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h i g h l i g h t s
� Experimentally measured hydrogen-brine relative permeability curves show distinct characteristics compared to that of other fluid

systems.

� UHS performances under different relative permeability curves are compared.

� Relative permeability curves from other fluid systems are not suitable to act as proxy to hydrogen-brine system in reservoir-scale UHS

simulation.
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Underground Hydrogen Storage (UHS) is an emerging large-scale energy storage technol-

ogy. Researchers are investigating its feasibility and performance, including its injectivity,

productivity, and storage capacity through numerical simulations. However, several ad-

hoc relative permeability and capillary pressure functions have been used in the litera-

ture, with no direct link to the underlying physics of the hydrogen storage and production

process. Recent relative permeability measurements for the hydrogen-brine system show

very low hydrogen relative permeability and strong liquid phase hysteresis, very different

to what has been observed for other fluid systems for the same rock type. This raises the

concern as to what extend the existing studies in the literature are able to reliably quantify

the feasibility of the potential storage projects. In this study, we investigate how experi-

mentally measured hydrogen-brine relative permeability hysteresis affects the perfor-

mance of UHS projects through numerical reservoir simulations. Relative permeability data

measured during a hydrogen-water core-flooding experiment within ADMIRE project is

used to design a relative permeability hysteresis model. Next, numerical simulation for a

UHS project in a generic braided-fluvial water-gas reservoir is performed using this hys-

teresis model. A performance assessment is carried out for several UHS scenarios with

different drainage relative permeability curves, hysteresis model coefficients, and

injection/production rates. Our results show that both gas and liquid relative permeability

hysteresis play an important role in UHS irrespective of injection/production rate. Ignoring

gas hysteresis may cause up to 338% of uncertainty on cumulative hydrogen production, as
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it has negative effects on injectivity and productivity due to the resulting limited variation

range of gas saturation and pressure during cyclic operations. In contrast, hysteresis in the

liquid phase relative permeability resolves this issue to some extent by improving the

displacement of the liquid phase. Finally, implementing relative permeability curves from

other fluid systems during UHS performance assessment will cause uncertainty in terms of

gas saturation and up to 141% underestimation on cumulative hydrogen production. These

observations illustrate the importance of using relative permeability curves characteristic

of hydrogen-brine system for assessing the UHS performances.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Consensus has been reached worldwide that net zero carbon

dioxide emissions should be achieved by 2050 to keep the

global temperature rise below 2 �C above pre-industrial levels

[1]. Hence, the transition from fossil fuels to low-carbon en-

ergy sources is crucial. This has led to an increase in research

interest in renewable energy production as well as storage

related technologies [2e5], that can resolve the intermittency

problem that accompanies renewable energy generation [6].

For the coupling of energy storage to energy production and

demand at the scale of GW, and a discharge time at a scale of

months, Underground Gas Storage (UGS), Underground

Hydrogen Storage (UHS), and pumped hydro power are the

main feasible known technologies [7,8]. Pumped hydro power

and UGS are already mature technologies with decades of

operational experiences [9,10]. As a result, UHS is an emerging

large-scale energy storage technology, embedded within the

emerging hydrogen economy, which is at the centre of many

research activities in recent years [11e14].

Undergroundhydrogenstoragerefers to thestorageofenergy

in the formof hydrogen in subsurface reservoir units, which can

be salt caverns, saline aquifers, and depleted oil and gas reser-

voirs. The storage takes place during periods in which energy

productionexceedsenergydemand.Thestoredhydrogenwill be

reclaimedback to thesurfacewhenthedemandismore than the

production [11].Whilehydrogencanbestoredatahighdegreeof

purity in salt caverns, because of the limited risk of contamina-

tion, their limited scale and availabilitymakes them insufficient

to satisfy the entire storage demand. Therefore, porous reser-

voirs arealso consideredsince theyare geographically abundant

and can provide the volumetric capacity needed for larger scale

UHS, albeit probably with a lower degree of purity.

To assess the feasibility of UHS in porous reservoirs, nu-

merical simulations can be performed to study their injectivity,

productivity, and storage capacity [10,13]. In addition, site se-

lection and ranking criteria are also important research objec-

tives of reservoir simulation studies, where reservoir structure

and dip angle have been proposed to be key parameters for the

productivity of UHS [15]. A common simulation schedulewould

be to start from initial injection of cushion gas progressing to

several injection/production cycles of hydrogen [16e18], or

prolonged production to evaluate ultimate hydrogen recovery

[19,20]. In this study, hydrogen recovery refers to the ratio be-

tween total produced hydrogen and total injected hydrogen

(including cushion gas) after cyclic operations.
Recent reservoir simulation studies have shown very low

cyclic hydrogen recovery ranging from 14% in gas reservoirs

[20], to 31% in saline aquifers [17], and to 43% in condensate

gas reservoirs [19]. Furthermore, unless huge amounts of

cushion gas were injected [20], considerable amounts of water

or alternative cushion gas were being produced together with

the hydrogen [17,19]. These simulation efforts, however, did

not capture the flow and transport characteristics of the

hydrogen/cushion gas/brine system accurately. Given the

potential key role underground hydrogen storage could play

for the energy transition [21e24], efforts should be put into

more accurate simulations of hydrogen/cushion-gas/brine

multi-phase flow in subsurface porous reservoirs, to reliably

determine its feasibility.

During the cyclic storage of hydrogen in porous reservoirs,

brine will displace the stored hydrogen gas towards the pro-

ductionwell during the production period,where, at the fringe

of this shrinking gas cap, imbibition will happen. In a water-

wet sandstone reservoir [25,26], residual trapping will cause

the hydrogen phase to be cut at the pore throat and isolated

within the pore space (snap-off) as liquid saturation increases

[27,28]. Also larger scale capillary heterogeneity trapping [29]

will immobilize hydrogen and alter the relative permeability

of the gas and the liquid phases such that theywill be different

from that of the primary drainage process. This path-

dependent irreversibility of relative permeability behavior is

called hysteresis, which has been extensively studied for oil-

water-gas three-phase flow [30e32], and carbon dioxide geo-

sequestration [33e35]. For the hydrogen-brine system, hys-

teresis has also been proven to exist through experiments

[36,37]. The recently experimentally measured hydrogen-

brine relative permeability data (including imbibition) show

very different characteristics to that of other fluid systems.

Specifically, after decades of experimental investigation in the

oil-water-gas system, it is generally concluded that the most

wetting phase showsminor hysteresis (e.g., Alizadeh and Piri,

2014) [31]. A similar conclusion is also made through many

studies for the carbon dioxide-brine system (e.g., Juanes et al.,

2006) [34]. Based on the currently available experimental ob-

servations, this is different for the hydrogen-brine system. For

example, compared with experimental data for the carbon

dioxide-brine and oil-water-gas systems, shown in Fig. 1a, the

hydrogen relative permeability during imbibition (dotted line)

is extremely low. Also, in contrast to the weak hysteresis in

the wetting phase for other fluid systems, the liquid phase

relative permeability hysteresis for the hydrogen-brine

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1 e (a) Comparison of experimentally measured drainage (solid lines) and imbibition (dotted lines) gas phase relative

permeability curves in Berea sandstone core samples for: H2-water/brine (Boon et al., 2022 [36], Lysyy et al., 2022 [37]), CO2-

brine (Akbarabadi et al., 2013 [35], Krevor et al., 2012 [42]) and Oil-water-gas (Oak [30]); (b) experimentally measured drainage

and imbibition liquid phase relative permeability curves for the same studies as listed under (a).
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system is much stronger. Similar observations can also be

made when comparing with relative permeability curves

measured for other rock types from the oil and gas industry

[17,32,38]. However, from Table 1, one can find that currently

most UHS reservoir-scale simulation studies ignore realistic

multi-phase flow behavior because few of them consider

hysteresis [39,40]. Furthermore, arbitrary relative permeability

models such as Brooks-Corey (BC) [16] and Van Genuchten

(VG) [17,39], are being used or relative permeability data

measured for fluid-rock systems other than hydrogen-brine-

rock system [20,40,41]. Whether the results obtained from

these simulation studies accurately represent the behavior of

hydrogen is still in doubt. To our knowledge, the effects of

using actual hydrogen relative permeability hysteresis data

has not yet been studied.

In this study, the importance of experimentally measured

hydrogen relative permeability hysteresis for the estimation

of hydrogen recovery, water production, and the gas satura-

tion distribution is investigated which are three feasibility

indicators in UHS reservoir simulation studies that are

intensely debated [17e19]. For this purpose, hydrogen-water

relative permeability data, including for the imbibition pro-

cess, measured during core-flooding experiments are used to

build a relative permeability hysteresis model [36]. Next, this

hysteresis model is incorporated into a commercial compo-

sitional reservoir simulator to perform numerical simulation

for a generic braided-fluvial water-gas reservoir to
Table 1 e Overview of relative permeability models in recent U

Reference Relative per

Feldmann F. et al., 2016 [16] BC

Lubo�n and Tarkowski 2020 [17] VG

Mahdi et al., 2021 [39] VG

Lysyy et al., 2021 [20] Field da

Wang et al., 2022 [40] CO2 exp

Kanaani et al., 2022 [41] Field da

Okoroafor, E.R. et al., 2022 [15] H2 expe
systematically study the effects of relative permeability hys-

teresis (including both gas and liquid phase hysteresis) on the

assessment of UHS projects. Finally, simulation results using

hydrogen relative permeability curves are compared with

simulation results when carbon dioxide (as a proxy of other

fluid systems) relative permeability curves are used to further

illustrate the importance of using relative permeability curves

(including imbibition) with characteristic of the hydrogen-

brine system for assessing UHS performance.

The structure of this paper is as follows: in Section 2

Methodology, first the experiment from which the relative

permeability hysteresis data is taken for this study is

described, and then the models chosen for the relative

permeability hysteresis are discussed. Moreover, the reservoir

simulation set up for assessing the effects of hysteresis is also

described in Section Methodology. Section Results and dis-

cussion presents the results of our reservoir simulations and

related discussions. Finally, the main conclusions are sum-

marized in Section Conclusion.
Methodology

Core-flooding experiment and core sample properties

The relative permeability, for both drainage and imbibition,

and capillary pressure are taken from a very recent hydrogen-
HS simulation studies.

meability model Hysteresis

No hysteresis

No hysteresis

Gas-liquid hysteresis

ta No hysteresis

eriment data Gas hysteresis

ta No hysteresis

riment data No hysteresis
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water multi-phase flow experiment [36] carried out on a het-

erogeneous Berea Sandstone rock core at reservoir pressure

(10 MPa) and room temperature (18 �C). The Berea Sandstone

(Liver) core sample was 17 cm long with a diametere of 3.8 cm

and a permeability of 203 mD and porosity of 19.7%. Steady-

state drainage and imbibition core-flooding experiments

were performed while visualizing the transport of hydrogen

and water with the use of a medical X-ray CT scanner,

following the techniques described in Krevor et al. [42] and

Pini et al. [43]. Fig. 2 shows the set of experimental drainage

relative permeability and capillary pressure data, as well as

the initial and residual hydrogen saturation, that is used to

create our hysteresis model. Here, the initial hydrogen satu-

ration is the hydrogen saturation at the end of drainage, while

the residual hydrogen saturation is the hydrogen saturation at

the end of imbibition. For a detailed description of the

experiment the reader is referred to Boon and Hajibeygi, 2022

[36]. Implications of using this experimental data in our UHS

reservoir simulations will be discussed in the forthcoming

sections.

Drainage relative permeability models

Theoretical equations are often used to extend the constitu-

tive relationship between relative permeability (kr), fluid

saturation (S), and capillary pressure (Pc) beyond experimen-

tallymeasured endpoints [42,44]. As shown in Table 1, Brooks-

Corey (BC) and Van Genuchten (VG) are two common choices

to model S�kr�Pc relationships in UHS reservoir simulations.

In addition, the Brooks-Corey-variable Corey model (BC-vC)

has been proposed recently to better fit experimental gas

relative permeability data [42]. In this study, we first compare

the goodness of fit of BC, VG, and BC-vC equations to match

measured kr-S data from core-flooding and MICP experiments
Fig. 2 e (a) Comparison of the three calculated relative permeabi

dots and squares, for water and gas, respectively); (b) Drainage

and comparison with experimental data (red dots). (For interpr

reader is referred to the Web version of this article.)
[29,36]. Table 2 provides an overview of the equations of each

model as well as values for the input parameters that were

used to match the experimental data [45].

In Table 2, the value of the Brooks-Corey geometry factor l

and initial liquid saturation Sli are based on the Berea (Liver)

sandstone rock core presented in Ni et al. [29]. This rock has

similar permeability and porosity values as the Berea (Liver)

core used in the core-flooding experiment. Furthermore, the

MICP data obtained for the Berea (Liver) core of the study of Ni

et al. [29] was used to extend the experimentally measured

capillary pressure data over the full range of saturation [36].We

used the technique introduced in Lenhard et al. [46] to calculate

an equivalent VG model from the BC model, including the

corresponding VG shape factor m (a detailed description of this

technique can be found in Appendix A). Both entry capillary

pressures in the BC and VGmodels result from the best fit with

experiment data. Fig. 2 provides the resulting drainage relative

permeability and capillary pressure curves for each model as

well as the experimental data [36]. Fig. 2 shows that neither the

BC or VG models can provide a reasonable match with the

experimental data. Consequently, we decided to use the BC-vC

drainage relative permeability and capillary pressure model for

the UHS reservoir simulation, which matches properly the

experimental relative permeability and capillary pressure data.

It is noteworthy that capillary pressure heterogeneity is not

considered in this study, a single capillary pressure curve is

used in all simulations.

Gas and liquid relative permeability hysteresis model

Gas relative permeability hysteresis
When a gas-liquid flow in porous media reverses from

drainage, where the non-wetting phase is displacing the wet-

ting phase, to imbibition,where thewetting phase is displacing
lity models presented in Table 2 with experiment data (red

capillary pressure curve resulting from BC and VG models

etation of the references to color in this figure legend, the

https://doi.org/10.1016/j.ijhydene.2022.12.270
https://doi.org/10.1016/j.ijhydene.2022.12.270


Table 2 e Overview of VG, BC, and BC-vC drainage relative permeability and capillary pressure models.

Model Pc-S and kr-S equations Input values

VG
Pc ¼ P0½ðS*wÞ

ð1�mÞ � 1�
ð1=nÞ P0 ¼ 14 kPa

krl ¼ ðS*wÞ
1=2½1� ð1� ðS*wÞ

1=mÞ
ðmÞ��2 m ¼ 0.62

krg ¼ ðS*gÞ
1=2½ð1� ðS*wÞ

1=mÞ�
2m

BC Pc ¼ PeðS*wÞ
�1=l Pe ¼ 7.9 kPa

krl ¼ ðS*wÞ
3þ2=l l ¼ 0.88

krg ¼ ðS*gÞ
2½1 � ðS*wÞ

1þ2=l�
BC-vC Pc ¼ PeðS*wÞ

�1=l Pe ¼ 7.9 kPa

krl ¼ ðS*wÞ
Nl l ¼ 0.88; Nl ¼ 7

krg ¼ krg0ðS*gÞ
2½1 � ðS*wÞ

Ng � Ng ¼ 0.655; krg0 ¼ 1

All models
S*w ¼ Sl � Sli

1� Sli
; S*g ¼ Sg

1� Sli

Sli ¼ 0.064
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the non-wetting phase, a gas trapping model and a relative

permeability scanning model are needed to calculate the end-

point gas saturation (residual gas saturation) and the unique

scanning path of gas relative permeability connecting the end-

point saturation with the saturation at which imbibition starts

[33,34]. In this study, the Land gas trapping model [47] is used

as follows to calculate the residual gas saturation, i.e.,

Sgt ¼ Sgi

1þ CSgi
: (1)

here, Sgi is the gas saturation at which imbibition starts and C

is the Land trapping coefficient. The Killough [48] hysteresis

model is used here to calculate the scanning curve based on

the starting gas saturation during imbibition. Land and Kill-

ough models are routinely used in reservoir simulation

studies when considering hysteresis, more explanation about

implementing them in reservoir simulations can be found

elsewhere [34,49]. To find the Land trapping coefficient, C, we
Fig. 3 e (a) Gas relative permeability hysteresis model with C ¼
hysteresis data [36]; (b) IR plot based on slice average initial and

model curve using coefficient C ¼ 3.2.
match the experimental gas phase relative permeability

hysteresis data from imbibition 1 and imbibition 2 with the

calculated gas relative permeability hysteresis model from

Land and Killough which resulted in a C value of 2. Fig. 3 (a)

shows the gas hysteresis models calculated using Land and

Killough models with the imbibition process starting at a gas

saturation of 0.47 and 0.38 (corresponding to imbibition ex-

periments 1 and 2 [36], respectively), together with red and

dark blue dots representing the experimental gas hysteresis

data. Another method to calculate the Land coefficient C is

the Initial-Residual (IR) saturation analysis described in Niu

et al. [50] and Ni et al. [29], where Land coefficient C is

calculated through matching the experimental IR curve, for

which the slice average initial and residual saturations from

the experiment are being used. Here, to investigate the

impact of using these two methods on reservoir simulation,

we also calculate a C ¼ 3.2 using average IR data from ex-

periments [36], shown as Fig. 3 (b).
2 matching with experimental gas relative permeability

residual saturations [36]. The dashed line shows the Land

https://doi.org/10.1016/j.ijhydene.2022.12.270
https://doi.org/10.1016/j.ijhydene.2022.12.270
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To compare the simulation results when using the exper-

imentally measured hydrogen-brine relative permeability

curves, which display extremely low imbibition gas relative

permeability and strong hysteresis in the wetting phase rela-

tive permeability, with other fluids relative permeability

curves that do not contain these characteristics, carbon

dioxide-brine relative permeability curves from Krevor et al.,

2012 [42] are also used in this study. It is noteworthy to

mention that the Land coefficient used in Krevor et al., 2012

[42] is 1 and no liquid phase hysteresis is modeled when using

these CO2-brine curves [34]. Accordingly, capillary pressure

curve parameters (Sli¼ 0.11 and l¼ 0.67) fromKrevor et al. [42]

are used in the BC-vC model in Table 2 when using relative

permeability curves of the CO2-brine system (Pe is scaled up

into 5.6 kPa for the hydrogen-brine system using Young-

Laplace scaling [36]). Finally, capillary pressure hysteresis is

not considered in this study as the scale of reservoir simula-

tion ismuch larger than the characteristic capillary dimension

[51] and related experimental hysteresis capillary pressure

data is not available [36].

Liquid relative permeability hysteresis
When modelling liquid relative permeability hysteresis, a

‘maximum’ liquid relative permeability hysteresis curve

which starts from the irreducible liquid saturation (Sli) to the

liquid saturation at maximum residual gas saturation

(1 � Sgrmax) is usually prescribed. The imbibition relative

permeability at liquid saturation larger than Sli will be inter-

polated using scanning curves. In this study, the Killough

model [48] is used to interpolate between experimental data

matched to maximum liquid relative permeability hysteresis

curve (orange curve in Fig. 4) and the drainage liquid relative
Fig. 4 e Liquid relative permeability hysteresis model; blue

curve represents drainage relative permeability; orange

curve represents tabulated ‘maximum’ liquid imbibition

relative permeability curve; red dots represent experiment

data. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of

this article.)
permeability curve (blue curve in Fig. 4). It is noteworthy that

we did not find a suitable model to match with our experi-

mental imbibition 1 liquid relative permeability hysteresis

data. Therefore, the orange curve in Fig. 4 is a representation

of the tabulated data that we incorporated into our simula-

tions. The reason for this is to make sure that the input liquid

relative permeability hysteresis model will not cross over the

drainage relative permeability model.

Numerical simulations

A commercial compositional numerical simulator [52] is used

to perform a series of simulations to assess the effect of gas-

liquid relative permeability hysteresis on the hydrogen and

water production during UHS cyclic operations.

Reservoir description
Themodelling domain is based on the open-sourcemodel and

field data from a commercial depleted gas reservoir in the

Otway Basin, Australia called Fenton Creek. In 2020, the Vic-

toria Geological Survey conducted a research program called

Victoria Gas to investigate the potential of gas reservoirs in the

Port Campbell region of the Otway Basin for storing natural

gas [53]. Fenton Creek is a small fault-bounded water-gas

reservoir with very high permeability and porosity, and

therefore is a good candidate for gas storage. For this reason

static geological and dynamic models of the Fenton Creek gas

reservoir were built, respectively. The models are publicly

available for download (http://earthresources.efirst.com.au/).

Fig. 5 displays the depth contour map of this gas reservoir. A

single production well (Fenton Creek-1) is located at the lower

crest of the reservoir and the gas reservoir is bounded by two

major faults. Thismodel has beenmodified and adapted to the

purpose of this study. In our model, in order to produce

hydrogen from the crest of the reservoir where it easily ac-

cumulates due to buoyancy, both an injection and production

well were placed at the top crest of the anticline. Another

reason for this new well scenario is that, wells near the faults

could facilitatemonitoring the pressure variance during cyclic

operation.

The Fenton Creek gas reservoir is discretized into 60*18*30

grid blocks, of which 20,500 are active. The average grid size is

40*40*1.75 m which is comparable to other UHS reservoir-

scale simulation studies [15,16,54]. Moreover, to study the ef-

fect of grid size on the results, test simulations were con-

ducted. It was found that grid sizes within practicable range

did not significantly impact the results, more details are pre-

sented in appendix B. The reservoir is at a moderate depth

around 1500 m. The temperature gradient is 30.4 �C/km. A

reservoir pressure of 15,030 kPa is measured at the water-gas

contact. Under such condition, the phase density and viscos-

ity calculated by the simulator through the revised Peng-

Robinson equations [55] (after regression with experimental

data) are within 0.5% (for hydrogen-methanemixture density)

and 7% (for hydrogen-methane mixture viscosity) of values

given in the literature [56,57]. As shown in Fig. 5, the reservoir

is bounded and sealed by closed faults and supported by a

bottom aquifer with a volume of 88*106m3 during primary

production of the reservoir [53]. Fig. 6 shows a 3D view of the

model with the well location and water saturation.

http://earthresources.efirst.com.au/
https://doi.org/10.1016/j.ijhydene.2022.12.270
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Fig. 5 e The original areal view of the depth contour map of the Fenton Creek gas reservoir; the gas reservoir region is

shaded in grey and the Fenton Creek-1 production well location is marked by a cross.
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Well logs show that the Fenton Creek consists for around

80e90% of sandstone in the gas cap. The sandstone facies of

Fenton Creek is highly permeable with average permeability

above 1000mD as evidenced by the core permeability-porosity

cross plot of the field [38]. However, the Berea sandstone core

sample that was used to measure the hydrogen-brine relative

permeability has a permeability and porosity of only 203 mD

and 0.197, respectively. For this reason, a sandstone facies

porosity-permeability transformation function in themodel is

revised to make the reservoir average permeability to be 218

mD which is close to the core sample in the experiment. The

shale facies (low permeable facies) in the model is still using

the original porosity, permeability, relative permeability, and

capillary pressure data from the field. The ratio between

horizontal permeability and vertical permeability in our
Fig. 6 e 3D view of the geological model with a water

saturation map (initial state, before primary production)

and well location (injection well and production well are in

the same place).
model is 10. Fig. 7 presents a resulting areal view of the hori-

zontal permeability distribution of the model.

Simulation setup
There are three stages in our simulation, (1) primary produc-

tion of methane from the reservoir, (2) initial injection of

cushion gas using pure hydrogen, followed by (3) 10 UHS cyclic

operations. The injection rate and production rate in each

cycle are the same within a single case. Note that depending

onwell constraints, a target injection/production ratemay not

be achievable. 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 main-

tained in all cases. In the ‘6 monthe6 month’ scheme,

hydrogen is injected for six consecutive months and then

produced for the next six months and this is repeated for 10

cycles (i.e. a total duration of operations of 10 years). The other

is the ‘3monthe3month’ schemewith injection for 3months,

idleness (shut-in) for 3 months, production for 3 months, then

idleness for another 3months and this is repeated for 10 cyclic

operations (total operation period of 10 years). If the injection/

production rate is doubled, the 6monthe6month schemewill

change to the 3 monthe3 month scheme to make the total

targeted injection/production consistent.

To test the effects of hysteresis on the performance of UHS

and study its underlying mechanism in different scenarios, 5

caseswere designed: three cases investigate the effects of gas-

liquid hysteresis and the other two cases examine hysteresis

effects under different cyclic injection/production rates (see

Table 3). Hereafter, the mention of gas saturation refers to the

hydrogen gas phase. Case 1 models UHS cyclic operations
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Fig. 7 e The areal view of the permeability distribution after adjusting the porosity-permeability relationship to the specific

characteristics of this study.
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without hysteresis and follows a moderate injection/produc-

tion rate (0.5*106m3/day) with a 6 monthe6 month scheme.

Case 2 includes only gas hysteresis while case 3 models gas

and liquid hysteresis, both under the same injection/produc-

tion scenario as case 1. Case 4 tests an extreme injection/

production rate (1.0*106m3/day) with a 3 monthe3 month

scheme. In contrast, Case 5 tests for low injection/production

rate (0.15*106m3/day) with the 6 monthe6 month scheme. The

simulation schedule and injection/production rate are set

based on production history and simulation scenarios from

the Victoria Gas Program (injection/production rate ranges

from 0.35*106m3/day to 0.7*106m3/day) [53]. These injection

and production periods are a bit longer than those used in

other UHS reservoir simulation studies [16,19,20], to reach the

limit of the reservoir to better contrast the cases.

After the effects and mechanism from hydrogen relative

permeability hysteresis on UHS performance assessment

have been revealed and understood via testing case 1 to 5,

differences that arise from using different relative perme-

ability curves including imbibition from various fluid systems

can be tested and explained. The effects from using different
Table 3 e Overview and description of each simulation case.

Case Hysteresis Inj/Pro rate [106m

Cases for studying hysteresis mechanisms

Relative permeability curves from Boon et al. [36]

1 No hysteresis 0.5

2 Gas hysteresis 0.5

3 Gas-liquid hysteresis 0.5

4 Gas-liquid hysteresis 1.0

5 Gas-liquid hysteresis 0.15

6 Gas-liquid hysteresis 0.5

Cases for studying different relative permeability

Relative permeability curves from Krevor et al. [42]

7 Gas hysteresis 0.5
methods to calculate the Land coefficient C on UHS reservoir

simulations is investigated through case 6 where the Land

trapping coefficient (C ¼ 3.2) determined from the experi-

mental IR curve is used. Finally, the difference between using

experimental hydrogen relative permeability curves, which

display extremely low imbibition gas relative permeability

and strong hysteresis in the wetting phase relative perme-

ability, with other fluids relative permeability curves that do

not contain these characteristics, is studied by case 7. Instead

of using the relative permeability model constructed for this

study, case 7 uses experimental relative permeability curves

for the CO2-brine system from Krevor et al., 2012 [42], as

shown in Fig. 1. Case 6 and 7 only differentiate themselves

from case 3 by Land coefficient and relative permeability

curves, respectively. Also, it is noteworthy that all the tested

cases use the same pressure constraints at the wells. The

maximum bottom hole pressure for the injection well is set to

15,000 kPa to assure that reservoir pressure does not exceed

the initial (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
3/day] Inj/Pro duration Land coefficient

6 month-6month 2

6 month-6month 2

6 month-6month 2

3 month-3month 2

6 month-6month 2

6 month-6month 3.2

6 month-6month 1

https://doi.org/10.1016/j.ijhydene.2022.12.270
https://doi.org/10.1016/j.ijhydene.2022.12.270


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 1 3 5 2 7e1 3 5 4 2 13535
required for transportation and processing downstream [53].

Table 3 provides an overview and description of each simu-

lation case.
Results and discussion

Effects of gas and liquid relative permeability hysteresis

The effects of relative permeability hysteresis can be dramatic

as can be seen from the prediction of gas saturation, cumu-

lative hydrogen production, and cumulative water

production.

In case 1, relative permeability is reversible and only

drainage relative permeability is modeled. While case 3

models both gas and liquid relative permeability hysteresis,

case 2 considers only gas relative permeability hysteresis to

investigate the effects caused by liquid relative permeability

hysteresis.

Fig. 8 compares the hydrogen gas saturation map between

case 1 (no hysteresis), case 2 (only gas hysteresis), and case 3

(gas-liquid hysteresis) at the end of 10 cyclic operations. In

case 1, in the absence of hysteresis, a sharp gas-water contact

moves up towards the production well during production

periods, leaving a residual gas plume with gas saturation

ranging between 0 and 0.2 below the gas-water contact. This

plume exhibits discontinuities that reflect the permeability

distribution (not shown) confirming that liquid bypassing is

causing the residual trapping of the gas phase.
Fig. 8 e Gas saturation map by the end of 10 cyclic

operations of (a) case 1, no hysteresis; (b) case 2, gas

hysteresis; (c) case 3, gas-liquid hysteresis.
The gas saturation in cases 2 and 3 are entirely different.

Due to hysteresis and gas trapping, a residual gas plume forms

below the gas-water contact at the fringe of the shrinking gas

cap during production periods. The gas saturation in this re-

sidual gas plume ranges between 0.2 and 0.35, corresponding

to the residual gas saturation obtained when imbibition starts

at the beginning of primary production (first stage of simula-

tion), using the Land model. As a result, the gas-water contact

is very ‘fuzzy’ and there is little mobile/free gas in the reser-

voir. A similar gas saturation map has been observed in

another UHS simulation studywhere gas relative permeability

hysteresis is considered [40]. The exclusion of liquid relative

permeability hysteresis does not cause a distinct between

cases 2 and 3, as can be seen comparing Fig. 8 (b) and (c). The

reason for this is that liquid relative permeability hysteresis

will not change the end-point saturation, instead it will only

change the relative permeability of the liquid phase.

These hysteresis effects will affect injectivity and produc-

tivity during UHS cyclic operations. Fig. 9 shows the injection

(negative) and production rate (positive) history of the three

cases. All three cases are not able to reach the target gas rate

during the whole 10 cycles of operation. Case 1 delivers the

target gas rate but it declines after several months because

well pressure constraints are reached. On the other hand, case

2 and 3 which consider hysteresis, can hardly reach the target

gas rate of 0.5*106m3/day already in the first injection cycle.

This is because hysteresis immobilises a large fraction of gas

in the reservoir, leading to very low gas relative permeability

during injection and production. Liquid hysteresis is excluded

in case 2 and cyclic injectivity and productivity is lower than

that of case 3. The reason can be seen in Fig. 10 which shows

cumulative hydrogen (a) and water (b) production for cases 1,

2, and 3. In case 2 less water is produced during the first cycle

due to the lower liquid relative permeability. As a result, there

is less space formobile gas flow in the reservoir in consecutive

cycles. Consequently, the difference between the cumulative
Fig. 9 e Volumetric gas production (positive) and injection

(negative) rate at surface condition for case 1 (no

hysteresis); case 2 (gas hysteresis only); case 3 (both gas-

liquid hysteresis).
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Fig. 10 e Cumulative production history of (a) hydrogen and (b) water for case 1, 2, and 3.

Fig. 11 e Gas production/injection rate at surface condition

of medium injection/production rate case 3 (black curve),

high injection/production rate case 4 (red curve), and low

injection/production rate case 5 (dark blue curve). (For

interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this

article.)
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hydrogen andwater production of case 2 and 3 becomes larger

with each production cycle.

The comparison of case 1 with case 2 and 3 shows that the

relative permeability hysteresis starts to affect the simulation

of UHS operations from the start of the primary production of

the reservoir. For an aquifer-driven gas reservoir as used in

this study, hysteresis and gas trapping determine the

remaining space in the reservoir for storing hydrogen. Simu-

lations show that hysteresis will have a negative impact on

the injectivity and productivity of hydrogen gas. Figs. 9 and 10

show that failing to consider the relative permeability hys-

teresis effects will lead to an overestimate by 338% for the

cumulative hydrogen production and an underestimate by

54% for the cumulative water production after 10 cyclic

operation periods, respectively. Liquid hysteresis is also

important to consider as it provides space in the reservoir for

hydrogen storage in the first cycle, resulting in a 17% increase

in cumulative hydrogen production and 2.5% decrease in

water production by the end of the 10 cycles, and these dif-

ferences will keep growing with increasing number of cycles.

Therefore, correct and accurate characterization of relative

permeability including imbibition is necessary for reservoir-

scale UHS injectivity and productivity assessment as the un-

certainty brought by hysteresis will be exaggerated over time

in simulations.

Effects of injection/production rate

Next the performance of UHS under different target injection/

production rates when accounting for hysteresis is investi-

gated. Results from cases 3, 4, and 5 are compared. In case 3

and 4, the same target volume of gas is cycled during different

cyclic schemes (3 monthse3 months and 6 monthse6

months), while case 5 targets a lower injection/production

rate under the same cyclic scheme as case 3 (6 monthse6

months).

The resulting gas injection/production rate from case 3, 4,

and 5 are shown in Fig. 11. Clearly, comparing the red curve

(case 4, high injection/production rate) with the black curve

(case 3, medium injection/production rate), increasing the

target injection/production rate does not result in a better
cyclic performance because the injectivity and productivity

are impaired due to hysteresis. Both case 3 and 4 cannot reach

the target injection or production rate for any continuous

period. In contrast, at a lower target injection/production rate

(case 5), and a lower total target volume of gas per cycle

(0.15*106m3/day compared to 0.5*106m3/day), a better injection

and production performance is achieved. The low injection/

production rate case (case 5, dark blue curve in Fig. 11) ach-

ieves the target production/injection in all cycles. The reason

for these results is explained in the following.

A high target injection/production rate is expected to cause

higher gas pressure brought by a higher bottom-hole pressure

and thus an increase in gas saturation. Consequently, the gas

relative permeability would increase during the cyclic opera-

tions and therefore injectivity and productivity. However,

from Fig. 12 which shows the gas saturation variation in two
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Fig. 12 e Gas saturation variation during cyclic operations of a grid block at (a) top of the reservoir near wellbore region,

coordinates (31,2,1); (b) fringe of gas cap, coordinates (46,2,3); for the medium (case 3 - black curve), high (case 4 - red curve),

and low (case 5 - dark blue curve) injection/production rates, respectively. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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grid blocks at the top of the reservoir and at fringe of the gas

cap, respectively, in cases 3, 4, and 5, it can be seen that high

injection/production rate (red curve) does not ‘produce’ more

mobile gas. At the top of the reservoir (Fig. 12a), the gas

saturation does increase compared to the medium injection/

production rate (black curve) as expected during the first

several cycles. However, due to the upward migration of

hydrogen gas because of gravity (buoyancy), the amount of

mobile gas at the fringe of the gas cap decreases (Fig. 12b -

both for case 3 and 4). This gravity driven upward movement

of gas endswhen the injection pressure, and therefore the gas,

can not effectively spread to the fringe of the gas cap. In these

circumstances, several percent higher gas saturation at the

top of the reservoir will not bring higher productivity, as

shown in Fig. 11 (red curve compared to black curve). Simply

increasing the target injection/production rate and bottom-

hole pressure will not release the mobile gas accumulated at

the top of the gas cap more effectively (Fig. 12a red curve and

black curve) because well constraints are reached and then

injectivity and productivity can not reach target values.

Instead, due to the less effective pressure spread brought by

higher bottom hole pressure, less gas is mobile in case 4 than

case 3 during the last several cycles.

The situation is different when it comes to low target in-

jection/production rate as in case 5 (dark blue curve in

Fig. 12). Because of the lower bottom-hole pressure, pressure

and gas can be delivered to the fringe of the gas reservoir

(Fig. 11b where the dark blue curve shows more mobile gas

compared to the other cases). Consequently, the pressure

spreads better and releases the mobile gas at the fringe of the

gas cap during production periods and delivers them back,

leading to higher injectivity and productivity for case 5.

Similar to the high injection/production rate case, the gas

saturation at the top of the reservoir (Fig. 12a dark blue curve)

increases when more gas is injected into the reservoir and

accumulates at the top.
Effects of different hysteresis models

Higher gas relative permeability and less trapping during

imbibition is brought by using Land coefficient C ¼ 3.2 (case 6)

instead of C ¼ 2 and results in a better gas and pressure spread

similar to what happens in case 5, compared to case 3. Fig. 13

shows the difference in the relative permeability hysteresis

model and gas saturation at the top and bottom of the gas cap

between the two models. Clearly, when gas relative perme-

ability is higher, more methane gas is produced out from the

top of the gas cap by the end of 252 days (stage 1, Fig. 13b). As a

result, more space is available at the top of the gas cap for the

injected hydrogen gas in case 6 compared to case 3. For this

reason, less hydrogen gas reaches the bottom of the gas cap

and more gas stays at the top of the reservoir for case 6 during

initial injection (around 500 days in Fig. 13b). Due to the better

spread of gas and pressure for case 6, the gas cap keeps

expanding during cyclic operations and the gas saturation at

the bottomof the gas cap also keeps increasing. In contrast, the

hydrogen gas cannot reach the bottom of the gas cap in case 3

after initial injection due to smaller gas relative permeability

and the less effective pressure spread, decreasing the amount

of mobile gas available after each cycle.

Comparison with other fluids system

Despite the fact that the experimental CO2-brine relative

permeability curves that were used for case 7, shown in Fig. 1,

have a larger gas relative permeability (both drainage and

imbibition) and drainage liquid phase relative permeability,

simulating UHS using these CO2-brine relative permeability

curves leads to a much smaller cumulative hydrogen pro-

duction after 10 cyclic operations.

Fig. 14 (a) shows the cumulative hydrogen production

history during cyclic operations of case 3 and 7. The hydrogen

production of case 3 is higher than that of case 7 already from
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Fig. 13 e (a) Comparison between calculated gas relative permeability hysteresis model with Land coefficient C ¼ 2 (dashed

curve) and C ¼ 3.2 (dotted curve); (b) Gas saturation variation during cyclic operations at a grid block at the top of the

reservoir near wellbore region (black curve), coordinates (31,2,1); at the fringe of the gas cap (dark blue curve), coordinates

(48,2,1); in case 3 and 6. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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the first cycle and the difference between them keeps

increasing till the end of the simulation. Based on the results

from previous cases, this is because the liquid phase relative

permeability during imbibition for case 7 is much lower than

case 3, making it hard for the liquid phase to be produced or

displaced by injected hydrogen. Fig. 14 (b) presents the gas

saturation variation during simulation. Due to the larger

drainage relative permeability, the gas saturation does reach a

higher level during the initial injection stage compared to case

3, but the range of gas saturation variation of case 7 is much
Fig. 14 e (a) Cumulative hydrogen production history of case 3

and liquid phase hysteresis) and 7 (red curve, CO2-brine relative

variation during cyclic operations at the fringe of the gas cap, co

references to color in this figure legend, the reader is referred t
smaller. This is brought by the lower liquid phase relative

permeability during imbibition and subsequent poorer sweep

of pressure and injected hydrogen which is consistent with

the observations from previous cases.

Overview of all cases

Table 4 gives an overview of the key differences in the results

for the cases in this study in terms of cumulative hydrogen

production, hydrogen recovery, and cumulative water
(black curve, H2-brine relative permeability, with both gas

permeability, only gas phase hysteresis); (b) Gas saturation

ordinates (46,2,3); in case 3 and 7. (For interpretation of the

o the Web version of this article.)
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Table 4 e Overview of results from all cases.

Case Sensitivity Cumulative hydrogen
production (kg)

Hydrogen
recovery (%)

Cumulative water
production (kg)

1
e

6.288*107 97.87 1.424*107

2 Gas hysteresis 1.239*107 81.78 3.022*107

3 Gas-liquid hysteresis 1.493*107 83.84 2.948*107

4 High injection/production rate 0.962*107 78.25 1.136*107

5 Low injection/production rate 2.218*107 83.95 1.377*107

6 Land coefficient 3.229*107 91.08 2.274*107

7 CO2 relative permeability 0.618*106 67.00 0.003*107
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production. Comparing case 1 with 2 (with hysteresis), as a

result of gas hysteresis, a large amount of gas is trapped

behind the gas-water contact when the gas cap is shrinking

towards the production well, thus decreasing the cumulative

hydrogen production and hydrogen recovery. Meanwhile, the

inclusion of liquid hysteresis (case 3) improves this situation

by increasing the relative permeability of the liquid phase,

allowingmore gas to be injected (17.5%more gas is injected in

case 3 compared to case 2) and produced from the reservoir. A

fraction of this injected gas will in return get trapped in the

reservoir and decrease the water relative permeability during

later cycles and finally result in less cumulative water pro-

duction. Since the medium injection/production rate (case 2

and 3) is difficult to reach, simply increasing the target injec-

tion/production rate and shortening the cycle duration (case

4) will only increase the value of gas saturation at the top of

the reservoir (Fig. 11a red curve). Such a scenario cannot

effectively enlarge the range of pressure and gas saturation

during cyclic operations (Fig. 11a, compare black and dark blue

curve). Instead, the pressure and gas saturation variation

range decreases because of the shorter cycle and higher

bottom-hole pressure, as well as the cumulative water and

hydrogen production (Table 4). In contrast, a lower target in-

jection/production rate and a higher gas relative permeability

hysteresis model, require a lower bottom hole pressure dif-

ference, leading to a better spread of both pressure and gas.

When more of the injected gas is trapped in the reservoir due

to hysteresis (case 5 and 6, Figs. 11a and b dark blue curve, and

Fig. 12b), the liquid relative permeability is decreased, result-

ing in a reduction of the cumulative water production (case 5

has the second lowest water production in all cases, case 6 has

29% less water production under same injection/production

rate as case 3). Therefore, from the comparison of cases 3, 4, 5,

and 6, it can be concluded that it is the achievable range of

pressure and gas saturation that provides effective UHS

injectivity and productivity. Hydrogen relative permeability

hysteresis decreases injectivity and productivity by trapping

the injected hydrogen and connate natural gas, diminishing

the amount of mobile gas, and decreasing the gas phase

relative permeability. The above shows that incorporating

accurate IR data and relative permeability hysteresis data in

modelling are equally important for UHS reservoir simulation,

as they affect the gas saturation and pressure variations

during UHS cyclic operations, respectively.

The results of the comparison between case 3 and 7

emphasize the importance of using experimentally measured

hydrogen-brine relative permeability including imbibition

when simulating UHS at reservoir-scale. Implementing
relative permeability curves from other fluid systems will

cause uncertainty in terms of gas saturation and up to 141%

underestimation on cumulative hydrogen production. As

such, more experimental and numerical studies are needed to

further study the unique characteristics of hydrogen-brine

relative permeability including imbibition.

The effects of experimentally measured hydrogen relative

permeability hysteresis on UHS resulting from the simulations

described above are associated with several assumptions and

particularities of the selected reservoir. The relative perme-

ability in this study is fixed. Part of the effect of porosity and

permeability variations on relative permeability are considered

naturally through the heterogeneous absolute permeability

(recall that the effective permeability to a fluid is the product of

absolute permeability and relative permeability of the fluid).

However, amore completemodel would incorporate variations

in relative permeability according to the permeability and

porosity variation as well. Reservoir simulation in this study

only considers gravity, capillary, and viscous forces, so flow

behaviors may change when more physics are included. For

example,when geochemical reactions are considered and there

aresensitivemineralspresent inthereservoir, thepetrophysical

properties of rock may change during UHS cyclic operations

[23,58],whichmayaffectUHSprojects.Mechanicaldeformation

under fluctuating pore pressure is also another important

physicalprocesses thatmayalter thehydrodynamicsof theUHS

projects [59,60]. In this study, the reservoir for hydrogen storage

is based on the depletion of a hydrocarbon gas reservoir. Also,

the experimentally measured hydrogen gas phase relative

permeability used in this study is very low (most below 0.1)

which is partially consistentwith other hydrogen-brine relative

permeability experiment studies [37,44]. If a higher gas phase

relative permeability is used (e.g. the case 6 and 7 in this study),

the inclusion of both gas-liquid hysteresis, compared to cases

without them, may lead to estimates of higher injectivity and

productivity for UHS projects. However, due to hysteresis gas

trapping, the recovery will still be lower than without it (case 3

and7) [61].Therefore, thecomparisonbetweencase3, 6,and7 in

this study may serve as a starting point of discussion on how

different relativepermeabilitymodels (includinghysteresis)will

affect the simulated performance of UHS projects. Lastly, the

depleted gas reservoir in this study is a quite small generic

water-gas reservoir.This setting leads tomorewaterproduction

and lower achievable injection/production rate compared to

larger oil and gas reservoirs where expansion or weak aquifer

drive dominates. Indeed, it would have been more realistic to

simulate primary production (simulation stage 1) using gas-

brine relative permeability from the depleted gas field, instead
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of hydrogen-brine relative permeability curves. However, the

commercial simulator that was used did not allow it. Our study

might underestimate the gas production during the primary

production stage or overestimate the gas production during the

UHS cyclic operation stage. Furthermore, the multiphase flow

behavior in the transitionzonewherehydrogenandcushiongas

aremixing is still unknown.We recommend related research to

be conducted in the future.
Conclusion

Experimentally measured hydrogen relative permeability

especially hysteresis curves show distinct characteristics

compared with that of other fluid systems (gas-water [30] and

CO2-brine [42]). Such hysteresis in the gas-liquid relative

permeability of the hydrogen-brine-rock systemhas profound

effects on the prediction of saturation distribution, hydrogen

production, and water production for UHS projects conducted

through reservoir-scale simulations. The main effects are

summarized as follows.

1. First of all, accounting for gas relative permeability hys-

teresis during simulation of the UHS process is essential to

accurately assess the injectivity and productivity of a UHS

project. As a result of gas trapping, less of the pore space is

available for the mobile injected hydrogen gas which de-

creases the gas phase relative permeability and conse-

quently the injectivity and productivity. In certain

scenarios, failing to consider gas relative permeability

hysteresis will cause an overestimate by up to 338% of

cumulative hydrogen production.

2. Accounting for liquid hysteresis in UHS simulation in-

creases the liquid phase relative permeability whichmakes

it easier for the injected hydrogen phase to displace the

liquid phase. However, the trapping of gas will eventually

decrease the liquid phase relative permeability at the

fringe of the gas cap (compared to less trapped gas satu-

ration in other scenarios), and the ultimate water produc-

tion will be less compared to cases that do not consider

liquid hysteresis.

3. The effects from gas and liquid relative permeability hys-

teresis would be different depending on specific UHS sce-

narios. More specifically, when gas phase relative

permeability is very low, increasing the injection/producti-

on rate will only increase the gas saturation. At the same

time, it will also decrease the range of gas saturation

variation during the cyclic production period, due to the

shorter production periods and less effective pressure

spreads. Under these circumstances, gas phase hysteresis

is more important than liquid hysteresis since it further

decreases the gas relative permeability and consequently

the hydrogen injectivity. In contrast, when gas relative

permeability is enough to provide the target injection/

production rate after considering gas hysteresis, liquid

hysteresis is more important. This is because it can

improve the displacement of liquid phase by injected gas

phase, increasing the variation range of gas saturation in

the whole gas cap region and subsequent productivity

during cyclic operations.
4. Relative permeability curves obtained for other fluid sys-

tems are proven to be not suitable for acting as proxy of

hydrogen-brine relative permeability curves (including

imbibition). The strong liquid phase relative permeability

hysteresis for hydrogen-brine system provides 141% more

productivity even with much smaller gas phase relative

permeability compared to that of other fluid systems.

When assessing UHS performance at reservoir-scale with

strong aquifer support, the use of experimentally derived

hydrogen-brine relative permeability curves including

imbibition is recommended.
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