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A B S T R A C T   

Depleted gas reservoirs can provide a gigaton capacity and the necessary infrastructure for large scale hydrogen 
storage. Therefore, underground storage of hydrogen in these geological formations is considered a valuable 
option. However, the high molecular diffusion of hydrogen from these storage sites is a major concern. In this 
paper, the idea of hydrogen diffusion through the caprock during geological storage was investigated using a 
series of one- and three-dimensional numerical models. In these models, the caprock and overlying formations 
were considered as a semi-infinite system, while the interaction between the reservoir and the caprock was 
defined by the pressure and gas composition at the boundary. Hydrogen diffusion was based on chemical po
tential differences and the influence of pre-diffused hydrocarbon gas in the caprock was considered. Further
more, based on the analogies between the related partial differential equations of diffusion and spontaneous 
imbibition processes, a simple yet accurate semi-analytical solution was proposed. The presented semi-analytical 
solution can be used to predict the cumulative hydrogen loss over time. This solution states that the hydrogen 
loss increases proportionally with the square root of time. Using the semi-analytical solution, a criterion for loss 
by molecular hydrogen diffusion was presented that indicates the fraction of hydrogen lost by diffusion at a given 
time. The results obtained based on the diffusion fluxes showed that the hydrogen loss can be underestimated if 
the existence of hydrocarbon gas in the caprock is ignored. The analysis also indicated that hydrogen loss is 
directly proportional to the interface between rock and reservoir exposed to hydrogen, the caprock porosity, the 
gas saturation of the caprock, the square root of the diffusion coefficient, and the square root of time. While the 
presence of hydrocarbon gas facilitates diffusion, the thermodynamic effects at high pressures lead to a 
comparatively lower molar density in the caprock than in the matrix. Thus, a lower final loss of the injected 
hydrogen can be expected at higher pressures.   

1. Introduction 

Climate change and global warming due to the continuous release of 
greenhouse gases into the atmosphere need to be mitigated. Therefore, 
decarbonization of heavy industries, transportation, and aviation sys
tems will be a crucial step toward a carbon-neutral society [1,2]. 
Hydrogen (H2) has a high energy density and can undergo emission-free 
combustion. Thus, it can play a key role in a future carbon-free economy 
[3]. However, H2 has a very low volumetric density. Thus, cost-effective 
large scale storage sites, such as underground geological formations, 
may be required to maintain smart grid stability and to balance fluctu
ations in energy demand [4–6]. 

Geological storage of H2 can be done in salt caverns [7,8], saline 
aquifers [9,10], and depleted gas reservoirs [11,12]. Salt caverns are 

perhaps the best sites for H2 storage. There is a long history of good 
experience of storing natural and town gas (with H2 content close to 50 
%) in such caverns across Europe, particularly in the UK [13,14]. 
However, they have a lower storage capacity than saline aquifers or 
depleted gas reservoirs. Furthermore, these formations are subject to 
cyclic injection/withdrawal fatigue and may not be available in certain 
geological settings or at depths that make their application practical 
[15,16]. Saline aquifers offer tremendous capacity for H2 storage, but 
they require a large amount of cushion gas to operate [17,18]. In 
addition, extensive characterization is required before they can be 
considered as a viable storage option [19]. Depleted gas reservoirs, on 
the other hand, have residual gas that can serve as a buffer. Furthermore, 
their geological structure is known, the integrity of their caprock is 
proven, and infrastructure installed on the surface and underground can 
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reduce the cost of H2 storage [20,21]. However, impurities in the pro
duced H2 and possible biochemical/geochemical reactions are among 
the major concerns when it comes to H2 storage in depleted gas reser
voirs [22]. Visser [23] conducted a feasibility study for H2 storage in 
depleted gas reservoirs and reported on the potential challenges of 
storage in such formations. One of these major challenges is perhaps the 
leakage and loss from the caprock [23]. 

Caprock integrity in a storage site is often assessed by capillary 
sealing efficiency. This efficiency depends on wettability, interfacial 
tension, threshold pore radius of the caprock, and fluid densities. When 
analyzing the capillary sealing efficiency, the impacts of temperature, 
pressure, salinity, mineralogy, and total organic content of the caprock 
should be analyzed [24,25]. 

Very fine-grain clays such as kaolin, smectite, and illite are the pri
mary component of the caprock [26]. Mineralogical composition of 
caprock and its alteration due to the geochemical interactions with H2/ 
brine is another important parameter under these circumstances 
[27–29]. For instance, Bo et al. [30] and Gholami [31] performed a 
series of geochemical modeling to study H2 loss as a function of tem
perature and pressure [30,31]. They reported H2 loss due to the presence 
of calcite and clay minerals in a reservoir or caprock. Furthermore, the 
dissolution of the pyrite at high temperatures during H2 storage is 
another issue raised [32]. 

H2 molecular diffusion is another important but less studied mech
anism when it comes to caprock quality assessment. Injected H2 has a 
much lower density than the residual gas in the reservoir and forms a 
chamber directly under the caprock. Thus, due to its small molecular 
size [33] and mobility, there is a high probability of diffusion and loss 
from the caprock [34,35]. Fig. 1 schematically shows an underground 
H2 storage (UHS) site and the potential diffusion through the caprock. As 
can be seen in this figure, H2 injected into a depleted gas reservoir ac
cumulates at the top of the reservoir directly beneath the caprock, where 
it has the potential to diffuse into the caprock and upper formations. 

To date, several experimental and molecular dynamics simulation 
approaches have been used to study H2 diffusion. For instance, Gupta 
et al. [36] reported a value of 3 × 10− 11 m2/s for the H2 diffusion co
efficient in water saturated clays at 25 ◦C [36]. A range of 6 ×
10− 8–12.2 × 10− 8 m2/s was also calculated for the self-diffusion coef
ficient of H2. The experiments were performed on montmorillonite clays 
with pore sizes of 8–40 nm and in temperature and pressure ranges of 
60–140 ◦C and 20–300 bar, respectively [35]. Bhimineni et al. [37] used 
molecular dynamics simulations to estimate H2 diffusion into brine with 
different cations (Na+, K+, Ca2+) and up to a concentration of 5 mol/ 
kgH2O [37]. They validated the obtained simulation results in a range of 
0.46 × 10− 8-1.31 × 10− 8 m2/s and 10–60 ◦C temperature with experi
mental data. Similarly, Ghasemi et al.[38] used molecular dynamics 
simulations to mimic H2 diffusion through water-saturated clays and 
determined a range of 3.4 × 10− 9–12 × 10− 9 m2/s [38]. They consid
ered different clay minerals such as pyrophyllite, Na-montmorillonite, 

Ca-montmorillonite, Na-beidellite, and Ca-beidellite with pore sizes 
ranging from 1 to 8 nm. In another study, the H2 diffusion coefficient 
was determined experimentally in an Australian anthracite coal sample 
with a range of 0.99 × 10− 8–5.92 × 10− 8 m2/s [34]. The experiments 
were conducted at a temperature range of 20–60 ◦C and approximately a 
constant pressure of 13 bar. 

This paper provides insights into H2 diffusion through caprock dur
ing geological storage by describing the main characteristics of diffusion 
and analyzing the effective parameters. A semi-infinite system was 
considered to represent H2 diffusion into the caprock and upper reser
voir formations. The chemical potential was utilized as the driving 
mechanism, and the presence of previously diffused hydrocarbon gas in 
the caprock was considered. Based on similarities between the partial 
differential equation describing H2 diffusion and spontaneous imbibi
tion, a semi-analytical solution was proposed. The presented semi- 
analytical solution can be used to predict H2 loss during the semi- 
infinite period. Furthermore, a loss fraction criterion was presented to 
quantify the severity of diffusive H2 loss. 

The paper is structured as follows: The concept of H2 diffusion is 
presented, followed by general equations and system description. A 
semi-analytical solution is derived using the corresponding partial dif
ferential equation and the chemical potential gradient as the diffusion 
mechanism. The numerical simulation approach and its comparison 
with the analytical solution are then presented followed by sensitivity 
analyses of the influencing parameters. A comparison of the semi- 
analytical solution with the numerical simulation for several cases are 
presented. Finally, H2 diffusion through the caprock is investigated 
using three-dimensional models. Fig. 2 shows the flowchart of this study. 

2. H2 diffusion 

Molecular diffusion is defined as the mass transfer of components in a 
system due to the random motions of molecules [39]. Different mech
anisms can be used to describe molecular diffusion including concen
tration gradient, temperature difference, chemical potential, and 
magnetic or electric fields [40]. However, when magnetic and electric 
fields are not present and temperature changes during H2 injection are 
neglected, concentration gradients and chemical potentials are the 
mechanisms behind molecular diffusion. The diffusion flux based on the 
concentration gradient is given by [41]: 

Ji = − CDi
∂yi

∂Z
(1)  

where Ji is the molar flux of component i, C is the total molar concen
tration (the inverse molar volume of the mixture), Di is the effective 
diffusion coefficient of component i, yi is the molar fraction of compo
nent i, and ∂yi

∂Z is the gradient of the molar fraction of component i in the Z 
direction. 

Although Eq. (1) is often used in diffusion modeling, it is possible for 

Fig. 1. H2 storage in a depleted gas reservoir and its diffusion into the caprock.  
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a component to diffuse from a lower to a higher concentration. Thus, to 
describe the diffusion process for more general conditions, something 
more than just the concentration gradient should be used. For example, 
one can use complex composition-dependent mechanisms through 
intermolecular interactions under these circumstances. 

The modern theory assumes that molecular diffusion is driven by the 
chemical potential gradient of a species [41]. H2 diffusion in a multi
component hydrocarbon-water mixture at elevated reservoir pressure 
can be regarded as a non-ideal multicomponent system. Thus, to accu
rately describe the diffusion process, the following flux-based chemical 
potential gradient is applied [42]: 

Ji = − CDa
i yi

1
RT

∂μi

∂Z
(2)  

where Da
i is the activity-corrected diffusion coefficient of component i, T 

is the temperature, R is the universal gas constant, and μi is the chemical 
potential of component i. Here, μi is a function of the fugacity of 
component i (fi) and can be addressed by [42]: 

μi = μi0 +RTln(fi) (3)  

μi0 is the reference chemical potential and the fugacity of a real gas is 
defined as an effective partial pressure. The flux is zero if the chemical 
potential is uniform. 

3. General equations and system description 

In a gas reservoir, the gas has been in contact with the caprock over 
geological time. Thus, it has been able to diffuse into the caprock 
[43–45]. The presence of hydrocarbon gas in the caprock must therefore 
be considered. Here, the flux of a component i through the area acces
sible to the flow (i.e., the area occupied by gas) is given by Ji ( mol

s m2). As a 
result, if Eq. (2) is combined with Eq. (3), Ji can be expressed by Eq. (4) 
using the fugacity or mol fraction gradient: 

Ji = − CDa
i yi

∂(lnf i)

∂Z
= − CDa

i yi
∂(lnfi)

∂(lnyi)

1
yi

∂yi

∂Z
= − CDa

i
∂(lnfi)

∂(lnyi)

∂yi

∂Z
(4) 

Because of the low molecular density and size, H2 will seep from the 
top of the reservoir into the caprock soon after injection. The interface 
between reservoir and caprock can be defined to be at Z = 0. A total 
reservoir molar concentration C0 = C(Z = 0− , t) and a composition yi0 =

yi(Z = 0− ) are then considered at Z = 0, and assumed to be constant (see 
Fig. 3). The initial composition of the caprock (Ci,ini) is known with the 
H2 concentration being zero and the hydrocarbon concentration being 
non-zero. The system is assumed to be semi-infinite (i.e., the initial 
concentration is obtained as Z goes to infinity). The above conditions 
can be summarized as follows and explained schematically in Fig. 3: 

Ci = Ci,ini, Z > 0, t = 0 [Initial Condition in the Caprock] (5)  

Ci = Ci0, Z = 0− , t > 0 [Caprock − Reservoir Interface] (6)  

Ci = 0, Z = ∞, t > 0 [Far from Caprock − Reservoir Interface] (7)  

where Ci0 is the H2 concentration below the caprock in the reservoir. 
The flux at the caprock boundary is Ji0 = Ji(Z = 0+, t), see Fig. 3. 

Diffusive transport is only considered in the gas phase, so the molar loss 
(and mass loss) per time into the caprock is expressed by: 

dn
dt

= AϕSgJi0,
dm
dt

= M
dn
dt

(8)  

where A is the area between the caprock and the reservoir exposed to H2, 
M is the molecular weight, dn

dt and dm
dt are molar and mass loss per time, 

respectively. Here, the porosity ϕ and gas saturation Sg within the 
caprock are assumed to be equal, resulting in a uniform flux across the 
surface between the reservoir and the caprock. 

It seems that the continuity of chemical potential does not neces
sarily correspond to the continuity of species concentration. Thus, the 
composition Ci0 in the reservoir can lead to a boundary concentration, 
Ci*, which may differ from Ci0 as addressed below: 

Ci = Ci*, Z = 0+, t > 0 [Caprock − Reservoir Interface] (9) 

In the following section, we investigate these sets of equations 
theoretically to obtain a more general understanding of diffusion 
mechanisms. We also demonstrate how diffusion models with the 
boundary condition given in Eq. (9) in the caprock can provide a good 
estimate once compared with numerical simulations built based on Eq. 
(6) in the reservoir. 

3.1. Semi-analytical solution 

To develop a semi-analytical solution for H2 diffusion to the caprock, 
first assume that the total concentration C is constant. The component 
concentration (Ci = Cyi) can then be applied to rewrite Eq. (4) as: 

Fig. 2. The flowchart of this study.  

Fig. 3. H2 diffusion through the caprock with a plane source in a semi- 
infinite medium. 
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Ji = − Da
i
∂(lnfi)

∂(lnyi)

∂Ci

∂Z
(10) 

Ji can then be expressed using the more common form of Fick's first 
law (Eq. (11)) where a compact diffusion coefficient (Di) is the only 
parameter to consider other than the concentration gradient: 

Ji = − Di
∂Ci

∂Z
,where Di = Da

i
∂(lnfi)

∂(lnyi)
(11) 

In the above equation, Da
i only depends on the pores and fluids 

configuration in the porous medium. An important point of investigation 

is then how the term ∂(lnfi)
∂(lnyi)

affects the H2 loss through the caprock. The 

term ∂(lnfi)
∂(lnyi)

only depends on the thermodynamic of the system and in a 

condition where both temperature and pressure are constant, it varies 
only with gas composition. Thus, its dependency can be expressed by Ci 

and at low pressures ∂(lnfi)
∂(lnyi)

→1. Then, the flux of chemical and potential 

driven diffusion become equal [41,42]. 
When performing a mass balance over an infinitesimal volume with 

Fick's first law (Eq. (10)) as flux, Fick's second law is obtained as [39]: 

∂Ci

∂t
=

∂
∂Z

(

Di
∂Ci

∂Z

)

(12) 

In the above equation, Di is generally not constant (due to thermo
dynamics) but a function of Ci. This system of equation (Eq. (12)) is 
mathematically similar to the description of spontaneous imbibition (in 
a semi-infinite system) and has a similar semi-analytical solution in in
tegral form [46]. This semi-analytical solution states that the position of 
a given concentration (Z(Ci)) is proportional to the square root of time 
(t0.5), a constant A0 and the concentration derivative of a function F(Ci)

depending on concentration: 

Z(Ci) = 2A0F′

(Ci)t0.5 (13) 

In addition, Ji0 is inversely proportional to the square root of time 
[46]: 

Ji0 = A0t− 0.5 (14) 

We refer to McWhorter and Sunada [46] and Andersen [47,48] for 
the derivation of A0 and F(Ci) for similar systems [46–48]. The loss of H2 
at a given time is equivalent to the number of moles in the caprock (ni). 
That can be expressed per gas phase volume by integrating the con
centration profile along the caprock or equivalently by integrating the 
flux at the boundary over time: 

ni

AϕSg
=

∫ Ci*

0
Z(Ci)dCi =

∫ t

0
Ji0dt = 2A0t0.5 (15) 

The constant factor A0 can be evaluated accurately based on the 
value A0cD. One can obtain the value of A0 when the diffusion coefficient 
Di is constant and is equal to its mean and by considering how much Di is 
skewed to either side as a function of its input variable [47,48]: 

ni

AϕSg
= 2

(
A0

A0cD

)

A0cDt0.5 (16) 

If Di is not highly asymmetrical, A0
A0cD

≈ 1. In the next section, the 
value of A0cD is determined analytically by considering a constant 
diffusion coefficient. 

3.2. Analytical solution and determination of A0cD 

It should be recalled that when Di is constant, Eq. (12) can be solved 
as [39]: 

Ci(Z, t) = Ci*

(

erfc
(

Z
2

̅̅̅̅̅̅̅
Dit

√

))

(17) 

Inverting this equation, the position can be obtained as a function of 
concentration: 

Z(Ci) = 2erfc− 1
(

Ci

Ci*

)
̅̅̅̅̅̅̅
Dit

√
(18) 

The loss with time is then simply written as: 

ni

AϕSg
=

∫ Ci*

0
Z(Ci)dCi = 2Ci*

̅̅̅̅̅̅̅
Dit

√
∫ 1

Y=0
erfc− 1(Y)dY (19)  

where Y = Ci/Ci*. Comparing with Eq. (15), and setting A0 = A0cD as Di 
is constant, A0cD can be calculated as: 

A0cD = Ci*
̅̅̅̅̅
Di

√
∫ 1

Y=0
erfc− 1(Y)dY = 0.5642Ci*

̅̅̅̅̅
Di

√
(20)  

where we have used that 
∫ 1

Y=0 erfc− 1(Y)dY = 0.5642 (calculated with 
MATLAB using 1000 points) [49]. 

3.3. Hydrogen loss and a criterion for significant loss fraction 

Having evaluated A0cD from Eq. (20), the total loss of H2 can be 
expressed using Eq. (16) as: 

ni = 1.128
(

A0

A0cD

)

AϕSgCi*

̅̅̅̅̅

Di

√
̅̅
t

√
, (21) 

The factor A0
A0cD 

is a simple function of diffusion coefficient skewed
ness, with a magnitude close to 1 [47]. If the coefficient is shifted to 
higher concentrations, the ratio becomes higher than 1. It is less than 1 if 
the coefficient is shifted to low concentrations. Here, Di is the mean of 

Da
i

∂(lnfi)
∂(lnyi)

as addressed by Eq. (22) where only ∂(lnfi)
∂(lnyi)

is non-constant and 

responsible for adjusting the shape and magnitude of Di: 

Di = Da
i
∂(lnfi)

∂(lnyi)
,where

∂(lnfi)

∂(lnyi)
=

1
Ci*

∫ Ci*

Ci=0

∂(lnfi)

∂(lnyi)
dCi (22) 

Assuming a reservoir with a matrix porosity of ϕm, a vertical H2 
column height of H, a gas saturation of Sgm, and an H2 concentration of 
Ci0 (assumed to be uniform in the reservoir and contacting the reservoir- 
caprock boundary), the amount of moles stored in the reservoir (nm) are: 

nm = AHϕmSgmCi0 (23) 

Assuming diffusion has occurred over a time t, the loss fraction (LF) 
of the stored H2 can be calculated as: 

LF =
ni

nm
= 1.128

(
A0

A0cD

)
ϕSgCi*

ϕmSgmCi0

̅̅̅̅̅
Di

√ ̅̅
t

√

H
(24) 

In the above equation, if LF is significantly less than one, the diffu
sion losses in the caprock can be ignored. This can serve as a criterion for 
whether the reservoir will be an effective storage space or not. However, 
this criterion is only valid for the evaluation of diffusion. Other loss 
mechanisms need to be evaluated separately. In an ideal gas state 
∂(lnfi)
∂(lnyi)

→1, such that Di→Da
i , Ci*→Ci0 and A0

A0cD
→1. The LF can then be 

simplified to: 

LFideal = 1.128
ϕSg

ϕmSgm

̅̅̅̅̅̅
Da

i

√ ̅̅
t

√

H
(25) 

To simultaneously estimate the impact of diffusion coefficient shape 
and magnitude (and not separately), we assumed that Eq. (19) holds also 
for a non-constant Di. That leads to the following approximation of the 
terms in Eqs. (21) and (24): 

1.128
(

A0

A0cD

) ̅̅̅̅̅

Di

√

≈ 2
̅̅̅̅̅̅
Da

i

√
∫ 1

Y=0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∂(lnfi)

∂(lnyi)

√

erfc− 1(Y)dY (26) 
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4. Numerical simulation 

As mentioned earlier, the chemical potential gradient is the mecha
nism that can better explain the H2 diffusion through the caprock. Thus, 
this mechanism was used to simulate the diffusion of injected H2 from 
the depleted gas reservoir into the caprock. Schlumberger's commercial 
simulator Eclipse 300 was used together with a fully implicit composi
tional simulation to mimic an UHS site [42]. The Peng-Robinson equa
tion of state was used to model the fluid properties [50] which has also 
been used by others to model fluid properties in an UHS [18,51,52]. 

As mentioned earlier, the presence of previously diffused hydrocar
bon gas in the caprock was considered in this work. Therefore, it was 
assumed that the caprock has a two-phase system of liquid and gas in its 
pore structure. However, the amount of water and gas in the gas and 
water phases depends on the PVT conditions of the caprock. Here, 1-D 
models were initialized at the desired temperature and pressure, with 
H2 in the reservoir and with hydrocarbon gas (such as methane) and 
water in the caprock in certain total mole fractions. A block with a length 
of 20 ft in the X and Y directions was considered and a fine grid with a 
size of 0.1 ft in the Z direction was used. To obtain a semi-infinite 
condition for the diffusion of H2 into the caprock, the length of the 
caprock was fixed at 1000 ft and the molar density of H2 in the gas phase 
of the caprock was determined. In addition, the H2 concentration in the 
reservoir and below the interface between the caprock and the reservoir 
was kept constant to obtain a constant concentration boundary. In 
addition, the liquid and gas phases were immobile due to the 

impermeability of the caprock, so both phases were assigned a relative 
permeability of zero. It should be noted that the focus of this work is on 
the assessment of H2 loss by diffusion into the caprock and possible 
chemical and biochemical reactions were not considered. Fig. 4 shows 
an example of a 1-D model created for this study to simulate the diffu
sion with the reservoir initially filled with H2. As this figure shows, the 
H2 concentration in the reservoir is constant and it diffuses into the 
caprock over time. 

Fig. 5 gives an example of the H2 fugacity trends at the top of the 
reservoir and at a distance of 5 ft. above the caprock-reservoir interface 
together with the H2 concentration profiles. This simulation was per
formed at 3000 psi pressure and 173 ◦F. The differences between the 
fugacity in the caprock and reservoir result in molecular diffusion. The 
H2 concentration in the caprock remains constant once the fugacity of 
the caprock and the reservoir are equal. As can be seen, the final H2 
concentration in the caprock (Ci*) is less than the H2 concentration 
below the interface between the caprock and reservoir (Ci0). 

4.1. Comparing numerical and analytical solutions 

To assess whether the 1-D simulation model and the analytical so
lution presented earlier (erfc solution) are in good agreement, a series of 
analyses were done. In all models, a range of 10− 7 to 10− 10 m2/s was 
considered for Da

i in the numerical simulation and for Di in the analytical 
solution with a porosity of 10 % for the caprock. The results obtained are 
shown in Fig. 6. The comparisons between the concentration profiles 

Fig. 4. Example of H2 mole fraction in the gas phase due to diffusion from the reservoir to the caprock.  
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were plotted against time at a distance of 5 ft. above the caprock (Fig. 6. 
a) and after 10 years along the caprock (Fig. 6.b). It should also be 
mentioned that the simulation was performed at a low pressure of 200 
psi (84 ◦F) to have similar chemical potential and concentration driven 
diffusion fluxes. Also, methane (C1) was considered in the caprock. As 
can be seen in Fig. 6, good agreement is observed between the analytical 
and numerical solutions at low pressure with respect to the profile 
shape. 

Fig. 7 shows another comparison between numerical and analytical 
solutions at a high pressure of 4000 psi and a temperature of 205 ◦F. This 
figure shows the H2 concentration at a distance of 5 ft. above the 
caprock-reservoir interface where Da

i was 10− 8 m2/s. A similar value was 
considered for Di in the analytical solution and the porosity of the 
caprock was 10 %. The H2 boundary concentration directly below the 
caprock in the reservoir (Ci0) was used for the analytical solution. A look 
at Fig. 7 shows that the analytical solution has a rapid and higher 
diffusion soon after H2 injection. Fig. 7 further highlights the difference 
between the final H2 concentration in the caprock (Ci*) and the H2 
boundary concentration just below the caprock in the reservoir (Ci0). It 
should be noted that the area covered by H2 and the local composition 
and pressure of H2 along the caprock vary with time while the analytical 
solution is based on constant values. Thus, certain differences in the 
concentration profiles obtained from the numerical and analytical so
lutions are to be expected. The H2 concentration in the analytical solu
tion eventually reaches Ci0 (2.75 lbmole/bbl) while the numerical 
solution approaches lower concentrations in the caprock (1.95 lbmole/ 
bbl). Thus, it can be concluded that the chemical potential can better 
represent H2 diffusion through the caprock at elevated pressure, as 
already pointed out by [53]. 

4.2. Thermodynamical relations 

In this section, we investigate the relationship between boundary 
concentrations Ci* and Ci0 at different reservoir pressures and temper

atures. We also evaluate the term ∂(lnfi)
∂(lnyi)

against Ci
Ci* 

at different pressures. 

These relationships can be used in the semi-analytical solution or in the 
criterion to evaluate the loss fraction. 

Fig. 8 gives the relationship between Ci* and Ci0 calculated using the 
Peng-Robinson equation of state [50] in the presence of C1 in the 
caprock and H2 in the reservoir. Normal temperature and pressure 
gradients of 15 ◦F/1000 ft. and 0.465 psi/ft., respectively, were 
considered to calculate H2 concentrations in the reservoir and caprock. 
In this figure, pressures ranged from 200 to 4000 psi and temperatures 

accordingly ranged from 84 to 205 ◦F. At higher pressure, the molar 
density of H2 increases in both the matrix and the caprock, but the 
equality of chemical potential and the presence of C1 results in a lower 
molar density in the matrix at higher pressure. This highlights the fact 
that the thermodynamic interaction between C1 and H2 limits the H2 
diffusion loss. 

Based on Eq. (10), Di and Da
i are related by the term ∂(lnfi)

∂(lnyi)
. Fig. 9 

shows ∂(lnfi)
∂(lnyi)

vs. Ci
Ci* 

at pressures of 200, 1500, and 3000 psi. At higher 

pressures and concentrations, the term ∂(lnfi)
∂(lnyi)

becomes higher than 1. 

Both the increase in magnitude and the shift to high concentrations, 
increase the diffusion rate toward the maximum concentration [47,48]. 
As shown in Fig. 8, this maximum concentration Ci* also increases with 
pressure, but to a lesser extent than the concentration in the reservoir 
Ci0. This will be investigated further with dynamic simulations. At low 

pressure (200 psi) the function of ∂(lnfi)
∂(lnyi)

versus Ci
Ci* 

is approximately 

constant and equal to 1. This shows that at a low pressure the effects of 
the chemical potential are negligible. 

4.3. Sensitivity analysis 

In this section, H2 diffusion into the caprock is evaluated using the 1- 
D numerical models. In particular, the effects of different parameters 
such as gas saturation and caprock porosity, diffusion coefficient, and 
reservoir pressure are evaluated. For all cases, the following three pa
rameters are used to evaluate H2 diffusion:  

- Loss of moles over 30 years (ni,30)  
- Flux (per total area) at the caprock interface averaged over 30 years 

((Ji,30ϕSg) where Ji,30ϕSg = ni,30/(30A) (Eq. (15))  
- The coefficient A0ϕSg related to flux per total area 

(Ji0ϕSg =
(
A0ϕSg

)
t− 0.5 (Eq. (14)). 

The period of 30 years was selected as an estimate for the short-term 
economic lifetime of H2 storage operations [54]. 

4.3.1. Caprock gas saturation and porosity 
To better understand the role of Sg on H2 diffusion, models were 

created with different Sg. In these models, the total mole fractions of C1 
(ZC1) were changed from 0.01 to 1, resulting in gas saturation ranging 
from 5.5 to 100 %. In these models, the pressure is 3000 psi, Da

i is 10− 8 

m2/s, and the caprock porosity is 10 %. Fig. 10.a shows the H2 con
centration in the gas phase at a distance of 5 ft. above the caprock- 
reservoir interface. It should be noted that multiplying the H2 concen
tration by the corresponding Sg gives the concentration per pore volume. 
Fig. 10.b shows the cumulative H2 loss per unit area (ni/A) versus the 
square root of time over 100 years for different gas saturations. As this 
figure suggests the trend of ni/A against the square root of time is linear. 
The parameters of the H2 concentration profiles including ni,30, Ji,30ϕSg, 
and A0ϕSg are given in Table 1. All these parameters are proportional to 
the relevant Sg at different ZC1. 

Based on Table 1, the differences between H2 loss at different ZC1 in 
the caprock are considerable. Several studies have shown that water 
saturation of the caprock decreases due to gas diffusion [55–57]. This 
suggests that more space is available for H2 in the gas phase when the 
diffusion of hydrocarbon gas into the caprock is considered. Thus, one 
might underestimate H2 loss by diffusion if the pre-existence of hydro
carbon gas in the caprock is neglected. Further investigations are 
required for more accurate determination of thermodynamic conditions 
of gas and water in the caprock as this issue depends on various con
ditions, including gas adsorption, caprock fractures, water salinity, and 
heterogeneities [55,58]. 

Fig. 5. H2 fugacity and concentration profiles at 5 ft. above the caprock- 
reservoir interface and at the top of the reservoir. 
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Caprocks such as shale are considered to have low effective porosity 
and incredibly low permeability [59]. Porosity represents the amount of 
pore volume available in the caprock. It is thus a factor that influences 
the amount of H2 diffusion. For this reason, different models with 
different ϕ values from 1 to 10 % were created. In these models, the 
pressure and ZC1 were 3000 psi and 5 % respectively. It should be noted 
that the Da

i depends on the pore structure of the caprock. Therefore, the 
values of Da

i may vary depending on the porosity. However, in this work, 
a constant Da

i value was considered for different models with different 
porosities to study the effects of porosity on H2 diffusion. Fig. 11 and 
Table 2 show the effects of ϕ on the H2 concentration in the caprock. 

Similar to gas saturation, the same evolution of H2 concentration as a 
function of time can be seen for different caprock porosities (Fig. 11.a). 
The results indicated that the case with lower porosity offers a smaller 
pore volume for H2 diffusion. Consequently, the concentration profile 
defined as the ratio of H2 concentration to available pore volume, is the 
same in all cases. However, the loss is different and proportional to ϕ as 
can be seen in Fig. 11.b and Table 2. This is also consistent with the semi- 
analytical solution, where the H2 loss is directly proportional to ϕ. Thus, 
a less porous caprock might be a more suitable option for UHS, as it 
offers much less space for H2 diffusion. 

Fig. 6. Comparison of the analytical and numerical solutions for H2 diffusion profiles through the caprock, (a) at 5 ft. above the caprock vs. time, (b) after 10 years 
along the caprock. 
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4.3.2. Diffusion coefficient 
The amount of H2 loss due to the diffusion process into the caprock 

depends mainly on the assigned Da
i . In this study, different values (10− 7 

to 10− 11 m2/s) reported in the literature for H2 diffusion through the 
caprock were used for Da

i [34–38,60]. The results obtained are shown in 
Fig. 12. The simulations were performed at a pressure of 3000 psi where 
ZC1 was 5 %. 

It was found that the H2 concentration in the caprock increases 
sharply in the model with the Da

i value of 10− 7 m2/s, indicating a rapid 
diffusion process. In this case, the H2 concentration in the gas phase 
reaches the maximum value of 1.78 lbmole/bbl in less than 200 years. 
However, the build-up of H2 concentration in the caprock at a Da

i value 
of 10− 11 m2/s is very slow (Fig. 12.a). Table 3 gives the values of the 
different parameters used to assess H2 diffusion in the caprock. As this 
table shows, the loss is proportional to the square root of Da

i . These re
sults underline the importance of Da

i for a correct estimation of H2 losses 
for a safe and efficient UHS. 

4.3.3. Reservoir pressure 
A candidate depleted gas reservoir could be under different pressures 

once chosen for H2 storage [22]. Thus, H2 storage was simulated in 
different models for a pressure of 500 to 4000 psi and a temperature of 
92 to 205 ◦F. In these models, ZC1 was 5 %. It should be noted that the 
diffusion coefficient can also be a function of pressure. However, to 
better understand the impacts of pressure on H2 diffusion, a constant Da

i 
value was assumed for all cases. The H2 concentration in the gas phase of 
the caprock at different pressures is shown in Fig. 13.a. At a pressure of 
4000 psi, the final H2 concentration (Ci*) in the gas phase is 2.05 lbmole/ 
bbl, while at a pressure of 500 psi, this value becomes 0.46 lbmole/bbl. 

At higher pressure, a higher H2 concentration in the reservoir is 
possible, i.e., a higher Ci0, and this can lead to a higher H2 concentration 
in the caprock. However, it should be noted that a comparatively lower 
Ci* can be expected at higher pressure, as shown in Fig. 8. Moreover, for 
the same initial ZC1, there is lower gas saturation at higher pressure, 
which in turn limits H2 diffusion. Fig. 13.b shows that ni/A increases as 
the pressure increases from 500 to 3000 psi, but the loss is almost the 
same at 3000 and 4000 psi. Thus, while the total loss of H2 loss may be 
greater at higher pressure, the final fractional loss of injected H2 is less. 

Table 4 provides the parameters of the concentration profiles at 
different pressures. It seems that by increasing the pressure, the gas 
saturation decreases (resulting in a lower loss) and Ci* increases 
(resulting in a higher loss). The simultaneous effect of these two pa
rameters at different pressures can be seen in this table. It is noteworthy 
that at pressures of 4000 and 3000 psi, the increase in Ci* is almost 
proportional to the decrease in gas saturation. Thus, almost the same 
parameters were resulted at these pressures. 

4.4. Comparing numerical and semi-analytical solutions 

In this section, the performance of the presented semi-analytical 
solution for estimating H2 loss into the caprock is investigated. For 
this purpose, 1-D models with different properties were built. The 
thermodynamic relations in Figs. 8 and 9 can be used to evaluate ni. For 

example, if the relationship between the term ∂(lnfi)
∂(lnyi)

vs. Ci
Ci* 

at a pressure of 

3000 psi (Fig. 9) was used, ni can be expressed as follows: 

ni

/
A = 1.275ϕSgCi*

̅̅̅̅̅

Di

√
̅̅
t

√
, (27) 

Fig. 14 shows the comparison of H2 loss as a function of time between 
the proposed semi-analytical solution and the numerical simulation. The 
results were compared over a relevant time period of 100 years, where 
the systems were semi-infinite. It can be seen that ni/A shows a linear 
trend with the square root of time. As Fig. 14 suggests, the trends of ni/A 
predicted by the semi-analytical approach agree very well with those of 
the numerical simulation. The case with the highest porosity (5 %) and 
pressure (3000 psi) has the highest loss per unit area and the case with 
the lowest value of Da

i (10− 10 m2/s) and porosity (2.5 %) has the slowest 
loss per unit area. It seems that the proposed semi-analytical solution 
can be efficiently used to predict the H2 loss in the semi-infinite state. 

5. Three-dimensional simulation study 

In this section, an attempt was made to evaluate the H2 diffusion in a 
cyclic H2 storage operation using three-dimensional (3-D) models. In 
contrast to the 1-D models, these 3-D models have 30 blocks in the X and 
Y directions. Reservoir permeability in X, Y, and Z directions were 20, 
20, and 2 md, respectively. Two different 3-D cases were considered. 
The first 3-D model represents a situation with strong H2 diffusion, 
where ϕ was 10 % and Da

i was 10− 8 m2/s. The second case shows a 
situation with less intense diffusion. In this case, ϕ and Da

i were 5 % and 
10− 9 m2/s, respectively and in both models ZC1 in the caprock was 5 %. 

The model was initialized with C1 as the existing gas in the reservoir 
and the initial reservoir pressure and temperature were 3000 psi and 
173 ◦F, respectively. The injection and production operations were 
performed through a well located at the center of the model and the well 

Fig. 7. H2 concentration profiles at 5 ft. above the caprock-reservoir interface 
and at 4000 psi obtained from the numerical simulation and the analyt
ical solution. 

Fig. 8. Relation between Ci* and Ci0 for the pressure range of 200–4000 psi.  
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was completed at the top of the reservoir. Production with 50 Mscf/day 
was performed in the first 3 years followed by 1 year of H2 injection with 
a rate of 25 Mscf/day. The injected H2 at this stage could act as cushion 
gas. Then a 30-year cyclic H2 injection was performed. In each cycle, H2 
was injected at a rate of 25 Mscf/day for 6 months. This was followed by 

a production rate of 37.5 Mscf/day for 4 months, 2 months after the 
injection. Fig. 15 shows a cross-section of the H2 mole fraction distri
bution in the gas phase of the reservoir and the caprock for Case 1. 
Fig. 16 shows the net cumulative amount of H2 injection together with 
H2 diffusion into the caprock for Case 1 and Case 2. This figure also 

Fig. 9. Variation of the term ∂(lnfi)
∂(lnyi)

vs. Ci
Ci* 

at 200, 1500, and 3000 psi pressures.  

Fig. 10. Verifying the effect of caprock gas saturation: (a) H2 concentration profiles in the gas phase of the caprock at 5 ft. above the caprock-reservoir interface and 
(b) Cumulative loss in the caprock versus square root of time after 100 years. 

Table 1 
Parameters of H2 concentration profile in the caprock for different gas saturations.  

Parameter Unit Sg 

1 0.854 0.384 0.226 0.055 

ni,30 lbmole  153.51  130.05  58.27  34.59  8.23 
Ji,30ϕSg lbmole

ft2year  
0.01279  0.01084  0.00486  0.00288  0.00069 

A0ϕSg lbmole
ft2 ̅̅̅̅̅̅̅̅̅year√

0.06949  0.05463  0.02448  0.01451  0.00345  
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shows the cumulative H2 losses calculated with the semi-analytical so
lution. At the beginning of the cyclic H2 injection, the average reservoir 
pressure was 2250 psi. Since A and Ci0 fluctuated during the 30 years of 
cyclic injection, average values for A and Ci0 over the 30 years were used 
in the semi-analytical solution for both cases. It should be noted that the 
differences between the approaches specifically for Case 1 are due to the 

use of the average values of A and Ci0 over the 30 years. 
Considerable diffusion was observed in Case 1 with an H2 loss of 5.5 

% during the 30-years of cyclic operation, while the H2 loss in the second 
case was 1.16 %. With even less favorable conditions for H2 diffusion (ϕ 
is 1 % and Da

i is 10− 9 m2/s), the H2 loss was 0.223 % during the 30 years 
of cyclic UHS operation. As also suggested by the semi-analytical 

Fig. 11. Verifying the effect of caprock porosity: (a) H2 concentration profiles in the gas phase of caprock at 5 ft. above the caprock-reservoir interface and (b) 
Cumulative loss in the caprock versus square root of time after 100 years. 

Table 2 
Parameters of H2 concentration profile in the caprock for different caprock porosity.  

Parameter Unit ϕ (%) 

10 7.5 5 2.5 1 

ni,30 lbmole  34.59  24.24  17.32  10.40  3.47 
Ji,30ϕSg lbmole

ft2year  
0.00288  0.00202  0.00144  0.00087  0.00029 

A0ϕSg lbmole
ft2 ̅̅̅̅̅̅̅̅̅year√

0.01451  0.01037  0.00752  0.00459  0.00156  

Fig. 12. Verifying the effect of Da
i : (a) H2 concentration profiles in the gas phase of caprock at 5 ft above the caprock-reservoir interface and (b) Cumulative loss in 

the caprock versus square root of time after 100 years. 
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solution, these results indicate that for the same value of Da
i and the same 

reservoir conditions, the H2 flux into the caprock is proportional to ϕ. 
It should be noted that the H2 diffusion rate is higher in the initial 

phase of operation, but the loss is expected to decrease with time. Fig. 15 
also illustrates that H2 below the caprock is concentrated near the in
jection/withdrawal well during the cyclic storage operation. The cu
mulative H2 losses into the caprock determined by the numerical 
simulation for Case 1 and Case 2 were 2.098 × 104 and 4.417 × 103 

lbmole, respectively. In addition, the cumulative H2 losses obtained 
from the semi-analytical solution for Case 1 and Case 2 were 1.963 × 104 

lbmole and 3.991 × 103 lbmole, respectively. Based on these results and 
the cumulative loss profiles (shown in Fig. 16), a fairly good agreement 
between the numerical and the semi-analytical approach can be seen. 

6. Discussion 

In this work, H2 diffusion into the caprock was analyzed by consid
ering overlying formations as a semi-infinite system. Representative 
analytical, semi-analytical, and numerical solutions based on the initial 
and boundary conditions were used to study the H2 diffusion into the 
caprock in depleted gas reservoirs. The proposed semi-analytical solu
tion and the loss fraction criterion can be used for proper estimation of 

the extent of H2 loss due to diffusion during UHS in depleted gas 
reservoirs. 

At high reservoir pressure, the concentration profiles of the diffused 
H2 due to the chemical potential are different from those of the con
centration gradient. In fact, the chemical potential gradient results in a 
lower final concentration in the caprock, i.e., Ci*. With a suitable 
equation of state, one can relate the H2 concentration in the reservoir 
and directly below the caprock (Ci0) to Ci*. In summary, one may 
overestimate the H2 diffusion if the concentration gradient is used at 
elevated reservoir pressure to predict H2 diffusion into the caprock. 

As Fig. 8 suggests, the boundary concentrations at the reservoir (Ci0) 
and caprock (Ci*) are the same at very low reservoir pressures. However, 
at high reservoir pressures, lower values for Ci* are expected compared 
to Ci0. This fact leads to a relatively lower final fractional loss of H2 at 
elevated reservoir pressures. 

Long-term contact of hydrocarbon gas with the caprock provides the 
opportunity for diffusion of hydrocarbon gas into the caprock. The 
diffusion of hydrocarbon gas into the caprock would create more space 
for H2 diffusion in the caprock by reducing water saturation [55–57]. It 
should be noted that impacts of the previously diffused hydrocarbon gas 
must be considered otherwise H2 diffusion into the caprock will be 
underestimated. It is beneficial to study the factors that control the 

Table 3 
Parameters of H2 concentration profile in the caprock for different Da.

i  

Parameter Unit Da
i (m2/s) 

10− 7 10− 8 10− 9 10− 10 10− 11 

ni,30 lbmole  109.65  34.59  10.95  3.49  1.11 
Ji,30ϕSg lbmole

ft2year  
0.00914  0.00288  0.00091  0.00029  0.00009 

A0ϕSg lbmole
ft2 ̅̅̅̅̅̅̅̅̅year√

0.04654  0.01451  0.00436  0.00122  0.00032  

Fig. 13. Verifying the effect of pressure: (a) H2 concentration profiles in the gas phase of caprock at 5 ft. above the caprock-reservoir interface and (b) Cumulative 
loss in the caprock versus square root of time after 100 years. 

Table 4 
Parameters of H2 concentration profile in the caprock for different pressures  

Parameter Unit P (psi) 

4000 3000 2000 1000 500 

ni,30 lbmole  34.79  34.59  33.34  27.89  19.57 
Ji,30ϕSg lbmole

ft2year  
0.00290  0.00288  0.00278  0.00232  0.00163 

A0ϕSg lbmole
ft2 ̅̅̅̅̅̅̅̅̅year√

0.01491  0.01451  0.01382  0.01141  0.00797  
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Fig. 14. Comparison of H2 loss as a function of time between the proposed semi-analytical solution and the numerical simulation.  

Fig. 15. H2 component mole fraction distribution in the gas phase of reservoir and caprock for 3-D model in the first case.  
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diffusion of hydrocarbon gas into the caprock, such as gas-caprock in
teractions, caprock microfractures, gas-water thermodynamic condi
tions, and heterogeneities [55,58]. 

The results showed that even the presence of a small total mole 
fraction of C1 in the caprock would lead to considerable gas saturation. 
For example, at a pressure of 3000 psi and a temperature of 173 ◦F, a gas 
saturation of 5.5 % was obtained for a fraction of 0.01 ZC1. Only a very 
small amount of water also appears in the gas phase due to the ther
modynamic conditions between water and C1. Thus, the gas phase has a 
lower density than the liquid phase which consists mainly of water. As a 
result, the gas phase occupies a large volume, which consequently re
sults in high gas saturation in the caprock. 

It should be noted that in this work, C1 was assumed to be the pre- 
diffused hydrocarbon gas into the caprock. Thermodynamic conditions 
in the caprock may be different when other hydrocarbon gases are 
present. Further studies on the possible impacts of other hydrocarbon 
gases on H2 diffusion are recommended. 

The probable interactions of H2 with brine and caprock were not the 
focus of this study. These interactions may change caprock properties 
and influence the diffusion process of H2. The role of the caprock het
erogeneity can also be considered in future studies. 

Based on the semi-analytical solution, it can be said that the H2 loss is 
directly proportional to ϕ,A, Ci* and the square root of Da

i . Moreover, 
similar to the spontaneous imbibition process, the H2 loss shows a linear 
trend against the square root of time during the semi-infinite period. 
Moreover, the semi-analytical solution can be used to evaluate H2 
diffusion during a cyclic UHS in three-dimensional models if proper 

estimates of the average A and Ci0 are used. 
In the 3-D models, Case 1 (with 10 % of ϕ and 10− 8 m2/s of Da

i ) 
showed higher H2 loss compared to Case 2 (with 5 % of ϕ and 10− 9 m2/s 
of Da

i ). The amount of H2 loss in Cases 1 and 2 were 5.5 and 1.16 % 
during the 30-years of cyclic operation, respectively. The results high
light the importance of proper caprock characterization for more precise 
estimation of H2 loss in UHS. 

7. Conclusions 

The present study examined the process of molecular diffusion loss of 
hydrogen into caprock during hydrogen storage in depleted gas reser
voirs. The chemical potential gradient was used as the driving mecha
nism of hydrogen diffusion in the complex multi-component 
hydrocarbon-water‑hydrogen system. The effect of previously diffused 
hydrocarbon gas in the caprock was also considered.  

• Exploiting the similarities between the partial differential equation 
describing nonlinear diffusion and spontaneous imbibition systems, 
we have presented a semi-analytical solution for the system that 
holds for one-dimensional and semi-infinite conditions. Based on the 
semi-analytical solution, we were able to accurately calculate the 
total loss of hydrogen as a function of time and the fraction of 
hydrogen lost compared to the hydrogen stored in the reservoir. We 
also reproduced hydrogen diffusion in one- and three-dimensional 
models using numerical simulations. 

Fig. 16. The net amount of injected H2 and the amount diffused into the caprock for both cases using numerical and semi-analytical solutions.  
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• The semi-analytical solution suggests that hydrogen loss due to 
diffusion is directly proportional to the area between the caprock and 
the reservoir exposed to hydrogen, the porosity of the caprock, the 
gas saturation of the caprock, the equilibrium hydrogen concentra
tion in the caprock based on chemical potential, the square root of 
the diffusion coefficient, and the square root of time.  

• Using the semi-analytical method, good agreements were obtained 
for the hydrogen loss with the numerical simulation approach. It was 
also shown that the hydrogen loss during the relevant time when the 
system is in the semi-infinite state has a linear trend over the square 
root of time.  

• The simulation results showed lower boundary concentration in the 
caprock compared to that of the reservoir when the chemical po
tential gradient was used as the driving mechanism for diffusion. 
This effect was significant at the high pressures relevant for hydrogen 
storage.  

• The results revealed that the presence of pre-diffused hydrocarbon 
gas in the caprock enhances hydrogen diffusion into the caprock by 
providing more space in the gas phase for hydrogen diffusion.  

• At low pressure, the influence of the chemical potential decreases 
and an analytical solution with a constant diffusion coefficient and 
the same boundary concentration as in the reservoir was derived. 
Very good agreement was obtained between the numerical and 
analytical solutions at low pressure, where a similar mass flux was 
expected due to chemical and concentration gradients.  

• Higher reservoir pressure is expected to result in higher hydrogen 
loss, as the hydrogen concentration is higher at higher reservoir 
pressure and the hydrogen diffusion flux is enhanced. However, at 
higher pressures, relatively lower final concentrations of hydrogen 
were expected in the caprock compared to the reservoir, which may 
result in a lower final fractional loss. 

The results obtained and presented in this study can provide a deeper 
insight into the mechanisms and influencing parameters of hydrogen 
diffusion through the caprock. They can also be useful for the selection 
of suitable sites for underground hydrogen storage. Further studies are 
needed to assess the impact of caprock heterogeneity and to investigate 
the effects of possible geochemical and biochemical reactions on 
hydrogen diffusion through the caprock. 
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