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HIGHLIGHTS

e Maximum H, column height which avoids capillary breakthrough was formulated.
e Optimum storage depth of hydrogen is approximately 1600 m.
¢ P10, P50, and P90 for optimum storage depths are 1760, 1565, and 1370 m, respectively.

¢ A formation with a higher dip angle can offer lower storage capacity for H, mass.
e Mixing of gases may lead to lower maximum hydrogen height column.
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ABSTRACT

We formulated the maximum hydrogen column height that avoids capillary breakthrough
into the caprock above saline aquifers and depleted gas reservoirs. The effects of potential
cushion gases such as methane, carbon dioxide, and nitrogen were considered. Using
representative rock and fluid properties, the results suggested an optimal depth of
approximately 1600 m for hydrogen storage. The use of a cushion gas with a higher density
can increase the maximum hydrogen column height and the mass of storable hydrogen.
The sensitivity analysis showed that the contact angle and caprock pore radius have the
greatest influence on the maximum column height. Uncertainty quantification using
Monte-Carlo simulation presented that P10, P50, and P90 for the optimum storage depths
are 1760, 1565, and 1370 m, respectively. The mixing of gases resulted in a lower maximum
hydrogen height. Moreover, the results indicated a higher dip angle of the formation can
decrease the storable hydrogen mass.
© 2023 The Authors. 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

very low volume density and as such its storage in salt cav-
erns, saline aquifers, and depleted gas reservoirs has been
proposed [8—13]. Salt caverns are perhaps the best option for

The hydrogen (H) economy as a low-carbon solution will be
critical to decarbonizing heavy industry and transitioning to
net-zero emissions by 2050 [1-3]. Given the intermittency of
renewable resources used to produce green H,, cost-effective
storage options are needed to maintain smart grid stability
and balance fluctuations in energy demand [4—7]. H, has a
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subsurface H, storage, but their main limitations are occur-
rence of rock salt deposits with suitable depth and thickness
[14]. Thus, H, storage in porous formations (depleted gas
reservoirs and aquifers) has been considered as an alternative
to enable large-scale underground H, storage.
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However, special attention should be paid to the sealing
capacity of caprock for H, storage in porous formations
[15-17]. Volume flow (also known as slow Darcy flow) and
molecular diffusion are the main reasons behind the gas
leakage through the caprock into the adjacent formations
under these circumstances [18]. Volume flow is expected to
occur when the pressure difference across the caprock be-
comes greater than the breakthrough (capillary) pressure of
the caprock. The diffusion, on the other hand, occurs due to
net movement of molecules. Of these two, the volume flow
would result in a much larger gas leakage than the molecular
diffusion mechanism [19]. In fact, during underground
hydrogen storage in porous formations, there is a maximum
height of stored hydrogen beneath the caprock that influences
structural trapping. Beyond this height, hydrogen can enter
the caprock by overcoming the caprock capillary pressure [20].

Few studies have addressed the maximum hydrogen col-
umn height (MHCH) and, in turn, evaluated the suitable storage
depth for underground hydrogen storage in porous media.
Iglauer [20] used a range of rock and fluid properties and
calculated the MHCH to prevent capillary breakthrough into
the caprock. He reported 1100 m as the depth at which the
maximum possible H, mass can be stored (also known as the
optimum H, storage depth (OHSD)). Alessa et al. [21] studied
the maximum pressure for H, storage in gas reservoirs at
which capillary breakthrough of the caprock is avoided. They
indicated that safe storage of H, in a structural trap is possible
at least at a pressure equal to the original methane pressure.
Lubon & Tarkowski [22] simulated H, injection into the deep
Suliszewo aquifer structure in northwestern Poland. They
considered the effects of capillary and fracturing pressure and
determined a depth of 1200—1400 m as the OHSD based on the
maximum working gas capacity. They concluded that the shift
of the OHSD from 1100 m previously calculated by Iglauer [20],
was due to the geological characteristics of the Suliszewo
structure.

In this paper, we evaluate the MHCH in geological porous
formations (aquifers and gas reservoirs). In particular, the
impacts of other base gases such as remaining hydrocarbon
gas, nitrogen (N,) and carbon dioxide (CO,) are considered. In
addition, OHSDs are calculated based on the maximum mass
of H, that can be stored. A Monte Carlo simulation is also

(a)

performed to qualify the uncertainties and a sensitivity
analysis is conducted on the effective parameters. Moreover,
the side effects of gas mixing and formation dip angle on the
MHCH are investigated. The rest of the paper is structured as
follows: the formulation of MHCH in porous formations is
presented, followed by the rock and fluid properties. The re-
sults of H, storage in aquifers and depleted gas reservoirs are
presented, followed by Monte Carlo simulation and sensitivity
analysis. Finally, the effect of the formation dip angle is
investigated.

Formulation

Fig. 1a shows a general case for underground H, storage in a
subsurface porous medium, where, in addition to water and
injected H,, other gases such as N, and CO, may be injected as
base gases. Additionally, in depleted gas reservoirs, remaining
hydrocarbon gas also exists. Depending on the volume and
density, each of the injected or existing gases occupies a
certain height in the subsurface formation in order from low
density at the top to high density at the bottom (Fig. 1b).

A force balance can then be established over the entire gas
column between buoyancy, gravity, and capillary forces in the
formation during underground H, storage:

Buoyancy force — Gravity force = Capillary force (1)

The buoyancy force acts upwards and corresponds to the
weight of the displaced water. As long as the net difference
between the buoyancy force and gravity is less than the
capillary threshold force of the caprock, a volume flow is not
expected. The magnitude of the buoyancy force can be
quantified using Eq. (2):

Buoyancy force = py (Vi, + Vi, co, + Va)g
= pwAd(1 = Su) (hu, + I, /co2 + he) g ¥

where, py, is the water density, Vy, is the volume of injected
H,, Vy,/co, Tepresents the volume of injected N, or CO,, Vg
denotes the volume of hydrocarbon gas, g is the gravitational
constant, ¢ is porosity, A is the cross sectional area, hy, is the
H, height, hy, co, is the N, or CO, height, hg is the hydrocarbon
gas height, and S,, is the water saturation in the H, plume. The

HZ I hHZ
N, or CO, I th/coz
Hydrocarbon Gas I hg
Water
(b)

Fig. 1 — (a) A Schematic view of underground H, storage in presence of different fluids and (b) the simplified representation

of column height in the storage site.
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downward gravitational force, on the other hand, can be
addressed as:

Gravity force = <pHZVH2 + Py, 0, Vigsco, T pGVG) g

=Ag(1-Su) (pH?hHZ + pNz/Coz th/Coz + thG>g
®3)

where, py, is the H, density, p is the N, or CO, density, and

N, /CO,
pc is the hydrocarbon gas density. The Laplace equation can
then be used to formulate the capillary force between the H,
plume and the water in the caprock, which is written as [23]:

2Yy, w COS (eHZ,W)

Capillary force = r

Ap(1—Sy) “)

where, vy, is the interfacial tension between H, and water,
O, w is the Hp-water contact angle, and r is the pore size
radius.

Substituting Egs. (2)—(4), into Eq. (1) and rearranging it
based on hy, gives:

_ 2Yu,w COS(GHZ.W)
ar(pw — pu,)

Pw — PNy/co, he Pw — Pc (5)

H, — N, /co,

Pw — PH, Pw — PH,

Some of the injected H, may act as base/cushion gas. Thus,
one can further split hy, into height of working H, (hworkingn,)
and base (Nyqse,) gas:

hHZ = hworking.Hz + hbase,Hz (6)

Therefore, Eq. (6) can be reformulated as:

2y, w COS (OHZ,W) Pw — PN,/co,

Nuworking.H, = —hn,/co
working.Hy QT(PW _ sz) 2/COz pw — P, )
Pw — P
- hG\/V—G - hbase,Hz
Pw — PH,

Eq. (7) can be used to estimate the MHCH below the
caprock. In this work, this equation is used to obtain hyerkingn,
under different conditions during underground H, storage in
aquifers or depleted gas reservoirs. To calculate MHCH, rock
and fluid properties are evaluated at the targeted depth of the
reservoir top and the fluid densities are assumed to be con-
stant within the column height.

Based on Eq. (7), depending on rock and fluid properties,
hworking 1, &N vary at different formation top depths. The mass
of storable working H, (m) could also be different at various
formation top depths. Thus, assuming a constant A and a
constant ¢ as a function of depth, the storable mass of
working H, per unit of effective pore area (m") can be formu-
lated as:

* m

m = m = PH, hworking.Hz (8)

As stated before, the depth at which a maximum m” can be
stored is defined as the OHSD [20,24].

The base gas for underground H, storage in saline aquifers
can be H, itself, N, or CO,. If the base gas is neither N, nor CO,
(h =0and hg = 0), H, itself can serve as the base gas and

Eq. (7) is simplified to:

N, /CO,

2Yu,w COS(eHz.W)
ar(pw — sz)

hwovkingﬁz = - hbase,Hz (9)

On the other hand, in aquifers if the choice of the base gas
is either N, or CO,, H, acts as the working gas (hg =0 and
hpasen, = 0) and Eq. (7) can be expressed as:

2Yu, w COS(GHZ.W)
ar(pw — pu,)

Pw — PN,/CO,

hwovkingﬂz = - th /CO2 (10)

Pw — PH,

It should be kept in mind that in gas storage operations,
about 40—70% of the gas can serve as base gas [25]. In this
study, a 50% ratio was used and as such the volume of working
and base gas was considered the same in different analysis.

For H, storage in gas reservoirs, the remaining hydrocarbon
gas in the reservoir at the beginning of the storage operation
can play a role as part of the required base gas. Here, we
considered different conditions where the remaining hydro-
carbon gas serve as a base gas either with Hy, N, or CO,. If CH, is
considered as a representative gas for the remaining hydro-
carbon gas in the reservoir and only H, is assumed as another
part of the base gas (hn,/co, = 0), Eq. (7) can be shortened as
follows:

2YH2~W COS(eHZ-W) — hen Pw — Pty Npase 1 (11)
a7 (pw — pu,) " ow P, B

hwuvking.Hz =

However, If N, or CO, is assumed to be the base gas
together with CHy (i.e., hpasen, = 0), EQ. (7) can be expressed as:

2vy, w €0S (O, w) Pw — PN, /cO,

Nuworking H, = —hy,/co
o Qr(l)w - sz) 2/c0 Pw — PH,
-~ hc1—14pw — PcH, (12)
Pw — PH,

To predict hyorkings, and m" under different circumstances,
the rock and fluid properties (threshold radius, fluid densities,
contact angle and interfacial tension) should be known. The
next section discusses the procedure and relationships that
can be used to calculate these properties.

Rock and fluid properties

As mentioned earlier, hyopingn, and consequently m* depend
on the rock and fluid properties. With the exception of r, the
other properties required to calculate hygrking s, and m” must be
evaluated as functions of depth since they depend on pressure
and temperature. Thus, a tabulated dataset was created for
each property at different pressures and temperatures.
Assuming normal pressure and temperature gradients (Pg and
Tg), the values of the properties were determined as a function
of depth. In this work, we assumed 0.01 MPa/m and 0.03 °C/m
for P and Tg, respectively and used MATLAB [26] software for
two-dimensional interpolation of the properties as functions
of temperature and pressure.

The magnitude of the capillary force is inversely propor-
tional to the pore radius (r) of caprock. Therefore, a very tight
caprock offers a stronger capillary force against the buoyancy
force exerted by the hydrogen column in a storage site. Shale is
a common seal in different geological structures with an
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Fig. 2 — yy, w together with linear curve fit, 0y, w, and py, vs. depth.

average pore size of 5 nm—100 nm [23]. Thus, a pore radius of
50 nm was assumed as a representative base value for the
caprock which has also been suggested by other studies [20,24].

The interfacial tension between hydrogen and water (yy, w)
is a function of temperature, pressure, and salinity [27,28]. It
has been reported that yy,yw decreases linearly with
increasing temperature or pressure and increases linearly
with increasing salinity [28]. Several studies have experi-
mentally investigated the variation of vy, by temperature,
pressure and salinity [15,27—29]. For example, Hosseini et al.
[28] recently studied the effects of temperature, pressure, and
salinity on the vy, w and developed a correlation to calculate
Yu,w- In this study, we used their correlation to calculate
vu,w, the details of which are given in Appendix A. Fig. 2
shows the linear decrease of vy, as a function of depth
together with the linear curve fit.

180

P sz, Leachman et al. [48]

160

Py Quadratic curve fit
2

* "CH" Setzmann and Wagner [49]

o
£
1won_ Py » Quadratic curve fit P
4 K
)ﬁ’*
120 - ¥ ]
’)‘
— ’.r
% 100 ¥ ]
2 »
= 8ol ¥
< 80 ¥
>
60 - P 4
« Py_==-4738x107 xdepth? + 0.007026 x depth + 0.4699,
>
40r *f'( R%=0.99 1
£ ey =-8.704x10% xdepth? + 0.07705 x depth + 0.2673,
L * N
20 / R?=0.99

0 ! L L L L L L
1000 1500 2000 2500 3000 3500

Depth (m)

(a)

The hydrogen-brine contact angle (6u, w) plays an impor-
tant role in geological storage. In fact, if 6y, w is greater than
90° during the injection or storage, water will be displaced by
H, and capillary leakage may occur [30]. Experimental studies
have been performed to study the impacts of temperature,
pressure, rock minerology, salinity, surface roughness and
organic acid concentration on 6y, w [31—35]. In particular, for
caprock, it has been reported that 6y,w increases with
increasing pressure and increasing concentration of organic
acid but decreases with increasing temperature [15]. In addi-
tion, the optimal conditions with the lower risk of under-
ground H, storage in carbonate formations appeared to be low
salinity, low pressure, low organic acid concentration, and
high temperature [36]. Ali et al. [37] highlighted the important
role of organic acid on caprock wettability. They showed that
mica substrates tend to become H, wet as a result of organic
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Pgo_ = 0.0164x depth + 586.6786 (depth > 1500 m) R%=0.77
2
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K
/
*
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2
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(b)

+0.1222 x depth + 0.5398

0 L
0 1000 4000

Fig. 3 — Density of gases vs. depth with curve fit lines: (a) py, and pcy, (b) pn, and pco,-
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Table 1 — Properties of the base case.

Parameter Value Unit
P 0.01 MPa/m
T 0.03 °C/m

r 50 nm
YH, W Fig. 2 mN/m
Om, w Fig. 2 _

ow Fig. 2 kg/m>
P Fig. 3a kg/m?
PN, Fig. 3b kg/m?
Pco, Fig. 3b kg/m?

acid. Similarly, other studies emphasized that the caprock
wettability is a strong function of organic acid content [38—40].
Thus, the capillary sealing capacity of a caprock may be
overestimated if the presence of organic acid is ignored.
Recently, it has been shown that Alumina nanofluid has a
great potential to improve the wettability of organically aged
mica samples as a proxy of caprock [39]. Alanazi et al. [40]
studied the impacts of gas mixing on the wettability using
Jordanian oil shale rocks. They reported higher contact angle
for the H,—CH,4 mixture compared to H,.

Furthermore, gas-rock interfacial tension is a very impor-
tant parameter to examine the sealing capacity of a caprock.
Lower values for gas-caprock interfacial tension shows a
stronger affinity of the gas to the caprock surface and conse-
quently a higher possibility of gas leakage [41]. Efforts have
been made to investigate the behavior of the rock-H, interfa-
cial tension as a function of temperature, pressure, salinity,
total organic carbon, and rock minerology. Esfandyari et al.
[42] reported that rock-H, interfacial tension is a strong
function of rock lithologies such as calcite, dolomite, quartz,
shale, anhydrite, gypsum, granite, and basalt. They found that
the value of the rock-H, interfacial tension decreases with
increasing pressure but increases with increasing salinity.
They also reported that the impacts of temperature on rock-H,
interfacial tension are different and depend on the rock
minerology. Another study revealed that under similar ther-
modynamic conditions, the clay-H, interfacial tension is

120 T T T T T T T
Base gas:CO2

- — —Base gas:N,

100 Base gas:H, ||

©
=3
T

o (m)

H_, workin
2

h

40 [

0 . . . . . . .
0 500 1000 1500 2000 2500 3000 3500 4000

Depth (m)

(a)

larger than that of clay-N, and clay-CO, and different clay
compositions do not have a considerable influence on the
clay-H, interfacial tension [43]. Additionally, a decrease in the
rock-H, interfacial tension with increasing total organic car-
bon was presented for shale, evaporite, and basaltic rocks [44].
It has also been reported that H, adsorption decreases
strongly with increasing total organic carbon [45].

Iglauer [20] assumed 0.01 mol/lit steric acid concentration
and described the increase of 6y, w from 44° at the surface (O m
depth) to 92° at 4000 m depth (specifically 90° at 3700 m depth).
He explained that the trend of 6y, w as a function of depth is
due to the fact that H, density increases with depth, resulting
in stronger intermolecular interactions between H, and rock.
This trend and the relationship between the contact angle and
depth are shown in Fig. 2.

Higher value of p,, increases the buoyancy force magnitude.
It should be noted that p,, depends on temperature, pressure,
and salinity. Different correlations have been developed to
estimate the p,, in different temperature, pressure, and salinity
ranges [46]. The correlation proposed by Nayar et al. [47] was
used in this work to determine p,, as a function of depth. They
developed their correlation using available experimental data
from the literature. This correlation was selected because it is
valid for a wider range of temperature (10—120 °C) and salinity
(0—120 g/kg). The range of validity of this correlation for pres-
sure is 0—12 MPa, but it should be noted that p,, is not much
affected by pressure [46]. Thus, this correlation was also used
for higher pressure conditions. Appendix A presents the cor-
relation developed by Nayar et al. [47] to calculate p,. In this
paper, a salinity of 120 g/kg was assumed as the average
salinity of the water to determine p,,. Thus, the average salinity
of the formation water is consistent with the value used for the
caprock. Fig. 2 also shows the interpolated p,, versus depth
along with the quadratic curve fit line.

In this part, the relationships for py,, pcy,, Pn,, and pco,
(densities of working- and base gases) are presented. CH, was
selected to represent hydrocarbon gas and therefore p; and hg
are replaced by CH, density (pcy,) and CHs height (hcy,),
respectively, in the previously mentioned equations (Egs. (2),
(3), (5), and (7)). To calculate gas densities, the previous

Base gas:CO,
- - —Base gas:N,
Base gas:H,
Max, Base gas:CO, Y
Max, Base gas:N2 A\
O Max, Base gas:H2

0 L ) | | L .
0 500 1000 1500 2000 2500 3000 3500 4000

Depth (m)

(b)

Fig. 4 — H, storage in aquifers using different base gases including CO,, N, and H itself: (a) hyorking 1, Vs depth (b) and m” vs.

depth.
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Fig. 5 — H, storage in gas reservoirs using different base gases including CO,, N, and H; itself: (a) hyorking s, Vs. depth (b) m’

vs. depth.

works which provided a desirable gas density in a wide range
of temperature and pressure were considered. Fig. 3a shows
py, vs. depth and the quadratic curve fit line. The py, data at
different temperatures and pressures published by Leachman
et al. [48] were used to interpolate py, vs. depth. py, changes
from 0.085 kg/m? at the surface to 21 kg/m> at 4000 m depth.
Similarly, Fig. 3a also shows pcy, as a function of depth, where
the data provided by Setzmann and Wagner [49] were used for
interpolation.

Fig. 3b shows py, and pgo, against depth. The Interpolation
of py, was based on data from Span et al. [50] and pgo, Was
determined using data from Span and Wagner [51]. The value
of pco, increases significantly with depth and shows an almost
linear increase with depth after 1500 m, which is consistent
with previous work [24]. Considering the critical temperature
and pressure of CO,, 31.1 °C and 7.38 MPa, respectively, CO,
could be in a supercritical state at certain depths depending
on Pg and Tg. In this state, liquid and gaseous phases are
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indistinguishable, and CO, has a density similar to that of a
liquid [52]. Based on Fig. 3, one can conclude that the variation
of gas densities with depth will be py, < pcy, < pn, < Pco,-
Looking at Fig. 3, certain discrepancies are observed be-
tween the interpolated density points and the curve fitting
lines at the surface or at the depth of the reservoir at about
4000 m depth. It should be mentioned that these differences
do not have a significant impact on the calculation, as these
densities are subtracted from py, in the hyokingn, formula.
Moreover, H, storage near the surface (due to the unavail-
ability of such geological formations) or very deep in the
reservoir (due to wettability and the possibility of capillary
leakage) may not be the interest of underground H, storage.

Results and discussion

In this section, we examine the MHCH and OHSD in saline
aquifers and depleted gas reservoirs. In particular, the pres-
ence and absence of N, and CO, as base gas is evaluated. In
addition, uncertainties are quantified by Monte Carlo simu-
lations, sensitivity analyses are performed and the effects of
PG and TG as well as the inclination (dip) angle of the forma-
tion are analyzed.

H, storage in saline aquifers

To evaluate MHCH and OHSD in saline aquifers, a base case
was considered. Table 1 gives the parameters of the base case.
With the given rocks and fluids properties and Egs. (8)—(10),
the MHCH was calculated as a function of depth. In this work,
we have assumed that the formation pressure after the in-
jections (base and working gas) reaches the pressure defined
by normal PG at that depth. Fig. 4 shows the hyorkingn, and m*
as a function of depth for H, storage in aquifers when different
base gases such as CO,, N,, and H, were used. As can be seen
in Fig. 4a, hyorkingn, decreases from 104 m at the surface to 0 at
3700 m depth, where 6y, w becomes 90°. It should be noted that
the height of the base gas at any depth is the same height as
Nworking 1,- From Eq. (7), it can be concluded that using a base

All hnz.wotklng curves

0 500 1000 1500 2000 2500 3000 3500 4000

Depth (m)

(a)

gas with a higher density leads to a higher hyoringn, and
consequently to a higher m". In fact, a higher gas density in-
creases the magnitude of gravity force against the buoyancy
force. At shallow depths, all gases have low density compared
to py, and at deep depths, hygiking, approaches 0 due to
wettability conditions. Thus, hyorking, and m" of CO, are larger
than those of N, and H,, except at shallow and deep depths.
Fig. 4b shows that the OHSD for H,, N5, and CO, is 1605, 1660,
and 1630 m, respectively. Moreover, the optimum m" of the
case with CO, as the base gas is 835 kg/m?, which is 30 and 39%
more than the optimum m" of the cases with N, (643 kg/m?
and H, (599 kg/m?) as the base gas, respectively.

H, storage in gas reservoirs

To calculate hygringn, and m* as a function of depth in
depleted gas reservoirs, the rock and fluid properties pre-
sented earlier were used together with Egs. (8), (11) and (12).
Two different conditions were considered where the contri-
butions of CH, were 40 and 80% of the total base gas height.
While the 40% scenario represents the condition where the
gas reservoir is almost depleted to its ultimate recovery factor,
the 60% scenario shows the situation where some recoverable
hydrocarbon gas may still be present in the reservoir at the
beginning of H, storage. Fig. 5 shows the variation of hyeking 1,
and m" as a function of depth for H, storage in a depleted gas
reservoir.

As can be seen in Fig. 5, the trends of the various base gases
are similar to those observed in the aquifer. It seems that the
height of the working gas with CO, as the base is generally
greater than that of N, and that is greater than the height of
H,. A similar comparison can be made for m*. For the condi-
tion with H, as the base gas, the case with 80% CH, provides
slightly higher hyening, and m® compared to the case with
40%. This could be linked to the fact that a denser base gas
offers a higher MHCH. The results are different when CO, is
used with CHy as the base gas. CO, is denser than CH, and the
case where the base gas is mainly CO, (60% of the height of the
base gas is CO,) gives higher hyking n, and m*. Compared to the
differences in the densities of CH, with H, and CO,, the
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Fig. 6 — Monte Carlo simulation results for all cases together with P10, P50, and P90 curves: (a) hyorking i, Vs depth (b) and m’

vs. depth.
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densities of CH4 and N, are not significantly different. There-
fore, when Nj, is the base gas, the two cases with 40% and 80%
CH, give almost similar results. Looking at Fig. 5b, it can be
concluded that the OHSDs were not noticeably affected by the
contribution of CH, in the base gas when compared to those of
the aquifers for different base gases.

It should be noted that it is possible for base and working
gases to mix in an underground H, storage [53]. Appendix B
shows the effects of this mixing on hyemingn, and m". The

results show that mixing between N, and CH, does not change
Nyorkings1, and m’*, but mixing N, with H, leads to a slight
decrease in the values of hyeping 11, and m’. A stronger decrease
of Nyorkingn, and m" was observed when CO, was mixed with
CH, and especially with H,.
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Uncertainty quantification and sensitivity analysis

In this section, we provide an uncertainty assessment using
Monte Carlo simulation and perform a sensitivity analysis of
the effective parameters in a geological storage site. The
analysis is performed for the base case (Table 1) where there is
no N, CO,, or hydrocarbon gas and H, acts as the base gas
(My,/c0, =0, hg = 0 and hygse n, #0 (EQ. (9))).

Monte Carlo simulation is widely used in the oil and gas
industry to quantify uncertainties associated with the esti-
mation of hydrocarbon in place or production analysis
[54—56]. The parameters in Egs. (8) and (9), i.e., T, Yu, w, Ou,.w,
Pw, and py,, may be uncertain due to different factors such as
changes in Pg,Tg, minerology, and salinity. We assumed a
triangular distribution for these parameters given the limited
number of data samples [57]. Except for the parameter r, the
values reported earlier for the different parameters were used
as the mode and 25% more and less than the mode were
considered for the maximum and minimum in the triangular
distributions, respectively. For the parameter r, which was
assumed to be constant as a function of depth, a triangular
distribution was considered with a mode, maximum, and
minimum of 50, 100, and 25 nm, respectively. It should be
mentioned that the values of r are prone to higher variations
and as such a wider range was considered for this parameter.
For each of the other parameters, i.e., vy, w, 0u, w, pw and py,,
which are assumed to be a function of depth, triangular dis-
tributions were assumed for multiplying factors with a mode,
maximum, and minimum of 1, 1.25, and 0.75, respectively. In
each of the Monte Carlo simulation cases, the randomly
selected multiplication factor from the corresponding trian-
gular distribution of a parameter is multiplied by that
parameter to obtain a new pattern as a function of depth. In
the Monte Carlo simulation, 10,000 simulation cases were
used to obtain almost stable simulation results. The individual
steps of performing the Monte Carlo simulation are described
below:

1. For each of the simulation cases:

I vin
r [ Max
————— Base case
Py b
P 4
HZ
[ o
H,W
o7 4
H,W
. . I

0 500 1000 1500 2000 2500

OHSD (m)

(a)

a. Select random values for r and multiplying factors from
the corresponding distribution functions of the param-
eters vy, w, O, w, Py and py,.

b. Determine the new trends for the parameters vy, w,
0m,.w, Pw and py, using the randomly selected multi-
plying factors.

c. Calculate hyorking, and m".

2. For depths from 0 to 4000 m:

a. Calculate the cumulative distribution function (CDF)
and then the complementary cumulative distribution
function (CCDF with CCDF = 1 - CDF) for the results
obtained for hygpingn, and m*. Read the values of P10,
P50, and P90 for hyorkings, and m" from the generated
CCDF.

Fig. 6 shows the results of the Monte Carlo simulation for
all simulation cases together with P10, P50, and P90 of
Nworking11, and m” as a function of depth. As can be seen in Fig. 6,
the OHSDs of P10, P50, and P90 are 1760, 1565, and 1370 m,
respectively. This means that in 90% of the simulation cases,
the OHSD is greater than 1370 m and only in 10% of the cases,
the OHSD is greater than 1760 m. Furthermore, m" at the
OHSDs of P10, P50, and P90 are 872, 515, and 310 kg/m?,
respectively. Thus, in 90% of the simulation cases, m® is
greater than 310 kg/m?. It is worth noting that the P90 value
obtained for the OHSD is consistent with the 1200—1400 m
OHSD reported for the Suliszewo deep aquifer [22].

To perform the sensitivity analysis, we modified one
parameter at a time between its maximum and minimum.
The parameters considered were the same as those used in
the Monte Carlo simulation (r, vy, w, 91, w, Pw and py,). The
maximum and minimum values for the different parameters
were also the same as the Monte Carlo simulation. Fig. 7
shows the sensitivity analysis of the effects of the parame-
ters including , vy, w, 81, w, Pw and py, ON hygpingn, and m*. In
particular, Fig. 8 presents the influences of the mentioned
parameters on OHSD and m" at the optimum depth.
Comparing the obtained values from the minimum and
maximum scenarios with the base case (dashed line), it can be
seen that 0y, w is the only parameter that affects the OHSD
(Fig. 8a). It should be noted that although the OHSD is not

r |
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Pyw . | Base case [|
PH, ]
BH w 4
Thw 7
\ . \
0 200 400 600 800 1000 1200
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Fig. 8 — The impacts of the uncertain parameters (r, v, w, 01, w, py) and py, on (a) OHSD and (b) m".
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Fig. 9 — The influences of T and Pg together with 0y, w profiles on: (a) hyorkingn, Vs. depth (b) m” vs. depth.

affected by the change in the other parameters, including r,
Y, w> Pw and py,, the magnitude of m" is affected by these
parameters (Fig. 7b and 8b). It must be emphasized that the
magnitude of hyorking 1, and hence m” is a function of cos (0, w)
and not of 6y, w. Thus, a 25% variation of 0y, w, affects the
values of m" differently from the other parameters. Further-
more, the considerable impacts of r on hyrking 1, and m* should
be noted. As expected, minimum values of r (higher capillary
force), py, (lower buoyancy force), and 0y, w (higher capillary
force) result in higher values of m" at the OHSD compared to
the base case. On the other hand, maximum values of vy, w
(higher capillary force) and py, (higher H, mass and gravity
force) yield higher values of m" at the OHSD. From Fig. 7b and

8b, it can be concluded that of the parameters studied (7, vy, w,
Om,.w, Pw and py,), the values of hyguingu, and m* are more
sensitive to r and 6y, w.

In summary, it should be highlighted that OHSD is only
affected by 0y, w. Moreover, hyoking s, 18 not noticeably influ-
enced by variations of py, but varies by the other parameters
including 1, vy, w, 08u,w, and py,. In particular, hyerkingn, is @
strong function of r and 6y, w. On the other hand, all the pa-
rameters studied, specifically r and 0y, w, have an impact on
m".

As mentioned earlier, Iglauer [20] proposed 1100 m as the
OHSD and Lubonn & Tarkowski [22] reported a range of
1200—1400 m for the OHSD of the Suliszewo structure.
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However, in this work we have suggested a depth of about
1600 m with P90 and P10 of 1370 and 1760 m, respectively. It
should be noted that previous studies ([20,22]) used different
trends for the change of 6y, w as a function of depth and, as
discussed before, 6y, w has a large influence on the OHSD.
Moreover, the work of Lubon & Tarkowski [22] was carried out
with a dynamic simulation where the limits of both capillary
and fracture pressure were considered. The work of Lubon &
Tarkowski [22] was also based on the specific geological
characteristics of the Suliszewo structure, as they also sug-
gested that the OHSD should be evaluated for each specific
case. Additionally, there might be unmentioned assump-
tion(s) in the work of Iglauer [20] leading to some breaks in the
hy, and m profiles versus depth, which might affect the value
of the OHSD.

Effect of temperature and pressure gradients

To investigate the impacts of T and Pg gradients on hyorking x,
and m", two additional trends were considered. In the first
trend, a 25% higher value for P was used (0.0125 MPa/m of Pg
and 0.03 °C/m of Tg) and in the second one, a 25% higher
variation for Tg was assumed (0.01 MPa/m of Pg and 0.0375 °C/
m). The parameters (yy, w, pw and py,) were changed accord-
ing to the newly defined Tg and Pg. The evaluations of
Nyorking s, and m" were based on the new gradients while the
90° value of 6y, w was assumed to occur at different depths
including 3700 m (similar to the base case), 3200 m (for
0.0125 MPa/m and 0.03 °C/m gradients), and 4200 m (for
0.01 MPa/m and 0.0375 °C/m gradients). In all scenarios, the
value of 8y, w at the surface was assumed to be 44° and a linear
trend was assumed for 6y, w as a function of depth.

Fig. 9 shows the impacts of Tg, Pg, and on hyqrking 1, and m".
Fig. 9a shows that similar values for hyerkingn, Were obtained
for different gradients and those of the base case as long as
Ou, w Was the same. However, when the other trends for 6y, w
were used, the hygingn, values were different at various
depths. Higher values for hygringn, Were obtained for the
gradients of 0.01 MPa/m and 0.0375 °C/m with 90° value of
Ou, w at 4200 m. These results further highlight the very
important role of 8y, w in the analysis of structural trapping
efficiency. Detailed experimental studies on the values of
Ou, w are suggested for the caprock of the targeted under-
ground H, site. Moreover, further investigations are recom-
mended to improve the caprock wettability for example
through the use of nanofluids [39,58]. Fig. 9b shows the profiles
of m" versus depth with different trends obtained as a result of
different hyorking, and py, at different gradients. In summary,
as long as the same profile was used for 6y, w, similar trends
were obtained for hyorking s, However, the values of m* were
affected by the variations of py, due to the different gradients.

Impact of dip angle

Geological structures can have different angles with a hori-
zontal plane, known as dip angle. To investigate the effects of
the formation dip angle on the m, a truncated cone was
considered to simply represent a subsurface geological forma-
tion which is shown in Fig. 10. The structure has a top radius of
1 km. H, storage in this structure at 20 and 40° dip angles were

Top radius

Fig. 10 — Considered truncated cone to study the effect of
the dip angle.
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Fig. 11 — The impact of the formation dip angle on m.

studied, and it was assumed thatin both cases the reservoir has
the required thickness for MHCH. Moreover, similar to the un-
certainty quantification section, the base gas was H, and thus
no CHy, N, or CO, was present. In addition, values of 0.2 and 0.25
were considered for ¢ and S, respectively.

Itis worth noting that hy, would be the same for 20° and 40°
dip situations. However, larger values of hygrkingn, are ex-
pected for the case with a formation dip of 40°. This can be
explained by the comparatively smaller cross-sectional area
at the top of the reservoir for the 40° dip and the need for more
height to fill the 50% volume by working gas. Fig. 11 shows the
trends of m versus depth for 20° and 40° formation dip. As can
be seen in this figure, there was a decrease in the values of m
due to the 40° formation dip. At the OHSD, the value of m at a
40° dip is almost 18% lower than at a 20° dip. In summary,
although the amount of hy, does not depend on the slope
angle, assuming the same top cross-sectional area, forma-
tions with steeper slopes offer less volume and consequently
less H, can be stored in these formations. A similar result has
already been reported for the effect of formation dip on CO,
storage [59]. Therefore, from a structural trapping point of
view, H, storage in geological formations with a low dip angle
is recommended.
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Conclusion

Structural trapping capacity is an important concern associ-
ated with hydrogen storage in underground porous forma-
tions. In this study, the maximum column height of hydrogen
in a geological storage site was formulated to avoid capillary
leakage of the stored hydrogen into the caprock. In this
formulation, the impacts of other possible base gases such as
nitrogen, carbon dioxide, and hydrocarbon gas were consid-
ered. Normal temperature and pressure gradients of 0.01 MPa/
m and 0.03 °C/m were used, respectively, and the mean pore
radius of the caprock was 50 nm. Representative experimental
data and correlations were then used to calculate the required
rock and fluid properties as a function of depth. Particularly,
hydrogen-water contact angle was assumed to change line-
arly from 44° at surface to 90° at 3700 m depth. The maximum
column height and storable mass of the hydrogen per effec-
tive pore area (m") in aquifers and depleted gas reservoirs were
determined. The findings can be summarized in the following
points.

Based on the assumed trend of hydrogen-water contact
angle, the optimum depths for hydrogen storage in aqui-
fers when hydrogen, nitrogen, and carbon dioxide function
as base gases are 1605, 1660, and 1630 m, respectively.

In depleted gas reservoirs, the contribution of the
remaining hydrocarbon gas such as methane in the base
gas, does not noticeably change the optimum storage
depths.

A higher density gas enhances the gravity force, which acts
against the buoyancy force. This in turn allows for a higher
hydrogen column height and m". The values obtained for
the optimum m" of the cases with carbon dioxide, nitrogen,
and hydrogen as the base gas are 835, 643, and 599 kg/m?,
respectively.

In gas reservoirs, the use of nitrogen in addition to the
remaining hydrocarbon gas (methane), would not consid-
erably affect the maximum height and m". This is different
for carbon dioxide due to its high density.

Uncertainty assessment using Monte Carlo simulation
with triangular distributions for the parameters involved,
showed that P10, P50, and P90 of the optimum depths are
1760, 1565, and 1370 m, respectively (in aquifers and when
hydrogen is the base gas). Moreover, the m" at the optimum
depths of P10, P50, and P90 is 872, 515, and 310 kg/m?
respectively.

A sensitivity analysis was performed for contact angle,
interfacial tension, cap rock pore radius, and water and
hydrogen densities. The results showed that the contact
angle and the caprock pore radius have a greater influence
on the maximum height and m". In addition, the results
revealed that only the contact angle affects the optimum
storage depth. Moreover, the results of the impacts of
temperature and pressure gradients and contact angle
profiles, further emphasized the importance of the contact
angle on the maximum height and m".

Mixing can decrease the values of the maximum height
and m" when carbon dioxide as a base gas mixes with a

remaining hydrocarbon gas (methane) or with hydrogen,
as this results in a base gas with a lower density.

A truncated cone was assumed to be representative of a
subsurface geological formation with a constant top cross-
sectional area and 20° and 40° dip angles. It was also
assumed that in both cases, the formation has the neces-
sary thickness for the maximum hydrogen column height
at different depths. The results showed that the formation
dip angle can influence the amount of hydrogen mass that
can be stored. For the assumed structure, the formations
with a steeper dip angle offer less volume and thus less
hydrogen can be stored in such formations.
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