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Abstract  A numerical sensitivity analysis of a 
hydrogen pore storage system is carried out on a 
reservoir-scale geological model of the Ketzin site 
(Germany) to analyze the influence of uncertainty in 
geological parameters and fluid properties on storage 
performance. Therefore, the following physical geo-
logical parameters and fluid properties were investi-
gated: Porosity and permeability of the reservoir rock, 
the brine salinity, relative permeability and capillary 
pressure and mechanical dispersion. The range of 
the applied parameters is based on experimental and 
field data of the chosen location obtained during the 
former CO2 storage projects at the Ketzin site from 
2008 to 2013. Using the open-source reservoir soft-
ware MUFITS for the numerical simulations, strong 
differences between the results can be observed. The 
results were evaluated based on measures to quantify 
performance, such as the ratio of produced hydrogen 
mass to produced cushion gas (nitrogen), productivity 
index and sustainability index. The strongest impact 
on the performance parameters was observed with 

variations in the capillary pressure and the relative 
permeability curves followed by the absolute permea-
bilities, while the least impact was seen with changes 
in the porosity and salinity of the brine. This work 
is not only crucial as a pre-feasibility study for the 
Ketzin storage site for hydrogen storage but also as a 
basis for decision-making for other potential storage 
sites in sedimentary basins.

Highlights 

•	 A sensitivity analysis of hydrogen storage at Ket-
zin on geological parameters is considered.

•	 The open-source software MUFITS is utilized for 
reservoir-scale numerical simulations.

•	 Permeability and capillary pressure significantly 
affect storage performance.

•	 Recommendations for realizing a future hydrogen 
storage demonstrator are provided.
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b	� Salinity (mol/kg)
�	� Viscosity (Pa s)
�	� Porosity
�H

2

	� Gas mass fraction
BHP	� Wellbore bottom-hole pressure (bar)
kh , kv	� Horizontal, vertical permeability (mD)
kr	� Relative permeability
M	� Mass (t)
p	� Pressure (bar)
pc	� Capillary pressure (bar)
PI	� Productivity index (Sm3/day/bar2)
Q	� Mass ratio
SI	� Sustainability index
Sg , Sw	� Gas, water saturation
t	� Time (day)
T 	� Temperature (°C)

1  Introduction

To achieve climate neutrality, Germany has commit-
ted to energy transition as part of the Federal Climate 
Protection Act (German Federal Government 2019). 
As a key component of that, the national hydrogen 
strategy of the German Federal Ministry of Economic 
Affairs and Climate Action (2020) outlines targets for 
hydrogen (H2) production, infrastructure, application 
and regulations. Central to this strategy is H2 under-
ground storage, which ensures supply security and 
enables dispatchable renewable energy. Surplus elec-
tricity is converted to green H2 via electrolysis, allow-
ing energy storage and later consumption.

H2 storage can be realized with surface tanks 
providing capacities ranging from hours to days 
(kWh-MWh) (Sterner and Specht 2021). However, 
to achieve the abovementioned goals, capacities in 
the range of GWh to TWh over weeks to months are 
required, and therefore, subsurface storage is needed 
(Sterner and Specht 2021). Cavern storage facilities 
are primarily located in the northern regions of Ger-
many (Kruck et al. 2013). On the other hand, depleted 
natural gas fields and saline aquifers are more abun-
dant in Germany and throughout Europe (Heinemann 
et al. 2021a). In these cases, gas is stored in the pores 
of a geological reservoir, which are usually sedimen-
tary rocks such as sandstone or limestone and pro-
vide a higher storage capacity than caverns (Ramesh 
Kumar et  al. 2023). Both storage options have been 
already used for decades for the storage of natural 

gas and other hydrocarbons worldwide (Foh et  al. 
1979). The current gas storage system in Germany is 
designed for storing natural gas. Several interdiscipli-
nary challenges need to be solved to integrate H2 pore 
storage facilities into the future energy system.

One significant challenge in the context of H2 
underground storage is the influence of the geological 
characteristics of saline aquifers on the storage per-
formance, especially recovery efficiency and safety 
(Heinemann et  al. 2021a; Thiyagarajan et  al. 2022). 
The selection of suitable sites requires an understand-
ing and evaluation of geological parameters such as 
rock porosity, permeability and reservoir thickness 
(Okoroafor et al. 2022; Raza et al. 2022; Malki et al. 
2024). The physical properties of H2, particularly 
its high mobility and low density, make secure sub-
surface storage challenging (Zivar et al. 2021; Jafari 
Raad et al. 2022).

Dynamic numerical simulations enable the in-
depth investigation of reservoir behavior during the 
injection and withdrawal of H2 to identify influenc-
ing parameters on the storage performance. Ershadnia 
et al. (2023) conducted a numerical sensitivity study 
highlighting key geological and operational factors 
that significantly impact the recovery of H2 in saline 
aquifer storage. They conclude that higher perme-
ability anisotropy and lower temperatures increase the 
extent of H2 recovery volume while using a cushion 
gas. Several further sensitivity studies come to the 
conclusion that permeability is the most influencing 
factor on upconing (Oldenburg et al. 2024) and stor-
age performance (Okoroafor et al. 2022; Malki et al. 
2024). The type of cushion gas can also significantly 
impact the efficiency and purity of H2 in an under-
ground storage system (Saeed and Jadhawar 2024a). 
The presence of cushion gas is crucial to maintain-
ing the operating pressure and achieving the target 
production volumes (Heinemann et al. 2021b). Vari-
ous cushion gases were examined in the context of 
UHS, such as nitrogen (N2) (Pfeiffer and Bauer 2015; 
Pfeiffer et  al. 2017), carbon dioxide (CO2) (Wang 
et  al. 2022; Ben Rhouma et  al. 2024) and meth-
ane (CH4) (Okoroafor et  al. 2022; Izadi Amiri et  al. 
2024). Among these, CO2 poses a disadvantage due 
to its reactivity, particularly its potential to undergo 
methanation with H2 (Chai et  al. 2023; Izadi Amiri 
et al. 2024). In contrast, lighter gases as N2 and CH4 
demonstrate higher H2 recovery due to reduced vis-
cous fingering and gravity override effects (Kanaani 
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et  al. 2022; Chai et  al. 2023; Saeed and Jadhawar 
2024a, b; Zhao et al. 2024). Given the consistent evi-
dence supporting the advantages in terms of perfor-
mance, hydrogen purity, and operational cost (Chai 
et al. 2023; Zhao et al. 2024; Izadi Amiri et al. 2024), 
N2 is selected as the cushion gas in this study.

However, several publications deal with site-spe-
cific geological models for numerical simulations of 
H2 storage in depleted gas fields (Lysyy et al. 2021; 
Sarı and Çiftçi 2024a, b; Liu et al. 2024) but only a 
small number on saline aquifers. Wang et al. (2023) 
analyze the H2 recovery efficiency of a deep saline 
aquifer in Wyoming, USA, concluding that H2 dis-
solution, as well as relative permeability hysteresis, 
leads to a reduction of the H2 recovery. Sainz-Garcia 
et  al. (2017) focus on underground H2 storage fea-
sibility in Spain’s San Pedro belt, emphasizing the 
importance of detailed geological data for the consid-
eration of seasonal storage. However, the study of H₂ 
storage in saline aquifers is still in its early stages, and 
the effects of such storage remain poorly understood, 
requiring further investigation.

In this study, a numerical sensitivity analysis is 
conducted to evaluate the impact of uncertainties in 
critical geological parameters and fluid-rock proper-
ties on the performance of a hydrogen storage system, 
a gap that, to the authors’ best knowledge, is not yet 
addressed in the existing literature. The key novelty 
of this research lies in its use of a realistic geological 
reservoir model of a deep saline aquifer at the Ket-
zin site in Germany, a location currently being inves-
tigated as a potential hydrogen storage site. Unlike 
most prior studies that rely on generic reservoir mod-
els with arbitrarily selected geological parameters, 
this work employs site-specific parameters based on 
field measurements and experimental data to provide 
more accurate and applicable insights. The results are 
systematically analyzed using both existing and newly 
developed metrics to quantify hydrogen storage per-
formance, to identify the most influencing parameters 
for future hydrogen storage projects.

2 � The Ketzin storage site

The geological structure for storing the injected gas 
is the Ketzin anticline. It is located at the eastern part 
of the double anticline structure Ketzin-Roskow in 
the northeast German Basin (NEGB) as part of the 

Central European Basin System (Förster et al. 2006). 
The structure was formed by salt diapirism, which 
lifted the overlaying Triassic rock formations includ-
ing Buntsandstein, Muschelkalk as well as Keuper 
and Lower Jurassic formations. The resulting anti-
cline has a strike of north-northeast-south-southwest 
and the flanks gently dip at an angle of about 15° 
(Förster et al. 2006). Based on a 3D survey of 2005 
a west-southwest–east-northeast– to east–west–trend-
ing Central graben fault zone (CGFZ) was mapped at 
the top of the anticline. The site was used for gas stor-
age over several decades. In the 1960s, it was used 
for town gas storage in the shallow Lower Jurassic 
formations, converted to natural gas storage in 1992 
(Beer and Hurtig 1999). In 2004, it became the site of 
Europe’s first onshore CO2 storage project, with CO2 
injected into the deeper Triassic Stuttgart Formation 
in the flank of the anticline. During the regular injec-
tion phase of several European and national funded 
projects (e.g., CO2SINK, CO2MAN, COMPLETE), 
67,000 t of CO2 was injected and permanently stored. 
The storage facility was dismantled after the projects 
were completed. From 2022–2023, the HyExpert pro-
ject H2VL conducted a pre-feasibility study for estab-
lishing a H2 valley in the surrounding region. The 
study recommends a demonstration project for hydro-
gen underground storage in a saline aquifer (Wasike-
Schalling et al. 2023). Due to the history of the Ketzin 
site and the availability of geological and experimen-
tal data, this site is being used as part of the Helm-
holtz GEOZeit project to investigate the storage of 
hydrogen in saline aquifers using laboratory work and 
numerical simulation  (Febbo et  al. 2025; Schmidt-
Hattenberger et al. 2024; Eckel et al. 2025a).

3 � Simulation model description

3.1 � Geological model

The conceptual model of the H2 underground storage 
at the Ketzin site used in this study is illustrated in 
Fig.  1. A single well for injection and production is 
positioned at the top of the anticline, 2 km north of 
the former CO2 injection site (Fig.  1), targeting the 
Stuttgart Formation, which is used as a storage res-
ervoir (Fig. 2). The well has a diameter of 0.3 m and 
is perforated across the entire thickness of the res-
ervoir (70  m). H2 is used as a working gas, and N2 
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as a cushion gas to displace the formation brine and 
to build up pressure around the wellbore. The latest 
static geological model from the CO2SINK project is 
implemented (Norden and Frykman 2013), which has 
a size of approximately 3000 m × 2500 m and a total 
thickness of around 85  m (Fig.  2). The simulation 
domain includes the storage formation with a thick-
ness of approx. 70  m in depth from 536 to 661  m, 
which is overlain by a caprock with a thickness of 

around 15  m. This depth range aligns with a previ-
ous study indicating suitable reservoir conditions 
for H2 storage (Okoroafor et  al. 2022). The model 
includes five faults intersecting the area through both 
caprock and storage reservoir. Two faults are south of 
the selected well location. The southernmost fault is 
approx. 500  m from the well, the second 230  m. A 
lateral separation of approx. 130 m exists between the 
two northern faults close to the well. The unstructured 

Fig. 1   Illustration of the 
conceptual model of the 
potential underground 
hydrogen storage project 
showing the former pilot 
CO2 storage site in Ketzin 
with surface facilities, 
injection well “Ktzi 201” 
and observation wells “Ktzi 
200” and “Ktzi 202” as well 
as “P300” (modified after 
Liebscher et al. (2013) and 
Martens et al. (2012))

Fig. 2   Oblique view of the 
3D numerical grid of the 
Stuttgart Formation of the 
Ketzin anticline, includ-
ing five faults. Depicted is 
the cell depth. The vertical 
z-direction is magnified 
tenfold times
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grid of the reservoir model consists of 22,040 cells, 
with 58 cells in the x- and 38 in the y-horizontal 
direction. The reservoir is divided into 10 cells in the 
vertical direction (z-direction). The upper two cells 
have a cell vertical spacing of 5 m, which later will be 
defined as the caprock. Whereas the cells 3–10 of the 
reservoir have vertical sizes between 5 m, at the top 
and 21 m at the bottom of the reservoir. Near the well 
and between the faults the grid is refined. 

3.2 � Model conditions

The top two layers of the grid are defined as imper-
meable caprock layers and the rest as the geological 
reservoir. Below the caprock and the storage forma-
tion, no-flow boundary conditions are implemented. 
Based on the large horizontal extent of the storage 
formation, and to prevent an unrealistic increase in 
pressure due to water displacement, the reservoir 
is laterally infinite. For the purpose of the sensitiv-
ity analysis to test and isolate the influence of dif-
ferent parameters on the reservoir performance, the 
reservoir lithology is simplified and homogeneously 
parameterized with porosity � and permeability k . In 
addition, geomechanical and geochemical aspects are 
therefore not considered to focus on the effects on the 
hydrodynamics. All faults are defined to be imperme-
able in the simulation model. Based on logging data 
from the Ktzi 200 observation well (Loizzo et  al. 
2013), an average temperature across the thickness 
of the formation of T= 33 °C is assumed for the iso-
thermal simulation. A hydrostatic pressure gradient 
of 40 bar at 400 m is defined. The timesteps during 
the operational phases (B-D) (see Fig. 4) range from 
2 to 300 days. The initial water saturation of all active 
cells is 1.0.

3.3 � Energy storage cycles

The injection and production protocols for phase 
and cycle lengths of H2 storage follow the ones 
defined by Pfeiffer and Bauer (2015), where the 
demand for energy storage is assumed to be one 
week to cover shortages in energy production due 
to natural fluctuations of renewable energies. Before 
the actual storage operation begins, a one-year-long 
period (phase A) is simulated to ensure steady-state 
conditions. This period can be also considered for 
baseline measurements during the construction of 

a demonstrator storage site (see Fig.  4). The stor-
age operation is divided into three phases. First, 
N2 is injected for approx. 2 years (710 days, phase 
B). This phase is followed by the initial H2 injec-
tion phase lasting for 210 days (phase C). Following 
that, six discharge and charge cycles with shut-in 
periods are performed (phase D): first 7 days of pro-
duction, followed by shut-in (5.25 days), then injec-
tion for 60 days and 30 days of shut-in.

The bottom hole injection and production pres-
sures (BHP) are limited to 83  bar and 48  bar, 
respectively. These assumptions are based on the 
wellbore bottom-hole pressure limit of 83  bar that 
was set during a former CO2 injection experiment 
at a similar depth for the Ketzin site (Liebscher 
et al. 2013). The production pressure is set to 48 bar 
based on the maximum pressure difference between 
injection and production of 35  bar (Pfeiffer and 
Bauer 2015).

3.4 � Reservoir simulation software

For this work, the open-source reservoir simula-
tion software MUFITS (Afanasyev 2023) is used 
for modeling the dynamic energy storage process 
in the subsurface. MUFITS has been successfully 
used in a validation study of CO2 storage bench-
marks and history-matched models of the Ketzin 
site (Afanasyev et al. 2016). In a comparative study 
with the commercial software CMG GEM, the 
results showed good agreement in parameters such 
as plume spread and BHP (Eckel et al. 2025b). The 
software uses the finite-difference method, 2-phase 
fluid flow (Darcy´s law) and the equation of state 
(EoS) module COMPS, to model multicomponent 
gas transport in a saline aquifer (Afanasyev and 
Vedeneeva 2021). The phase behaviour of gas and 
liquid is implemented by the EoS from Søreide and 
Whitson (1992), which is a modified version of the 
Peng-Robinson EoS (Peng and Robinson 1976). 
Various modifications are included in this EoS, to 
simulate the phase equilibria of the brine (water and 
sodium chloride) and the gas components H2 and N2 
(Afanasyev and Vedeneeva 2021). Further details 
on the modifications to the EoS, the applied binary 
interaction coefficients, estimations of the brine 
densities and other fluid properties can be found in 
Afanasyev and Vedeneeva (2021).
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4 � Sensitivity study concept

4.1 � Cases of sensitivity study

To address the impact of various sensitivity parame-
ters on the reservoir storage performance, a base case 
is perturbed to obtain 10 additional sensitivity sce-
narios. To isolate and understand their specific effects 
each sensitivity parameter is assessed individually 
while keeping all other variables constant. The sensi-
tivity parameters for the reservoir’s host rock include 
variations in porosity and permeability. The salinity 
of the formation fluid is varied, while the capillary 
pressure and relative permeability curves are modi-
fied to study rock-fluid interactions. To account for 
low and high dispersivity, the mechanical dispersion 
coefficient is adjusted. All parameters are constrained 
within their known ranges for the Stuttgart storage 
formation based on former dynamic reservoir simula-
tion studies as described below (Table 1).

The porosity of the Stuttgart Formation is reported 
to vary between � = 0.05–0.35 (Norden and Förster 
2010; Förster et al. 2010). These values are based on 
the lithological and petrophysical core-log interpreta-
tion of the CO2SINK project including measurements 
of helium porosity. This variability is represented in 
the sensitivity study by two cases: Case 1 (in the fol-
lowing referred to as “Poro min”) and case 2 (“Poro 
max”). The base case, defined with � = 0.2, repre-
sents the average value between these extremes. Case 
3 includes a horizontal permeability value of kh=20 
mD (“Perm min” representing flood-plain rocks) 
from analog outcrop data. This low permeability 
is caused by a smaller grain size distribution and a 
larger degree of cementation. Case 4 is representing 
channels sands, with kh= 500 mD (“Perm max”). The 
base case is set to an average value of kh = 260 mD 
between the cases 3 and 4 (Förster et al. 2006). The 

anisotropy ratio kv∕kh is constant for all with a value 
of 0.3 (Kempka and Kühn 2013). The sensitivity of 
the brine salinity is assessed by case 5 ( b= 0.5 mol/
kg, “Sal min”) and case 6 ( b = 6.5 mol/kg, “Sal max”) 
and the corresponding mean value of b = 3.5 mol/kg 
for the base case (Förster et al. 2006).

Due to the sparse data of the relative permeabil-
ity and capillary pressure curves of H2 gas (Saeed 
and Jadhawar 2024b), the experimental data that 
uses CO2 as a working gas in the simulation are inte-
grated. Fleury et  al. (2013) report capillary pressure 
and relative permeability curves based on centrifuge 
experiments with multiple samples from the reser-
voir section of the Stuttgart Formation as part of the 
CO2SINK project at Ketzin. The results are shown 
in Fig.  3. The influence of a relative permeability 
curve together with a capillary pressure curve that are 
shifted towards smaller water saturations (depicted in 
faint purple color in Fig. 3) and vice versa (dark pur-
ple color in Fig. 3) is covered by case 7 (“Cap min”) 
and 8 (“Cap max”), respectively. Hysteresis effects 
are discarded, since no capillary pressure hysteresis 
or relative permeability hysteresis were observed in 
the experiments with the sandstone samples.

Although a homogenous reservoir is considered, 
reservoir rocks are inherently heterogeneous, exhib-
iting variations in petrophysical properties such as 
permeability, porosity and grain size distribution. To 
account for the macroscopic effect of physical het-
erogeneity on the mixing of fluids as they migrate 
through the rock, the mechanical dispersivity is 
adjusted in the longitudinal and transverse direction 
(Feldmann et al. 2016; Pfeiffer et al. 2017). The range 
implemented in this study is based on the report of 
the European HyUSPRe project (Michelsen et  al. 
2023). In case 9 (“Dis min”), a grain-scale dispersiv-
ity of � = 3.10e-4 m is used which is based on core 
flooding experiments of Berea sandstone (Yang et al. 

Table 1   Values of the 
base case and the low and 
high value cases of the 
sensitivity parameters cases

Geological Parameter Low-value cases Base case High-value cases

Porosity � [-] Case 1: 0.05 0.20 Case 2: 0.35
Horizontal Permeability kh [mD] Case 3:2 0.00 260.00 Case 4: 500.00
Salinity b [mol/kg] Case 5: 0.50 3.50 Case 6: 6.50
Capillary Pressure pc [bar] and 

relative permeability kr [-]
Cases 7 and 8 and corresponding base case are defined in 

Fig. 3
Dispersivity � [m] Case 9: 3.1e-4 neglected Case 10: 25.00
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2023). Case 10 ("Dis max") adopts a larger field-scale 
value of �= 25 m, based on observations from a field 
study utilizing H2 as a tracer in a porous reservoir 
(Laille et al. 1986). The dispersivities are assumed to 

be phase independent. The base case focuses on the 
core aspects of plume expansion without consider-
ing diffusion and dispersion between fluids and gas 
components.

Fig. 3   Drainage and imbibition gas–water capillary pressure 
( pcc ) and relative permeability (kr) curves based on (Fleury 
et al. 2013). A linear curve fitting of the data points of (Fleury 
et al. 2013) is applied and the faint purple curve and the dark 
purple curve are applied in cases 7 (“Cap min”) and 8 (“Cap 

max”), respectively. A mean curve for the relative permeability 
and the capillary pressure is extracted by applying linear inter-
polation on the two existing curves. These are used for base 
case scenario

Fig. 4   Base case flow simulation results at wellbore bottom-hole conditions. The storage is realised in three phases: A baseline 
measurements, B N2 injection, C initial H2 injection and D cyclic injection and production phases
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4.2 � Assessment parameters

To quantify the influence of the sensitivity param-
eters, gas rates and total gas masses of injection and 
production cycles are analyzed. To evaluate the pro-
ductivity and sustainability of the storage process, 
the following assessment parameters are studied and 
compared. To quantify how much cushion gas in rela-
tion to working gas is withdrawn during the produc-
tion process, the total gas mass ratio Qi of produced 
H2 to N2 during each cycle i is analyzed:

In addition, a productivity index ( PI ) is defined 
by the H2 mass produced over a specified time period 
( MProd/tProd ) divided by the difference between the 
squared reservoir pressure ( pRes ) and squared produc-
tion pressure ( pProd ) (Okoroafor et al. 2022):

Here, the period corresponding to the energy 
cycles is considered (from the first to the sixth cycle). 
A sustainability index SI is defined to relate the pro-
ductivity index to the total amount of injected H2, 
calculated by dividing the former by its injectivity 
counterpart:

MInj is the injected cumulative H2, tInj is the injec-
tion time and pInj the pressures of injection.

5 � Results

5.1 � Base case

The evolution of BHP as well as H2 and N2 well 
flow rates as a function of time during the four 
phases ((A) baseline measurements, (B) N2 injec-
tion, (C) initial H2 injection and (D) cyclic injection 
and production phase) of the base case scenario is 

(1)Qi =
MtotalH2,i

MtotalN2,i

(2)PI =
MProd∕tProd

(

p2
Res

− p2
Prod

)

(3)SI =

MProd∕tProd

(p2Res−p
2
Prod)

MInj∕tInj
(

p2
Inj
−p2

Res

)

shown in Fig. 4. It shows that the set injection and 
production pressures are achieved and kept constant 
for the duration of each operation phase (i.e., stor-
age and withdrawal). During well-stop, the BHP 
decreases after each injection phase and increases 
after each production phase. As the well is opened 
for N2 injection in phase B, a significant pressure 
difference causes a large amount of gas to enter, 
resulting in a rapid increase of the injection rate 
up to 280 t/day (Fig. 4). This is due to a substantial 
rise in gas density and a localized build-up of pore 
pressure. This, in turn, leads to a sudden drop in the 
gas injection rate to 20 t/day. As the gas starts to 
displace the brine to adjacent pore spaces, the gas 
injection rate slowly increases and attains 80 t/day 
at the end of phase B.

During phase B, a total amount of 50,142 t of N2 
is injected. Figure 5 displays the total production of 
H2, N2 and brine mass over time as well as the with-
drawal rates during the production time of the first 
and last cycle. During the initial H2 injection in phase 
C, the injection rate reaches a nearly constant value 
of 6 t/day and overall, 1200 t of H2 are injected dur-
ing that period. Despite the same BHP during injec-
tion, the total H2 mass is significantly lower than the 
N2 injection mass due to the lower molecular weight 
and compressibility of H2 (Kanaani et al. 2022). This 
is followed by the cyclic operation in phase D with 
a peak in the well flow rate at the onset of each pro-
duction phase. This peak quickly reduces as the dif-
ference between the initial BHP production pressure 
(48  bar) and the reservoir pressure around the well 
(around 80 bar) diminishes.

Over the six storage cycles, the production rates 
of H2 increase from 14.5 to 16.4  t/day, compared to 
the last step of each cycle, while that of N2 decreases 
from 12.8 to 1.8  t/day due to its displacement by 
H2 around the well. This is in agreement with other 
studies that report increasing production rates with 
increasing cycle number (Pfeiffer and Bauer 2015; 
Feldmann et  al. 2016; Sainz-Garcia et  al. 2017). In 
total, 898  t of H2, 154  t of N2 and 96 t of brine are 
produced, with brine production decreasing over 
time.

Similar effects are observed in the subsequent 
injection phases, with an initial peak in the gas flow 
rate followed by a leveling off (Fig. 4). The H2 injec-
tion rate increases from 7 t/day (first cycle, last time 
step) to 9.5 t/day (6th cycle) (Fig. 4).
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Figure 6 shows snapshots of the extent of gas sat-
uration in the reservoir and H2 gas mass fraction in 
the uppermost reservoir layer at various times. Dur-
ing the N2 injection, the injected gas spreads in the 
lateral direction and accumulates right beneath the 
caprock due to the large density difference between 
gas and brine. This is illustrated in the bottom snap-
shot Fig. 6 which shows the gas saturation in a ver-
tical section. Since the injection well is perforated 
through the complete depth of the reservoir, the gas 
saturation close to the well is the highest, i.e., around 
Sg  =  0.50–0.60. The H2 gas mass fraction near the 
well is �H2

 = 0.57 after the first and �H2
 = 0.92 after 

the last production cycle (Table  2). With the onset 
of the H2 injection, N2 near the well is displaced and 
the highest H2 mass fraction is located right around 
the injection point (see Fig.  6 middle panel). The 
gas plume extends to and beyond the opening of the 
northern fault. At the end of the simulation, the maxi-
mal W-E and N-S extent is approximately 950  m, 
using a gas saturation threshold of Sg = 0.20.

5.2 � Sensitivity cases

The sensitivity of the geological parameters is studied 
in terms of several performance parameters. These 
include the production rates during the first and last 
cycle (Fig. 7) as well as the amount of injected and 

produced H2, N2 and brine (Fig.  8), the hydrogen 
gas mass fraction around the well, gas saturation and 
plume extent (Fig. 9 and Table 2). Furthermore, two 
derived assessment parameters are studied: hydrogen 
mass ratio (Sect.  5.2.6) as well as productivity and 
sustainability indices (Sect. 5.2.7).

5.2.1 � Porosity (Case 1 and 2)

The decrease in porosity, leads to a reduction in avail-
able pore space, resulting in a higher gas saturation 
( Sg  =  0.70) around the wellbore in the uppermost 
reservoir layer compared to the base case ( Sg = 0.64, 
Table 2). This positively affects N2 and H2 injection 
by increasing gas relative permeability around the 
wellbore. Comparing the total injected masses of N2 
and H2 for cases 1 and 2 (Fig. 8a versus b) against the 
base case scenario, 20% more N2 and 54% more H2 
can be injected, while the high porosity case results 
in injecting 6% and 9% less of that, respectively. In 
contrast, the H2 total production mass varies less 
between the base case (898  t), the low (944  t, + 5%) 
and the high porosity cases (838  t, -7%) (Fig.  8d). 
This can also be seen in Fig. 7b showing the H2 pro-
duction rates at the last timestep of the cycles. Here, 
the high porosity case (13–16 t/day) and the low case 
(18–17  t/day) differ only slightly from each other. 
The amount of N2 produced also shows only minor 

Fig. 5   Total mass produced as a function of time a and production rates during the first and last cycle for H2, N2 and brine b in the 
base case scenario
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Fig. 6   Top view of gas saturation (top panel) and H2 gas mass 
concentration (middle panel) of the base case at the top reser-
voir layer after one year of N2 injection, after the first cycle and 
at the last time step. The faults are shown in white. A gas frac-

tion of 0 is indicated by NaN in grey. The bottom figure shows 
the gas saturation in a vertical section with endpoints A − B at 
the last time step

Table 2   Hydrogen gas mass fraction at the well after the first and last production cycle, the distribution of H2 ( �H
2

 = 0.2) in x- and 
y-direction and the gas saturation near the well of all cases at the top reservoir layer

Hydrogen gas mass fraction �
H2

 [-] Extent of plume spreading [m] Maximum gas saturation Sg [-]

at the well at �
H2

 = 0.2 at the well

after 1st produc-
tion cycle

after 6th produc-
tion cycle

W-E
(x-direction)

N-S
(y-direction)

after last time step

Base case 0.57 0.92 950 950 0.64
Case1: Poro min 0.68 0.91 2200 1800 0.70
Case 2: Poro max 0.54 0.93 650 710 0.61
Case 3: Perm min 0.29 0.81 200 120 0.44
Case 4: Perm max 0.59 0.91 1400 1300 0.67
Case 5: Sal min 0.60 0.93 1100 1000 0.65
Case 6: Sal max 0.52 0.91 780 800 0.56
Case 7: Cap min 0.50 0.86 1400 1600 0.71
Case 8: Cap max 0.60 0.96 740 640 0.59
Case 9: Dis min 0.57 0.92 900 960 0.64
Case 10: Dis max 0.36 0.63 500 530 0.47
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changes compared to the base case with − 6.6% in 
the low case and + 1.1% high case scenario (Fig. 8c). 
The total mass of brine produced, on the other hand, 
differs significantly from the base case (Fig. 8e). The 
low porosity case produced the least brine during 
the whole simulation period out of all cases (22.5  t, 
− 77%). In contrast, the high porosity case pro-
duced 68% more brine than the base case. Due to the 
smaller pore space but higher gas masses in the low 
porosity case, the gas migrates further in all direc-
tions, as shown in the snapshots in Fig. 9 and Table 2 
(x = 2220  m, y = 1800  m). Our results confirm the 
trend identified by Malki et  al. (2024) that in saline 
aquifers with higher porosity, the H2 injection volume 
tends to decrease, while brine production increases. 
However, consistent with their findings, we find that 
storage performance is more sensitive to variations in 
other geological parameters, such as permeability.

5.2.2 � Absolute permeability (Case 3 and 4)

The low permeability case (case 3) shows the lowest 
total injected mass of N2 (2295 t) and H2 (258 t, see 
Fig. 8a and b) among all scenarios. Accordingly, the 
high permeability case (case 4) ranks second highest 
in total injected N2 (103,500 t) and H2 (11,600 t).

The low permeability case results in the low-
est total mass produced, with 32 t of N2 and 30 
t of H2 (Fig.  8c and d) and H2 production rates are 

nearly negligible with < 0.7  t/day (Fig.  7b). In con-
trast, the total production of the high permeability 
case increases significantly to 314  t N2 and 1780  t 
H2 (+ 105% and + 99% compared to the base case). 
Brine production is 31% lower in the low permeabil-
ity case compared to the base case, whereas it is close 
to the base case value in the high permeability case 
(Fig. 8e).

Variations in reservoir permeability strongly 
influence the simulation results. Increased absolute 
permeability accelerates the fluid flow through the 
reservoir, leading to increased injection and produc-
tion rates compared to the base case scenario. This 
is also shown by the larger lateral spread of the gas 
plume (x = 1400 m, y = 1300 m, Fig. 9 and Table 2) 
while maintaining high gas saturation near the well 
( Sg  =  0.67). On the other hand, lower permeabil-
ity increases flow resistance, resulting in lower gas 
saturations ( Sg  =  0.44) and a smaller plume size 
(x = 200 m, y = 120 m) (Table 2), leading to signifi-
cantly reduced injection and production rates. The 
same trend in increasing the injection volumes by 
increasing the permeability could be shown by Malki 
et al. (2024) and Heinemann et al. (2021b).

5.2.3 � Salinity (Case 5 and 6)

Increased salinity leads to lower total injection of 
N2 (36,100 t, − 28%) and H2 (3800 t, − 27%) while 

Fig. 7   H2 production rates as a function of time during a the first and b the last production cycle
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decreased salinity results in higher injection of N2 
(65,100  t, + 30%) and H2 (6600  t, + 27%, Fig.  8a 
and b).

Cases 5 and 6 minimally affect N2 production 
but increase or decrease H2 production by approxi-
mately 20% compared to the base case (Fig.  8d), 

Fig. 8   Total mass injection of a cushion gas N2 and b H2, c total mass production of N2, d H2 and e of brine as a function of time. 
The operational phases are color-coded according to Fig. 4
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respectively. In contrast, the brine production is 
higher and lower (by roughly ± 25%) in the high and 
low salinity case, respectively. Changing salinity 
impacts results significantly through brine dynamic 
viscosity, which varies from � = 1.071 × 10–3 Pa s in 
the base case, increasing by 49% in high salinity and 
decreasing by 27% in low salinity cases. An increase 
in brine viscosity can be translated into an increase 
in the mobility contrast resulting in a less efficient 
displacement of the in-situ brine (Heinemann et  al. 
2021a, b). The mobility contrast is the ratio of mobili-
ties of displacing and displaced fluid (Medina et  al. 
2024). Therefore, an increase in salinity results in 

reduced gas injection rates and this effect is visible in 
Fig. 9, depicting gas spreading in the x- and y-direc-
tions. The lateral plume extent reaches approximately 
800 m in the high salinity case and about 1100 m in 
the low salinity case (Table 2). Additionally, increas-
ing salinity raises brine density by up to 8%, while 
decreasing salinity lowers it by about 9%. Therefore, 
despite the increase in brine viscosity and the con-
sequent reduction in its mobility at high salinity, the 
higher brine density leads to greater brine production 
in terms of mass, and vice versa. The salinity of the 
brine also affects the solubility of H2. The H2 solu-
bility decreases with increasing salinity (salting-out 

Fig. 9   Top view illustrating the spatial distribution of hydrogen gas mass fraction after the first injection cycle and last timestep at 
the top reservoir layer; the faults are shown in white. A gas fraction of 0 is indicated by NaN in grey
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effect), which is consistent with existing analyses (Li 
et al. 2018; Chabab et al. 2020). However, the molar 
mass fraction of the aqueous phases is very small and 
increases/decreases from 4.7e-04 (base case) to 8.0e-
04 and 2.4e-04. The recovery of dissolved hydro-
gen is possible, but it is an economic and technical 
issue that needs to be discussed in terms of the costs 
involved.

5.2.4 � Capillary pressure and relative permeability 
(Case 7 and 8)

Changes in capillary pressure and relative perme-
ability curves significantly impact injection and pro-
duction. Near the borehole, where gas saturations 
are high ( Sg > 0.5), case 7 shows better drainage and 
gas flow due to higher gas relative permeabilities and 
much lower capillary pressures (see Fig.  3, regime 
of Sw< 0.5). Consequently, the total injected mass of 
H2 (17,000  t) and N2 (127,000 t) in case 7 exceeds 
the base case by over 230% and 150%, respectively 
(Fig. 8a and b), which also leads to higher gas satura-
tions around the injection point (Table 3). Improved 
flow conditions also result in a 245% increase in brine 
production, which is the second highest value of all 
cases (Fig. 8e).

Conversely, the high capillary pressure case 
(case 8) displays approximately 45% lower injection 
mass for N2 (28,100  t) and H2 (2800  t). Similarly, 
near the borehole, where gas saturation is reduced 
compared to the base case, there is a notable reduc-
tion in both relative gas permeabilities and capillary 
pressure. This results in a total withdrawal of 52 t of 
N2 and 450 t of H2, which is 66% and 50% less than 
the base case, respectively, while the brine produc-
tion is slightly reduced by 15% (Fig. 8c, d and e).

Figure  9 and Table  2 visualize the large 
impacts of cases 7 and 8 on the plume expansion: 
Case  7 exhibits increased plume spread (x = 1400, 
y = 1600 m) and higher gas saturation near the bore-
hole ( Sg=  0.71), whereas case 8 shows reduced 
plume extent (x = 740, y = 640  m) and lower gas 
saturation ( Sg = 0.59).

5.2.5 � Mechanical dispersion (Case 9 and 10)

High mechanical dispersion (case 9) enhances the 
gas plume spread and mixing of gas with the water 
phase in the porous rock formation, reducing gas 
saturation compared to the base case where disper-
sion is neglected. As indicated in Table  2, the gas 
saturation at the injection point (at the top reservoir 
layer) decreases to Sg = 0.47 from Sg=  0.64 in the 
base case. Lower gas saturations lead to a decrease 
in gas relative permeability while increasing water 
relative permeability. Consequently, gas injection 
is reduced, resulting in a total injected mass of 
27,000  t N2 and 2300  t of H2, corresponding to a 
reduction of 46% and 56%, respectively. This also 
affects the W-E and N-S expansion of the gas plume 
with a much smaller lateral expansion of approxi-
mately 500 m. Conversely, brine withdrawal is sig-
nificantly enhanced, reaching a total produced mass 
of 980 t, the highest among all cases (+ 910%). Gas 
production decreases overall, with N2 production 
showing no changes and H2 production experienc-
ing a larger reduction of 74% compared to the base 
case.

The low dispersion case (case 9) remains nearly 
unchanged from the base case in terms of injection 
and production values since the dispersion length 
included in the model is much smaller compared to 
the advective length scale which dominates the trans-
port process.

Table 3   Hydrogen gas mass fraction near the injector after 
the first and sixth production cycle, total injected and produced 
hydrogen mass and percentage deviation from the base case for 
all cases

Total injected hydrogen Total produced hydro-
gen

Mass [t] Deviation 
base case 
[%]

Mass [t] Deviation 
base case 
[%]

Base case 5163.6 898.5
Poro min 7950.6  + 54 944.6  + 5
Poro max 4711.6 − 9 838.0 − 7
Perm min 258.8 − 95 29.9 − 97
Perm max 11,592.5  + 125 1785.5  + 99
Sal min 6557.9  + 27 1051.5  + 17
Sal max 3744.8 − 27 711.9 − 21
Cap min 17,023.3  + 230 2489.1  + 177
Cap max 2812.9 − 46 452.5 − 50
Dis min 5163.1 0 898.4 0
Dis max 2271.4 − 56 230.4 − 74
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5.2.6 � Hydrogen mass ratio

For each cycle, Fig.  10 shows the ratio of the pro-
duced H2 mass over the produced N2 mass ( Q ) for 
all 10 cases. This ratio allows to analyze the perfor-
mance of the cases according to the hydrogen mass 
ratio of each cycle. In the base case scenario, three 
times more H2 mass than N2 mass is produced in the 
first cycle. This difference factor increases to 18 by 
the sixth cycle. All other cases show an improvement 
in the H2 to N2 ratio over successive cycles as well. 
The growth of increasing Q with time is reflected in 
Table 3.

Compared to the base case, the most signifi-
cant improvement in the H2 to N2 ratio is seen with 
increased capillary pressure, with the ratio growing 
from 3.5 in the first cycle to 43.5 in the sixth cycle. 
This is followed by the decreased salinity case with 
a maximum H2 to N2 ratio of 24.3 during the sixth 
cycle. In contrast, the cases with low permeability 
and high mechanical dispersion have the most nega-
tive effects on the ratio, with maximum H2 to N2 
ratios of 3.4 and 2.7 in the sixth cycle (Fig. 10). How-
ever, high permeability does not invariably yield a 
higher Q and the value of the high permeability case 
is only slightly above the base case. Similar behavior 
is observed in the dispersion cases. Strong mechani-
cal dispersion causes increased mixing effects result-
ing in the production of cushion gas that is similar to 

or even exceeds the one of the working gas. A low 
dispersion coefficient shows similar results to the 
base case where dispersion effects are ignored. When 
the porosity is adjusted, there are only minor changes 
in the H2 to N2 ratio compared to the base case sce-
nario. The increased porosity case leads to a slightly 
higher ratio ( Q = 20.2), while the reduced case leads 
to a slightly reduced ratio ( Q = 15.7) in the last cycle. 
The increased salinity and reduced capillary pressure 
cases also show a reduction of the ratio to 13.6 and 
10.2 in the last cycle compared to the base case.

All cases with a positive influence on the H2 to 
N2 ratio show higher H2 gas mass fractions after the 
production cycles near the well compared to the base 
case, which increases the mixing of the gases. The 
negative influencing parameters show low H2 gas 
mass fractions due to the small injection masses (see 
Table  3) and therefore reduced mixing of the gases 
after the first and sixth production cycles at the top 
reservoir layer. The H2 gas mass fraction after the 
first and last cycle for all scenarios at the top reservoir 
layer is reflected in Table 3.

5.2.7 � Productivity and sustainability index

Figure  11 shows the variation in productivity index 
PI (defined in Eq. 2 in Sect. 5) and the sustainability 
index SI (defined in Eq. 3 in Sect. 5) for all modelling 
scenarios. The base case serves as a reference, with a 
PI of 354 Sm3/day/bar2 and SI of 13.9. The presence 
of SI values greater than 1 can be attributed to the 
much longer injection phase (60  days) compared to 
the production phase (7 days). The sensitivity param-
eters are categorized by comparing them with the 
base case, into the following groups: (1) PI > PIbase 
and SI < SIbase , (2) PI < PIbase and SI > SIbase , (3) 
PI and SI are lower and (4) cases with no significant 
changes compared to the base case.

Group 1 includes the cases of decreased capil-
lary pressure ( PI  =  982  Sm3/day/bar2, SI=  10.6), 
increased permeability ( PI=  704 Sm3/day/bar2, SI
= 11.2), decreased salinity ( PI= 414.6 Sm3/day/bar2, 
SI  =  11.7) and decreased porosity ( PI=  372 Sm3/
day/bar2, SI = 8.6), meaning that the production pro-
cess is more efficient but the overall sustainability is 
negatively affected. The relation between the rela-
tive improvements of injection and production mass 
compared to the base case is crucial. In group 1, the 
relative improvement in injection mass is higher than 

Fig. 10   The ratio of produced H2 mass over the produced N2 
mass of each cycle ( Q ) in the function of the cycle number for 
all simulation cases
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in production mass. The high permeability scenario 
shows a 125% increase in injected hydrogen mass 
compared to the base case, while the production mass 
shows a lower improvement of 99% (Table  3). The 
total injected and produced hydrogen of the cases in 
tons as well as their deviation percentages from the 
base case is reflected in Table 3.

Increased porosity ( PI  =  330 Sm3/day/bar2, 
SI = 12.9) and increased salinity ( PI= 281 Sm3/day/
bar2, SI= 13.8) show a decrease of PI but an improve-
ment of SI (group 2). As an example, in the high 
salinity case, the injected mass decreases by 27%, 
while the produced mass decreases by 21% (Table 3).

In group 3, increased capillary pressure 
( PI = 178  Sm3/day/bar2, SI = 11.7), high dispersity 
( PI = 91, SI = 7.4) and low permeability ( PI = 11.8, 
SI= 8.4) reduce both PI and SI compared to the base 
case. This is due to a significant decrease in hydro-
gen injection and production masses. Due to the low 
changes in the low dispersity case ( PI  =  354, SI
=  12.7), this case shows no significant differences 
(group 4).

Since there are no cases in this sensitivity study 
improving both PI and SI at the same time, the most 
promising cases are those in group 2 (increased 
porosity and salinity) when prioritizing the long-
term sustainability of the storage site, while the cases 
of group 1 (decreased capillary pressure, salinity, 

porosity and increased permeability) can maximize 
the total produced hydrogen mass.

6 � Discussion and outlook

The simulation results show that performance param-
eters are most sensitive to the shape of the relative 
permeability and capillary pressure curves, as well as 
permeability. For instance, the total mass of injected 
and produced cushion and working gas can vary sig-
nificantly from the base case. Changes in relative 
permeability and capillary pressure curves can also 
increase both hydrogen mass ratio and productivity 
index and accurate measurements of these parameters 
for the specific reservoir are crucial. Additionally, 
each parameter significantly affects the maximum 
lateral spread of injected hydrogen gas along the res-
ervoir top. The plume spread can range from 120 m 
(low permeability) to 1800  m (low porosity). In the 
latter cases, the gas plume also penetrates faults. This 
variation necessitates controlling plume spread with 
an optimized injection protocol to meet legal storage 
security requirements and prevent unwanted storage 
loss (Heinemann et al. 2021a).

The numerical model results face several con-
straints. The storage formation comprises a high 
variability of the lithology of assumed fluvial 

Fig. 11   Tornado plot of a Productivity Index (PI) and b Sustainability Index (SI) for the cases. The vertical dashed line is a refer-
ence and represents the base case values
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origin—including parts of sandy string-facies, rocks 
with good reservoir conditions alternating with 
muddy floodplain facies and rocks with poor reser-
voir quality (Förster et  al. 2006). This heterogeneity 
likely affects gas plume distribution and well rates as 
shown by adjusting the mechanical dispersivity in the 
model which estimates the impact of the macroscopic 
effect of physical heterogeneity on the mixing of flu-
ids. Multi-level heterogeneity could also reduce the 
H2 fraction in produced gas (Bo et  al. 2024). Addi-
tionally, the relative permeability and capillary curves 
of the model do not account for hysteresis, potentially 
underestimating residual hydrogen trapping and over-
estimating mobile phase accumulation, produced H2, 
and extracted water (Ershadnia et al. 2023). Although 
geochemical and microbiological processes may lead 
to hydrogen storage losses in the subsurface (Heine-
mann et  al. 2021a; Thiyagarajan et  al. 2022), these 
are beyond the scope of the present study. Potential 
storage loss from hydrogen leakage through faults or 
caprock, cyclic stress fluctuations, and geochemically 
(clay-swelling) induced stresses are not addressed 
in this study. Due to limited fault characterization 
data, the sensitivity study should be extended with 
plausible hydro-mechanical fault parameters and a 
geomechanical analysis for caprock integrity and fault 
stability.

Developing a hydrogen storage demonstrator based 
on these findings will verify the practicality and effi-
ciency of the proposed strategies and offer insights 
to optimize and scale hydrogen storage at other sites. 
This includes designing operational strategies like 
pressure settings for injection and production, and gas 
injection rates and durations.

7 � Conclusions

In this study, the effect of uncertainty in geological 
parameters on the performance of a proposed under-
ground hydrogen storage in a deep saline aquifer at a 
potential, former Ketzin gas storage site in North-East 
Germany using an open source multicompositional 
reservoir simulator is investigated. The energy storage 
system is assumed to be designed for covering energy 
production shortages due to natural renewable energy 
fluctuations and to use nitrogen as cushion gas in a 
single well. The range of each geological parameter is 
constrained by results and experiences gained during 

the CO2 gas storage. It includes reservoir rock poros-
ity and permeability, brine salinity, relative perme-
ability curves as well as mechanical dispersivity. The 
efficiency of the storage system is assessed through 
several parameters.

Based on the results of the numerical assessment, 
the following conclusions can be made:

•	 The base case, with average sensitivity param-
eters of the Stuttgart Formation, shows increasing 
production masses of H2 and decreasing N2 and 
brine over time as well as increasing H2 injection 
masses.

•	 All scenarios demonstrate an increasing H2 to 
N2 mass ratio over successive cycles. This trend 
is most notable in the increased capillary pres-
sure case, which shows the highest H2 to N2 ratio 
improvement. It shows the notable role of capil-
lary pressure and relative permeability in affecting 
gas mixing and gas saturation near the well.

•	 Scenarios with low absolute permeability and high 
mechanical dispersion show a significant decrease 
in the H2 to N2 ratio due to increased mixing of 
H2 and N2. These conditions lead to lower H2 gas 
mass fractions near the well, demonstrating the 
negative impact of these parameters on maintain-
ing high hydrogen H2 to N2 ratio.

•	 While low permeability has a strong negative 
effect on the H2 to N2 ratio, productivity and 
sustainability, high permeability, on the other 
hand, does not lead to significantly higher gas 
mass ratios. This infers that there is a limit to the 
increase in the H2 to N2 ratio due to the high gas 
masses injected.

The results of the present numerical model allow 
optimizing the operational parameters for the given 
reservoir characteristics to maximize the performance 
of the hypothetical underground hydrogen system in 
a future study. Even though the present study was 
performed with Ketzin site-specific data, understand-
ing the specific effect of each parameter allows better 
optimization strategies for porous geological reser-
voirs with similar characteristics.
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