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Abstract. Since renewable energy sources are subject to intense fluctuations caused by changing weather 

conditions, storing energy in form of hydrogen in the underground is a promising way to maintain energy 

availability in the future. While storage in salt caverns is compensating short-term intermittency, the storage 

in porous reservoirs like depleted gas fields is more for the seasonal intermittency. For a safe storage oper-

ation, a fundamental knowledge about the mixing behaviour between hydrogen and the residual natural gas, 

primarily methane, which acts as a part of the cushion gas, is essential. Besides the pressure-driven advective 

and dispersive flux, molecular diffusion is an important process. For investigating molecular diffusion of 

hydrogen and methane in underground storage sites at reservoir conditions, diffusion measurements with 

reservoir rock samples were carried out by using a novel pseudo-stationary one-chamber method. The main 

component of the experimental setup is a core holder, which contains a large chamber at one side of the 

sample. Prior to the measurement, the chamber and the rock sample are filled with hydrogen. Then methane 

is injected at the opposite side of the chamber where a second gas line serves as outlet. The composition of 

the outflowing gas is analysed by a gas chromatograph. The effective diffusion coefficients, which were 

determined by comparing the measured data with a numerical simulation model, range between 5.00⋅10-9 

and 3.71⋅10-7 m2/s. Plotting of the effective diffusion coefficients versus pressure, temperature and water 

saturation show clear trends, which, however, are partly different than calculated by conventional correla-

tions.  

1 Introduction 

In order to eliminate the use of fossil fuels stepwise, the 

share of renewable energy sources is steadily increasing. 

Storage solutions for energy are becoming more and more 

relevant. This is due to the fluctuating production of re-

newable energy sources caused by unstable weather con-

ditions. Examples of such conditions include changing 

wind patterns and irregular sunlight. A promising way to 

balance the production and demand for ensuring a perma-

nent availability of energy is the storage of excess energy 

in the form of hydrogen. In doing so, hydrogen works as 

an energy carrier and whenever energy is needed, hydro-

gen can be converted into electrical energy. One possibil-

ity to store hydrogen which became quite popular lately, 

is the storage of hydrogen in the underground. Suitable for 

an underground hydrogen storage are porous reservoirs 

like depleted natural gas fields or aquifers, or salt caverns 

[1]. While caverns are more intended to be used for the 

daily balance between energy production and consump-

tion, porous storage sites are needed for the seasonal bal-

ance. In this study the focus is on depleted gas fields. It is 

necessary to get a fundamental understanding of the mix-

ing behaviour of the injected hydrogen and the residual 

natural gas, mainly methane, in underground hydrogen 

storage (UHS). Natural gas which is still present in the 

underground works as part of the cushion gas to enable an 

efficient storage process. Knowledge about the mixing be-

haviour is important for making predictions of the perfor-

mance of an underground storage site in the future. An 

overview of the predominant mixing effects in an UHS is 

presented in Fig.1.  

Fig. 1. Sketch of gas mixing effects in an UHS 
 

The processes that is primarily causing and influenc-

ing the mixing process is hydrodynamic dispersion, which 

is a combination of molecular diffusion and mechanical 

dispersion [2, 3]. In this work an experimental method for 

the measurement of molecular diffusion in reservoir rocks 

is developed. Afterwards the method is applied to dry and 

partly water saturated reservoir rock samples from poten-

tial UHS sites in Europe. The rock type of the samples is 

mostly sandstone. In the past, diffusion measurements 
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have been carried out in several studies. However, these 

measurements were made with rocks, gases, and pressure 

and temperature conditions that do not correspond to 

those of potential UHS sites. For this reason, it is neces-

sary that further diffusion measurements are carried out. 

Measurements of molecular diffusion with hydrogen and 

methane through storage rock samples were performed in 

this study. To investigate the impact of temperature, pres-

sure and water saturation on the diffusion process, the 

measurements are done under various measurement con-

ditions. The measurement results are used to determine 

effective diffusion coefficients, which can be later used in 

reservoir simulators for the prediction of future storage 

scenarios. 

2 Fluid properties of hydrogen 

The effectiveness and safety of UHS are significantly in-

fluenced by fluid properties of the stored gases. The injec-

tion of gas with high concentrations of hydrogen into a 

porous reservoir has an extensive impact on thermody-

namic properties, affecting the volume and energy density 

of stored fluids. Moreover, it significantly influences the 

transportation process.  

 
Fig. 2. Z-factor and viscosity versus pressure at a temperature of 

T=50°C; The compressibility is modelled based on the Peng and 

Robinson EoS [4], and the dynamic viscosity is based on a com-

bination of the Stiel and Thodos and Lohrenz correlations [5, 6] 

 

Hydrogen, being the lightest chemical element, exhib-

its low viscosity and less compressibility compared to 

most other gases. Fig. 2 provides an illustration of the re-

lationship between compressibility (z-factor) and viscos-

ity relative to pressure, in comparison to relevant natural 

gas components. While most gases have a z-factor below 

one at higher pressures, indicating increased compressi-

bility, hydrogen's compressibility worsens as pressure in-

creases. In terms of viscosity, hydrogen has the lowest 

values, roughly 1-1.5 times smaller than methane. The im-

pact of density primarily affects phenomena such as grav-

ity override, whereas viscosity could lead to unstable dis-

placements characterized by viscous fingering. Further-

more, differences in interfacial tension, affecting relative 

permeability curves, can further modify the displacement 

process of the two phases. 

The diffusion coefficient of hydrogen differs from 

other gases. This can be seen in the Stokes-Einstein equa-

tion [7]: 

 

                         𝐷 =  
𝑘𝐵𝑇

6𝜋𝜂𝑟
     (1) 

where D is the diffusion coefficient, 𝑘𝐵 is the Boltzmann 

constant, T the absolute temperature, 𝜂 the dynamic vis-

cosity and 𝑟 the radius of the spherical particle. 

 

Here, the viscosity is in the denominator. Since hydro-

gen has a low viscosity, the resulting diffusion coefficient 

is smaller than for gases with a higher viscosity. In addi-

tion, the smaller molecular size of hydrogen contributes 

to a higher diffusivity. 

3 Gas mixing in porous reservoirs 

Understanding the way gases mix in porous reservoirs is 

decisive for the functioning of underground storage sites. 

Knowledge of the mixing behaviour is especially im-

portant for assessing the ability to recover stored hydro-

gen from the porous reservoir. There are two primary 

mechanisms responsible for the mixing of miscible gases. 

Firstly, advective flow plays a role, which is influenced 

by factors such as gravity, viscosity, capillarity, and com-

pressibility. Secondly, gas mixing occurs through diffu-

sive and dispersive processes [8]. Mechanical dispersion 

is a mixing process of fluids due to their movement and 

current in porous media. It can be divided into transversal 

and longitudinal dispersion. Transversal dispersion in-

volves the spreading of fluid components perpendicular to 

the main flow direction, while longitudinal dispersion re-

fers to the spreading along the main flow direction. Dis-

persion is driven by variations in the flow velocity which 

can occur on different scales. Fig. 3 illustrates the connec-

tion between molecular diffusion and mechanical disper-

sion in porous media and its relation to the flow velocity. 

In a gas storage the flow velocity varies over time depend-

ing on whether gas is being injected or produced. Moreo-

ver, the flow velocity depends on the location since the 

velocity is much higher near the wellbore than further 

away. Furthermore, the flow velocity depends on the per-

meability of the layer, as the flow velocity is greater in 
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layers with high permeability than in areas with a low per-

meability. When the flow velocity is low, molecular dif-

fusion primarily governs the mixing process. On the other 

hand, higher velocities result in a transport that is primar-

ily controlled by mechanical dispersion. The transitional 

region between these two extremes is influenced by both 

processes simultaneously [9]. 

Fig. 3. Diffusive and dispersive mixing regimes in porous media 

flow (adapted from [9]) 

4 Molecular diffusion of hydrogen in the gas 

phase 

Molecular diffusion is a physical process that is driven by 

chemical potential and occurs without pressure differ-

ences. The process refers to the movement of molecules 

driven by the inherent tendency to equalize concentration 

gradients, which arises from the random motion known as 

Brownian motion. It can take place under both stationary 

and unsteady conditions. The difference between the two 

conditions is that stationary diffusion occurs at a constant 

rate, while the unsteady diffusion rate is a function of 

time. Both types of diffusion can be explained using Fick's 

laws and can be utilized to determine the diffusion coeffi-

cient. According to Fick's first law, the diffusion flux is 

directly proportional to the gradient in concentration [10]. 

 

The diffusivity in a porous medium is typically lower 

compared to free diffusion of gases, as the gas encounters 

less space and must traverse a greater distance within the 

porous medium. Various factors, such a porosity, tortuos-

ity, and the existence of other fluid phases within the 

pores, influence the effective diffusivity. In the case of bi-

nary systems, the diffusive flux of gas components in a 

porous medium can be represented by the following equa-

tion: 

 

                             𝐽diff
𝑘 = −𝜌𝐷𝑒𝑓𝑓

𝐴𝐵 ∇𝑐𝑘       (2) 

 

In the given equation, 𝐽diff
𝑘  represents the flux of com-

ponent 𝑘 resulting from diffusion, measured in mol/m²/s, 

𝜌 denotes the molar density of the gas in mol/m³, while 

𝐷eff represents the effective diffusion coefficient for the 

binary system, measured in m²/s. ∇𝑐𝑘 is the gradient of 

the mole fraction for component 𝑘. 

 

By combining equations by Fuller [11, 12, 13] and 

Millington & Quirk [14] the effective diffusion coeffi-

cient can be expressed as follows: 

                         𝐷𝑒𝑓𝑓
𝐴𝐵 = 𝜙𝑆𝑔𝜏𝐷𝑏𝑢𝑙𝑘

𝐴𝐵 (𝑝, 𝑇)              (3) 

where 𝜙 is the porosity, 𝑆𝑔 the gas saturation, 𝜏 the tortu-

osity factor and 𝐷𝑏𝑢𝑙𝑘
𝐴𝐵  the bulk diffusion coefficient in 

m2/s.  

For the description of diffusion in porous media the 

tortuosity of the pore structure needs to be considered. 

The model of Millington & Quirk estimates the tortuosity 

factor of a porous medium based on its porosity and gas 

saturation:  

                                    𝜏 = 𝜙1/3𝑆𝑔
7/3

                 (4) 

Knudsen diffusion occurs when the average distance 

covered by gas molecules, known as the mean free path, 

becomes comparable to or larger than the pore sizes of the 

porous medium. Consequently, the molecules collide 

more frequently with the walls of the pores rather than 

with each other. The extent of Knudsen diffusion can be 

quantified by the Knudsen number, denoted as 𝐾𝑛. A 

Knudsen number greater than 10 indicates the dominance 

of Knudsen diffusion, where collisions between mole-

cules and the pore walls are the primary factor. To deter-

mine whether Knudsen diffusion is a factor in the experi-

ments conducted within this study, the Knudsen number 

is calculated using the equation provided by Bear (2018) 

[15]: 

 

𝐾𝑛 =
𝜆

𝑙𝑝𝑚
            (5) 

 

λ represents the mean free path of molecules in meters, 

while 𝑙𝑝𝑚denotes the characteristic length dimension of 

the void space, specifically the pore diameter, also in me-

ters. In the case of the measurements conducted using 

Bentheimer sandstone, one of the samples used, assuming 

a mean free path of 6.6⋅10-8 m and a mean pore diameter 

of 5⋅10-5 m, the calculated Knudsen number is 1.32⋅10-3. 

Therefore, it can be concluded that Knudsen diffusion 

does not have a significant influence on the measurements 

performed in this particular case. 

4.1 Molecular diffusion measurements in literature 

Numerous devices and techniques have been devised to 

measure effective molecular diffusion within porous ma-

terials. One of these techniques is the Wicke-Kallenbach 

method, which operates under steady-state conditions and 

has been described by Ho and Webb (2006) [16] and 

Soukup et al. (2008) [17]. This approach involves em-

ploying a diffusion cell comprising two chambers sepa-

rated by a porous sample. The measurement utilizes two 

gases, each flowing continuously through its respective 

chamber. The pressure within both chambers is main-

tained at a constant level throughout the experiment. Gas 

chromatography is employed to continuously analyse the 
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gas compositions within both chambers. The measure-

ment procedure assumes that there is no flow in the porous 

membrane. The flow exists only in the chambers, but is 

very slow, so that no flow is assumed in the pore space. 

The Graham cell is an alternative technique for meas-

uring diffusion, which shares similarities with the Wicke-

Kallenbach method, as described by Soukup et al. (2008).  

In the Graham cell method, two gases flow continu-

ously through separate chambers and the porous medium 

until a steady diffusion state is achieved. Subsequently, 

the inflow and outflow on one side are closed, allowing 

for the determination of the diffusive volume flow using 

a flow meter Unlike the Wicke-Kallenbach method, con-

tinuous analysis and monitoring of the outflowing gas 

from both chambers are not required in the Graham cell 

method. 

An overview of diffusion measurements reported in 

the literature, along with their corresponding results, is 

provided in Table 1. 

Chen et al. (1977) [18] conducted diffusion experi-

ments using modified Wicke-Kallenbach setups on po-

rous samples. In their experiments the binary diffusion of 

methane and nitrogen through sandstone samples was 

measured and effective diffusion coefficients were deter-

mined. The resulting effective molecular diffusion coeffi-

cients vary between 2.59⋅10-7 and 2.00⋅10-5 for dry rock 

samples. 

A similar approach was used by Pandey et al. (1974) 

[19] for the diffusion measurement of helium and nitrogen 

through porous rock samples. The diffusion was measured  

at steady state but also at unsteady state conditions. At 

steady state conditions, the diffusion coefficients lie be-

tween 2.14⋅10-8 to 1.19⋅10-6 m2/s for dry rock samples. 

The diffusion coefficients at unsteady state conditions are 

between 1.67⋅10-10 to 1.88⋅10-7 m2/s. 

Guevara-Carrion et al. (2019) [20] examined the dif-

fusion of methane in supercritical carbon dioxide under 

elevated pressure, but without a porous medium. In this 

work a Taylor dispersion apparatus was used. The meas-

ured effective molecular diffusion coefficients show a 

range from 1.46⋅10-8 to 3.70⋅10-8 m2/s. 

Strauch et al. (2023) [21] investigated the diffusion of 

hydrogen through different potential storage site rocks. In 

their study sandstone, rock salt and claystone samples 

were used. An experimental set-up, which comprises two 

chambers and a rock sample, was developed to determine 

hydrogen breakthrough times and hydrogen diffusion co-

efficients. The determined effective diffusion coefficients 

in these experiments range from 10-9 to 10-8 m2/s. It has 

been observed that water decreases the velocity of diffu-

sion in all conducted experiments. 

In the study by Arekhov et al. (2023) [22] an experi-

mental setup was constructed, which enables the measure-

ment of effective multicomponent diffusion coefficients 

at high pressure and temperature conditions. For the dif-

fusion measurements three different reservoir rocks of a 

potential UHS storage site were used. The determined dif-

fusion coefficients vary between 1.49⋅10-7 and 1.51⋅10-6 

m2/s. 

It can be concluded that the diffusion coefficients de-

termined in the literature show a range which is too large 

for the use of these values for future applications. In addi-

tion, there are only a few diffusion experiments in litera-

ture, where hydrogen was used. For UHS it is necessary 

to conduct diffusion experiments with hydrogen under 

reservoir conditions (pressure and temperature) and to use 

appropriate storage rock samples.  

5 Method and experimental procedure 

The measurement of effective diffusion was performed 

for binary gas systems. For the measurement a pseudo-

stationary one-chamber measurement method was devel-

oped. The main component of the experimental setup is a 

core holder, which is designed for rock samples with a 

length of up to 6 cm and a diameter of 3 cm, as shown in 

Fig. 5. 

 

The rock sample, a hollow cylinder, a gas distribution 

element, a gas injection element and two end pieces are 

installed into the core holder, which is also called diffu-

sion cell.  

Table 1.  Molecular diffusion experiments in literature 

Reference Gases 
Tempera-

ture [°C] 

Pressure 

[bar] 
Method Material 

Effective diffusion coeffi-

cient [m2/s] 

Pandey et al. 

(1974) 
He, N2 24 - 42 1 - 5 

Steady state flow (for 

dry samples), un-

steady-state flow (for 

low permeability and 

water-saturated sam-

ples) 

Carbonate, 

sandstone 

and shale 

samples 

Steady state: 2.14⋅10-6 

to 1.19⋅10-4 

Unsteady state: 

1.67⋅10-8 to 1.88⋅10-5 

(only dry samples con-

sidered) 

Chen et al. (1977) CH4, N2 35 1 

Steady state flow 

(modified Wicke-Kal-

lenbach) 

Sandstone 

samples 

2.59⋅10-7 to 2.00⋅10-5 

(only dry samples con-

sidered) 

Guevara-Carrion 

et al. (2019) 

CH4, 

CO2 
19.4 – 59.7 90 - 147 Taylor set-up Bulk 1.46⋅10-8 to 3.70⋅10-8 

Strauch et al. 

(2023) 
H2 

Room tem-

perature 
1  Unsteady state 

Sandstone, 

claystone, 

rock salt-

samples 

10-9 to 10-8 

Arekhov et al. 

(2023) 
H2, CH4 28 5 - 40 Unsteady state 

Sandstone 

samples 
8.38⋅10-7 to 1.51⋅10-6 
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Fig. 5. Simplified sketch of the experimental setup 

 

The hollow cylinder is the so called “chamber” of this 

measurement method. There is a second chamber, which 

is in the grooves of the gas distribution element having an 

extremely small volume. Before installing these compo-

nents into the diffusion cell, they are pushed into a Viton 

sleeve. The diffusion cell is then pressurized by water 

with a radial pressure, which must be higher than the 

measuring pressure of the gases. The hollow cylinder is 

located at one side of the rock sample. It must have a vol-

ume multiple times larger than the pore volume of the 

rock sample. This chamber has one inlet. Prior to the 

measurement the chamber is filled with hydrogen gas at 

the desired pressure. On the other side of the sample is the 

gas distribution element, which has one inlet and one out-

let. During the experiment methane is injected into the cell 

via this inlet. The injection is controlled by a syringe 

pump, which drives a floating piston chamber. At the out-

let of the gas distribution element a backpressure regulator 

is installed, which regulates the pressure in the diffusion 

cell to a constant value during the measurement. Behind 

the backpressure regulator a gas chromatograph repeat-

edly analyses the composition of the outflowing gas. A 

simplified sketch of the experimental setup is shown in 

Fig.5. 

 

The measurement of molecular diffusion coefficients 

is done by the following steps: 

Sample installation: The core sample is pushed into a 

Viton sleeve together with the chamber, the target and the 

two end pieces. The components are installed into the core 

holder. The core holder is connected to the experimental 

setup. 

Leakage test: Radial and system pressure are built up 

stepwise to reduce and minimize stresses in the core sam-

ple. The radial pressure must be 1.5 times (or 50 bar) 

higher than the injection pressure. A leakage test with ni-

trogen is performed, during which the leakage rate should 

not exceed 0.5 % of the injection rate in the experiment.  

Preparation: The chamber and the core sample are 

flooded with hydrogen. The purity of the outflowing gas 

is repeatedly analyzed by the gas chromatograph until a 

gas purity of 99.9 % hydrogen is reached. The chamber is 

pressurized. The increasing of the pressure is done by us-

ing a gas booster. The floating piston chamber is filled 

with methane. Here, again a gas purity of 99.9 % must be 

ensured. This is achieved by repeated flushing of the float-

ing piston chamber. Pressurizing the floating piston cham-

ber is done with the gas booster. 

Measurement: The injection of methane is started at a 

constant rate. The shut-off valve separating the core 

holder and the floating piston chamber is opened. The 

composition of the outflowing gas is analyzed with the 

gas chromatograph every three minutes. 

6 Core samples 

The diffusion measurements were performed with core 

material from potential UHS sites. A total of seven rock 

samples from the core material provided by industry part-

ners were chosen.  
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The samples are mainly sandstone. Additionally, a Be-

rea sandstone sample, and a Bentheimer sandstone refer-

ence sample were selected from a surface quarry. Table 2 

provides a comprehensive list of all the samples used, 

along with their respective properties 

The samples show a broad range in permeability and 

porosity. The porosity of the samples was determined us-

ing a gas pycnometer (micromeritics AccuPyc II 1340) 

with helium as the measuring medium. Permeability 

measurements were performed on a core flooding cell us-

ing nitrogen. The radial pressure applied during the per-

meability measurements was 20 bar, while the gas pres-

sure was approximately 10 bar. The "mean pressure" was 

defined as the arithmetic mean between the minimum and 

maximum allowable operating pressure at the reference 

depth (e.g., the midpoint of the reservoir). Alternatively, 

for locations that have not been used for gas storage pre-

viously, the mean pressure is defined as 0.75 ⋅ 𝑝init.(ini-

tial reservoir pressure). 

7 Interpretation and calculation of effective 

diffusion coefficients 

The experimental results were interpreted by using a one-

dimensional numerical simulation model. This was used 

to obtain the effective diffusion coefficient by a model fit-

ting process. The numerical simulation model was imple-

mented in COMSOL Multiphysics. The model solves the 

following partial differential equation, which is based on 

Fick's second law, in a one-dimensional domain: 

                             
𝑝

𝑅𝑇
𝜙

𝜕𝑐

𝜕𝑡
=

𝑝

𝑅𝑇
𝐷

𝜕2𝑐

𝜕𝑥2            (6) 

where p is the measurement pressure in Pa, R is the uni-

versal gas constant in J/(mol*K), T is the measurement 

temperature in K, ϕ is the porosity of the sample, c is the 

molar fraction of hydrogen and D is the effective diffusion 

coefficient in m²/s. 

The following differential equations describe the 

boundary conditions. On the left side, no hydrogen is in-

jected, but hydrogen which is transported into the groove 

of the target by diffusion flows out: 

 

                     
𝑝𝑉𝑙

𝑅𝑇

𝜕𝑐𝑙

𝜕𝑡
= −𝑞𝑐𝑙 +

𝑝

𝑅𝑇
𝐷𝐴∇𝑐1                (7) 

where 𝑉𝑙 is the volume of the left chamber in m³, q is the 

injection rate in mol/s, A is the end face of the rock sam-

ple, ∇𝑐1is the space derivative of the hydrogen concentra-

tion at position 1, 𝑐𝑙  is the hydrogen concentration in the 

left chamber. On the right side, a similar differential equa-

tion is solved: 

                        
𝑝𝑉𝑟

𝑅𝑇

𝜕𝑐𝑟

𝜕𝑡
= −

𝑝

𝑅𝑇
𝐷𝐴∇𝑐2        (8) 

where 𝑉𝑟  is the volume of the right chamber in m³, ∇𝑐2 is 

the spatial derivative of the hydrogen concentration at po-

sition 2 and 𝑐𝑟 the hydrogen concentration in the right 

chamber. 

The matching of the simulation with the measurement 

is done by hand. As an example, Fig. 6 shows a compari-

son of a laboratory measurement with the simulation 

model. This measurement was done at 125 bar and 40 °C. 

The determined effective diffusion coefficient is 1.25⋅10-

7 m2/s. For determining the uncertainty of the matching 

process simulation results with effective diffusion coeffi-

cients with deviations of ±5 % are added to the plot. It can 

be recognized that the uncertainty is much smaller than 

5%. It is estimated to be between 1 and 2%. 

Table 2.  Rock samples for the diffusion measurements and their properties  

Sample site/formation Rock type Porosity [%] 
Permeability 

[mD] 

Site conditions 

Mean pressure 

[bar] 

Temperature 

[°C] 

Bentheimer sandstone Sandstone 24.7 2500.0 - - 

Berea sandstone Sandstone 21.0 105.0 - - 

Chattian Sand Sandstone 29.9 71.0 106.0 50.0 

Aquitanian formation Sandstone 26.8 157.6 53.5 25.0 

Pliocene Sands Sandstone 31.7 718.6 88.3 45.0 

Ebes Fm. Limestone 19.9 23.6 140.5 107.0 

Ujfalu Fm. 1 Sandstone 32.1 288.2 116.5 86.0 

Detfurth formation Sandstone 27.4 263.1 287.2 96.0 

Rough Rotliegendes Sandstone 17.6 17.2 203.0 92.0 
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Fig. 6. Comparison of the simulation with the measurements 

8 Validation and error estimation 

A similar approach for the measurement of effective mo-

lecular diffusion of hydrogen in reservoir rocks was done 

by Arekhov et. al [22]. There and in this study, a measure-

ment with a Berea sandstone sample was conducted. The 

measurement conditions were 60 bar and 25/28 °C. The 

measurement in this work led to an effective diffusion co-

efficient of 1.15·10-7 m²/s. Arekhov et. al determined an 

effective diffusion coefficient of 2.09·10-7 m²/s. Both 

measurements are in the same order of magnitude. While 

the porosity of the samples is similar, the deviation could 

be related to the different permeabilities of the samples. 

Arekhov et. al measured a permeability of 277 mD, 

whereas the permeability in this study was determined as 

105 mD. Possibly the higher permeability results in a 

slightly higher effective diffusion coefficient. 

An estimation of the potential error occurring during 

the measuring procedure was done. Here, the main factors 

that might cause uncertainties are related to pressure, tem-

perature and measured gas concentration. The error esti-

mation takes into account the random and the systematic 

error. 

First, the random error of the measurement method 

was estimated. This was done by conducting the measure-

ment with the Bentheimer sandstone sample at reference 

conditions (100 bar, 40 °C) three times. A mean value of 

the measurements was calculated based on the following 

equation [23]: 

                           �̄� =  
∑ 𝑥𝑖

𝑁
𝑖=1

𝑁
            (9) 

where N is the number of measurements and 𝑥𝑖 are the 

results of the measurements. The results for effective dif-

fusion coefficients of the measurements are 1.10·10-7, 

1.20·10-7 and 1.25·10-7 m²/s. The mean value is 1.18·10-7 

m²/s.  

 

The standard deviation is calculated using the follow-

ing equation: 

                      𝜎 = √
1

𝑁−1
∑ (𝑥𝑖 − �̄�)2𝑁

𝑖=1       (10) 

The standard deviation for these measurements is 

5.56·10-9 m²/s. 

For the estimation of the systematic error the uncer-

tainties of the pressure, temperature and measurement of 

the gas concentration were estimated and combined by us-

ing the following equation for the calculation of error 

propagation: 

𝛿𝐷(𝑝, 𝑇, 𝑐) = √(𝛿𝑝
𝛿𝐷

𝛿𝑝
)2 + (𝛿𝑇

𝛿𝐷

𝛿𝑇
)2 + (𝛿𝑐

𝛿𝐷

𝛿𝑐
)2  (11) 

where 𝛿𝐷 is the uncertainty of the effective diffusion co-

efficient, 𝛿𝑝 the uncertainty of the pressure, 𝛿𝑇 the uncer-

tainty of temperature and 𝛿𝑐 the uncertainty of the meas-

ured gas concentration. The determined systematic error 

is 1.4·10-9 m²/s. 

The uncertainty for the pressure was determined by 

calculating the mean pressure value of all diffusion meas-

urements at 100 °C and based on this, standard deviation 

from the desired measurement pressure (100bar) was cal-

culated. The outcome was combined with the accuracy of 

the pressure sensor (0.018bar). For the uncertainty of the 

temperature, the error of the temperature sensor (0.23°C) 

and the estimated temperature fluctuations (0.2°C) were 

combined. The uncertainty of the measured gas concen-

tration was determined by conducting 100 measurements 

with the gas chromatograph of a gas with a known com-

position (calibration gas) and calculating the standard de-

viation to the known value The derivatives of the effective 

diffusion coefficient according to the influencing factors 

were determined numerically. For pressure and tempera-

ture this was done by using the model of Fuller and 

Millington & Quirk (Equation 3, 4, 12 and 13) and for the 

measured gas concentration the simulation model (Equa-

tion 6 to 8) was used.  

The overall uncertainty, which is a combination of the 

random and the systematic error is 5.73·10-9 m²/s. 

9 Results 

As reference conditions for the diffusion measurements a 

pressure of 100 bar and a temperature of 40 °C was cho-

sen. All samples were measured at these conditions. In ad-

dition, every sample was measured at the respective site 

conditions (cf. Table 2). The Bentheimer sandstone sam-

ple was used to investigate the influence of pressure, tem-

perature and water saturation on diffusion. With this sam-

ple, measurements with a constant pressure of 100 bar and 

changing temperature as well as measurements with a 

constant temperature of 40 °C and various pressures were 

performed. Additionally, two measurements with a partly 

water-saturated Bentheimer sample (40 and 60 % water 

saturation) were done. Altogether, 36 diffusion measure-

ments were performed covering a pressure range of 10 to 
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287.5 bar and a temperature range of 25 to 107 °C. For all 

measurements the effective diffusion coefficients were 

determined. The results of the measurements at the spe-

cific site conditions are summarized in Table 3. 

 

The measurement results for the nine samples at the ref-

erence conditions (100 bar, 40 °C) are shown in Fig. 7. 

The numbers from Table 3 act as a key to identify the sam-

ples. The Bentheimer sandstone sample was added (9). 

Fig. 7. Effective diffusion coefficient vs. porosity for all rock 

samples at 100 bar and 40 °C. Error bars represent standard de-

viation. 

Here, the determined effective molecular diffusion co-

efficients are plotted against the porosity of the corre-

sponding sample. There is a clear trend, that the effective 

diffusion coefficient increases with an increasing poros-

ity. 

The behaviour of the effective diffusion coefficient in 

dependence of pressure, temperature and water saturation 

measured with the Bentheimer sandstone sample is shown 

in Fig.8 to Fig. 10.  

Fig. 8. Effective diffusion coefficient vs. pressure for the Ben-

theimer sandstone sample at 40 °C. Error bars represent standard 

deviation. 

At a low pressure a decreasing trend in the effective 

diffusion coefficient can be observed with rising pressure. 

From 75 to 200 bar the trend is contrary. In this range, the 

diffusion coefficient is increasing with increasing pres-

sure. 

Fig. 9. Effective diffusion coefficient vs. temperature for the 

Bentheimer sandstone sample at 100 bar. Error bars represent 

standard deviation. 

At measurements with a constant pressure of 100 bar 

and changing temperatures from 25 to 100 °C the effec-

tive diffusion coefficient shows a decreasing trend with 

increasing temperature. 

As water saturation increases, there is a clear decrease 

in the effective diffusion coefficient, with the dry core 

sample having the highest effective diffusion coefficient 

of 1.10⋅10-7 m2/s, the sample with 40 % water saturation 

having 4.00⋅10-8 m2/s, and the 60 % water saturation sam-

ple having 5.00⋅10-9 m2/s. 

 Table 3.  Effective diffusion coefficients determined 

based on the measurements 

No. 
Sample site/ 

formation 

Rock 

type 

P 

[bar] 

T 

[°C] 

Effective 

diffusion 

coeffi-

cient 

[m²/s] 

1 
Berea sand-

stone 
Sandstone 40.0 25.0 1.15·10-7 

1 
Berea sand-

stone 
Sandstone 60.0 25.0 6.50·10-8 

2 Chattian Sand Sandstone 106.0 50.0 6.50⋅10-8 

3 
Aquitanian for-

mation 
Sandstone 53.5 25.0 1.10⋅10-7 

4 Pliocene Sands Sandstone 88.3 45.0 2.00⋅10-7 

5 Ebes Fm. 
Lime-

stone 
140.5 107.0 1.70⋅10-8 

6 Ujfalu Fm. 1 Sandstone 116.5 86.0 1.10⋅10-7 

7 
Detfurth  

formation 
Sandstone 287.2 96.0 1.70⋅10-7 

8 
Rough 

Rotliegendes 
Sandstone 203.0 92.0 9.00⋅10-9 
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Fig. 10. Effective diffusion coefficient vs. water saturation at 

100 bar and 40 °C. Error bars represent standard deviation. 

10 Discussion  

The following equation (6) for the description of the bulk 

binary diffusion coefficient 𝐷𝑏𝑢𝑙𝑘
𝐴𝐵  is based on the model 

by Fuller [16, 17, 18]. This correlation enables the predi-

cation of diffusion coefficients for different combinations 

of components. 

     𝐷𝑏𝑢𝑙𝑘
𝐴𝐵 (𝑝, 𝑇) =

0.0143𝑇1.75

𝑝𝑀𝐴𝐵
0.5((∑𝜐)

𝐴
1/3

+(∑𝜐)
𝐵
1/3

)2
             (12) 

                            𝑀𝐴𝐵 =
2

1

𝑀𝐴
+

1

𝑀𝐴𝐵

             (13) 

where 𝐷𝑏𝑢𝑙𝑘
𝐴𝐵  is the bulk binary diffusion coefficient in 

m2/s, T is the temperature in K, 𝑝 is the pressure in Pa, 

𝑀𝐴𝐵  is the harmonic mean of the molecular weight of 

components A and B in g/mol, and ∑𝜐 is the atomic dif-

fusion volume.  

 

According to the equations, it can be inferred that the 

effective diffusion coefficient is inversely proportional to 

pressure. This relationship is evident from the data points 

from 10 to 75 bar. However, for higher pressures, the 

measurements exhibit a different pattern. Specifically, 

from 75 to 200 bar, there is a noticeable increasing trend. 

A comparable relationship between the diffusion coeffi-

cient and pressure was observed in a study conducted by 

Guevara-Carrion et al. (2019) for the binary system con-

sisting of methane and carbon dioxide. A comparison of 

the experimental results with the Bentheimer sandstone 

sample and a model, which is a combination of Fuller and 

Millington & Quirk, is shown in Fig. 11. The measured 

and correlated values are in the same order of magnitude. 

The trend of the experimental data and the correlation is 

similar until 75 bar, although the values are not the same. 

For the measurements from 75 to 200 bar the correlation 

does not display the trend of the measurements since the 

experimental values are increasing but the correlated val-

ues are decreasing. The deviation from conventional cor-

relations in this pressure region could be related to the su-

percritical state where drastic changes of the thermody-

namic properties could take place along certain pathways 

across the Widom line.  

Fig. 11. Comparison of correlated (model Fuller and Millington 

& Quirk) and measured effective diffusion coefficient (Ben-

theimer sandstone sample, 40 °C). Error bars represent standard 

deviation. 

The comparison of the experimental data of the meas-

urements with the Bentheimer sandstone sample at vary-

ing temperatures with the correlated results of the model 

by Fuller and Millington & Quirk is depicted in Fig. 12 

(constant pressure of 100 bar).  

Fig. 12. Comparison of correlated (model Fuller and Millington 

& Quirk) and measured effective diffusion coefficient (Ben-

theimer sandstone sample, 100 bar). Error bars represent stand-

ard deviation. 

The trend of the effective diffusion coefficient in the 

correlation is contrary to the trend observed in the labora-

tory but the measured effective diffusion coefficients are 

in the same order of magnitude. At 100 °C, when the ex-

perimental result and the correlation are furthest apart, the 

correlated result is approximately 1.8 times larger than the 
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experimentally determined diffusion coefficient. The un-

expected decrease with rising temperature in the experi-

mental measurements was also observed by Guevara-Car-

rion et al. (2019) in specific pathways within the super-

critical region.  

For the measurements with different water saturations, 

there is a clear decreasing pattern observed in the effective 

diffusion coefficient. The dry core sample has an effective 

diffusion coefficient of 1.10⋅10-7 m2/s, while at 40 % wa-

ter saturation, it decreases to 4.00⋅10-8 m2/s, and at 60 % 

water saturation, it further reduces to 5.00⋅10-9 m2/s. This 

behaviour aligns with expectations, as higher water satu-

ration results in reduced pore space for gas diffusion 

within the rock sample. These findings are consistent with 

the correlation proposed by Millington and Quirk.  

11 Conclusion 

In this study a new experimental setup was developed for 

the measurement of hydrogen diffusion through reservoir 

rocks. The measurement method that was used is a 

pseudo-stationary one chamber method. Based on the 

measured diffusion rates, effective diffusion coefficients 

were determined by comparing the measured data with a 

numerical simulation model. The measurements are re-

peatable, and the results are comparable to results from 

other diffusion measurements from literature. The plot-

ting of the effective diffusion coefficients versus pressure, 

temperature and water saturation show clear trends, 

which, however, are partly different than calculated by 

conventional correlations. The measurements indicate de-

viations from the correlations at pressures above 75 bar, 

where the effective diffusion coefficient increases with in-

creasing pressure. The temperature dependence is also not 

reflected by the correlation. The decreasing trend of the 

effective diffusion coefficient with increasing water satu-

ration fits to the expectation. For a better understanding of 

the influence of temperature and pressure on the diffusion 

process, more measurements should be performed to get 

further data points. 
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