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A B S T R A C T

Design and implementation of underground storage of H2 and CO2 require reliable and calibrated simulation 
models capable of predicting injected fluid behavior and its interaction with geological formation and native 
fluids at field scale over geological timescale. Molecular diffusion of gas through formation water in reservoir, 
aquifer, and caprock influences various mechanisms related to the dissolution, such as the activation of microbial 
activity and the trapping phenomena and, in particular, the long-term containment of the stored or sequestered 
gas. This project focuses on characterizing the diffusive term, which describes the molecular diffusion of dis
solved gas through water-saturated porous media. Here, the bulk diffusion coefficient adopted at the microscale 
is rescaled to obtain the effective diffusion coefficient representing the porous medium at the macroscale through 
pore space morphology description based on tomographic images. Two approaches are adopted and compared: 
an established one involving a pore-scale numerical simulator to assess diffusion tortuosity, which is then used in 
a correlation to estimate the effective diffusion coefficient; an innovative workflow involving fitting the pore- 
scale numerical solution of the diffusion–transport equation to the analytical solution of Fick's second law for 
a homogeneous representative elementary volume (REV). To this end, a 1D solution of Fick's second law is 
derived under appropriate initial and boundary conditions. Due to the lack of nano-CT caprock data, the 
methodology was applied to low-porosity, tortuous rocks. The provided results should be regarded as conser
vative estimates; the methodology must be reapplied to nano-CT images of actual caprocks for field-scale 
predictions.

1. Introduction

The shift towards green and renewable energy involves underground 
gas storage, either of CO2 or H2 [1]. Long-term CO2 underground storage 
is regarded as an essential mitigation option to reduce greenhouse gases 
in the atmosphere and mitigate climate change [2]. CCUS (Carbon 
Capture, Utilization, and Storage) encompasses all the methods and 
technologies to remove CO2 from industrial flue gas and from the at
mosphere, followed by CO2 recycling or safe and permanent storage 
options [3]. On the other hand, Underground Hydrogen Storage (UHS) 
[4] is a technology under evaluation as a potential solution to 
compensate for the natural fluctuations in the production of electricity 
from natural resources, such as wind or solar radiation, which depend on 
the availability of the specific energy source. Hydrogen obtained by the 
conversion of electrical energy into fuel gas, Power-to-Gas (P2G) [5], 
can be stored for later use when required.

Underground storage of CO2 or H2 can benefit from the knowledge 

gained from natural gas storage practices. In gas reservoirs, evidence 
proves the sealing capacity of reservoir caprocks to prevent upward gas 
migration: CH4 diffusion through caprocks is negligible even over 
geological times. However, there are notable differences between H2, 
CO2 and CH4, both in terms of physical properties (such as viscosity and 
molecular size) and chemical characteristics (such as chemical reac
tivity). As a result, diffusion of H2 and CO2 through reservoir caprocks 
has to be properly evaluated.

Caprocks are made of fine grains such as clay particles, and/or they 
have been subjected to specific diagenetic processes such as dissolution/ 
recrystallization [6]. They are characterized by a moderate bulk porosity 
composed of an intricate network of micropores (<2 nm) and mesopores 
(2–50 nm) and poor interconnection [7]. This tortuous pathway signif
icantly hinders fluid flow, and it is quantified by a high hydraulic tor
tuosity factor between 2 and 10 [7]. Small pores imply a high entry 
capillary pressure. Moreover, the intricate porous morphology results in 
a low permeability [8], reduced by six orders of magnitude or more, 
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compared to the permeability in the reservoir zone [6]. Despite the very 
low permeability, diffusion coefficients can be reduced by only one or 
two orders of magnitude compared to bulk values [6].

In caprocks, pores are saturated with brine. The gas first dissolves in 
the water and then diffuses through it [6,9–12]. Solubility and bulk 
diffusion coefficient (Db) of CH4, H2, and CO2 in pure water are shown in 
Table 1.

At the pore scale (microscale), gas molecules diffuse within the 
saturated interconnected pore space according to the bulk diffusivity of 
the gas in the brine. At the continuum scale (macroscale), however, the 
presence of the solid matrix modifies the accessible pathways and 
effectively slows down diffusion with respect to the diffusivity that 
would occur in an equivalent bulk volume of brine. Pore network 
morphology, primarily its porosity and tortuosity, controls how strongly 
the medium impedes diffusive transport [19]. This leads to an effective 
diffusion coefficient (macroscale diffusion), which is lower than the bulk 
value (microscale diffusion). Thermodynamic conditions of the geolog
ical formation used for underground storage could have a significant 
impact on the bulk diffusion coefficient, and in turn on the effective 
diffusion. An increase in temperature enhances molecular mobility and 
decreases viscosity, leading to higher diffusion coefficients. Compared 
to temperature, pressure has a weaker influence because brine is slightly 
compressible. However, if we consider a fixed temperature, the increase 
in brine viscosity at reservoir pressure compared to ambient pressure 
corresponds to a decrease in diffusivity. This behavior can be expressed 
by the standard empirical correlation for estimating the diffusivity of a 
dilute dissolved gas in a liquid [20,21]: 

Db = 1.1728×10− 16T
̅̅̅̅̅̅̅̅̅
χlMl

√

μlV0.6
g

(1) 

where Db is in m2/s, Vg is the solute (gas in our case) molar volume at the 
normal boiling point in m3/kmol, T is the temperature in K, μl is the 
solvent viscosity (brine in our case) in Pa s, χl is the solvent association 
parameter and Ml is the solvent molecular weight.

Recently, some efforts have been devoted to the experimental 
assessment of the gas diffusion into typical sealing lithotypes for both 
H2, e.g. [22–29], and CO2, e.g. [6,30–34]. The obtained values are 
summarized in Table 2.

In this work, we present an innovative workflow for characterizing 
the effective diffusion coefficient of gas in saturated porous media at the 
macroscale (i.e. under the continuum hypothesis), based on rescaling 
the bulk diffusion that occurs at the microscale within the pore space. 
The methodology is based on pore-scale numerical simulations of the 
diffusion equation performed on a simulation domain based on 3D 
tomographic images. Solving the diffusion equation within the pore 
geometry yields the spatial and temporal evolution of dissolved-gas 
concentration. By averaging the resulting 3D solution over a signifi
cant number of cross sections, a time-dependent concentration profile 
on an equivalent homogeneous 1D REV is obtained. The effective 
diffusion coefficient is then calculated by fitting an analytical 1D solu
tion of Fick's second law - derived under appropriate initial and 
boundary conditions - to the resulting time-dependent concentration 
profile.

The obtained effective diffusivity values were compared with the 
ones calculated by the established workflow applying a literature 

empirical correlation, where diffusion tortuosity was estimated from the 
pore-scale CFD simulation.

OpenFOAM v11 numerical simulator [35] was adopted for pore- 
scale simulation on grids replicating binarized micro-CT scan images 
of rocks; known bulk diffusivity of gas in brine was imposed within the 
porous domain.

As literature nano-CT data of caprock are not available, three real 
rock geometry images from the literature were considered: the 3D 
binarized images of the well-characterized Berea sandstone, a low- 
permeability sandstone (Parker, 10 mD), and a salt sample with very 
low porosity (0.08%). Since caprock pore structures are typically more 
tortuous, less porous, and dominated by nanometric pores, the resulting 
diffusivity values should be regarded as conservative.

Nevertheless, the aim of this work is to provide a methodological 
workflow to estimate effective diffusivity using a tomographic image. 
The methodology bridges pore-scale models, based on well- 
characterized bulk gas diffusion in water, and reservoir-scale models, 
which rely on effective diffusion, governed by the medium's pore 
structure. Such a parameter is critical for simulations of Underground 
Storage of H2 and CO2, particularly for predicting gas migration through 
the caprock over time.

Given that experimental estimation of effective diffusion coefficient 
is complex and expensive, the presented methodology enables improved 
Underground Fluid Storage reservoir characterization using available 
data. Moreover, unlike the established workflow, it does not rely on 
empirical correlations, reducing methodological bias and enhancing 
physical consistency.

2. Materials and methods

The methodology relies on pore-scale numerical simulations of the 
diffusion equation carried out on a computational domain derived from 
3D tomographic images. In the present work, the tomographic images 
were already binarized (Section 2.1). In general, binarization is required 
to separate high-resolution 3D micro-CT scans into two distinct phases: 
solid grains and void space (pores). To this end, thresholding based on 
the bimodal histogram of image intensities can be employed [36]. A 
detailed discussion of binarization techniques is beyond the scope of this 
paper.

The workflow is summarized in Fig. 1. Given the bulk diffusion co
efficient Db, expressing the diffusion of gas in brine within the pore 
space, the diffusion equation is numerically solved (Section 2.2) on the 
binarized 3D porous domain. The time and space evolution of the dis
solved gas concentration, C(x, y, z, t), diffusing from the inlet source to 
the outlet through the water-saturated porous medium, along the x-di
rection, is determined.

By averaging the resulting 3D solution over a significant number of 
cross sections (on the y-z plane), a concentration profile C(x, t) on an 
equivalent homogeneous 1D REV is obtained (see Section 2.3 for 
details).

Fitting an analytical 1D solution of Fick's second law, derived in 
Appendix A, to the resulting concentration profile C(x, t) at fixed 
timesteps (tn), the fitted De(tn) values are obtained (see Section 2.3 for 
details). This matching value varies over time due to the geometry of the 
pore spaces and converges to an asymptotic value as the concentration 
approaches 1 in the entire domain. The effective diffusion coefficient De 
is then estimated as the asymptotic value of the fitting. The criteria 
applied to select the tn corresponding to asymptotic De was formalized as 

I(tn) ≥ 0.95 ∧ errrel(tn) ≤ 10− 3 (2) 

where 

I(tn) =
1
L

∫ L

0
C(x, tn)dx (3) 

is the integral mean of the profile, that satisfies lim
n→∞

I(tn) = 1, and 

Table 1 
Solubility and bulk diffusion coefficient in pure water [13–18].

Gas Solubility in water (g/kg) Bulk diffusion coefficient (×10− 9 

m2/s)

@ 20 ◦C, 1 atm @ 50 ◦C, 120 bar @ 20 ◦C, 1 atm @ 50 ◦C, 120 bar

CH4 0.023 1.28 1.62 0.039
H2 0.0016 0.18 4.58 0.0808
CO2 0.16 9.9 1.67 0.0365
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errrel(tn) =
|De(tn) − De(tn− 1) |

|De(tn) |
(4) 

quantifies the relative discrepancy of the fitted values computed at two 
successive timesteps. Such a criterion ensures that the domain was 
extensively explored by the diffusion simulation (i.e., I(t) close to 1), 
while the rate of variation between two consecutive steps can be 

considered small.
For comparison purposes, a well-established literature empirical 

correlation for effective diffusivity estimation is presented in Section 
2.4. The correlation relies on bulk diffusion, tortuosity and porosity; 
diffusion tortuosity, estimated from pore-scale CFD simulations pre
sented in Section 2.2, was adopted for the calculation.

2.1. Samples

Since caprock pores are typically nanometric, micro-CT imaging 
cannot resolve their structure. Nano-computed tomography (nano-CT) is 
a high-resolution imaging technique representing an advancement over 
micro-CT technology [37]; however, nano-CT data for caprock remain 
scarce in the literature.

Rock computed tomography (CT) images were collected from the 
Digital Rock Portal and the Imperial College Consortium on Pore-scale 
Imaging and Modelling database. Among the micro-CT images avail
able, three rock geometries were selected (Fig. 2), characterized by low 
porosity and appreciable tortuosity: Berea sandstone [38,39], Synthetic 
Rock Salt [40], and Parker sandstone [41,42]. Available details provided 
in the literature are summarized in Table 3. The selected samples are 
characterized by micrometric pores, porosity and permeability values 
greater than those of a typical shale caprock, which is characterized by 
porosities in the range 0.1–14% [43], permeability in the range 9 ×
10− 6–6 × 10− 3 mD [43], pore-throat size in the range 1–500 nm with a 
distribution mode around 8–20 nm [44–46] and tortuosity in the range 
of 2–10 [7]. Since the pore structure of a caprock is generally more 
tortuous, less porous, and characterized by nanometric pores (i.e., 
constrictivity factor <1), diffusivity values estimated for the sand sam
ples represent a cautionary estimation. Nevertheless, the presented work 
is meant to provide a methodological workflow for the microscale to 
macroscale diffusivity assessment, starting from a tomographic image.

2.2. Microscale diffusion simulation

In the current project, pore-scale diffusion simulations were per
formed using the Finite Volume simulator OpenFOAM v11 [35]. The 
simulation domains consisted of unstructured regular hexahedral grids 
replicating the binarized micro-CT scans shown in Fig. 2. They were 
generated by exploiting the snappyHexMesh utility constrained to the 
triangulated surface of the sample grains. No mesh refinement was 
applied. The key parameters of the grid are summarized in Table 4.

The “pluggable” solver scalarTransport was then employed. This post- 

Table 2 
Diffusivity of H2 and CO2 in sealing lithotypes.

Formation Depth Porosity Dry/wet Pressure & temperature Values

H2 [29] Boom clay 200–300 m 36–43% Saturated T: 25◦C 
P: up to 5 bar

4.2 × 10− 12 m2/s to 1.6 × 10− 10 m2/s -

[26] Boom clay 200–300 m 31–45% Saturated T: 25◦C 
P: ambient

3.0 × 10− 11 m2/s

[22] Boom clay 200–300 m 31–45% Saturated T: 25◦C 5 × 10− 12 m2/s to 4 × 10− 10 m2/s
[24] Callovo-Oxfordian clay 430–550 m – Dry T: 90 and 120 ◦C 

P: 0.45 bar
1.4 × 10− 7 m2/s

[23] Callovo-Oxfordian clay 430–550 m – Wet – 1.1 × 10− 11 m2/s
[25] Boom clay 200–300 m – Saturated T: ambient (21 ◦C) 

P: 10 bar
2.64 × 10− 10 m2/s

[28] 33.2% Dry and wet T: ambient 
P: 0.2–0.8 atm

1 × 10− 10 m2/s to 6 × 10− 8 m2/s

[27] Caprock samples (late Neogene) – 28–35% Saturated T: 20◦–22 ◦C 
P: 40 bar

8 × 10− 11 m2/s (fresh) 
1.1 × 10− 8 m2/s (long stored) 
1.8 × 10− 10 m2/s (re-saturated)

CO2 [6] Dogger formation 6% T: 30 and 23 ◦C 2.4 × 10− 10 m2/s and 1.5 × 10− 10 m2/s
[30] Muderong Shale 1454 mbsf 20% Saturated T: 50 ◦C 

P: 6 MPa
3.0 × 10− 11–4.81 × 10− 11

[31] Pelitic rocks Saturated 10− 9 to 10− 11 m2/s
[33] Munsterland Basin 128 and 813 m 15% and 6% Saturated t T: 28 ◦C 

P: 5 MPa
7.8 × 10− 11 to 1.2 × 10− 10 m2/s

Fig. 1. Workflow for estimating the macroscale effective gas diffusion coeffi
cient (De) in saturated porous media, obtained by rescaling the microscale bulk 
diffusion coefficient (Db) within the pore space. C is the gas concentration, 
diffused from the inlet source to the outlet through the water-saturated porous 
medium, along the x-direction. Variables shown in boldface correspond to the 
outputs generated at each stage of the workflow.
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processing module evolves a passive scalar diffusion-transport equation 
within the investigated domain, taking as input the bulk molecular 
diffusive coefficient (Db), a source term (SC) and the velocity field (u), 
calculated by solving the Navier-Stokes equations: 

∂C
∂t

+∇⋅(uC) − ∇⋅(Db∇C) = SC (5) 

In the current implementation, the dissolved gas concentration var
iable C(x, y, z, t) was supposed to be dimensionless and normalized. 
Since the focus was on isolating the pure diffusion phenomenon, the 
velocity field was set equal to zero, as was the source term.

We assumed that the pores were initially saturated with pure water 

at standard conditions, implying a zero concentration of solute (gas) in 
the whole domain as the initial condition of the simulation. The evo
lution in time and space was driven by the Dirichlet boundary condition 
imposed at the inlet, i.e. C(x = 0, t) = 1, while the impervious condition 
was imposed on the throat walls and the outlet surface by requiring that 
∇C⋅n̂ = 0, where n̂ is the unit normal vector to the boundary surfaces.

The gas in water bulk diffusion coefficient (Db) was set equal to 10− 9 

m2/s, which is representative of the order of magnitude available in 
literature, as shown in Table 1.

Simulations were carried out until the solute concentration 
approached the value of 1 throughout the whole 3D domain (Fig. 3a and 
b).

2.3. Macroscale diffusion coefficient from analytical solution of Fick's 
second law

Gas diffusion in water-saturated rocks at the macroscale, parame
trized through the effective diffusion coefficient (De), corresponds to the 
diffusion of the gas within a homogeneous REV with a behavior equiv
alent to the microscopic porous media. As a consequence, the De value 

Fig. 2. Binarized micro-CT samples of (a) Berea sandstone, (b) Parker sandstone, and (c) Salt.

Table 3 
Considered rock samples.

Sample Type Sample size (mm) Resolution (μm/px) ϕ (− ) k (mD)

Berea Sandstone 0.914 × 0.914 × 0.914 5.345 0.2 1286
Parker Sandstone 1.1273 × 1.1273 × 1.1273 7.002 0.12 10
Salt Salt 0.301 × 0.301 × 0.301 1.881 0.08 Not available

Table 4 
Simulation grid parameters.

Sample Cell length (μm) Grid size (# cells)

Berea 5.3 106

Parker 3.5 3.7 106

Salt 1.9 3.5 105

Fig. 3. (a) Simulation grid; (b) concentration evolution in time.
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can be estimated by approximating the concentration distribution ob
tained by microscale simulation of a porous domain (Section 2.2) with 
the analytical solution on an equivalent macroscale homogeneous REV. 
In the simulated cases, the homogeneous REV is a 1D finite domain [0, L]
with a constant concentration (C0 = 1) imposed at the inlet boundary 
and a zero-gradient at the outlet. The diffusion problem is formalized as: 

∂C
∂t

= De
∂2C
∂x2

(6) 

C = 0 x > 0 t = 0 

C = 1 x = 0 t > 0 

∂C
∂x

= 0 x = L t > 0 

The equation is also known as Fick's second law [47]. The corre
sponding analytical solution reads (see Appendix A for details): 

C(x, t) = 1 −
2
L
∑+∞

i=1

sin(λnx)
λn

e− λ2
nDet (7) 

where λn =
(2n− 1)π

2L ∀n > 0.
The best fitting effective diffusion De was then assessed by applying 

the least squares method to the profiles reconstructed from the simu
lated concentration maps (see Section 2.2) and the analytical solution 
(Eq. (7)).

The evolution of the concentration profile along the x-direction over 
time was then assessed by: 

1. Slicing the computational domain with a series of equispaced planes 
orthogonal to the main diffusion direction (x-axis) (Fig. 4a)

2. Averaging the concentration cell values over each slice and assigning 
the resulting value to the x-coordinate of the slice's centroid (Fig. 4b)

C(slice) =
∫

sliceC dA
As

(8) 

where As is the area of the slice.
This resulting curve represents the distribution of the solute (gas) 

concentration in water along the main diffusion direction for each 
timestep of the simulation. It can be approximated with the solution of 
the diffusion equation in a one-dimensional finite domain at different 
times, obtained using an effective diffusion coefficient that accounts for 
both Db and the structure of the pores. In other words, it represents the 

link between the description of the diffusion phenomenon at the scale of 
the pores (where bulk diffusion coefficient is adopted) and the phe
nomenon at the scale of the whole sample (where the effective diffusion 
coefficient is adopted).

2.4. Macroscale diffusion coefficient from empirical correlations

Gas diffusion in brine saturated porous rocks at the macroscale, 
called effective diffusivity (De), is primarily influenced by the microscale 
diffusion of gas through the fluid filling the pores (Db), as well as by the 
structure of the pores, in terms of tortuosity (τ > 1), the effective 
porosity (ϕ) and a dimensionless factor called constrictivity (δ ∈ (0,1]) 
[19,48–52]: 

De = Db
ϕ
τ2 δ (9) 

Constrictivity factor represents the hindrance to which the fluid is 
subject when travelling to pores of varying cross section (Ayz) [19,53]: 

δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
max Ayz × min Ayz

√

mean Ayz
(10) 

Other authors associate the constrictivity with the reduction of the 
effective diffusion due to an increase in viscosity, compared to the bulk 
viscosity of the solvent, caused by the proximity of the pore wall [54]. A 
relationship explicitly accounting for Knudsen diffusion is given by [51]: 

δ =
DK

Db + DK
(11) 

where DK is the Knudsen diffusion, i.e., the diffusion that occurs when a 
molecule diffuses within a space that has dimensions comparable to or 
smaller than the mean free path of the molecule itself [51]: 

DK =
dpore

3

̅̅̅̅̅̅̅̅̅
8RT
πM

√

(12) 

For liquid-filled pores, the constrictivity value can be related to the 
ratio of the kinetic diameter of the diffusing molecules (dm) to the mean 
pore size 

(
dpore

)
[55]: 

δ = exp
(

− 4.6
dm

dpore

)

(13) 

According to Eqs. (11) and (13), constrictivity is only important if the 
size of the solute becomes comparable to the size of the pore. For the 
considered gases, the solute size is reported in Table 5, and the trend of δ 

Fig. 4. Reconstruction of the Concentration profile from simulated field (Fig. 3): (a) slicing of the domain; (b) representation of the average value along the 
x-direction.
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vs. dpore (Eq. (13)) is shown in Fig. 5. As a consequence, in the considered 
scenarios we can assume δ=1. In caprocks, the constrictivity may further 
reduce effective diffusion. The application of an algorithm for pore 
diameter determination from 3D image, as the one presented in [56], 
can be applied to the binarized nano-CT image to determine the repre
sentative pore diameter (dpore) and, in turn, estimate the corresponding 
constrictivity (δ), using Eq. (13). However, such a reduction is not ex
pected to be severe. By way of example, in caprock samples analyzed by 
[44–46] the modal pore diameter of caprocks falls within the 8–50 nm 
range, corresponding to δ ≈ 0.8 − 0.97.

Tortuosity accounts for the complexity of the pore structure 
morphology. It can be defined as the ratio between the effective length 
of the flow path to the straight-line distance in the macroscopic flow 
direction. Different definitions are reported in the literature, according 
to the considered transport process (hydraulic, electrical, diffusional, 
and thermal), along with a geometrical definition [49,58]. In previous 
work, we estimated the hydraulic and geometric tortuosity of the sam
ples [56,59–62].

Here we focus on the diffusion tortuosity (τD), that we estimate by 
numerical simulation at the pore scale (Section 2.2). According to the 
definition provided by [63]: 

τD =

∑
cells|J|∑
cellsJx

(14) 

where J is the vector diffusive flux, defined as 

J = − Db∇C (15) 

and Jx is the component along the main diffusion direction, i.e. the di
rection orthogonal to the imposed inlet source.

3. Results and discussion

To estimate a representative effective diffusion coefficient (De) for 
the three selected samples, the workflow introduced in the previous 
sections (Fig. 1) was applied.

The distribution in the pore space of the dissolved gas concentration 
and the corresponding average profiles are shown in the following 
sequence of images (Figs. 6, 7, and 8), where we selected five timesteps, 

named t1 to t5, such that I(t) (Eq. (3)) approached fixed values (i.e., 0, 
0.1, 0.25, 0.5, 0.75). In Figs. 6b, 7b, and 8b the simulated concentration 
profile averaged on y-z sections (blue) is compared with the 1D 
analytical solution evaluated using both the fitted coefficient (De(tn)) at 
the corresponding timestep tn (red) and the asymptotic coefficient (De) 
(green).

The relative error (errrel(tn), Eq. (4)) obtained when convergence 
criterion is met is equal to 6.48 10− 5, 3.41 10− 4, and 9.29 10− 4 for the 
Berea, Parker and Salt scenarios, respectively. Fitting error analysis vs. 
simulation time is reported on Fig. 9. Since the three samples differ in 
size, porosity, and tortuosity, diffusion phenomenon would evolve over 
different time scales in the three domains.

A sensitivity to the imposed tolerance criterion (Eq. (2)) was per
formed. To this end, a different asymptotic value was calculated as 
De(tn) : I(tn) = 0.9. Choosing a De not completely stabilized ( I(tn) = 0.9)
produce a poor coefficient of determination R2 especially in the late time 
of the phenomenon (Fig. 10); this behavior is particularly evident in the 
Parker (Fig. 10b) and Salt (Fig. 10c) cases. However, when most of the 
domain was already explored by diffusion simulation, the obtained 
diffusivity value is not very sensitive to the adopted criterion parame
ters. In fact, the relative discrepancy between De calculated at tn : I(tn) =
0.90 and at tn : I(tn) = 0.95 is 0.21%, 4.2% 3.3% for the Berea, Parker 
and Salt scenarios, respectively.

In Berea scenario, good correspondence is observed between the 
simulated concentration profile, averaged on y-z cross sections, and the 
analytical concentration profile obtained with the fitting diffusion co
efficient (De(tn)) at all the considered timesteps (Fig. 6). The agreement 
is attributed to an internal structure that does not exhibit significant 
heterogeneities (Fig. 11). Conversely, in the other scenarios the simu
lated concentration profile is not as convex as the analytical one (Figs. 7 
and 8). These irregularities are attributed to the connectivity of the pores 
of the samples. In the central region of Parker, porosity and pore con
nectivity are markedly reduced (Fig. 12): many porous pathways are 
interrupted or deviated to the presence of a compact grain region. This 
pronounced heterogeneity in the pore distribution is responsible for the 
observed significant deviation from the analytical concentration profile, 
which models the behavior of a homogeneous equivalent medium. 
Recalling that each value of the reconstructed profile corresponds to the 
average concentration over a given slice, it is clear that slices with a 
reduced local porosity (i.e. a reduced number of pore cells) act as bot
tlenecks, causing an accumulation of solute and slowing down the 
propagation of further into the domain. This is clearly visible in Fig. 12, 
where there is a correspondence between a decreasing trend of the local 
porosity (i.e. the measure of the porosity for each slice <0.1) and dis
solved gas accumulation in the “upstream” points. Similar behavior is 
observed for Salt scenario, although discrepancies from analytical pro
file are less pronounced (Figs. 8 and 13).

The simulated evolution of concentration in both time and space also 
allowed for the assessment of the sample's diffusion tortuosity (τD, Eq. 
(14)). Similarly to De, the tortuosity value changes in time and ap
proaches its asymptotic value when the solute concentration becomes 
homogenously distributed throughout the entire domain. The trend of τD 
for all three samples is shown at the top of Fig. 14.

The assessed diffusive tortuosity values were compared (Table 6) 
with the geometric tortuosity (τg), estimated using an A*-based path
finding algorithm, and with the hydraulic tortuosity (τh), derived from 
the stationary velocity field obtained through incompressible single- 
phase CFD simulations with OpenFOAM v11. Interested readers can 
refer to Panini et al. [59] for details. The three types of tortuosity 
(geometric, hydraulic, and diffusive) are consistent. Differences in the 
values are due to their different transport processes [58,64]. Hydraulic 
tortuosity defines the tortuous path of fluid flow (advection) driven by 
pressure gradients. It reflects both pore constrictions and the require
ment that fluid particles remain on streamlines instead of taking short
cuts. For this reason, the hydraulic path length is greater than the 

Table 5 
Kinetic diameter of water and gas molecules for storage 
[57].

Molecule Kinetic diameter (nm)

H2O 0.265
CO2 0.330
CH4 0.380
H2 0.289

Fig. 5. Constrictivity vs. pore dimension (Eq. (13)).
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geometric path length. On the other hand, the effective flow paths 
through connected pores are dominated by larger pores and fractures, 
thus being generally less convoluted than diffusivity ones. Diffusion 
tortuosity describes the path of molecules moving by random motion 
(Brownian motion), which tends to cover all the connected pores, not 
only the shortest paths or the most effective paths for the flow. A similar 
behavior was observed by [65] in synthetic porous media, with 
increasing impact for decreasing porosity.

The effective diffusion coefficients obtained with the proposed 
workflow, i.e. the asymptotic values of the fitted Fick's law, were 
compared (Table 6) with those calculated through correlation (Eq. (9)), 
where the numerically estimated τD values were adopted. Results 
showed good consistency, nevertheless the proposed workflow proved 
to be more cautionary, being higher for a factor 2 for Berea scenario to 
3.5 for Salt scenario. Underestimation in the correlation estimate arises 

from the limited representation of the pore structure. In fact, the cor
relation approach (Eq. (9)) relies on porosity (accounting for pore vol
ume), tortuosity (accounting for pore interconnection), and 
constrictivity (accounting for Knudsen diffusion). However, such pa
rameters cannot capture other relevant aspects of pore space 
morphology such as pore size distribution (micropores vs. macropores), 
pore shape (rounded, elongated, or slit-shaped) and presence of bottle
necks. Conversely, being based on binarized tomographic image, the 
proposed workflow integrates all the morphological aspects of pore 
geometry, thus being more physically consistent. Results were also 
comparable with experimental values from literature on saturated 
sealing lithotypes (Table 2).

The obtained effective diffusivity values are strongly affected by 
sample pore structure, which is responsible for the reduction of the 
diffusivity from the bulk value of a factor 0.166 for Berea, 0.0737 for 

Fig. 6. Berea scenario: (a) Simulated concentration distribution at different simulation times and (b) corresponding numerical estimate of effective diffusivity by 
fitting analytical solution (Eq. (7)) at different timesteps.

Fig. 7. Parker scenario: (a) Simulated concentration distribution at different simulation times and (b) corresponding numerical estimate of effective diffusivity by 
fitting analytical solution (Eq. (7)) at different timesteps.
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Parker and 0.0818 for Salt. It is pointed out that caprocks are generally 
tighter than the samples analyzed. Shale cap rocks exhibit a moderate 
bulk porosity, in the range 0.1–14% [43]. Their pore morphology is 
characterized by an intricate network of micropores (<2 nm) and mes
opores (2–50 nm), with poor interconnection: the pore pathways exhibit 

significant tortuosity, typically in the range of 2–10 [7]. According to 
the correlation (Eq. (9)), the caprock effective diffusion is expected to be 
lower than the results presented here up to 3 orders of magnitude. 
Application of the methodology to a nano-CT image of caprock sample is 
recommended for a more accurate prediction.

Fig. 8. Salt scenario: (a) Simulated concentration distribution at different simulation times and (b) corresponding numerical estimate of effective diffusivity by fitting 
analytical solution (Eq. (7)) at different timesteps.

Fig. 9. Fitting error analysis for the estimate of the effective diffusivity at different simulation times.

Fig. 10. Comparison of fitting error for the estimate of the effective diffusivity at different simulation times with De corresponding to I(tn) = 0.9 (dotted blue) and 
I(tn) = 0.95 (green). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

In the studies for the design of Underground Storage of hydrogen and 
carbon dioxide, the phenomenon of diffusion of gas molecules in for
mation water should be taken into account and properly characterized. 
It has an impact on various mechanisms related to the dissolution of the 
gases in the connate water in the reservoir zone and in the aquifers, such 
as the activation of microbial activity and the trapping phenomena. In 
the case of caprock, the diffusion coefficient defines the long-term 
containment of the stored or sequestered gas.

This project investigates the diffusion coefficient, with the goal of 
linking micro-scale processes (bulk diffusion of gas in brine at pore 
scale) to the macro-scale parameter (effective diffusion for continuum 

porous medium). The workflow relies on fitting the pore-scale numerical 
solution of the diffusion–transport equation to the analytical solution of 
Fick's second law for a homogeneous REV. Diffusion tortuosity was also 
estimated and compared with the geometric tortuosity, obtained using 
an A*- based pathfinding algorithm, and with the hydraulic tortuosity, 
derived from incompressible single-phase CFD simulation.

Due to the lack of nano-CT caprock data, the proposed methodology 
has been applied to three rock samples featuring micrometric pores and 
exhibiting different values of tortuosity and porosity. For the selected 
samples, diffusion tortuosity turned out to be higher than both hydraulic 
and geometric tortuosity because diffusion tends to cover all the con
nected pores, not only the shortest paths or the most effective paths for 
the flow.

Fig. 11. Berea scenario: (a) comparison of simulated concentration profile averaged on y-z cross sections with the analytical profile obtained using the fitted 
diffusion coefficient in an equivalent homogeneous sample; (b) porosity calculated for y-z cross sections and example of some of the corresponding cross sections; (c) 
sample split to reveal the internal structure.

Fig. 12. Parker scenario: (a) comparison of simulated concentration profile averaged on y-z cross sections with the analytical profile obtained using the fitted 
diffusion coefficient in an equivalent homogeneous sample; (b) porosity calculated for y-z cross sections and example of some of the corresponding cross sections; (c) 
sample split to reveal the internal structure.
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The effective diffusion coefficients obtained with the proposed 
workflow were consistent with those derived from the correlation, while 
still yielding a more conservative estimate. Furthermore, the diffusivity 
values obtained were consistent with experimental data reported in the 
literature for saturated sealing lithotypes. Even if equivalent from the 
computational point of view, being independent from any empirical 
correlation, the proposed approach is more directly tied to the actual 
pore-scale morphology described by the tomographic images.

The results presented here should be regarded as conservative 

values, as caprocks are expected to be tighter than the samples analyzed. 
The methodology can nevertheless be readily reapplied to nano-CT 
images of actual caprocks to obtain more accurate predictions. This 
would entail a non-negligible increase in computational cost, due to the 
image resolution being approximately 20–50 times higher. However, 
fine-grained caprock lithologies often possess a certain degree of spatial 
homogeneity at the scale of hundreds of micrometers [66], which allows 
reducing the representative elementary volume by approximately one 
order of magnitude; furthermore, low-porosity samples naturally 
involve fewer cells within the pore space, which constitutes the simu
lation domain. Other difficulties in dealing with nano-CT images regard 
the image binarization, which is complicated by a low signal-to-noise 
ratio [67]. A thorough analysis of image processing pitfalls is out of 
the scope of the paper.

Given the complexity and high cost of experimentally determining 
effective diffusion coefficients, the methodology presented here pro
vides a means to leverage existing data to improve reservoir charac
terization for Underground Fluid Storage applications. On the other 

Fig. 13. Salt scenario: (a) comparison of simulated concentration profile averaged on y-z cross sections with the analytical profile obtained using the fitted diffusion 
coefficient in an equivalent homogeneous sample; (b) porosity calculated for y-z cross sections and example of some of the corresponding cross sections; (c) sample 
split in half to reveal the internal structure.

Fig. 14. Asymptotic convergence of numerical estimate of tortuosity (top) and effective diffusivity (bottom) as the domain is completely explored by diffu
sion phenomena.

Table 6 
Tortuosity and diffusivity results.

Sample τg (− ) τh (− ) τD (− ) De (m2/s)

Correlation Fick's law fitting

Berea 1.41 1.52 1.63 7.53 10− 11 1.66 10− 10

Parker 1.64 1.92 2.1 2.72 10− 11 7.37 10− 11

Salt 1.59 1.74 1.85 2.34 10− 11 8.18 10− 11
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hand, its applicability is constrained by the availability of high- 
resolution tomographic images, and its robustness is conditioned to an 
accurate image binarization.

The analysis could be extended in three dimensions to identify an
isotropies in the sample. An additional interesting development would 
be to apply the methodology to domains constructed from nano-CT 
scans of caprock, to assess the sensitivity of the method to higher reso
lution and reduced diffusivity.
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Appendix A

The evolution in time and space of the solute concentration C(x, t) in a finite 1D domain [0, L] with not homogeneous Dirichlet condition at the inlet 
(x = 0) and homogenous Neumann at the outlet (x = L), is described by the solution of the following differential problem 

∂C
∂t

= De
∂2C
∂x2 ∀t > 0 ∀x ∈ (0, L)

C(x,0) = 0 ∀x ∈ [0, L]

C(0, t) = C0 ∀t > 0

∂C
∂x

⃒
⃒
⃒
⃒
x=L

= 0 ∀t > 0

(A1) 

Exploiting the linearity of the differential operator we can suppose that the solution can be expressed in the form 

C(x, t) = v(x, t)+ q(x) (A2) 

It follows that the problem (A1) can be rewritten as 

∂v
∂t

= De

(
∂2v
∂x2 + qʹ́

)

∀t > 0 ∀x ∈ (0, L)

v(x,0) = − q(x) ∀x ∈ (0, L)

v(0, t) = C0 − q(0) ∀t > 0

∂v
xt

⃒
⃒
⃒
⃒
x=L

= − qʹ(L) ∀t > 0

(A3) 

where qʹ and q́ʹ are the first and second order derivative of q(x), respectively.
If the unknown term q(x) satisfies the ordinary boundary value problem with Robin conditions 

Deqʹ́ = 0 ∀x ∈ (0, L)
q(0) = C0
qʹ(L) = 0

(A4) 

the solution q(x) = C0 is trivial, and the problem (A3) results 

∂v
∂t

= De
∂2v
∂x2 ∀t > 0 ∀x ∈ (0, L)

v(x,0) = − C0 ∀x ∈ (0, L)

v(0, t) = 0 ∀t > 0

∂v
xt

⃒
⃒
⃒
⃒
x=L

= 0 ∀t > 0

(A5) 

To apply the separation of variables method to the problem (A5), it is supposed that 

v(x, t) = X(x)T(t) (A6) 

where X(x) and T(t) are non trivial, i.e. X(x) = 0∀x ∈ (0, L) and T(t) = 0 ∀t > 0 are not acceptable solutions. Substituting Eq. (A6) in Eq. (A5) we 
obtain 

XTʹ = DeXʹ́ T ∀t > 0 ∀x ∈ (0, L)
X(x)T(0) = − C0 ∀x ∈ (0, L)
X(0)T(t) = 0 ∀t > 0
Xʹ(L)T(t) = 0 ∀t > 0

(A7) 
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which means that must be satisfied the condition ∀x ∈ (0, L) and ∀t > 0 

Tʹ

DeT
=

Xʹ́

X
= − λ2 (A8) 

where λ is an unknow constant. Now it is possible to solve the two ordinary differential equations in space and in time, separately.
The ODE in time has general solution 

T(t) = ce− λ2Det (A9) 

The BVP in space, instead, reduces to a regular Sturm-Liouville Problem of the form 

Xʹ́ + λ2X = 0 ∀x ∈ (0, L)
X(0) = 0
Xʹ(L) = 0

(A10) 

The Sturm-Liouville theory [68] proves that the solution of the problem of type (A10) is given by a series of eigenvalues, simple and real, with 
expression: 

λn =
(2n − 1)π

2L
∀n > 0 (A11) 

and the associated eigenfunctions, which represents and orthonormal basis respect to the Hilbert space L2(0, L), have expression 

φn =

̅̅̅
2
L

√

sin(λnx) ∀n > 0 (A12) 

Each function f ∈ L2(0, L), thus can be expressed as a Fourier's series 

f(x) =
∑+∞

n=1
αnφn(x) (A13) 

where 

αn =

∫ L

0
f(x)φn(x)dx (A14) 

It follows that solution of the Eq. (A5) problem can be expressed as 

v(x, t) =
∑+∞

i=1
Xn(x)Tn(t) =

∑+∞

i=1
αnφn(x)e− λ2

nDet (A15) 

In particular, if the initial condition is satisfied, it holds 

v(x,0) =
∑+∞

i=1
Xn(x)Tn(0) =

∑+∞

i=1
αnφn(x) = − C0 (A16) 

where 

αn = − C0

∫ L

0
φn(x)dx = −

̅̅̅̅
2
L

√
C0

λn
(A17) 

Substituting the Eq. (A17) in Eq. (A15) and, in turn, in Eq. (A2), it follows: 

C(x, t) = C0

[

1 −
2
L
∑+∞

i=1

sin(λnx)
λn

e− λ2
nDet

]

(A18) 
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Data will be made available on request.
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