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Abstract
Decarbonization and switching into Renewable Energy Sources (RES) is causing constant increase of demand for large – scale energy 
storage capacities. It is necessary to mitigate fluctuations from green energy production, caused especially by unstable wind and solar 
plants, dependent on weather conditions. Salt caverns can serve as large – scale underground energy storage facilities for hydrogen 
or other compressed gases (methane, syngas, compressed air – CAES). That kind of storage caverns are in use in multiple locations 
worldwide for natural gas and CAES, and in a few – for hydrogen storage. Due to outstanding sealing properties of salt rock, this is so 
far the only well-known and utilized underground hydrogen storage technology. However, salt rock is subject to creep process, which 
may impact cavern stability, as well as gas permeability properties. This paper presents results of hydrogen permeability of salt rock 
sample from Polish salt mine, investigated with blend of 10% of hydrogen in methane, using hybrid Steady-State Flow/Carrier Gas 
setup. Gas permeability of salt was investigated before and after creep process, which decreased gas permeability coefficient of sample 
by four orders of magnitude for pure hydrogen (10-19 to 10-23 m2). Different methods in one hybrid setup were used for investigation of 
gas permeability. In addition, paper compares hydrogen permeability coefficients of salt rock and synthetic polymers.

1. INTRODUCTION
Large – scale energy storage is necessary for mitigating 

the fluctuations of renewable energy sources (RES) produc-
tion, especially from solar and wind plants. Entire transition 
into green energy and abandoning of fossil fuels, will cause 
a storage capacity demands of TWh. For an average of 60 
GW of power in electric grid, with estimated 50% of energy 
shortage caused by RES fluctuations, approx. 7.25·1010 kg of 
hydrogen is required to cover this shortage of energy. With 
hydrogen density of 0.084 kg/m3 (energy density of 33 KWh/
kg), this is a volume of at least of 1012 m3 of hydrogen [1] per 
year (equivalent of 2400 TWh). However, this amount is not 
corresponding to required storage capacities, but only shows 
the amount of energy, that needs to be conversed yearly for 
a significant-size country with power output of approx. 60 
GW. Other author [2] estimates, that for energy production 
only from Renewable Energy Sources (without conventional 
coal and nuclear plants), European’s demand for energy stor-
age capacities will be over 160 TWh for hydrogen storage. 
This is an equivalent of 400 million cubic meters of hydro-
gen storage volume (approx. 8000 facilities with 50 000 cu-
bic meters of storage volume each) [3]. That kind of energy 
amount cannot be stored on the surface, because of limited 
capacity of surface storage installations.

Hydrogen nowadays is considered as the most promising 
energy carrier. It is easy to produce in electrolysis, powered by 
excess energy. It can also be utilized in a numerous ways: as 
pure hydrogen in hydrogen fuels cells, pure hydrogen or hy-
drogen – methane mixture in hydrogen – powered turbines, 
combustion engines or other end – use devices. Hydrogen, 
considered as energy carrier, has almost 142 MJ·kg-1 energy 
density. It’s the highest among other hydrocarbons (compared 

to 55 MJ·kg-1 for methane). However, because of extremely low 
hydrogen gas density (0.084 kg·m-3 STP, which is almost one 
order of magnitude lower than methane: 0.668 kg·m-3 STP), 
surface storage in the scale of TWh is almost impossible.

Salt caverns are now considered as a favorable large-
scale hydrogen storage solution [4]. Hydrogen is success-
fully stored in salt formations in a single locations around 
the world. There are 3 salt cavern facilities located in Texas, 
USA: Clemens Dome, Moss Bluff and Spindletop. There is 
also one salt cavern complex in Tesside, United Kingdom 
[5,6]. There are also numerous of salt caverns around the 
World used for hydrocarbons storage [7]. Salt rock have pref-
erable storage properties, like low permeability and chemical 
inertness [8] as well as long-term tightness and stability of 
cavern [9]. Operational parameters of mentioned salt cavern 
hydrogen storage reservoirs are presented in table 1.

Salt rock has extraordinary sealing properties, with gas 
permeability of less than 10-18 m2 [10-13]. Other authors 
present gas permeability of salt of less than 10-20 m2, indi-
cating that this value is limited by resolution of the measur-
ing system [14]. Pure hydrogen permeability coefficient of 
salt rock can be much lower, reaching 6·10-23 m2 (1.95 Barrer 
(cm3STP·cm·cm-2·s-1·cmHg-1)·10-10), considering partial pres-
sure of hydrogen during tests [3].

2. INVESTIGATION OF SALT ROCK GAS PERMEABILI-
TY – MATERIALS, METHODS

In this article, two methods were applied to investigate 
salt rock gas/hydrogen permeability. Subject of the test was 
a salt rock from Zechstein – Permian dome-type deposit lo-
cated in central Poland. Deposit is currently being extracted, 
using underground mining methods.
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Because of salt rock is subjected to creep process, this 
process can significantly affect gas permeability ratio 
[11,13,15], even by a few orders of magnitude [3,16]. That 
kind of drop in gas permeability may require to apply other 
gas permeability method, especially if gas flow through the 
sample is no longer the phenomena responsible for gas mi-
gration through the sample.

Permeability/diffusion coefficients of investigated sam-
ples were tested, using hybrid, Steady-State Flow and Carrier 
Gas methods setup, shown in figure 1. This setup was de-
signed and built for author’s PhD Thesis purpose. It com-
bines two methods of investigating gas permeability of core 
samples. Depending on gas migration rate, Steady-State 
Flow method (for higher rate: gas flow) or Carrier Gas meth-
od (for lower rate: gas diffusion) can be applied. Setup con-
sists of gas reservoir (necessary to measure gas pressure drop 
for Steady-State Flow), pressure transducers, sample holder 
with PVC sleeve, water pump for confining pressure and set 
of valves at downstream site, for switching between Steady-
State Flow and Carrier Gas methods. For Steady-State Flow, 
end valve is closed, and back pressure valve is used to main-
tain stable pressure on downstream site during gas flow. For 
Carrier Gas, back pressure valve is closed, and end valve is 
used for single measurements of gas concentration, using se-
lective, high sensitivity (1 ppm) single gas detector. Detector 
outlet also serves as a carrier gas charge port. Downstream 
site needs to be vacuumed, followed by carrier gas recharg-
ing after each measurement.

Gases used for tests were mixture of 10% of hydrogen in 
methane (feed gas) and helium (carrier gas). Feed gas pressure 
was 1 MPa (10 bar) with hydrogen partial pressure of 0.1 MPa 
(1 bar). Confining pressure of water was 2 MPa (20 bar).

To calculate results, equation 1 and 2 are used for Steady-
State Flow method. Detailed equations and path of calcula-
tions can also be found at other author’s publications [3,16,17].

(1)

Where: q – amount of gas [m3·s-1], pp, pk – initial (pp) 
and end (pk) gas pressure in reservoir [Pa], Vrez – reservoir 
volume [m3], Zp, Zk – gas compressibility at initial (Zp) and 
end (Zk) pressure, R – universal gas constant [8,134472 
m3·Pa·mol-1·K-1], T – temperature of gas in reservoir [K], t 
– time [s]. Gas compressibility can be taken from different 
charts or databases (for example CoolProp). Taking com-
pressibility factor into account changes final result only for a 
few percent. At low gas pressure, or comparison of samples 
with wide permeability coefficient difference (with different 
orders of magnitude), gas compressibility can be skipped, 
still receiving good quality data. Gas volume, which perme-
ate through a sample in certain time is used to calculate per-
meability (filtration) coefficient k, using equation 2.

(2)

Where: k – permeability coefficient „k” [m2], q – gas volume 
[m3·s-1], pi, po – average inlet (pi) and outlet (po) pressure [Pa], 
L – sample length [m], μ – gas viscosity [Pa·s], A – sample 
crosssection area [m2].

Permeability/diffusion coefficient from Carrier Gas 
method can be calculated, using equations 3-6, shown below.

(3)

Where: V – molar volume of gas [m3·mol-1], R – universal 
gas constant [8,134472 m3·Pa·mol-1·K-1], T – temperature of 
gas [K], p – gas pressure [Pa]. Concentration of hydrogen at 
downstream side of setup, after achieving steady-state dif-
fusion ratio, is taken into account in equation 4, along with 
molar volume of gas (from equation 3) and measured down-
stream side volume of the setup. Number of elements, dif-
fusing through the sample in certain time can be calculated, 
using equation 4. 

(4)

Tab.1. Comparison of parameters of different types of energy storage reservoirs [3]

Fig. 1. Hybrid measurement setup for Steady-State Flow/Carrier Gas methods

Tab.1. Porównanie parametrów różnych typów zbiorników magazynowania energii [3]

Rys. 1. Hybrydowa konfiguracja pomiarowa dla metod przepływu stacjonarnego/gazu nośnego
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Tab. 2. Salt rock gas/hydrogen permeability
Tab. 2. Przepuszczalność gazu/wodoru w skałach solnych

Where: NH2 – amount of hydrogen molecules, diffused through 
the sample, c – measured concentration of hydrogen at down-
stream side [ppm], NA – Avogadro number: 6,02214076·1023 
[mol-1], V – molar volume [m3·mol-1], Vdownstream – volume of 
downstream side of setup [m3]. Using equation 5, number of 
hydrogen molecules (NH2) can be calculated to hydrogen vol-
ume (VH2) in Standard Temperature and Pressure conditions 
(STP), assuming that volume of 1 mole of gas in these condi-
tions is 22414 cm3 STP.

(5)

Where: VH2 – volume of hydrogen, diffused through the sample 
[cm3STP], NA – Avogadro number: 6,02214076·1023 [mol-1], 
22414 – molar volume of ideal gas in STP [cm3]. Using equation 
6, hydrogen permeability coefficient can be calculated. 

(6)

Where: PH2 – hydrogen permeability coefficient [Barrer], VH2 
– hydrogen volume, diffused through sample [cm3 STP], l – 
sample length [cm], A – sample crosssection area [cm2], t – 
time [s], p – upstream gas pressure (feed gas pressure) [cmHg, 
1 bar = 75 cmHg].

Unit of hydrogen permeability coeffieicnt is Barrer, pre-
sented in equation 7. This unit is widely used for describing 
materials permeability. It presents volume of gas in Stand-
ard Temperature and Pressure conditions (STP), diffusing 
through certain thickness and area of material, in certain 
time and gas pressure. Despite that Barrer unit is not an SI 
unit, it can be easily recalculated for any other SI permeabil-
ity units, like m2.

(7)

3. RESULTS AND DISCUSSION
Investigation of salt rock sample in the first phase (12 

days) resulted in gas permeability of 3.6·10-19 m2, which is 
within the range of literature reports [10-12]. Steady-State 
Flow method was used, since gas flow through the sample 
occurred during the test (drop of gas pressure in gas reser-
voir, increase of gas pressure in downstream site). After 12 
days, confining pressure caused a salt rock sample to creep, 
which sealed the structure of the sample [13]. After this, 

Carrier Gas method was applied for gas permeability meas-
urement, which resulted in gas permeability of 5.8·10-24 m2 
for 10% H2 gas mixture. Taking into account partial pressure 
of hydrogen, gas permeability of pure hydrogen is estimated 
as 5.8·10-23 m2. Results, compared with hydrogen permeabil-
ity of epoxy resin, are shown in table 2.

Primary mechanism of gas migration through the salt 
rock is flow through microcracks and fractures in salt struc-
ture [11,15]. When gas flows through the sample, there is a 
pressure gradient across the sample, which causes a measur-
able increase of gas pressure at the downstream side, behind 
the sample. After 12 days, confining pressure caused a salt 
rock sample to creep, which sealed the structure of the sam-
ple by closing microcracks, preventing the gas from flowing 
through the sample. From this point, gas diffusion instead of 
gas flow is responsible for gas molecules migration through 
the sample. Pressure gradient across the sample is replaced 
by concentration gradient. In this case, gas pressure drop in 
reservoir and gas pressure increase at the downstream site 
are no longer detectible, because of transducers sensitivity 
(gas permeability ratio is dropping by a few orders of magni-
tude). At this point, downstream site was filled with carrier 
gas (helium) and selective H2 detector was used for meas-
urements of hydrogen concentration in the downstream site 
in certain time.

4. CONSLUSIONS
Extremely low salt rock permeability, which may go be-

low some setup’s resolution, and significant changes of per-
meability, caused by creep process affecting salt’s structure 
and microcracks behavior responsible for gas flow through 
the rock structure, may lead to some problems with measur-
ing of salt rock gas permeability ratio. Combining Steady-
State Flow and Carrier Gas methods in one hybrid setup, 
allows to measure gas permeability/diffusion ratio of rocks 
and synthetic materials in wide range, from gas flow to gas 
diffusion. Results presented in this paper shows significant 
change of gas permeability of investigated sample in several 
days, caused by confining pressure and gas pressure (some 
special case of triaxial stress). Obtained results are more pre-
cise and much lower than reported in literature. Setup also 
allows to measure gas permeability of different materials, 
and with different gases. 
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Zastosowanie metody przepływu stacjonarnego i gazu nośnego  
do określania przepuszczalności gazowej skały solnej

Dekarbonizacja i przejście na odnawialne źródła energii (OZE) powodują stały wzrost zapotrzebowania na wielkoskalowe 
magazyny energii. Konieczne jest łagodzenie wahań w produkcji energii odnawialnej, spowodowanych w szczególności niestabilnymi 
elektrowniami wiatrowymi i słonecznymi, zależnymi od warunków pogodowych. Kawerny solne mogą służyć jako wielkoskalowe 
podziemne magazyny energii dla wodoru lub innych gazów sprężonych (metan, gaz syntezowy, sprężone powietrze – CAES). Tego 
typu kawerny są wykorzystywane w wielu lokalizacjach na całym świecie do magazynowania gazu ziemnego i CAES, a w kilku – do 
magazynowania wodoru. Ze względu na wyjątkowe właściwości uszczelniające skały solnej, jest to jak dotąd jedyna dobrze znana i 
stosowana technologia podziemnego magazynowania wodoru. Jednakże skała solna podlega procesowi pełzania, który może wpływać 
na stabilność komory, a także na przepuszczalność gazu. W niniejszym artykule przedstawiono wyniki badań przepuszczalności 
wodoru próbki skały solnej z polskiej kopalni soli, badanej z mieszaniną 10% wodoru w metanie, z wykorzystaniem hybrydowego 
układu przepływowego ze stacjonarnym przepływem i gazem nośnym. Przepuszczalność gazu soli została zbadana przed i po procesie 
pełzania, co zmniejszyło współczynnik przepuszczalności gazu próbki o cztery rzędy wielkości dla czystego wodoru (z 10-19 do 10-
23 m²). Do badania przepuszczalności gazu zastosowano różne metody w jednym układzie hybrydowym. Ponadto, w artykule 
porównano współczynniki przepuszczalności wodoru dla soli kamiennej i polimerów syntetycznych.

przepuszczalność gazu z soli kamiennej, magazynowanie wodoru, kawerny solne, metoda przepływu stacjonarnego, 
metoda gazu nośnego
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