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ABSTRACT

The depletion of fossil energy resources and the emission of greenhouse gases are among the key factors driving attention toward renewable energies.
Hydrogen storage, as an energy carrier, is considered one of the promising methods for sustainable utilization of these resources. In underground
hydrogen storage (UHS), a portion of the gas remains unrecovered due to insufficient production pressure and is retained as cushion gas. To minimize
hydrogen loss, it is proposed to replace hydrogen with more cost-effective gases, such as methane, nitrogen, or carbon dioxide, as the cushion gas. This
study provides a comprehensive assessment of various cushion gases and the parameters influencing hydrogen storage in their presence, aiming to
propose strategies for optimizing this process. In this study, over 300 scientific papers were reviewed, among which 80 articles were selected as the
primary sources related to the underground storage process of hydrogen gas and other gases in the presence of cushion gas, while an additional 82
articles were reviewed as complementary references. These papers were categorized into three groups: the impact of cushion gas properties, reservoir
properties, and operational parameters. The content was summarized and presented coherently, providing a comprehensive foundation for analyzing
hydrogen storage in the presence of cushion gas. The results indicated that using gases such as methane, nitrogen, and carbon dioxide as cushion gas
could significantly contribute to the economic aspects of UHS by reducing the amount of trapped hydrogen in the reservoir. The density and viscosity
of the cushion gas play an important role in UHS. Nitrogen gas, due to its favorable physical properties, is a superior option for injection as it reduces
the risk of phenomena such as gravitational segregation and fingering. In contrast, carbon dioxide, due to its solubility in formation water and high
compressibility, requires the injection of larger volumes to achieve the desired reservoir pressure. Additionally, reduction in pressure and increase in
temperature, porosity, and permeability lead to a decrease in hydrogen purity. Furthermore, simulations show that injecting the appropriate cushion gas
and increasing the reservoir's recovery factor before starting hydrogen storage can help improve hydrogen purity and recovery.
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Table 1 Previous Studies on Underground Hydrogen Storage and the Impact of Cushion Gas on It

No. Methodology Type of_ Cushion Important Summary of Main Results Ref
(Software) Reservoir Gas Parameters
. The effect of CO: solubility on hydrogen
Numerical (CMG : H; Purity, CO; purity is demonstrated, showing that under
1 Aquifer CO: Solubility, : . " [56]
Software) n gravity-dominated conditions, H recovery
Hydrodynamics - .
efficiency improves.
. The use of CHa as a cushion gas is suggested
2 Numerical Gas Reservoir CO:, N, Contact Anglle, due to its ability to reduce surface tension [42]
(COMSOL) CHa Surface Tension h
and enhance hydrogen production.
Flow Stability, Use of methane (CH4) as cushion gas results
Numerical - Hydrogen Purity, in better hydrogen recovery performance
€ (Eclipse) ol CO:, CH. Gas compared to carbon dioxide (CO:), especially e
Compressibility in gravity-dominated flow regimes.
Aquifer Deep,
Numerical - Permeability, Cushion gases positively influence leakage
4 (TOUGH?2) Aquifer €O, N Well, Cushion | reduction and storage pressure enhancement. [58]
Gas
Reservoir RF, Hz q —_ -
Numerical (CMG Gas COz, N2, Inj/Pro Rate, e eXh'b'tS.the h'ghw hydrogen
5 _ GEM) Condensate CH. Condensate recovery factor, while COx is identified as a [59]
. condensate production enhancer.
Production
Hydrogen
Recovery,
Numerical (CMG . . CO2, Nz, Unwanted Water | The highest hydrogen recovery was achieved
6 - GEM) Oil Reservoir CH4 and Oil using CHa as the cushion gas. [41]
Production,
Hydrogen Loss
Gas Solubility,
7 Numerical (CMG Aquifer CO2, N2, Reservoir Increased cushion gas solubility leads to a [60]
— GEM) q CH. Pressure, Water reduction in the ultimate hydrogen recovery.
Production
Numerical Injection and The use of nitrogen as a cushion gas helps
8 Gas Reservoir N2, CHa Production Rates, reduce gas mixing and improves hydrogen [61]
(DuMux) ..
Gas Mixing storage.
Hydrogen
Displacement The use of CO: foam improves hydrogen
9 Experimental Aquifer CO: Foam Efficiency, Gas displacement and reduces water permeability [62]
Movement into the reservoir.
Control
Numerical Heterogeneous Flow Behavior, Reservoir heterogeneity reduces hydrogen
10 . Porous CO2 - . A [63]
(Eclipse) Medium Cushion Gas purity and prevents gas migration.
Numerical Recovery Factor With an increase in injection cycles, the ratio
11 Aquifer CO2, CH4 y of unrecoverable gas decreases, and storage [64]
(TOUGH2) of Ha e
efficiency improves.
. Hydrogen Found that CHa4 is the best cushion gas with
12 Numerical (CMG Aquifer €Oz, N, Recovery Rate, an 80% recovery rate, while CO is better for [65]
- GEM) CHa . i ;
Gas Purity storage due to higher density.
Heteroaeneous Flow Regimes, Observed best recovery efficiency in gravity-
13 Scaling Modeling 9 ; CO: Hydrogen dominated flow regimes; displacement [54]
Porous Media - o .
Stability challenges decrease with increasing COs..
Porous Rocks Storage Effects of CO: and N> cushion gases on
14 Numerical (Saline Aquifer CO. N Efficiency, Deep hydrogen storage studied using simulation [66]
(tNavigator) and Gas s Learning Effects | and deep learning, showing improved storage
Reservoir) efficiency.
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No. Methodology Type of Cushion Important Summary of Main Results Ref
(Software) Reservoir Gas Parameters
Contact Angle, Effects of N as a cushion gas studied,
15 Experimental Depleted Gas N2, CHa, Surface Tension, showing reduced surface tension and [49]
P Reservoir CO: Pressure & improved hydrogen recovery in depleted gas
Temperature reservoirs.
Seasonal
16 Numerical Anticline N Effl;'c)i/s;(;ger(];as Nitrogen as a cushion gas improves recovery [50]
(CMG-GEM) Aquifer 2 - Y, efficiency up to 85% during storage cycles.
Displacement
Factors
Wettability, Increased pressure and reduced temperature
. Contact Angle, improve hydrogen efficiency under lower
ol ST EE] ST (05 Pressure & water wettability conditions, reducing [67]
Temperature leakage risks.
Recovery
. Efficiency, CHea as the cushion gas is the most effective,
18 Numerical Saline Aquifer COz, N, Compressibility, mitigating hysteresis effects during the [68]
(CMG-GEM) CHa L
Wettability recovery process.
Effects
Numerical Interfacial
(Machine CO.. N Tension, Machine learning models accurately
19 Learning Models - Czﬁ = Pressure, predicted interfacial tension, aiding in [69]
(MLP, RF, SVM, ¢ Temperature, Gas improved hydrogen storage.
DT)) Composition
Mineral Rocks
or (sp)tziﬁne C\Ol\r/];?g bﬁintgle’ Increased CO: proportion improved
20 Experimental Ty CO: Y, wettability and underground hydrogen [46]
minerals such Temperature, e
: storage efficiency.
as calcite, Pressure
dolomite)
Hysteresis,
Microfluidic Displacement . - .
. . Microfluidic system demonstrated hysteresis
21 Experimental Sandstones Ha, CO2 Mechgnlsms, behavior, enhancing hydrogen recovery. [70]
System Residual
Saturation
Microfluidic
Experiments and Gas Saturation, Lower injection rates led to higher gas
22 Numerical (Pore Gas reservoir | Hz, CHs, N2 Injection Rate, saturation; CHa4 and N> outperformed H- in [71]
Network Gas Structure storage efficiency.
Modeling)
PESEIpIE Lower H: adsorption compared to CH4 and
. Cretaceous Hz, CHa, Capacity, o .
23 Experimental Cameo Coal CO, Pressure, CO2; adding t;;ssgrg?is:s optimized Hz [72]
Temperature ption.
Numerical Depleted Qil Storage Capacity, Depleted reservoirs and aquifers have
24 Reservoir and CO:, CHa Hydrogen suitable capacity for hydrogen storage; CO- [73]
(CMG) - - ey
Saline Aquifer Recovery injection aids in recovery.
Permeabilit Cushion gas with low viscous and density
o5 Numerical Aquifer Nz, CHa, H steresisy, and aquifer with low permeability and [74]
(TOUGH2) q CO: YSIETests, temperature lead to improved hydrogen
Compressibility .
recovery and purity.
Numerical Depleted . N . .
26 (Multiscale Unconventiona CH, MuItIS(:ale_ Flow | CH. injection as cushlo_n gas shows effective [75]
. - - Mechanisms performance in enhancing hydrogen storage.
Simulation) | Gas Reservoir
Numerical Injection and
Depleted Oil Production Using CHa as cushion gas improves
&y (EELIPSS and Gas Field Qek, COx Cycles, Hydrogen hydrogen recovery up to 87%. [76]
TOUGH?2)
Recovery
Numerical (multi-
physics Pressure, . o
. CO:- usage increases hydrogen purity in
framework of the - CO2, N, Hydrogen Purity, - -
28 Delft Advanced Aquifer CH. Cushion Gas productlﬁndarr;d é\rl]z,r g;t:f/ e|Irr1crease the [77]
Reservoir Effects ydrog Y
Simulation)
fa
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No. Methodology Type of Cushion Important Summary of Main Results Ref
(Software) Reservoir Gas Parameters
Numerical (CMG Depleted Gas Surface Systems, Storage costs are influenced by cushion gas
29 — MATLAB - P - N2 Fluid Flow and Hydrogen mixing and segregation reduce [78]
Reservoir - - ;
Aspen plus) Modeling purity over time.
. Hydrogen 78% recovery rate estimated for seasonal
30 Numerical Aquifer None Recovery Rat(_e, storage in aquifers; hydrogen uplift poses a [79]
(COMSOL) Hydrogen Uplift ’risk
Phenomenon '
- Impact of CHa4 composition on shale surface
31 Experimental Shale Rock Hz, CHa Wettab'l'tY'. G wettability and enhanced hydrogen storage [80]
Composition .
examined.
Numerical Storage Capacity, | Hydrogen injection into aquifers is feasible,
32 Deep Aquifer H2 Withdrawal Rate, but environmental challenges need [81]
(TOUGH2)
Inlet Pressure management.
A negative skin factor initially reduces
33 Numerical Depleted Gas _ Storage Capacity, | hydrogen purity during rapid withdrawal, but 182]
(MRST) Field Hydrogen Purity this effect diminishes over time, improving
purity.
: . Relative . - e .
Numerical (Pore Porous Media . Pore scale simulation and Sensitivity analysis
. . . Permeability, : .
34 scale modeling — with Saline Ha . of rock and fluid properties enhances [83]
PNM) Water Capillary hydrogen storage efficiency
Pressure '
35 Numerical (Pore- Porous Nedia co Tra’;g?;%uelgore Pore geometry and injection rate affect 84]
- 2 3 . . .
scale modeling) Geometry hydrogen trapping efficiency.
. i Hysteresis, Trapping and hysteresis studied via
36 Exrp;erlirrrrlzntiil ()X Sandstone H Trapping, tomography; Ostwald ripening enhances [85]
y Imaging Ostwald Ripening recovery.
Experimental D_Il_srzoluitr:on, Hydrogen dissolution and trapping under
37 (pore-scale Sandstone Ha Res?e?vo?r' reservoir conditions examined via 3D [86]
visualization) Conditions imaging.
Numerical (Pore . Multiphase Flow, Hydrogen wettability leads to loss of some
38 scale modeling) Aquifer None Wettability hydrogen during extraction. [87]
Experimental Storage Capacity, At ey i . .
39 (Microfluidic Sandstone None Residual IEBHE w;trr;drai\r/]valotl:‘yr:: Igs;cl)ng:]ease el [88]
System) Trapping Pping ot hydrogen.
Numerical - . Lo
40 (Multiphase Gas Reservoir | COs and N Permeapl_llty, Gas Geo!oglcal heter_ogenelty increases gas [89]
. - Mixing mixing, reducing hydrogen purity.
simulation)
LDl Wetiability, Use of CO: and CHa improves hydrogen
(Molecular ; CO2 and Contact Angle, -
41 . Clay Reservoir . recovery and reduces caprock sealing [90]
Dynamics CHa Interfacial
- - . pressure.
Simulation) Tension
Numerical -
Permeability, Gas . .
42 (Molecu_lar Clay Minerals COs, CHa Distribution in CO: has hlgher_adsorptlon on shale surfaces, [91]
Dynamic preventing hydrogen leakage.
- - Pores
Simulation)
Relative
43 Experimental Sandstone Ha, CHa, N2 Permeability, Haz, CHa, and N are all suitable as cushion [92]
Contact angle, gas
Wettability
O
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Figure 4 Impact of cushion gas A (top: carbon dioxide) and B
(bottom: methane) on gas saturation and hydrogen mole fraction
[56]
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pressure and the hydrogen injection rate into the reservoir[41]
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Figure 5 Influence of different cushion gases and their solubility
on (a) the average reservoir pressure and (b) the volume of water

produced from the aquifer during the hydrogen storage
process[60]
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