological structure (reservoir
dip angle and closure area) is a first-order determining factor above facies heterogeneity (braided channel
dimensions). It determines the level of methane breakthrough during UHS projects in all the test cases, leading
to contrasting gas mixing behaviors. Our study hereby provides a systematic method for evaluating gas mixing
in UHS projects and facilitates future UHS techno-economic analysis.
1. Introduction

Hydrogen, as a low-carbon energy carrier and feedstock for chem-
icals, is currently the centre of attention to replace fossil fuels in
energy supply while combating climate change [1–3]. For example,
the power transmission capacity of a typical commercial transmission
line is 2 GW, and a hydrogen gas pipeline can carry the equivalent of
10 GW or more [4], making hydrogen potentially suitable for being
transported from a renewable-energy-rich area such as the ocean or
desert to a population-dense region [5]. Green hydrogen has been
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proposed to be produced on the order of 14 Mt/year from renewable
energy powered electrolysis technology [6], and blue hydrogen aims
to be produced on 10 Mt/year from fossil fuel coupled with carbon
capture and storage [7,8]. Depending on the available resources and
potential role in the future international hydrogen market, countries
are considering different scenarios to decarbonize their energy mix with
the inclusion of hydrogen [9,10], or to supply hydrogen to energy-
importing countries [11]. In both cases, large-scale hydrogen storage
facilities will be essential [12–14] and underground hydrogen storage
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is the only known hydrogen storage technology that can be used to
achieve a potential power output of 0.4 GW for salt cavern and up to
1 GW for depleted oil and gas fields [15].

The purpose of Underground Hydrogen Storage (UHS) is to store
excess energy as hydrogen in subsurface structures during energy pro-
duction peak periods, and to withdraw it when energy demand is high
and/or energy production is low [16,17]. Although there are decades of
UHS experience in utilizing salt caverns [18], their relatively small stor-
age capacity and the limited geological availability of salt formations
over large geographical areas have led to recent feasibility investiga-
tions of UHS in porous reservoirs which are still largely unstudied [19].
Researchers from Australia, China, Germany, Poland, U.K., and U.S.
have summarized the challenges of implementing UHS on a larger scale.
Their findings can be distilled into specific aspects: high cushion gas
requirement due to the low molecular weight of hydrogen [15,20],
hydrogen loss due to gas diffusion and mixing [13,20,21], well integrity
issues due to potential hydrogen embrittlement [22–24], hydrogen loss
due to abiotic and biotic chemical reactions [10,25–27], a lack of
business case demonstration and uncertain public acceptance [19]. In
response to these challenges, research regarding feasibility in terms of
geological resources [9,10,28,29], effects of wettability on flow [30–
32], operation management and storage capacity [33,34], and risk
posed by abiotic geochemical reactions [22,25,35], biotic reactions [36,
37], and well integrity [24] have been investigated during the most
recent few years. However, despite efforts that have been put into this
emerging technology, based on the latest research findings [19,38,39],
there are still uncertainties and risks to address before the successful
implementation of UHS in porous reservoirs.

At this stage of UHS technology deployment, also driven by imma-
ture hydrogen production from renewable energy technologies [40,41],
the UHS storage demand is not projected to be more than 100,000
tonnes domestically by 2040 in Australia [42]. Hence, hydrogen-
methane mixtures (blend) are being used to conduct pilot UHS field
tests [14]. For such UHS projects in depleted gas reservoirs, a com-
monly used hydrogen fraction in the stored fluid is 10% [14], given
potential well integrity issues when the hydrogen fraction is over
this value [43]. Moreover, various alternative gases may be more
suitable cushion gas for UHS than pure hydrogen, e.g. nitrogen [34,44].
Therefore, it is likely to see hydrogen mixing with other gases during
future UHS projects.

However, mixing hydrogen with cushion gas, which is initially only
hydrocarbon gas during UHS in depleted gas reservoirs, can cause prob-
lems. Some critical minerals, e.g. pyrite, anhydrite, and calcite might
trigger major biotic and abiotic hydrogen-consuming processes such as
methanogenesis, sulfate reduction, and acetogenesis [26,37], affecting
the hydrogen fraction in the produced stream. Pipeline transport as
well as the final use (e.g. fuel cell) of hydrogen or hydrogen-methane
mixtures imposes strict specifications and constraints on the compo-
sition of the product [45,46]. If the hydrogen fraction is below a
certain threshold, the utilization of produced hydrogen gas can be
affected and expensive surface separation facilities may be required as
a result [47]. Therefore, many reservoir-scale UHS simulation studies
report the hydrogen fraction in the produced stream in addition to
hydrogen recovery [34,48–50]. In 2016, the H2STORE project con-
ducted a UHS reservoir simulation of 5 years’ cyclic operation with an
injection of pure hydrogen into a reservoir with nitrogen and methane.
They reported that the hydrogen fraction in the produced stream would
decrease from 100% to 80% during the simulation of production and
then increase over 5 cycles to 85% [48]. Lysyy et al. [34] investigated
the most suitable zone (water, oil or gas) for storing hydrogen in
a model of Norne field [34]. The production stream included up to
100% hydrogen fraction; this might be because of the large amount of
hydrogen injected initially as cushion gas. As they reported, hydrogen
recovery was only around 14% and the hydrogen fraction decreased
to between 70 and 80% when hydrogen recovery increases between
2

50% to 58% due to less injected hydrogen acting as cushion gas [34].
Similar hydrogen recovery ranged, from 32% to 66% during cyclic
operation, are reported when investigating suitable cushion gas types in
a partially depleted gas reservoir [44]. In summary, studies have shown
various influences on the hydrogen fraction in the produced stream
under different injection/production scenarios. The aim of this study
is to extend this investigation to a geological context.

The injection of hydrogen in porous reservoirs with residual methane
as a cushion gas represents a miscible displacement process as a gas
phase while it is an immiscible flooding process in the presence of
gas and water [51]. Meanwhile, porous reservoirs can be naturally
heterogeneous at several scales, and need parameters at multiple levels
to be characterized [52–54]. Among these geological levels, unless
the miscible gas flow is solved at the pore-scale [55,56], advection is
represented with a mean gas flux over a volume, and the fluctuation
with respect to this mean gas flux (dispersion) across the simulation
domain results in gas mixing [57]. Given that heterogeneity occurs at
all scales [57,58], preferential flow paths for advection, e.g. channeling
flow at reservoir-scale [59,60] will intensify such fluctuation, as well
as the gas mixing. Thus, it is reasonable to expect that spatial variation
of geological properties (heterogeneity) will impact the gas mixing, as
well as the subsequent hydrogen fraction in the produced stream and its
recovery [54,59]. Knowing those effects could help in the design of the
development strategy for a UHS project and provide valuable insight for
future business cases. Reservoir structure variation such as reservoir dip
will have significant impact on the injectivity and productivity of UHS
in both depleted gas reservoirs [61] and saline aquifers [62]. It has been
reported that when the reservoir is permeable enough (permeability
above 200 mD), a reservoir dip ranging between 5 to 15◦ is reported
as the optimal angle for UHS [61]. However, these studies focus on UHS
productivity and hydrogen recovery in homogeneous reservoir models,
and the effects of geological heterogeneity on hydrogen gas mixing
and subsequent hydrogen fraction in the produced stream are yet to
be investigated [10,62].

The aim of this study is to investigate the influence of geological
parameters for the hydrogen gas mixing processes during UHS. In
particular, the author focuses on braided-fluvial reservoirs as they can
make excellent, productive reservoirs with great lateral continuity [63].
This study investigates the hydrogen fraction in the produced stream
during production periods of an underground hydrogen-methane mix-
ture storage project that injects a constant hydrogen-methane mixture
with 10 mol% hydrogen following current industry practice. First,
synthetic reservoir models that represent braided-fluvial geological
settings are built. Then, we perform a series of numerical simulations
to study how, under the same productivity and injectivity, the resulting
hydrogen fraction in the produced stream is affected by reservoir struc-
ture, fluvial channel dimensions, and variable injection/production
rates. In each simulation, the hydrogen fraction during the production
period is recorded, and the periods at which it drops below a specified
value can be observed. Our results show that even under the same
cyclic injectivity and productivity, geological heterogeneity can have
significant effects on the resulting hydrogen fraction in the produced
stream, leading to distinct economic and technical UHS performance
differences between reservoirs of braided-fluvial systems.

2. Methodology

This study relies on reservoir simulations to investigate the impact
of the geological characteristics of a storage reservoir on gas mixing and
the resulting variation of the hydrogen fraction in the produced stream
in a cyclic hydrogen-methane mixture storage scenario. First, the char-
acteristics of braided-fluvial systems are discussed and we present how
they are realized in two distinct geological structural models. There
are two heterogeneity scales (on top of structure) to these models:
(1) the lithological makeup and geometrical distribution of permeable
sand bodies in a matrix of less permeable shaly sediments and (2) the

distribution of porosity and permeability within the lithological bodies
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that are due to smaller scale variations in porosity and permeability as
can be derived from the integration of rock core measurements and
geophysical log interpretation (petrophysical model). The statistical
characteristics of these variations are used to populate the properties of
each litho-facies in the geological model. Finally, reservoir simulations
setup of simple cyclic injection and production scenarios are described.

2.1. Braided-fluvial system sediments

The unique depositional pattern of braided channels was recognized
in the nineteenth century, but the first attempt to differentiate it from
a meandering-fluvial system was not made until 1962. While mean-
dering rivers show regular and continuous runoff along mostly single
channels [64], the braided river system exhibits annually intermittent
discharge of enormous amounts of water, causing devastating effects.
Several conditions including extreme precipitation, sparse vegetation,
and steep slopes cause differences between meandering and braided
rivers’ sediment deposition and the resulting stratigraphic architecture.
Later, [65] developed four facies models for braided rivers. Sand bar
morphology and grain size distribution differentiate braided rivers
from other types that have gravel bars with common longitudinal and
linguoid shapes. In another work focusing on facies models of fluvial
systems [66,67] describe the bulk deposit from braidplains as mostly
gravel bedforms (95% of thickness) with thin sand sheets due to cross-
cutting between numerous broad low-sinuosity river channels. These
facies models become a set of architectural schemes for describing
fluvial systems [67]. Until recently, Gibling argued that although there
have been extensive studies of the internal architecture of channel
deposits, only a few deals with their dimensions and external geom-
etry [68]. Thus, Gibling [68] assembled a database of more than 1500
examples of channel-fill deposits, ranging in age from Precambrian
to Quaternary. In this database, Potter’s terminology [69] is used for
defining architectural elements developed by vertical stacking and
lateral amalgamation of channel bodies. A similar system was used
to develop a database for quantitative facies modeling by Colombera
et al. [70]. These aforementioned achievements provide valuable geo-
logical insights for the high-fidelity modeling of braided-fluvial system
reservoirs.

2.2. Braided-fluvial reservoirs in oil and gas industry

Braided-fluvial systems make excellent, productive oil and gas
reservoirs [63]. Typical examples include Prudhoe Bay, Alaska, U.S.,
Cooper Basin, Australia, Murdoch Sandstone, North Sea, U.K., and
Precipice Sandstone, Surat Basin, Australia [71–73]. These reservoirs
show sand-sheet geometry originated from broad braidplains [67].
Sand-sheet reservoirs and braidplains reflect high relief of the source-
area and steep paleoslopes [67]. However, it does not mean that
all the braided-fluvial reservoirs result from steep reservoir dips and
complex strain, as structural heterogeneity can be generated from syn
and post-depositional activities such as regional uplift or subsidence,
faults, folds, and salt diapirs [74]. Therefore, braidplain strata can
have low [75] or high [76] dips and also be compartmentalized into
small [71] or large [75,77] production blocks.

Another typical characteristic of braided-system reservoirs is the
high sand-to-gross ratio, usually between 85% to 95% [71,75,78]. In
addition, well logs commonly show quartz-dominant fining-upward
packages from coarse-grained conglomerates to fine-grained
sandstones, to finally trace amounts of mud breccias [75,78]. These
observations are consistent with the braided system facies models built
by Miall [65,67]. Depending on the rock structure, conglomerates may
or may not be as permeable as sandstones [79]. Consequently, during
the modeling process of braided-fluvial reservoirs, the system is often
simplified into two categories of flow unit (flow or non-flow), made up
of predominantly two rock types (sandstone and claystone) [72,80].
3

2.3. Generic braided-fluvial reservoir modeling

Based on the characteristics of braided-fluvial reservoirs introduced
earlier, we chose to model two types of reservoir structures in our
generic braided-fluvial reservoir models. They are defined as type 1 and
2 structures, representing braided-fluvial reservoirs with different post-
depositional deformation. In this study, 4 simulation cases are designed
for each type of structure, making a total number of 8 simulation cases.
Among them, cases 1 to 4 are designed for the type 1 structure, and
cases 5 to 8 are designed for the type 2 structure. Within each group
of simulation cases, the same four cases are modeled to include
(1) a homogeneous case for uniform permeability and porosity of a
single litho-facies;
(2) a heterogeneous case with small channel body geometry populated
by two litho-facies with variable permeability and porosity;
(3) a second heterogeneous case with a large channel body geometry
populated by two litho-facies with variable permeability and porosity;
(4) a homogeneous case (same as scenario 1) but with an alternative
injection/production rate.

The type 1 structure, used for cases 1, 2, 3, and 4, is designed to
model braided-fluvial reservoirs in a dome structure with gentle dip
(3.57◦) and a large production area (2.56 km2). The gross formation
thickness is 40 m and is at a depth of 1500 m. A reservoir pressure of
15030 kPa (from field data) and a temperature of 58.5 ◦C (from Fenton
Creek field, see the type 2 structure) are set at the original water-gas
contact [76]. The model is discretized into 40 ∗ 40 ∗ 10 grid blocks with
grid size 40 ∗ 40 ∗ 1.75 m. The top boundary is closed representing the
regional unbroken low-permeable shale (sealing) unit, while the lateral
and bottom boundaries are open and connected to aquifers. Fig. 1(a)
shows the contour map of the type 1 structure.

The type 2 structure, used for cases 5, 6, 7, and 8, is designed to
model braided-fluvial reservoirs in a fault-bounded anticline with steep
dip (14◦) [71] and a small production area (0.64 km2). The formation
thickness is 60 m. Same as the type 1 structure, the reservoir is at a
depth of 1500 m and the reservoir pressure at the original water-gas
contact is 15030 kPa (from field data), as well as the reservoir temper-
ature [76]. To keep the grid size of the two types of models consistent,
type 2 structure models are discretized into 60*18*30 grid blocks, of
which 20500 are active. The top and lateral boundaries are all closed,
only the bottom boundary is open with aquifer support. Fig. 1 (b) shows
the contour map of the type 2 structure. It is noteworthy that the model
in Fig. 1 (b) is based on the open-source Fenton Creek depleted gas
reservoir model. This gas field reservoir was deposited in a high-energy
fluvial environment with a high sand-to-gross ratio (around 80% to
90%) [76]. The initial water-gas contact depth is set such the initial
gas in place for both types of structures (1.062 ∗ 108 m3 at surface
conditions) is the same. Finally, the original production well Fenton
Creek-1 is located northeast down-dip to the crest of the reservoir with
a 200 m offset. To produce the stored hydrogen-methane gas mixture
from the top of the crest, both the injection well and production well
are put at the location of well ‘INJ’ in Fig. 1.

The facies model for the base case of types 1 and 2 (cases 1 and
5) is homogeneous with 100% sandstone, as well as for cases 4 and
8. Cases 2, 3, 6, and 7 use an object-based simulation algorithm in
the commercial geological modeling software Petrel™ (SLB) [81] to
populate sandstone channels on a background of claystone [82]. Two
channel body geometries are tested: small channel dimension (cases
2 and 6) and large channel dimension (cases 3 and 7) [71,76]. They
differ from each other in channel amplitude, wavelength, width, and
depth. Table 1 provides an overview of the characteristics of the
simulation cases. Channel dimension values in Table 1 come from
analogous braided-fluvial reservoir modeling studies [72], a braided
river dimension database [68,70], and modern analogs [83]. To take
the uncertainty of the stochastic simulation during object-based and Se-
quential Gaussian Simulation (for porosity) into account, 100 stochastic
realizations of cases 2, 3, 6, and 7 were created through varying the
simulation seeds in Petrel™ (geo-statistics input were kept the same).
Fig. 2 shows examples of populated facies map out of small channel
dimension (Fig. 2 a)), and large channel dimension (Fig. 2 (c)).
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Fig. 1. (a) Contour map of type 1 structure, an open dome structure with small dip; (b) contour map of type 2 structure, a closed fault-bounded anticline structure with steep dip;
(c) Methane-brine saturation map in 3D after primary production of a heterogeneous case; (d) Methane-brine saturation map in 3D after primary production of a heterogeneous
case.
Table 1
Overview and description of each testing case.

Case Facies heterogeneity Channel
amplitude (m)

Channel
wavelength (m)

Channel width
(m)

Channel depth
(m)

Inj/Pro rate
(∗ 106𝑚3∕𝑑𝑎𝑦)

Type 1 structure models

1 Homogeneous – – – – 0.35

2 Heterogeneous (100 realizations) 100 300 19 5 0.35

3 Heterogeneous (100 realizations) 500 6000 150 5 0.35

4 Homogeneous – – – – 0.7

Type 2 structure models

5 Homogeneous – – – – 0.35

6 Heterogeneous (100 realizations) 100 300 19 5 0.35

7 Heterogeneous (100 realizations) 500 6000 150 5 0.35

8 Homogeneous – – – – 0.7
2.4. Petrophysics modeling

The petrophysical modeling for both types of structure (type 1 and
2) uses the same data (well data from the Fenton Creek field [84])
and algorithm (Sequential Gaussian Simulation [82]). For the hetero-
geneous cases (2, 3, 6, and 7), the well porosity data are first upscaled
(volume-weighted arithmetic) and input into the structure models (see
Fig. 1) at corresponding depth and location, then Sequential Gaussian
simulation is performed based on well data and the variogram of
each field. Finally, porosity-permeability transformation functions from
the Fenton Creek field are used to translate the simulated porosity
models into permeability models. Therefore both the porosity and
permeability fields show the same pattern and scale of heterogene-
ity. Table 2 provides the statistics used for populating porosity and
4

porosity-transformation functions for sandstone and claystone facies:
the average permeability is around 660 mD and the average porosity is
0.143 which is used for the property models of homogeneous cases in
Table 1. Fig. 2 (b) and (d) shows the areal view of permeability fields
resulting from facies maps of figure (a) and (c).

Capillary pressure and relative permeability data (air-brine system,
including imbibition) are available from the core analysis [84]. Fig. 3
shows the relative permeability models for sandstone and claystone
facies used in this study. In this regard, we are using the methane-brine
relative permeability (comparative to the air-brine relative permeabil-
ity [85]) as the proxy for both the pure methane and hydrogen-methane
mixture-brine relative permeability. The reason for this is twofold. One
is that the hydrogen fraction in the study is as low as 10 mol%. This
percentage of hydrogen will not considerably vary the fluid dynamics
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Fig. 2. Examples of an areal view of facies and permeability distributions (all from the second layer of the model). (a) Facies distribution (object-based simulation) for a small
channel in a type 1 structure, the (blue) claystone facies is fairly scattered over the domain but includes several continuous features; (b) Permeability distribution of a), high
permeability channels alternate with low permeability units, i.e. strong heterogeneity producing narrow flow paths; (c) Facies distribution (object-based simulation) for a large
channel in a type 1 structure, the claystone facies appears as fairly isolated ‘islands’; (d) Permeability distribution of (c), high permeability channels are well connected allowing
flow over broad areas with islands of low permeability. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 2
Statistics for Sequential Gaussian Simulation of porosity models and porosity-permeability transformation functions of sandstone
and claystone facies [84].

Facies Variogram major
range (m)

Variogram minor
range (m)

Porosity output
range (-)

Porosity-permeability
transformation function

Sandstone 1000 200 0.057–0.25 𝑘 = 1014 ∗ 102 ∗ 𝜙3
𝑒

(1−𝜙𝑒 )2

Claystone 2000 1000 0.035–0.12 𝑘 = 1014 ∗ 1.52 ∗ 𝜙3
𝑒

(1−𝜙𝑒 )2

𝑘 is permeability; 𝜙𝑒 is effective porosity
compared to that of pure methane. For reference, the viscosity and den-
sity for pure methane, pure hydrogen, and hydrogen-methane mixture
(10 mol% hydrogen) at the average reservoir temperature (58.5 ◦C)
and pressure (12500 kPa) in our study are 83 kg/m3 and 0.0153 cP,
8.44 kg∕m3 and 0.0097 cP, and 72.99 kg∕m3 and 0.0151 cP, respectively.
The other is that the latest measured pure hydrogen-brine relative
5

permeability models present unique characteristics of lower gas relative
permeability and more severe hysteresis compared to that of other fluid
systems. These mechanisms are not yet fully understood [38,86–88].
Hence, models describing the relative permeability of the hydrogen-
methane mixture are not currently available. Further discussion on
the potential impact of the relative permeability of the hydrogen-brine
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Fig. 3. (a) Sandstone facies relative permeability model from the fields; (b) Claystone facies relative permeability model from the fields; 𝑆𝑤𝑖 is the initial water saturation; 𝑆𝑔𝑟 is
the residual gas saturation.
system and future work can be found in our previous work [88].
Capillary heterogeneity is considered through a Leverett J function
which is routinely used [76,89], as Eq. (1).

𝑃𝑐 = 𝐽 (𝑆𝑤)(
𝐾
𝜙
)0.5 (1)

where 𝐽 (𝑆𝑤) is a normalized capillary pressure function of water
saturation from the fields [76]. Finally, capillary pressure hysteresis
is not considered in this study as the scale of reservoir simulation
is much larger than the characteristic capillary dimension [90] and
related experimental hysteresis capillary pressure data (the air-brine
data from the fields) are not available [84,88].

2.5. Simulation setup

During the reservoir-scale numerical simulation, there are several
assumptions made for efficient simulation performance. It is assumed
the reservoir matrix consists only of sandstone and claystone which
is geochemically inactive in a hydrogen-brine-rock system [25]. No
micro-organisms are presented in the reservoir simulation and no
solubility is modeled, given the low solubility of hydrogen [25,91].
Methane is used here as a proxy for hydrocarbon gas in depleted
gas reservoirs which could have other gas components. Moreover,
Hydrogen and the hydrogen-methane mixture is assumed to be water-
wet in the gas-brine-rock (sandstone and claystone) system based on
experimental observations [51]. The dispersivity is set to 0 in all
the cases to only account for heterogeneity-induced gas mixing [92].
A sensitivity study on dispersivity, numerical dispersion, and grid
size (given the coarse grid size) was also conducted and the results
are presented in Appendix. The simulations are performed using the
compositional simulator CMG-GEM [93].

There are three stages in our simulation, (1) primary production
of methane from the reservoir to reach the historical gas recovery of
the fields [76], (2) initial injection using a hydrogen-methane mixture
with 10 mol% hydrogen, followed by (3) 10 cyclic operations. The
period of each cycle is 1 year for all the cases. Two injection/production
schemes are used and the same total volume of injected/produced
hydrogen is maintained in all cases. In the first ’6 month’ scheme, a
hydrogen-methane mixture is injected for six consecutive months and
then produced for the next six months and this is repeated for 10 years.
The second is the ’3 month’ scheme with injection (the same hydrogen
methane mixture) for 3 months, shut-in for 3 months, production for
3 months, then shut-in for another 3 months and this is repeated for
10 years. If the injection/production rate is doubled, the ’6 month’
scheme will change to the ’3 month’ scheme to make the total volume of
injection/production consistent. Note that in Table 1, given that cases
6

4 and 8 use doubled injection/production rate compared to other cases,
the injection/production scheme of them would be ’3 month’. All the
other cases will use the ’6 month’ injection /production scheme.

The simulation schedule and injection/production rate are set based
on production history and simulation scenarios from the Feton Creek
depleted gas reservoir modeling studies (injection/production rate
ranges from 0.35 ∗ 106 m3∕day to 0.7 ∗ 106 m3∕day) [76]. These
injection and production periods are longer than those used in other
UHS reservoir simulation studies [34,44,48] in order to better compare
and contrast the cases. Also, all tested cases use the same pressure
constraints at the wells. For the purposes of this paper and simulation,
the maximum bottom hole pressure for the injection well is set to
15000 kPa to assure that reservoir pressure does not exceed the
initial (was 9662 kPa after the gas primary production stage) reservoir
pressure, and the minimum bottom hole pressure for the production
well is set to 5000 kPa to maintain the minimum pressure required for
transportation and processing downstream [76].

3. Results and discussion

3.1. Homogeneous cases

Differences in structural style will affect the gas saturation and
hydrogen fraction distribution even in homogeneous reservoir cases
where uniform displacement is expected [48]. Cases 1 and 5 are
designated to be the base case of type 1 and 2 structures, respectively.
In the following, the results from these 2 cases are presented and the
effect of differences in structural style is analyzed.

Case 1 simulates the storage of the hydrogen-methane mixture
in a homogeneous slightly dipping dome structure (type 1 structure)
where injection and production happen at the crest of the dome. As a
result, the overall plume geometries of gas saturation and hydrogen
fraction by the end of the 10th cycle are circular with a centre at
the well location, as shown in Fig. 4. With the increasing number
of cyclic operations, the fraction of gas in the reservoir approaches
the composition of the injected fluid (10 mol% hydrogen). Hydrogen
fraction is the highest down-dip of the reservoir (central right bottom
corner of the gas cap, see Fig. 1) at the end of the production periods of
each cycle. This is the exact opposite of the distribution of the high gas
saturation area which is located at the top of the reservoir (central left
top corner of the gas cap, see Fig. 1). The reason for this is that during
the production period, viscous force plays the dominant role. As a
result, residual methane gas residing at the bottom of the gas cap tends
to break through and be produced from the top of the reservoir. From
the right most diagrams of Fig. 4, this residual methane gas plume is not
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Fig. 4. Case 1 (homogeneous) map (areal) views on the top layer at the end of specified cycles. Top row: hydrogen fraction distribution map; Bottom row: gas saturation distribution
map, the lighter blue color represents residual methane (gas) saturation at about 0.15; left: 1st cycle; middle: 5th cycle; right: 10th cycle. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
completely produced at the end of the 10th cycle and a certain portion
of the gas cap still has a hydrogen fraction around 0.08, affecting the
hydrogen gas fraction in the produced stream.

The situation in case 5 is different. Case 5 simulates the under-
ground hydrogen-methane mixture storage in a fault-bounded anticline
with homogeneous properties and a large dip (type 2 structure). Similar
to case 1, injection and production also happen at the top of the reser-
voir. Fig. 5 shows the resulting hydrogen fraction and gas saturation
distribution maps along a vertical section through the model. Since the
surrounding boundaries are sealed by faults, the geometry of the gas
cap is dictated by the geometry of the reservoir formation. Consistent
with case 1, the hydrogen fraction is also generally independent of gas
saturation. In addition, due to the breakthrough of residual methane
gas, the hydrogen fraction is lower at the top of the reservoir at the end
of the production period of the 1st and the 5th cycles (top and bottom
column of Fig. 5). Better vertical displacement of the type 2 structure
leads to the hydrogen fraction in the gas cap reaching nearly the same
as that of the injected fluid (10 mol% hydrogen-methane mixture). In
other words, residual pure methane is nearly completely produced by
the end of the 10th cycle which will make the hydrogen gas fraction in
the produced stream very close to that of the injected stream.

The two different gas distribution patterns in cases 1 and 5 resulting
from different structures will cause different hydrogen fractions in the
produced stream. Fig. 6 a) shows the hydrogen fraction in produced
stream profiles in all 10 cycles where (b), (c), and (d) show the profiles
in 1st, 5th, and 10th cycle, respectively (for reference, we also plot
the average reservoir pressure and the cumulative hydrogen/methane
production in appendix, see Fig. 17). Compared to Fig. 6 (b), (c), and
(d), it is clear that the hydrogen fraction of the produced stream is
becoming close to that of the injected stream which is consistent with
the increasing hydrogen fraction in Figs. 4 and 5. Although case 1 and
case 5 are very similar in Fig. 6 a), the difference between them is 25%
in terms of hydrogen fraction at the end of the 1st cycle. Moreover,
from the 1st to 10th cycle, the hydrogen fraction of case 1 always
decreases faster than that of case 5. This can be explained with Figs. 4
and 5: the type 1 structure (case 1) has a larger area and less vertical
displacement. In this study, the only driving mechanisms considered
7

are gravity, capillary, and viscous forces, respectively. Therefore, the
hydrogen concentration of a grid block in the model is a hyperbolic
function of the volume of fluids flowing through the pore space in the
grid block. From this perspective, the flow paths in the two types of
structure (cases 1 and 5) will determine how the fluids at each point of
the model flow back to the production well and how the resulting gas
mixing induces hydrogen fraction variation. As a result, in Fig. 6 (b),
(c), and (d), the hydrogen fraction of case 1 is always higher than that
of case 5 during early production periods then quickly drops below it
(flow paths do not change).

The gas mixing is severe (Fig. 6) during the first several cycles
and the hydrogen fraction can drop below 0.05 which is half of that
in the injected stream. Such results might disturb a UHS operation
or require gas processing on the surface, causing a negative influence
on the economics of UHS projects. To quantify this negative influence
brought by geological heterogeneity, we set a hydrogen fraction of
0.09 as a specification below which extra loss may occur and count
the cumulative days of each case in which the hydrogen fraction drops
below this value. The value 0.09 has been marked in Fig. 6 with a dot-
dash line and one can find a considerable fraction of production periods
that exhibit hydrogen fraction below 0.09. Fig. 7 shows the cumulative
days for which the hydrogen fraction drops below 0.09 at the end of
each cycle in cases 1 and 5. Overall, the cumulative days increase
with the number of cycles and the final cumulative days of cases 1
and 5 are 159 and 179, respectively. This means for homogeneous
cases presented here, 8.7–9.8% of recovery would be affected by gas
mixing. As discussed before, the type 2 structure shows a stronger
vertical hydrogen displacement and produces most of the residual pure
methane. Consequently, the cumulative days of case 5 are larger than
case 1 from the first cycle and are 12.6% more at the end of 10
cycles. Although case 1 still has residual methane breaking through
during production at the end of the 10th cycle, the type 1 structure
has potentially lower gas processing costs given this current hydrogen
fraction specification. In contrast, from Fig. 7, the stronger vertical
displacement of the type 2 structure results in a quicker production
of residual methane and subsequently fewer cycles are required to
achieve a stable hydrogen fraction (days below 0.09 is stable since 3rd
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Fig. 5. Case 5 (homogeneous) vertical sections through the well. Left column: hydrogen fraction distribution map; Right column: gas saturation distribution map; top: 1st cycle;
middle: 5th cycle; bottom: 10th cycle.
Fig. 6. Hydrogen fraction in produced stream profiles over time of case 1 (blue) and 5 (red): (a) profiles of all 10 cycles. The dot-dash line marks the specified value 0.09; (b)
profiles of 1st cycle; (c) profiles of 5th cycle; (d) profiles of 10th cycle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
cycle, compared to 4th cycle in case 1). Moreover, the type 2 structure
delivers a higher hydrogen fraction by the end of each cycle (Fig. 6).
This is an advantage over the type 1 structure when the requirement is
strict (i.e. when pure hydrogen instead of a hydrogen-methane mixture
is cycled).

3.2. Heterogeneous cases

Cases 2/3 and 6/7 are designed to investigate the effects of het-
erogeneous litho-facies distributions in braided-fluvial systems on the
8

displacement behavior of hydrogen-methane mixture storage and re-
sulting gas mixing in the subsurface. Among them, cases 2 and 6
contain a facies distribution originating in small channel bodies, while
cases 3 and 7 have a facies distribution originating in large channel
bodies. To account for geological uncertainty, each case is modeled
with 100 stochastic realizations. First, the authors present the results
of the P50 realization of each case in terms of cumulative days of
hydrogen fraction less than 0.09. Then, the P10, P50, and P90 results
are reported.

A heterogeneous facies distribution leads to distinct hydrogen frac-
tion and gas saturation distribution during cyclic operations. Fig. 8
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Fig. 7. Cumulative days in which the hydrogen fraction in the produced stream was less than 0.09 mol% of top: case 1; bottom: case 5.
shows the hydrogen fraction and gas saturation of the P50 realization
in case 2. While the overall geometry is still circular for both hydrogen
fraction and gas saturation (especially from the 5th cycle onwards),
areas of high hydrogen fraction and gas saturation have irregular
shapes (for reference, we also plot the permeability and porosity map
of the same P50 realization in the appendix, see Fig. 15). The high
gas saturation plume geometry aligns with the high permeability flow
path at the top of the reservoir around the production well. A high
hydrogen fraction plume (narrow yellow feature) developed down-dip
where gas saturation is low which is consistent with case 1 (see left
column of Fig. 4 and Fig. 8). Moreover, the hydrogen fraction in case
2 also increases with the number of cycles such as in case 1. The low
hydrogen fraction area by the end of the 10th cycle is scattered around
the whole gas plume which is different from case 1 where it presents
as a half semi-circle geometry, see Fig. 4.

The general hydrogen fraction and gas saturation distribution pat-
tern (permeability dependent, increasing hydrogen fraction, and final
low hydrogen area) during cyclic operation of P50 in case 3 are the
same as that of case 2, shown as Fig. 9. The major difference is that the
gas plumes in case 3 are more uniform and complete, compared to case
2 where the high hydrogen fraction and gas saturation areas are inter-
bedded by a narrow methane breakthrough flow path, e.g. see Fig. 2.
In contrast, such flow path in realizations of case 3 tends to concentrate
in one specific large area of the gas plume (top row Fig. 9).

The hydrogen fraction and gas saturation distribution pattern during
cyclic operations in cases 6 and 7 do not show a distinct difference to
that of cases 2 and 3 except for the structure (for detailed distribution
9

of P50 in cases 6 and 7, readers can refer to appendix Figs. 13 and
14). As such, it is surprising that the small channel dimension will
cause a distinct hydrogen fraction in the produced stream profiles in
type 1 and 2 structures, shown in Fig. 10. In Fig. 10, cases 2 and 3
show similar P50, P90, and P10 regarding cumulative days of hydrogen
fraction below 0.09, meanwhile, case 6 shows less cumulative days
below 0.09 for both P50 and the difference between P90 and P10
(the uncertainty span) compared to case 7 (27% smaller for P50 and
31% smaller for the uncertainty span). Comparing case 2 with 6 (same
channel body dimension in different structures), the P50 of the two
cases is similar but the difference between P90 and P10 is not (case
6 shows 40% smaller uncertainty span). Interestingly, the situation is
different when comparing case 3 with 7 (both large channel dimensions
in different structures), their difference between P90 and P10 is nearly
the same. However, case 7 shows 19% larger P50 than case 3. Finally,
all four cases show increasing differences between P10 and P90 with
the number of cycles (the length of the error bar is the shortest for 1st
cycle of each case and longer for the consecutive cycles).

The big difference in cumulative days of hydrogen fraction in the
produced stream below 0.09 in each case is the result of the combined
effect of channel dimension and geological structure. Fig. 11 shows
the variance of log permeability (x-axis) and dimensionless correlation
length (y-axis) of first, middle, and last 10 percentile realizations in
terms of cumulative days below 0.09 of each case (case 2 and 3 of
type 1 structure, case 6 and 7 of type 2 structure). The dimensionless
correlation length refers to the ratio between the range of variogram in
major direction and the system length, which is an important index for
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Fig. 8. Case 2 (heterogeneous, small channel) P50 result in map (areal) view on the top layer of the reservoir. Top row: hydrogen fraction distribution map; Bottom row: gas
saturation distribution map; left: 1st cycle; middle: 5th cycle; right: 10th cycle.
Fig. 9. Case 3 (heterogeneous, large channel) in map view. Top row: hydrogen fraction distribution map; Bottom row: gas saturation distribution map; left: 1st cycle; middle: 5th
cycle; right: 10th cycle.
characterizing heterogeneity [94]. Through comparison, it is clear that,
for the type 1 structure, changing the channel bodies dimension will not
affect the heterogeneity considerably (left graph of Fig. 11). In contrast,
a large channel will effectively increase the possibility of dimensionless
10
correlation of the system in the type 2 structure to be above 1 (in
type 1 structure, the possibility of this is comparable for large and
small channel dimensions, see Fig. 11). Larger correlation length means
longer flow paths and larger bypassed areas (Fig. 2), thus more severe
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Fig. 10. Cumulative days the hydrogen fraction in the produced stream was less than 0.09 mol%. Top row: case 2 (left) and case 3 (right); bottom row: case 6 (left) and case
7(right); value of bars represents the P50 of each case; error bars represent the P90 and P10 of each case.
gas mixing during the production periods [94]. In contrast, smaller
correlation lengths and variances of log permeability deliver miscible
displacement with shorter flow paths (closer to uniform distribution)
and smaller bypassed areas. This can be seen from Figs. 8 and 13 where
lower hydrogen fraction areas are scattered and not as big as those in
Fig. 9 and 14. Consequently, longer flow paths originated from facies
distribution plus easier methane breakthrough in a type 2 structure
(compared to type 1 structure) in case 7 bring about more severe
gas mixing (more cumulative days and a bigger difference between
P10 and P90 realizations compared to case 6, see bottom row of
Fig. 10) affecting up to 15.8% of recovery. Facies heterogeneity is not
as dominant as in type 1 structure due to its large closure area, the
resulting log permeability variance and dimensionless correlation from
small and large channel dimensions cannot be easily changed by the
dimension of facies. As a result, the hydrogen fraction profiles of cases
2 and 3 are also comparable (top row of Fig. 10). It is noteworthy
that the statistical model used for populating facies in cases 2 and 6, 3
and 7 are the same. Therefore, as discussed in the homogeneous cases
section, the geological structures provide basic flow paths for potential
gas fluids displacement, and the facies distributions determine the final
flow path on which fluid displacement is going to happen (similar to
the gravity dominant displacement described in [95]). The gas mixing
will then depends on the dimension of such flow paths (dimensionless
correlation and permeability variance).

3.3. Effects of injection/production rate

A large injection/production rate makes pure methane easier to
breakthrough during production periods, leading to longer periods of
11
the hydrogen fraction dropping below 0.09. Cases 4 and 8 double
the injection/production rate and half the injection/production periods
to test the effects of different rates while keeping the total injec-
tion/production volume the same as in the other cases. Fig. 12 shows
the hydrogen fraction in the produced stream during production peri-
ods of cases 1, 4, 5, and 8. In the type 1 structure (left graph in Fig. 12),
a certain amount of pure methane still resides at the bottom of the gas
cap after 10 cycles which will breakthrough during production periods
(see Fig. 4). Increasing the injection/production rate while keeping
the total cycled volume of gas the same, will intensify the instability
of the miscible displacement between the injected hydrogen-methane
mixture (with lower viscosity) and the connate pure methane [96].
The higher the injection/production rate (the more viscous dominant
the displacement), the further the hydrogen-methane mixture fingers
will penetrate into the pure methane plume [45,97], leading to more
severe gas mixing and easier pure methane breakthrough. From this
perspective, the impact of higher injection/production rate will be
more apparent with increasing hydrogen fraction in the stored stream
(e.g. a pure hydrogen storage scenario) where the displacement is
more unstable (greater mobility ratio) [97]. It is noteworthy that such
effects of injection/production rate on gas mixing may vary in different
systems. For example, the mixing zone geometry will be determined by
formation structure when the displacement is gravity dominant, and by
facies heterogeneity when the reservoir is highly heterogeneous [95,
96]. The injection/production rates effect on gas mixing observed here
is then evident in relatively homogeneous reservoirs or reservoirs with
a small correlation length [45].
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Fig. 11. Scatter plot of the variance of log permeability (x-axis) and dimensionless correlation (y-axis) of first, middle and last 10 percentile realizations. Left: type 1 structure
(case 2 and 3); Right: type 2 structure (case 6 and 7).
Here, in cases 1 and 4, reservoirs are homogeneous. As a result,
the cumulative days of hydrogen fraction below 0.09 of case 4 is 91
which is more than half of that for case 1 (159 days). The production
periods of case 4 are half those of case 1, thus the cumulative days of
hydrogen fraction below 0.09 are expected to be half of that if the gas
mixing level in the two cases is the same. As a result, shown in Fig. 12,
the hydrogen fraction in case 4 during the 10th cycle is always smaller
than that of case 1. In contrast, in the type 2 structure, the connate
pure methane is almost completely produced in case 5 after 10 cyclic
operations (Fig. 5). Plus the easier methane breakthrough brought by
increased rates (cumulative days of hydrogen fraction below 0.09 is
96, greater than half of 179 in case 5), a higher hydrogen fraction is
achieved (not enough residual methane to get involved in gas mixing),
shown as the right diagram of Fig. 12.

4. Conclusion

This study builds synthetic reservoirs in braided-fluvial system set-
tings to investigate the effects of multi-level heterogeneity on gas mix-
ing during UHS operations via reservoir-scale simulations. The petro-
physical properties and sufficient aquifer support with open boundaries
maintain the reservoir pressure and injectivity/productivity during the
simulation. This allows the research to focus on the gas mixing pro-
cesses. A 10 mol% hydrogen-methane mixture is used as stored fluids,
following the UHS pilot project practices and avoiding major numerical
errors around relative permeability (of hydrogen-methane mixture).
Changing the hydrogen fraction (e.g. pure hydrogen storage) in stored
fluids will result in a simultaneous increase in both mobility ratio
and density difference. It is then expected that such a change will
not affect the dominance of geological heterogeneity in hydrogen-
methane miscible displacement under the same setting. Consequently,
12
the following conclusions should also be applicable to pure hydrogen
storage scenarios.

1. In homogeneous geological settings, steeper dip and closed
boundaries will improve the vertical displacement of hydrogen, leading
to an easier breakthrough of connate methane gas and up to 9.8% of
recovery is affected. In such a situation, the hydrogen fraction in the
produced stream will be lower than an open dome structure in the
early cyclic period of a UHS project. However, due to the difficulty
of producing the residing methane gas at the bottom of the gas cap
from an open dome structure with a gentle dip, UHS in such a reservoir
structure will struggle to reach a consistent hydrogen fraction similar
to that of the injected fluids.

2. The heterogeneity of the depositional facies in a braided-fluvial
setting will generally reduce the hydrogen fraction in the produced
stream, affecting 15.8% of recovery in settings similar to our models
(P90). The flow paths created by highly permeable channel bodies
will concentrate the hydrogen displacement, degrading the sweep of
hydrogen-rich fluids. Consequently, by-passed connate methane gas
will reside in the reservoir and reduce the hydrogen fraction in the
produced stream in the long term.

3. The geological structure is the first-order determining factor for
the resulting heterogeneity indexes and flow regimes of a system. Facies
heterogeneity may cause different flow patterns and subsequent hydro-
gen fraction profiles. From the results of this study, smaller channel
dimensions in a steeply dipping formation may lead to a less flow
path-dependent dispersive flow regime that delivers higher hydrogen
fraction profiles and less uncertainty. In contrast, a gentler reservoir
formation dip implies a larger closure area and similar heterogeneity in-
dexes from different channel dimensions. The subsequent flow pattern
and hydrogen fraction profiles will also be comparable.
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Fig. 12. Hydrogen fraction profiles during 10th cycle. Left: case 1 (blue dash line) and 4 (red dash line); Right: case 5 (blue line) and 8 (red line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Case 6 Left column: hydrogen fraction distribution map; Right column: gas saturation distribution map; at the end of top: 1st cycle; middle: 5th cycle; bottom: 10th cycle.
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Fig. 14. Case 7 Left column: hydrogen fraction distribution map; Right column: gas saturation distribution map; at the end of top: 1st cycle; middle: 5th cycle; bottom: 10th cycle.
Fig. 15. (a) Areal view of permeability of top layer of case 2 P50 realization; (b) Areal view of porosity of top layer of case 2 P50 realization.
4. Increasing the injection/production rate may improve the ulti-
mate hydrogen fraction profiles by helping the breakthrough of connate
gas in the reservoir. However, geological structure is still the deter-
mining factor of this process, hydrogen fraction will be lower when
increasing the injection/production rate in some reservoirs with small
14
formation dips where vertical displacement of connate methane is
relatively poor.

The results of this simulation study indicate that careful consid-
eration of the depositional environment and its implications in flow
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property distribution of potential storage reservoirs needs to be given
for the design of UHS projects.
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Appendix A. Complementary figures of heterogeneous cases

See Figs. 13–15.

Appendix B. Sensitivity of dispersivity and numerical dispersion

Dispersion of fluid happens when several different fluids mix in
the medium due to molecular diffusion at a relatively low velocity
and mechanical advection at a relatively high velocity [48]. Parameter
dispersivity is commonly used in numerical simulation for characteriz-
ing the dispersion length scale which is not considered in the present
numerical simulation study. To understand the potential impact of
dispersion on the UHS simulation at the reservoir-scale, we performed
sensitivity analysis on the resulting cumulative hydrogen production
with various dispersivities in UHS simulation using our homogeneous
models (case 5). To date, there is only one experimental study that
reports the dispersivity of hydrogen in nitrogen gas (0.0003077 m) in
a Berea Sandstone core sample [98]. In order to get the potential
upper and lower limits of impacts from dispersion, the author uses
the variation in carbon dioxide dispersivity in methane across a range
of superficial velocities, spanning from 0.14 to 0.628 mm∕s, which
corresponds to a range of 40% to 440% of the mean dispersivity [99].
By extrapolating this variation range to hydrogen, dispersivity values
ranging from 0.00012308 to 0.00125388 m are derived. These disper-
sivity values are introduced into simulation cases to assess the impact
of dispersion over a 30-year reservoir-scale simulation (the other sim-
ulation setup remains the same as in this study). Fig. 16 shows the
resulting absolute mass difference of cumulative hydrogen production
over the 30-year simulation time between simulation cases considering
median (black curve), high (red curve), and low dispersivity (blue
15
Fig. 16. Absolute mass differences of cumulative hydrogen production over simulation
time between simulation cases with black curve: median dispersivity; red curve: high
dispersivity; blue curve: low dispersivity; and simulation case without considering
dispersion. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

curve) and a simulation case without modeling dispersion via disper-
sivity (dispersivity equals 0). It is clear that the largest difference does
not exceed 35 kg which is smaller than 0.001% of the result. Note
that the highest absolute mass difference comes from the simulation
case with median dispersivity and the resulting differences between
simulation cases using high and low dispersivity are comparable. This
means applying lower or higher dispersivity than those used here is
unlikely to increase the simulation error.

Maniglio et al. [92] investigate the numerical dispersion during
UHS reservoir-scale numerical simulation. They find that, for a coarse
grid size (e.g. grid size in this study), the numerical dispersion and
heterogeneity-induced dispersion are comparable. Therefore, by com-
paring the hydrogen fraction in the produced stream (as presented in
this study), the effects of heterogeneity on gas mixing can be eval-
uated [92]. Moreover, inherently the advection–dispersion equation,
as long as it is not solved at pore-scale, cannot distinguish between
mixing (dispersion) and spreading. The resulting breakthrough curve
is acceptable [57] (given the reaction is not simulated in this study).
In other words, we believe the comparative method in this study is
sufficient for quantifying the effects of different levels of heterogeneity
on gas mixing in terms of the numerical simulation brought by the grid
size.

Finally, to justify the discretization of our geological model, grid
sizes from 10 ∗ 10 m to 40 ∗ 40 m are tested for the same injection
and production scheme. We found that the grid size of 10 ∗ 10 m is
computationally infeasible for performing reservoir-scale simulation of
UHS because tens of days will be needed to finish a single simulation.
Moreover, simulation using a grid size 20 ∗ 20 m enlarges the required
computation time from around 30 min to nearly one day with no
significant difference in results compared to a grid size of 40 ∗ 40 m.
Therefore, we decided to use the grid size of 40 ∗ 40 m in our simulation
study. Detailed results of these test simulations regarding grid sizes can
be found in our previous study [88].

Appendix C. Average reservoir pressure and cumulative hydrogen
and methane production

See Fig. 17.
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Fig. 17. (a) The average reservoir pressure history during the simulation; (b) The cumulative hydrogen production of cases 1 and 5, the difference is less than 0.2%; (c) The
cumulative methane production of cases 1 and 5, difference is less than 0.02%.
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