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Abstract

To mitigate renewable variability, large-scale energy storage systems are necessary to ensure a robust energy

network. Subsurface hydrogen storage is considered a promising candidate for large-scale energy storage

systems. In this study, corner-point geometry, a standard method for discretizing field-scale subsurface

reservoirs, is first validated against Cartesian geometry. Then, the sensitivity of reservoir performance on

various reservoir parameters is analyzed. For this purpose, the cyclic operation of a synthetic reservoir is

simulated for a period of five years. Several reservoir parameters are then varied, and the resulting changes in

recoverability rate are analyzed. From this analysis, it can be concluded that variations in reservoir parameters

have the largest impact during the initial cycles of the simulations. However, the results show that reservoir

permeability and anticline do have a lasting impact on performance in subsequent injection and production

cycles. Finally, the concept of subsurface hydrogen storage in the Johansen formation, located off the coast

of Norway, is demonstrated. The results from these simulations show that the injected hydrogen is well-

recoverable and underline the importance of careful geological site selection.
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INTRODUCTION

For the first time ever in the Netherlands, energy production from renewable sources surpassed fossil energy

production in volume in the first half of 2024. Figure 1.1 visually represents the energy production per source

from 2015 to 2024. Renewable energy sources can be categorized into three groups: photovoltaics [20], wind

energy [36, 53], and bio-energy [75]. In 2023, 85% of renewable energy in the Netherlands was made up of

photovoltaic and wind energy [30]. However, a disadvantage of these energy sources is the fact that they are

intermittent of nature, making them uncontrollable. Additionally, renewable energy supply is challenging to

predict as weather forecasting remains an active topic of research [48, 74]. To account for these intermittencies

and ensure a robust energy system, large-scale energy storage systems are deemed critical.
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Figure 1.1: Electricity generation per source over time [70].

Large-scale energy storage exists in many forms. For example, energy can be stored using mechanisms such as

flywheels [39], or by the use of electrochemicals [15]. Other candidates are thermal [2] and chemical energy

storage [62]. Chemical energy storage is suitable for the storage of substantial quantities of energy. In Fig. 1.2,

an overview of the energy density and specific energy of various chemical compounds is shown.

1.1. Hydrogen as an energy carrier

With global electricity storage demand estimates for 2030 ranging from 11.9-15.7 TWh [32], the necessity for

large-scale energy storage systems is clear. For large-scale energy storage systems, hydrogen is a promising

energy carrier. The substance is non-reactive and has a comparatively high energy density of 33.3 kWh·kg−1

1
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Figure 1.2: Energy density and specific energy for several chemicals, based on Lower Heating Values [77].

[47]. In contrast, large-scale battery technologies such as lithium-ion and sodium-ion report energy densities

in the Wh·kg−1 range [38, 57, 18]. Additionally, hydrogen can be produced using various techniques, of which

the two most well-known are steam methane reforming (SMR) [50] and water electrolysis [26]. Figure 1.3

illustrates the share of each production method during the period from 2020-2023, and its outlook for 2030.

The following section will elaborate on both production methods.
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Figure 1.3: Global hydrogen production share for electrolysis, production through fossil fuels with and without Carbon Capture,
Utilization and Storage (CCUS), and as byproduct, in the Net Zero Scenario, 2019-2030 [31].

1.1.1. Steam methane reforming

In the SMR method, hydrocarbon base material is catalytically converted into hydrogen and carbon oxides.

For the base material, methane (CH4) is used. A flow diagram for the SMR process is given in Fig. 1.4. The

reforming step, described by Eq. (1.1), converts methane and steam into hydrogen and carbon monoxide.

Then, the products are fed into the water-gas shift reactor where hydrogen is produced according to Eq. (1.2).
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Figure 1.4: Flowchart for SMR process [4].

CH4 +H2O ↔ CO+3H2 (1.1)

CO+H2O ↔ CO2 +H2 (1.2)

Finally, CO2 may be removed from the mixture through amine scrubbing [63] or pressure swing adsorption

[68].

1.1.2. Electrolysis

Water electrolysis is an established technique for producing hydrogen. Its working principle is the splitting of

water molecules using electrical energy. In an electrolyzer, water is decomposed into hydrogen and oxygen at

the cathode and anode:

ANODE: H2O → 2H++ 1
2 O2 +2e− (1.3)

CATHODE: 2H++2e− → H2 (1.4)

The overall reaction is formed by combining Eq. (1.3) and Eq. (1.4):

H2O → H2 + 1
2 O2 (1.5)

Various water electrolysis techniques exist, with the main difference being the type of electrolyte used within

the cell. Commercially available methods are, for example, alkaline water electrolysis [10], proton exchange

membrane cells [66], and solid oxide electrolysis cells [27].

1.2. Hydrogen storage systems

For hydrogen to compensate for seasonal intermittencies in renewable electricity supply, it must be produced

and stored when renewable electricity is abundant. When necessary, the hydrogen can be retrieved and

converted into electricity using fuel cells [76] for various uses. Hydrogen storage systems can be divided into

two categories: surface hydrogen storage and subsurface hydrogen storage. Both categories will be discussed

below.
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1.2.1. Surface hydrogen storage

Hydrogen may either be stored in liquid form [78], in the form of liquid-organic hydrogen carriers [61], or in

solid state [65]. To account for energy storage needs in the TWh range however, these storage methods do not

suffice. Besides, they require additional production processes. Another option for hydrogen storage is to make

use of geological formations in the subsurface.

1.2.2. Subsurface hydrogen storage

For the large volumes of hydrogen needed for adequate energy storage capacity, subsurface hydrogen storage

is required to complement the limited surface storage capacity technologies discussed above. To this end,

three promising storage hosts have emerged: salt caverns [12], depleted hydrocarbon reservoirs [52], and

aquifers [33]. An overview of these is shown in Fig. 1.5. Each category will be briefly discussed below.

Figure 1.5: Schematic overview of different techniques for subsurface hydrogen storage systems. Adapted from [49].

Salt cavern hydrogen storage

Salt caverns are holes in salt deposits that are produced by the injection of water into the salt rock well. They are

the most mature technique listed here, with the first hydrogen storage salt cavern opened in 1972 in Teesside,

United Kingdom [72]. An advantageous characteristic of salt caverns is the fact that the salt is low in porosity

and permeability, hindering hydrogen dissipation. Additionally, it is inert towards hydrogen. However, since

the storage capacity of salt caverns is in the GWh range, the technique is not suitable for large-scale energy

storage systems. Additionally, large volumes of fresh water are required for dissolution mining, making the

practice less sustainable.

Depleted hydrocarbon reservoir hydrogen storage

Another option for subsurface hydrogen storage is the use of depleted oil and gas reservoirs. In oil and gas

reservoirs, hydrocarbons have accumulated over the years in the pore space of rocks. The pore space of the

rock is considered the reservoir, and the caprock on top prevents the migration of the hydrocarbon beyond

limits. Since these reservoirs have long existed and have been actively exploited over the past century, they are

thought to be a feasible storage method. In addition, any residual native gas in the reservoir can be used as

cushion gas. Cushion gas serves to pressurize the reservoir, ensuring proper extraction in the case of hydrogen

extraction from the depleted reservoir.
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Aquifer hydrogen storage

Aquifers are underground porous media that are water-bearing. They offer larger storage capacities compared

to salt caverns, and thus present an opportunity for cost-effective large-scale energy storage. However, a lot is

still unclear on the geological characteristics of aquifers, and research has to be done to ensure trapping and

sealing of hydrogen by the formation [44]. Such trapping mechanisms can be an impermeable caprock and

proper surrounding hydrostatic and threshold pressures [23].

1.3. Research objective

In this introduction, the necessity for large-scale energy storage systems has been substantiated. Storage of

energy in the form of hydrogen looks to be a promising candidate for the realization of such systems. For the

safety and performance necessary, it is essential to be able to model and simulate subsurface hydrogen storage

systems. This work, therefore, aims to identify reservoir parameters that affect storage potential and reservoir

performance. Additionally, demonstrating the feasibility of hydrogen storage on fieldscale is considered a key

objective.

1.4. Thesis outline

The outline of this thesis is as follows: in Chapter 2, an introduction to the concepts of flow in porous media

and the equations governing this is given. Then, Chapter 3 elaborates on the Cartesian and corner-point

geometry. Chapter 4 describes the process of validation of the corner-point geometry with respect to Cartesian

geometry. The reservoir parameter analysis is covered in Chapter 5, after which the field-scale simulations are

described in Chapter 6. Finally, a discussion and conclusion are presented in Chapter 7.



2

FLOW IN POROUS MEDIA

The geo-engineering concepts of subsurface hydrogen storage described in Chapter 1 demand a proper

understanding of the way in which fluids and gases move in the underground. Additionally, it is of interest

how the substance physically interacts with the reservoir itself. Therefore, this chapter will elaborate on the

physical parameters and concepts of flow in porous media.

2.1. Physical parameters

This section will briefly introduce a number of physical parameters that govern flow in subsurface reservoirs.

2.1.1. Porosity

Rock porosity, denoted by φ, is the fraction of the medium volume that consists of void space, with 0 ≤φ< 1.

The void space consists of two parts. On one end, the interconnected pore space through which fluid can

flow, and on the other end, the disconnected pores that are unavailable to flow. The latter are referred to as

dead-ends. For reservoir simulation, only the interconnected pores are of interest. Therefore, it is common

to specify these as effective porosity [42]. Although porosity usually depends on pressure, it is customary to

assume that rock porosity only varies spatially.

2.1.2. Permeability

Permeability, denoted by K, quantifies the rock’s ability to transmit a single fluid under specified conditions.

Permeability is usually strongly correlated to porosity, since the connection and orientation of the rock pores

are crucial for fluid flow. However, permeability is not by definition proportional to porosity. Permeability is

defined as the proportionality factor between flow velocity and a potential gradient ∇Φ [17]:

~u =−K

µ
·∇Φ . (2.1)

Here, µ is the fluid viscosity and ~u is the flow velocity. The permeability generally is a full tensor, i.e.

K =


kxx kx y kxz

ky x ky y ky z

kzx kz y kzz

 . (2.2)

However, usually the coordinate system is aligned with the layering in the reservoir, such that K is diagonal

6



2.2. Governing Equations 7

[34]:

1-D: K = k, 2-D: K =
[

kx 0

0 ky

]
, 3-D: K =


kx 0 0

0 ky 0

0 0 kz

 . (2.3)

2.1.3. Relative permeability

Relative permeability, kr , represents the additional resistance to flow of a phase in the presence of another. It is

not directly measurable, but must be experimentally determined or modelled. To this end, several models have

been developed, such as the Corey [16] and the Brooks-Corey [11] models. These models relate the relative

permeability for both the wetting and the non-wetting phase to their corresponding saturation. In this work,

experimentally measured relative permeability curves are used [46]. The relative permeability curves were

extended across the full saturation range through numerical history matching with an LET model [43]. The

relative pressure curves obtained are shown in Fig. 2.1.
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Figure 2.1: Relative permeability curves used for simulations.

2.2. Governing Equations

The definition of the governing equations involved in flow and transport processes in porous media varies,

depending on the composition of the fluid in the reservoir. The most basic way to describe the flow in a reservoir

is through a single-phase fluid model. To model subsurface hydrogen storage systems, multi-component

multiphase flow models are required, which will be covered afterwards.

2.2.1. Single-phase flow

The flow of a single-phase fluid through a porous medium is governed by the mass conservation equation,

namely [5]:
∂(φρ)

∂t
+∇· (ρu) = q. (2.4)

In this equation, t is time, φ is rock porosity, ρ is fluid density, u is fluid velocity, and finally, q is the source

term. The source term represents, for example, wells. Darcy’s law [17, 80] can be used to express the fluid
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velocity as:

u =−K

µ
· (∇p −ρg∇z) ; (2.5)

where K is the rock permeability tensor, µ is the fluid viscosity, p is the pressure, g is the gravitational constant

and z is the spatial coordinate in vertical direction.

Inside the reservoir domain Ω, Eq. (2.4) and Eq. (2.5) are combined to be able to solve for the pressure.

Assuming that porosity φ and density ρ are constant in time yields the following equation:

∇·u =∇·
[
−K

µ

(∇p +ρg∇z
)]= q

ρ
. (2.6)

Finally, on the reservoir boundary ∂Ω, a no-flow boundary condition is imposed to close the boundary:

u ·n = 0, (2.7)

where n represents the normal vector on the boundary ∂Ω. This boundary condition ensures an isolated

system, in which no fluid exits or enters the reservoir.

2.2.2. Multi-component multiphase flow

In this section, multi-component multiphase flow will be described. In subsurface hydrogen storage simulation

models, often a two-component two-phase fluid model is utilized. The mass conservation equation for a

system, composed of nc components, composed of nph phases reads:

∂

∂t

(
φ

nph∑
α=1

xcαραSα

)
+∇·

(nph∑
α=1

xcαραuα

)
−

nph∑
α=1

xcαqα = 0, ∀c ∈ {1, . . . ,nc } ; (2.8)

where xcα is the mass fraction of component c in phase α and with Darcy’s velocity defined as:

uα =−Kkrα

µα

(∇pα−ραg∇z
)

. (2.9)

In this equation, krα is the phase relative permeability [1] and pα is the pressure in phase α. In this case,

α ∈ (w, n) with w and n denoting the wetting and non-wetting phase, respectively. The phase pressures pα

can be related through the capillary pressure:

pc = pn −pw . (2.10)

Furthermore, the following constraint holds for the saturation:

nph∑
α=1

Sα = 1 . (2.11)

This system of non-linear differential equations is then solved under no-flow boundary conditions using

implicit temporal discretization and finite-volume spatial discretization [51]. The variables for which the

system is solved are the wetting phase pressure pw and the total mole fraction of the primary component zc ,

i.e., c = H2. The mole fraction zc is expressed as:
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Begin
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Figure 2.2: Overview of coupled FIM scheme.

zc =
∑
a

xc,aρaSa∑
a ρaSa

. (2.12)

For linearization, the Newton-Raphson method [45, 22] is employed. This method is capable of robustly

handling the non-linearities present in the governing equations.

2.3. Solution methods

Since the above-described non-linear system of equations does not have a general analytical solution, it is

numerically solved instead. As stated before, a finite-volume spatial discretization is employed as it ensures

mass conservation. For numerically modelling the multiphase flow system, the Fully Implicit Method (FIM) is

adopted.

2.3.1. Fully Implicit Method

In the coupled FIM solution strategy, flow (pressure) variables and transport (mole fraction) variables are

coupled into a single system. The combined system of nonlinear equations is then solved by using Newton-

Raphson iterations. Unlike sequential fully implicit schemes [35], the near-elliptic pressure equation and the

near-hyperbolic transport equation are solved simultaneously. This ensures strong coupling between flow

and transport phenomena, in effect improving robustness and stability [3, 8]. In Fig. 2.2, a flow diagram of the

coupled FIM is shown.
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2.3.2. Newton-Raphson method

The Newton-Raphson method (NRM) for linearization is a technique that is employed for sequentially approx-

imating the zeros of a real-valued function:

f (x) = 0 . (2.13)

The general relation of the NRM in a univariate case is the following:

xn+1 = xn − f (xn)

f ′ (xn)
, n = 0,1,2, . . . ; (2.14)

where f and f ′ represent the objective function and its first derivative, respectively. The number of iterations

is denoted by n. x0 is the initial guess, and x1 is obtained by substituting x0 in Eq. (2.14). A visual overview of

the process is given in Fig. 2.3. This process is continued iteratively, with xn being derived using xn−1, until a

predefined criterion ε is met, i.e., until:

|xn+1 −xn | < ε ; (2.15)

Figure 2.3: A visualization of the Newton-Raphson method. a) First iteration, resulting in point x1 from tangent line at (x0, f (x0)) and b)
second iteration leading to point x2 from tangent line at (x1, f (x1)) [24].



3

GRID DISCRETIZATION

This chapter will cover the grid discretization methods that have been employed in this work. This is a relevant

characteristic, since the Finite Volume Method (FVM) is the numerical scheme that is used.

3.1. Finite Volume Method

The Finite Volume Method is a numerical modelling approach that serves to convert the partial differential

equations (PDEs) governing fluid flow from differential volumes into discrete algebraic equations. These

equations are defined over so-called finite volumes [51]. These finite volumes represent cells or elements.

Crucial to the process is discretizing the geometric domain into finite volumes. In the case of FVM, this entails

discretizing the domain into non-overlapping cells. Discretization of the grid domain can be categorized into

two main domains: structured and unstructured discretization. Subsequently, the structured grid discretization

method domain can be divided into two methods that will be discussed below: Cartesian geometry (CG)

discretization and corner-point geometry (CPG) discretization.

3.2. Cartesian geometry

A Cartesian grid is the simplest form of a structured grid. It consists of unit squares in two dimensions, and of

unit cubes in three dimensions. This results in a grid in which all of the vertices are integer points. The general

definition is as such: a Cartesian grid consists of congruent rectangles in 2D and of rectilinear parallelepipeds

in 3D [42]. Cartesian grids are simple to implement and have straightforward indexing. They work well for

domains with simple geometries. However, the Cartesian gridding scheme makes it unsuitable for complex

and irregular reservoirs. Moreover, it requires many cells to approximate non-rectangular domains. Figure 3.1

provides a visual representation of a rectangular Cartesian grid domain.

Figure 3.1: Visual representation of a 220×60×1 Cartesian grid.
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Figure 3.2: Illustration of two corner-point grid cells, each restricted by four pillars, and by two corner-points per pillar.

Figure 3.3: Deformed cells in corner-point grid models.

3.3. Corner-point geometry

In order to be able to model more complex and realistic geological structures, the corner-point geometry is

introduced [59]. In corner-point geometry, a set of hexahedral cells is aligned in a Cartesian manner. This

way, each cell can be identified using i j k indexing. In essence, a corner-point grid is made up of a set of

vertical/inclined pillars over a Cartesian 2D mesh. Each cell has eight corner points, confined by four pillars.

Each pillar hosts two corner points for every adjacent cell, see Fig. 3.2. The grid consists of nx ×ny ×nz cells,

with the i -index cycling first, then the j -index, and finally the k-index. The k-index is defined as the negative

z-direction.

Up until this point, the geometry of a corner-point grid has not differed much from that of a regular Cartesian

grid. However, in order to model geological features like erosion and pinch-outs, the corner-point method

allows for the collapse of points along its pillar. This allows for irregular and degenerate cells that can have

fewer than six faces. Figure 3.3 shows four examples of such degenerate cells.

To illustrate the introduced method, the construction of a faulted 2×2×2 corner-point grid is shown in Fig. 3.4.

For an nx ×ny ×nz grid, the number of pillars is equal to (nx +1)× (ny +1). Individually, every pillar is defined

by the x y z coordinates of its endpoints.
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(a) (b)

(c) (d)

Figure 3.4: Illustration of the construction of a corner-point grid. First, the pillars are constructed (a), on which corner points are placed
(b). The pillars that are faulted are marked red. Each cell is defined by the location of eight corner points on four pillars (c). Finally, the full

2×2×2 grid is constructed [42].

3.3.1. Computing geometry

Whereas for Cartesian grids, it is straightforward to compute cell centroids, volumes, face areas, and nor-

mals, this is not the case for complex grid structures, such as corner-point grids. This section will cover the

computation of the geometry of corner-point grid cells. For every cell, the input file provides cell vertices

and faces, see Fig. 3.5a. A single face is then considered, defined by the points ~p(i1), ...,~p(im). Additionally,

α= (α1, ...,αm) denotes an index describing how points ~p(i1), ...,~p(im) are connected to form the perimeter of

a face. In Fig. 3.5a, face 2 consists of points ~p(2), ~p(4), ~p(6) and ~p(8), with α= (2, 4, 6, 8). For every surface,

the interpretation of the surface spanned by its nodes has to be chosen. Therefore, the hinge point is employed.

The hinge point is computed as such:

~ph =
m∑

k=1

~p(αk )

m
; (3.1)

where m is the number of points that make up the face. Now the hinge point allows for tesselation of

the face into m triangles, which is shown in Fig. 3.5b. Each of these triangles is defined by the points

~p(αk ), ~p(αmod(k,m)+1), and ~ph for k = 1, ..,m. The triangles have center point ~pk
c defined as the average
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of its vertices and a normal vector given as:

~nk = (
~p

(
α mod (k,m)+1

)−~p (αk )
)× (

~ph −~p (αk )
)=~vk

1 ×~vk
2 . (3.2)

Its surface area is calculated as:

Ak =
√
~nk ·~nk . (3.3)

Using the center points ~pk
c , normals ~nk , and surface areas Ak , the total face area, centroid, and normal can be

calculated as:

A f =
m∑

k=1
Ak , (3.4)a

~c f =
(

A f
)−1

m∑
k=1

~pk
c Ak , (3.4)b

~n f =
m∑

k=1

~nk . (3.4)c

The face centroid and normal resulting from these calculations are shown in Fig. 3.5c. It should be noted that

unless the face is square, the centroid does not line up with the hinge point ~ph .

For the computation of the cell centroid, the average of the face centroids is taken:

~cc =
m f∑
k=1

~c f

m f
, (3.5)

where m f is the number of faces. The cell volume is then triangulated by connecting the cell centroid~cc to the

face triangles, see Fig. 3.5d. The vector~ck
r = ~pk

c −~cc is then defined for every tetrahedron, and its volume is

calculated:

V k = 1

3
~ck

r ·~nk . (3.6)

Finally, the cell volume and its centroid are defined as follows:

V =
mt∑

k=1
V k , (3.7)

~c =~cc + 3

4V

mL∑
k=1

V k~ck
r . (3.8)
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(a) (b)

(c) (d)

Figure 3.5: Illustration of computation of geometry for a CPG cell. (a) The cell with its face numbers (red) and node (blue) numbers. (b)
Tesselation of faces with vectors ~vk

1 (blue), ~vk
2 (red), and ~nk (orange). (c) Face centroids and normal vector of face 2 computed from

tesselation. (d) Triangulation of the cell volume with vectors ~nk (green) and~ck
r (red) [42].

3.3.2. Two-point flux approximation

In Section 3.3, it has been discussed that cells in corner-point format may have irregularly shaped faces.

Furthermore, in corner-point grid models, it is possible for cells to have more neighbouring cells than the

usual six in Cartesian grids. Figure 3.6 shows two cells and its neighbours in the Johansen formation with six

and eight neighbours. For this reason, it is important to have a proper definition of the flux that is exchanged

between two neighbouring cells.

(a) (b)

Figure 3.6: Cells in Johansen formation with (a) six neighbours and (b) eight neighbours.
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For finite volume discrete systems, Darcy’s velocity (Eq. (2.9)) can be rewritten in integral form, on a discrete

cellΩi as follows: ∫
∂Ωi

~u ·~ndS =−
∫
Ωi

q d~x . (3.9)

Next, the flux over the two adjacent cells i and j is expressed as such:

ui ,k =
∫
Γi ,k

~u ·~ndS . (3.10)

The cell faces Γi ,k are referred to as half-faces [9], since they are associated with a grid cellΩi and outward-

pointing vector ~ni ,k . An assumption here is that the grid matches, meaning that each half face Γi ,k has a twin

half face Γk,i with face areas Ak,i = Ai ,k and normal vector ~nk,i =−~ni ,k . Now, the integral over the cell face can

be approximated by the midpoint rule:

ui ,k ≈ Ai ,k (K∇p)
(
~xi ,k

) ·~ni ,k ; (3.11)

with~xi ,k indicating the centroid of Γi ,k . The pressure gradient can now be determined using the one-sided

finite difference. It is defined as the difference between the pressure πi ,k at the face centroid and the pressure

at a point inside the cell. The value of the pressure at the cell center is equal to the average pressure pi inside

the cell, leading to:

ui ,k ≈ Ai ,k Ki

(
pi −πi ,k

)
~ck,i∣∣~ck,i

∣∣2 ·~ni ,k ⇒ ui ,k ≈ Ti ,k
(
pi −πi ,k

)
. (3.12)

Vectors~ck,i are defined from the cell centroid to the face centroid. Additionally, the length of the face normals

is assumed to be equal to the corresponding face areas Ai ,k ·~ni ,k . For the transmissibility, this yields:

Ti ,k = Ai ,k Ki
~ck,i ·~ni ,k∣∣~ck,i

∣∣2 . (3.13)

The transmissibilities Ti ,k are named half-transmissibilities, since they are associated with a half face [9]. They

are related to a single cell, providing a two-point relation between the flux across a cell face and the pressure

difference between the cell and face centroids. Figure 3.7 provides a graphical overview of the two-point flux

approximation.

Next, the continuity of face pressure and flux across faces is set:

ui ,k =−uk,i , (3.14)a

πi ,k =πk,i =πi k . (3.14)b

This then yields:

T −1
i ,k ui k = pi −πi k , (3.15)a
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Figure 3.7: Illustration of two-point flux approximation on polyhedral cells [29].

−T −1
k,i ui k = pk −πi k . (3.15)b

Finally, the interface pressure πi k is eliminated, leaving the two-point flux approximation (TPFA) scheme

defined as:

ui k =
[

T −1
i ,k +T −1

k,i

]−1 (
pi −pk

)= Ti k
(
pi −pk

)
, (3.16)

where Ti k represents the combined transmissibility between the two cells. The flux gets effectively approxi-

mated across the interface Γi ,k between cellsΩi andΩk .



4

VALIDATION

In this chapter, the validation process of CPG discretization with respect to CG discretization will be discussed.

The CG method is considered the benchmark in this case, since it is the most straightforward method of grid

discretization. The validation process will be performed based on two test cases in 3D, which will be discussed

below. Afterwards, the results will be jointly discussed in Section 4.3.

4.1. Test case 1

For the first test case, a homogeneous rectangular box is considered. The reservoir dimensions and other

relevant properties are listed in Table 4.1. In Table 4.2, the properties of the 2-component system are described.

Using MRST [42], a GRDECL [56] file is generated. In this file, the COORD and ZCORN keywords represent the pillar

endpoint coordinates and corner point coordinates, respectively. The reservoir simulator is then adjusted

accordingly to simulate a reservoir, discretized using CPG. The simulation will be run under monotonous

injection, for a period of t = 150 days. The well placement is depicted in Fig. 4.1.

Table 4.1: Overview of reservoir properties for validation test 1.

PARAMETER VALUE UNIT

lx 220 m
ly 60 m
lz 5 m
nx 220 -
ny 60 -
nz 5 -
φ 0.2 -
kh 1000 mD

kv /kh 1 -
Qi n j 1.0 ·10−4 PV·day−1

Ppr od 1.01 ·107 Pa
P0,r es 1 ·107 Pa
Tr es 300 K
θr es 0 degrees

The placement of the injection and production well relative to the reservoir is depicted in Fig. 4.1

4.2. Test case 2

For the second test case, another rectangular box-shaped reservoir has been considered. Heterogeneity is

regarded as a crucial parameter affecting reservoir performance. For this reason, the highly heterogeneous

18
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Table 4.2: Overview of component properties.

PARAMETER VALUE UNIT

ρH2 1.98 kg·m−3

ρbr i ne 1060 kg·m−3

µH2 0.965 ·10−5 Pa·s
µbr i ne 5.5 ·10−4 Pa·s

cw,br i ne 4 ·10−10 Pa−1

Figure 4.1: Well placement for the validation tests. I and P represent the injection and production wells, respectively.

permeability field of the SPE10 benchmark test [69] is employed for this validation test.

Originally, the 10th SPE Comparative Solution Project was proposed as a benchmark for upscaling methods

[69]. It consists of 220×60×85 (1122000) cells, divided into two distinct formations. The top 35 layers represent

a shallow-marine Tarbert formation [7], whereas the bottom 50 layers represent a fluvial Upper-Ness formation

[6]. Fig. 4.2 shows the horizontal and vertical permeabilities of the model. The distinction between the two

formations is clearly visible.

(a) (b)

Figure 4.2: Illustration of (a) horizontal and (b) vertical permeability and its distribution of the SPE10 benchmark test. Permeability is
displayed logarithmically, in mD.
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The dataset of this project has been widely utilized for comparing various computational methods. For the

purpose of this validation test, the model has been employed for its high permeability heterogeneity. This

way, it can be identified if CPG discretization leads to different simulation solutions when compared to CG

discretization. Because of the highly heterogeneous nature of the model, it would be very computationally

demanding to simulate the entire reservoir. For that reason, only the top 5 layers of the Tarbert formation have

been selected for the simulation. The horizontal and vertical permeabilities of the top 5 layers are shown in

Fig. 4.3,

(a) (b)

Figure 4.3: Illustration of (a) horizontal and (b) vertical permeability and its distribution of the top 5 layers of the SPE10 benchmark test.
Permeability is displayed logarithmically, in mD.

4.3. Results

In this section, the results for both test cases are discussed.

4.3.1. Test case 1

Here, the results are compared for three parameters, namely pressure, saturation, and mass fraction of

component 1 in phase 2. For the H2-brine system used here, that refers to the mass fraction of hydrogen in the

liquid phase. In Fig. 4.4 and Fig. 4.5, the simulation solutions for saturation and pressure are shown.

To be certain that there exist no discrepancies between the CG and CPG solution, the pressure, saturation, and

mass fraction of component 1 in phase 2 are plotted. This is done for 4 points of interest (POIs). Point 1 is

chosen to be the top cell of the well, point 2 is the middle of the reservoir, and points 3 and 4 are arbitrarily

chosen cells on the saturation front. An overview of the 4 POIs is provided in Fig. 4.6

The results for each of the four POIs are graphically presented in Fig. 4.7.

4.3.2. Testcase 2

Again, for four POIs, the pressure, saturation, and mass fraction of hydrogen in the liquid phase are graphed.

The first two POIs represent the top cell of the well and the top-middle cell. The third POI is chosen near the

low-perm zone on the left of the model, and the fourth one at the right side, near the saturation front. An

overview of the POIs is given in Fig. 4.10.
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(a) (b)
Figure 4.4: Simulation results for (a) hydrogen saturation and (b) hydrogen pressure at t = 50, 100 and 150 days for test case 1. These

results are from the simulation using CG.

(a) (b)
Figure 4.5: Simulation results for (a) hydrogen saturation and (b) hydrogen pressure at t = 50, 100 and 150 days for test case 1. These

results are from the simulation using CPG.

Figure 4.6: Overview of the POIs for testcase 1.
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(a) (b) (c)

Figure 4.7: Simulation results for (a) pressure, (b) saturation, and (c) mass fraction liquid hydrogen for testcase 1, for both CG and CPG
simulations.

(a) (b)
Figure 4.8: Simulation results for (a) hydrogen saturation and (b) hydrogen pressure at t = 50, 100 and 150 days for test case 2. These

results are from the simulation using CG.
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(a) (b)
Figure 4.9: Simulation results for (a) hydrogen saturation and (b) hydrogen pressure at t = 50, 100 and 150 days for test case 2. These

results are from the simulation using CPG.

Figure 4.10: Overview of POI placement for SPE10 benchmark validation test.

(a) (b) (c)

Figure 4.11: Simulation results for (a) pressure, (b) saturation, and (c) mass fraction liquid hydrogen for test case 2, for both CG and CPG
simulations.



5
RESERVOIR PERFORMANCE

SENSITIVITY ANALYSIS

This chapter will describe the process of analyzing the sensitivity of reservoir performance to various reservoir

parameters. For the purpose of the sensitivity analysis, another test case has been created, upon which various

alterations will be made. Afterwards, the results will be compared and discussed.

5.1. Test case reservoir

The test case reservoir has again been synthesized using MRST [42]. For hydrogen storage purposes, a reservoir

must guarantee the confinement of the injected hydrogen. Therefore, an anticline reservoir has been generated.

This will cause the buoyant hydrogen to be confined, enhancing recoverability. The reservoir has been modelled

to measure 100×100×20 meters and is discretized into a 51×51×21 grid. Table 5.1 presents an overview of

relevant reservoir parameters. Figure 5.1 provides a visual representation of the reservoir. For an overview of

the component properties, see Table 4.2.

Table 5.1: Overview of reservoir properties.

PARAMETER VALUE UNIT

lx 100 m
ly 100 m
lz 20 m
nx 51 -
ny 51 -
nz 21 -
φ 0.2 -
kh 100 mD

kv /kh 0.1 -
Qi n j 1.29 ·10−8 PV·day−1

Qpr od 1.29 ·10−6 PV·day−1

P0,r es 1 ·107 Pa
Tr es 323 K

θanti cl i ne 25 degrees

The total operation time of the reservoir simulation is set to 5 years. A cyclic injection and production scheme

will be employed, as follows: three months of injection and production are alternated, separated by an idle

time of 3 months. A visual overview of the scheme is provided in Fig. 5.2a. For both injection and production,

the same well is used. It is located in the middle of the reservoir and penetrates only the top cell. Figure 5.2b

illustrates the well placement.

24
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Figure 5.1: Illustration of the base test case, showing hydrogen saturation at t = 900 days.
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(a) (b)

Figure 5.2: Overview of (a) cyclic scheme and (b) well placement in domed reservoir.

5.2. Parameters

This section will discuss the parameters that have been studied in this sensitivity analysis. The reservoir is

analyzed based on the following parameters:

• Porosity

• Permeability

• Anisotropy

• Heterogeneity

• Relative permeability

• Anticline

• Cushion gas

Below, each parameter will be briefly discussed.

5.2.1. Porosity

The reservoir performance is analyzed for various values of porosity. As different reservoir types usually have

different values, here the impact of porosity on reservoir performance is analyzed. For the two test cases,

porosity has been assigned values of 0.1 and 0.3, respectively.
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5.2.2. Permeability

As discussed in Chapter 2, permeability is a fundamental property of the reservoir that quantifies the ability to

transmit fluids. It is for this reason that the reservoir performance is tested on this parameter. The values that

will be used for permeability are one order of magnitude larger and smaller than that of the base case, i.e., 10

and 1000 mD.

5.2.3. Anisotropy

Subsurface reservoirs often are anisotropic, meaning their properties differ with direction. Anisotropy may

have many causes, such as depositional layering of the host rock. Here, anisotropy is defined as the ratio of

vertical to horizontal permeability (kv /kh). A low degree of anisotropy may restrict vertical migration of the

hydrogen and cause it to migrate laterally. This, in effect, can harm recoverability. Therefore, permeability

anisotropy is an important parameter to consider. In the base case, the anisotropy degree is set at 0.1. For the

two test cases, values of 0.5 and 1.0 will be assigned to the anisotropy. The second test case is thus isotropic.

5.2.4. Heterogeneity

Reservoir heterogeneity plays a significant role in determining the efficiency of subsurface fluid flow [28].

Consequently, it impacts the overall performance of waterflooding and gas injection strategies. Heterogeneity

is defined as the spatial variability in reservoir properties, such as permeability and porosity. These variations

may create preferential flow paths and impact recoverability.

For the purpose of analyzing the impact of heterogeneity on reservoir performance, two test cases have been

created. Again, the SPE10 benchmark test was used. The top 21 and bottom 21 layers have been taken from the

model, and were resized to fit on the 51×51 grid. The top and bottom test cases will be referred to as SPE10-T

and SPE10-B, respectively. Since the permeability range of this benchmark is very wide, it has been scaled

down accordingly. To this end, the following relation is used:

logkscaled = logk − logkmin

logkmax − logkmin
· (logk∗

max − logk∗
min)+ logk∗

min . (5.1)

Here, kmin and kmax are the minimum and maximum values of the original permeability field. k∗
min and k∗

max

are the minimum and maximum values of the selected permeability range. In this case, their values are 10−15

and 10−13 m2. The resulting permeability fields for the top 21 layers (SPE10-T) are depicted in Fig. 5.3. For the

bottom 21 layers (SPE10-B), see Fig. 5.4.
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(a) (b)

Figure 5.3: Rescaled permeability (in m2) and its distribution in (a) horizontal and (b) vertical direction for the top 21 layers of the SPE10
model.

(a) (b)

Figure 5.4: Rescaled permeability (in m2) and its distribution in (a) horizontal and (b) vertical direction for the bottom 21 layers of the
SPE10 model.

5.2.5. Relative permeability

Relative permeability, introduced in Chapter 2, is fundamental in understanding flow behaviour in porous

media. It describes the ability of each fluid phase to flow as a function of its saturation. The shapes of the

relative permeability curves govern the efficiency of the displacement. As hydrogen is pumped into the

reservoir, the governing equations follow the primary drainage curve (red in Fig. 5.5A), up until the point

where Sg reaches its maximum value, Sg ,max , represented by the dotted vertical line. In case of decreasing Sg

after this point, the governing relations follow the primary imbibition curve (blue in Fig. 5.5A), until kr g = 0

at Sg = Sg r . In the case that imbibition starts before Sg reaches Sg ,max , the continuity of the transition is

ensured by the use of scanning curves (see Fig. 5.5B) [40, 13, 58]. The scanning curves are based on the primary

drainage and imbibition curves, which are referred to as bounding curves. The transitional point is is Sg t , and

its corresponding residual saturation Sg r (i.e. where kr = 0) is found using the following linear relation [71]:

Sg r = fr ·Sg t . (5.2)

Here, fr is a constant such that fr ≤ 1. For the purpose of this analysis, the value of f will be varied, mimicking

different relative permeability scenarios. In the base case, its value is 0.5. For the first comparison, its value is

set to 0.2 and for the second it is equal to 0. This means that for drainage and imbibition, the same curves are
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employed.

Figure 5.5: Illustration of hysteretic behaviour of relative permeability curves. (A) Primary drainage/imbibition curves for liquid and gas
phases, where the superscripts d and i denote drainage and imbibition, respectively. A single/double-headed arrow indicates that the

process along a given curve is irreversible/reversible, respectively. (B) Scanning curves generated at the turning point given by Sg t = 0.2,
0.4, and 0.6 [79].

5.2.6. Anticline

An anticline is defined as a structural feature in which rock has been bent into an arch-like shape. If the caprock

is sufficiently low in permeability, such a formation can make for the trapping of hydrogen. In this example,

the impact of the degree of anticline will be analyzed. Therefore, two variations on the base case have been

made. One with a flatter angle of 9 degrees, and another reservoir with a steeper angle of 38 degrees. The

anticline angles are calculated as:

θ = arctan(
h

lx /2
) , (5.3)

where h is the height of the dome and lx is the reservoir dimension in x direction. In Fig. 5.6, a cross-section of

the three reservoirs is shown.

(a) (b) (c)

Figure 5.6: Cross section of reservoirs with anticline angle (a) 9◦, (b) 25◦, and (c) 38◦.

5.2.7. Cushion gas

The primary purpose of cushion gas is to maintain pressure inside the reservoir for cyclic injection and

production of the working gas. In depleted gas reservoirs, the hydrogen can be pressurized using the leftover

native gases. For aquifers however, it is required to inject another gas for pressurization. Commonly considered

gases are methane (CH4), carbon dioxide (CO2) or nitrogen (N2) [37]. In this test, hydrogen is used as the

cushion gas. The first injection period for the test is extended, effectively replicating a cushion gas injection. It

will be extended by 1 month in this test. Figure 5.7 provides an overview of the adjusted cyclic scheme. For the

calculation of the recoverability, the cushion gas injection period will be neglected.
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Figure 5.7: Adjusted cyclic scheme for operation with cushion gas. The duration of the cushion gas injection period is denoted by x.

5.2.8. Summary

In Table 5.2, all the variations on the base case are tabulated. The gray row represents the base case. Every

other cell stands for a separate test case. In total, 13 different cases (not including the base case) are simulated.

Table 5.2: Overview of all alterations made to the base case. Note that every cell, except for the ones in the gray row, represents a separate
test case.

TEST

PARAM.
ANISOTROPY ANTICLINE CUSHION GAS HETEROGENEITY PERM. PORO REL. PERM.

Base kv /kh = 0.1 θ = 25◦ No c.g. Homogeneous k = 100 mD φ= 0.2 f = 0.5
1 kv /kh = 0.5 θ = 9◦ 1 month SPE10-T k = 10 mD φ= 0.1 f = 0.2
2 kv /kh = 1 θ = 38◦ - SPE10-B k = 1000 mD φ= 0.3 f = 0

5.3. Results

In this section, the reservoir performance sensitivity analysis will be discussed. The reservoir performance will

be based mainly on the recoverability. Recoverability is defined as the gravimetric ratio between the hydrogen

that has been produced and the hydrogen that has been injected during operational cycle i :

Ri =
Mpr od ,i

Mi n j ,i
·100 , i ∈ (1, . . . ,n) ; (5.4)

with n being the total number of cycles.

5.3.1. Porosity

Here, the results for porosity analysis will be discussed. In Fig. 5.8, the mass fraction of each of the different

states for the three test cases is shown. From this figure, it is clear that the amount of immobile gas is related

to the porosity of the reservoir. With lower porosity, there is less pore volume (PV) for the hydrogen to get

immobilized by, leading to a lower mass fraction in the immobile state. It is also worth noting the sharp

increase in immobile mass fraction after the injection period ends, during cycles 4 and 5.

Additionally, since the same volume of hydrogen has been injected into three distinct PVs for each of the tests,

the plume size varies significantly. An overview of plume size is shown in Fig. 5.9.
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Figure 5.8: Normalized mass fractions for hydrogen in free, immobile, and dissolved states. (a) Base case with φ= 0.2, (b) Test case 1 with
φ= 0.1, (c) Test case 2 with φ= 0.3. The mass fractions are normalized against the total H2 mass in the reservoir at the end of the first

injection period, at t = 90 days.

φ=
0.2

φ=
0.1

φ=
0.3 A B C D

Figure 5.9: Hydrogen plume migration for the base case with φ= 0.2, test case 1 with φ= 0.1, and test case 2 with φ= 0.3 at (A) end of first
injection cycle, (B) end of first production cycle, (C) end of last injection cycle, and (D) end of last production cycle.

The resulting recoverabilities are shown in Fig. 5.10. For the simulation with lower porosity, the recoverability is

consistently higher than the base case. The initial recoverability is 69.99%, which is 12.5% higher than the base

case. For the last cycle, the difference is less distinct, with recoverability values of 99.6 and 98.9% for φ= 0.1

and the base case, respectively. Notably, the recoverability for the reservoir with φ= 0.3 is lower for all cycles,

compared to the base case. Initially, it is 7.6% lower. During the fifth cycle, the recoverability is 0.8% below that

of the base case.
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Figure 5.10: Recoverability rates for test cases with φ= 0.1, 0.2,and 0.3.

5.3.2. Permeability

This section will discuss the results for simulations with varying values for permeability. For the three cases,

there is a clear difference visible in Fig. 5.11. It shows that in less permeable reservoirs, more hydrogen gets

immobilized. For reservoirs with higher permeability, the opposite is the case. This is because of capillary

forces, allowing the hydrogen to get bypassed and surrounded by water after injection ends. This leaves the

hydrogen trapped and immobile. The resulting recoverabilities for each of the test cases are displayed in

Fig. 5.12. The rates vary significantly, especially for the case with k = 10 mD. For the first cycle, the recoverability

rate is 20.9% lower than that of the base case. As for the case with k = 1000 mD, recoverability is initially 20.8%

higher than the base case. The difference reduces to 2% during the final cycle. The recoverability rate during

the last cycle is equal to 100.9%, producing more than was injected. These results are in agreement with the

literature, where commonly a minimum permeability of 50 mD is suggested for proper reservoir performance

[64].
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Figure 5.11: Normalized mass fractions for hydrogen in free, immobile, and dissolved states. (a) Base case with k = 100 mD, (b) Test case 1
with k = 10 mD, (c) Test case 2 with k = 1000 mD. The mass fractions are normalized against the total H2 mass in the reservoir at the end of

the first injection period, at t = 90 days.
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Figure 5.12: Recoverability rates for test cases with k = 100, 10, and 1000 mD.

5.3.3. Anisotropy

Here, results for different anisotropy rates will be discussed. As stated in Section 5.2.3, the ratio between

vertical and horizontal permeability defines the anisotropy rate. For the base case, a value of 0.1 is used, for

test 1 it is equal to 0.5 and for test 2 the reservoir is fully isotropic, i.e. the anisotropy rate is equal to 1.0. For

higher values of anisotropy rate, the hydrogen can flow more uniformly inside the reservoir. It is therefore

expected that higher anistropy rates lead to higher recoverability rates. From Fig. 5.13, it can be observed that

higher anisotropy rates result in lower immobile mass fraction. This is due to the fact in reservoir with low

anisotropy rate (kv /kh) gas migrates laterally, since vertical permeability is relatively low. For the hydrogen,

this effectively creates more opportunity to get trapped and immobilized. In contrast to the base case, in both

test cases, the immobile fraction during cycles 4 and 5 does not show a sharp increase right after the injection

period ends. In anisotropic reservoirs, vertical hydrogen distribution is less connected. This means that, when

injection is terminated, water flows back and isolates the gas. This phenomenon is referred to as snap-off [41]

and causes a sharp increase in immobile gas fraction when injection stops. More isotropic reservoirs are better

connected in all directions, causing the water to imbibe more smoothly, resulting in a less sudden increase

in immobile gas. In Fig. 5.14, recoverability rates are displayed. During the first cycle, the recoverability is

3.6% higher for the more isotropic and fully isotropic reservoirs. The rates are 0.9% higher for the final cycle.

Between the two tests, the differences are minor.
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Figure 5.13: Normalized mass fractions for hydrogen in free, immobile, and dissolved states. (a) Base case with kv /kh = 0.1, (b) Test case 1
with kv /kh = 0.5, (c) Test case 2 with kv /kh = 1.0. The mass fractions are normalized against the total H2 mass in the reservoir at the end

of the first injection period, at t = 90 days.
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Figure 5.14: Recoverability rates for test cases with kv /kh = 0.1, 0.5, and 1.0.

5.3.4. Heterogeneity

For the heterogeneous test cases, permeability fields from the SPE10 benchmark test were employed. In

Fig. 5.15, the normalized mass fractions for each of the three cases are shown. From the figures, it is clear

that heterogeneity negatively affects the fraction of free hydrogen in the reservoir, harming recoverability

rates. Since the hydrogen plume migration is not uniform for the heterogeneous cases (see Fig. 5.16), the mass

fraction of hydrogen made immobile is also higher. The recoverability rates for each of the cases are shown in

Fig. 5.17. The difference in recoverability is most prominent during the first cycle, where the recoverabilities

for the SPE10-T and SPE10-B cases are 12.8 and 14.8% lower compared to the base case, respectively. During

the last cycle however, recoverabilities are similar, ranging from 97.99% for the SPE10-T case to 98.89% for the

base case. It should be noted that, although these two test cases report lower recoverability for all cycles, there

may exist heterogeneous permeability fields in which hydrogen displays better recoverability. For example,

well-connected zones with high permeability could lead to more efficient withdrawal of hydrogen during

production phases, enhancing reservoir performance.
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Figure 5.15: Normalized mass fractions for hydrogen in free, immobile, and dissolved states. (a) Homogeneous base case, (b) SPE10-T
case, (c) SPE10-B case. The mass fractions are normalized against the total H2 mass in the reservoir at the end of the first injection period,

at t = 90 days.



5.3. Results 34

Homo.

SPE10-
T

SPE10-
B A B C D

Figure 5.16: Hydrogen plume migration for the homogeneous case, SPE10-T case, and SPE10-B case at (A) end of first injection cycle, (B)
end of first production cycle, (C) end of last injection cycle, and (D) end of last production cycle.
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Figure 5.17: Recoverability rates for homogeneous, SPE10-T, and SPE10-B case

5.3.5. Relative permeability

In this section, the results for relative permeability will be discussed. As described in Section 5.2.5, the relative

permeability was varied based on the constant fr , which linearly relates the residual saturation Sg r and the

saturation at the turning point from primary drainage to primary imbibition Sg t . In the base case, its value is

equal to 0.5, and in test 1 and 2, it was set to 0.2 and 0, respectively. Since in test case 2, the primary drainage

and primary imbibition curves are the same, it is expected that no hydrogen is left immobile during the

simulations. The mass fractions for free, immobile, and dissolved hydrogen for each of the test cases are

shown in Fig. 5.18. For fr = 0, the immobile mass fraction during the simulation is indeed equal to 0. It can be

observed that (part of) the immobile mass fractions are replaced by free hydrogen for each of the test cases.

The recoverability rates are shown in Fig. 5.19. For both of the test cases, the recoverability rates are lower for

every cycle. The recoverability rates for both test cases are almost identical, differing by 0.3% and 0.1% at the

first and last cycle, respectively. The base case rate is 6.6% higher during the first cycle, and 0.7% higher during

the last cycle.
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Figure 5.18: Normalized mass fractions for hydrogen in free, immobile, and dissolved states. (a) Base case with fr = 0.5, (b) Test case 1
with fr = 0.2, (c) Test case 2 with fr = 0. The mass fractions are normalized against the total H2 mass in the reservoir at the end of the first

injection period, at t = 90 days.
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Figure 5.19: Recoverability rates for test cases with fr = 0.5, fr = 0.2, and fr = 0.

5.3.6. Anticline

For different degrees of anticline, it is expected that the reservoir with the steepest anticline performs the

best. This is because the hydrogen gets trapped by the anticline and is thus better recoverable. Here, the most

obvious difference is in the dissolved portion of the hydrogen. When hydrogen dissolves into the brine, it can no

longer be recovered. From Fig. 5.20, it is clear that with a shallower anticline, more hydrogen gets dissolved into

the brine. Since the hydrogen plume migrates further horizontally for the reservoir with shallower anticline, as

can be observed in Fig. 5.21, the hydrogen has more contact area with the brine, leading to higher dissolved

mass fraction. Similarly, a shallower anticline yields more immobile gas. Especially during the first 2 cycles,

the mass fraction increases significantly for the reservoir with θ = 9◦. The recoverability rates are shown in

Fig. 5.22. For the reservoir with a shallower angle, the hydrogen was 19% less recoverable during the first cycle,

and 1.8% less recoverable during the last cycle. In the steeper angled reservoir, rates were 5.8 and 0.5% higher

during the first and last cycle, respectively.
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Figure 5.20: Normalized mass fractions for hydrogen in free, immobile, and dissolved states. (a) Base case with θ = 25◦, (b) Test case 1 with
θ = 9◦, (c) Test case 2 with θ = 38◦. The mass fractions are normalized against the total H2 mass in the reservoir at the end of the first

injection period, at t = 90 days.
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Figure 5.21: Hydrogen plume migration for the base case with θ = 25◦, test case 1 with θ = 9◦, and test case 2 with θ = 38◦ at (A) end of first
injection cycle, (B) end of first production cycle, (C) end of last injection cycle, and (D) end of last production cycle.

Figure 5.22: Recoverability rates for test cases with θ = 25◦, θ = 9◦, and θ = 38◦.
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5.3.7. Cushion gas

As described in Section 5.2.7, the main purpose of the cushion gas is to pressurize the reservoir. In effect, this

increase in pressure inside the reservoir is expected to enhance recoverability. In this single test case, the first

injection period was elongated by one month. This pre-injected hydrogen serves as the cushion gas. The mass

fractions are given in Fig. 5.23. Note that the red line in Fig. 5.23b represents the normalized hydrogen volume

after cushion gas injection. The corresponding recoverability rates are calculated from this line. They are

shown in Fig. 5.24. Especially during the first two cycles, the jump in recoverability rate is obvious. Initially, the

recoverability rate is 31.4% higher. During the second cycle, it is 9.8% higher. During the last cycle, their values

are nearly identical, differing by 0.2%.
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Figure 5.23: Normalized mass fractions for hydrogen in free, immobile, and dissolved states. (a) Base case without cushion gas, (b) Test
case 1 with cushion gas injected. For (b), the recoverability rate is calculated from the red line. The mass fractions are normalized against

the total H2 mass in the reservoir at the end of the first injection period, at t = 90 days (a) and t = 120 days (b).
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Figure 5.24: Recoverability rates for simulation with and without cushion gas.

5.3.8. Summary

For all of the test cases, it can be observed that recoverability rate increases as the injection and production

cycles progress. In its initial state, the reservoir is fully saturated with brine. As hydrogen is injected, a substan-

tial amount of hydrogen is lost due to dissolution and residual trapping. For the following cycles, a portion

of the reservoir pores has already trapped hydrogen. Similarly, part of the brine has already been saturated
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with dissolved hydrogen. This reduces the opportunity for hydrogen to get trapped and dissolved. Therefore,

more hydrogen remains recoverable. Additionally, in the test cases, water upconing was observed [55]. Water

upconing is defined as the cone-like shape that the hydrogen-brine interface forms when hydrogen withdrawal

rates are substantially high. This high rate of hydrogen withdrawal is necessary due to the low volumetric

energy density of hydrogen. In effect, it may cause brine to mix with the hydrogen during production, decreas-

ing the purity of the produced hydrogen. An example of water upconing in the base test case is given in Fig. 5.25.

Figure 5.25: Example of water upconing in base case test reservoir after first production period.

For every cycle, the relative change in recoverability rate for all 13 test cases is depicted in Fig. 5.26. From the

figure, it is clear that the impact of the varied parameters decreases as more injection and production cycles

are completed. This can again be explained by the fact that during the first cycles, a larger share of hydrogen

gets residually trapped or dissolved in the brine. Changes to reservoir parameters, therefore, have a more

pronounced impact on recoverability during the initial cycles. However, the effects of reduced permeability

and a shallower anticline continue to influence the recoverability for the entire duration of the simulation.

This underlines the significance of permeability and reservoir geometry in determining long-term reservoir

performance.
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(a)

(b)

(c)

(d)

(e)

Figure 5.26: Relative change in recoverability rate (RR) for all 13 test cases with respect to the base case for (a) first, (b) second, (c) third,
(d) fourth, and (e) fifth cycle.



6
SUBSURFACE HYDROGEN STORAGE

ON FIELDSCALE

As described in Chapter 1, large-scale energy storage systems are deemed necessary to address the intermit-

tency of renewable energy sources. In this chapter, the possibilities and performance of a large-scale energy

storage system in the form of a subsurface hydrogen storage site are explored. For this purpose, the Johansen

formation near the coast of Norway will be utilized.

6.1. Johansen formation

The Johansen formation is a large saline aquifer in the Northern North Sea, off the South Western coast of

Norway. It has been part of both MatMoRA (Mathematical Modelling and Risk Analysis) [67] research projects

on geological CO2 storage. The aim of this project was to develop analytical and numerical tools with which

risk assessment analysis of geological storage of CO2 could be performed. Funding of the project was provided

by the Climit programme [25] at the Research Council of Norway and by industry partners. Academic partners

were the University of Bergen (UiB), Uni Research AS (CIPR), and SINTEF ICT. Of the Johansen formation,

3D seismic data has been collected by the Norwegian Petroleum Directorate (NPD), based on which a CPG

model of the field has been realized. The formation is part of the Lower Jurassic Dunlin group. On both top

and bottom, the formation is covered by shale layers with very low permeability, acting as a caprock. The

formation itself consists of sandstone and has moderate permeability, ranging from 60 to 1660 mD, and an

average porosity of around 25%. The formation lies at depths from 2200 to 3400 meters below sealevel and

has an average thickness of about 100 meters. It spans nearly 60 kilometers latitudinally and 100 kilometers

longitudinally. These characteristics make for a promising theoretical CO2 storage capacity of over 1 Gt [21].

6.1.1. Dataset

As described above, 3D seismic data has led to the creation of a number of geological models of the Johansen

formation. In total, five models have been created: a full-field model, three homogeneous sector models,

and a heterogeneous sector model (NPD5). The latter will be used for this analysis. The model consists of

1100000 cells, with nx = ny = 100 and nz = 11. Of these cells, 887775 are marked as active. The reason for this

difference is the fact that the CPG grid needs to be projected on a regular Cartesian basis. So, when the grid has

an irregular shape, cells are added and later set as inactive to conform to this requirement. This way, they are

not included in the simulation itself. In Fig. 6.2, the active part and the faults of the NPD5 model are shown.

40
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Figure 6.1: Structural map of the Johansen field and its surrounding area [73].

(a) (b)

Figure 6.2: Illustration of the (a) active part (yellow) and (b) faults (red) of the NPD5 sector of the Johansen formation.

6.1.2. Petrophysical data

In the NPD5 dataset, the Johansen formation is represented by 11 layers in the vertical direction. The formation

is covered by the Amundsen [60] shale below, and by the Dunlin [14] shale above. In the model, the Amundsen

and Dunlin shale are represented by six and one layer(s) in z-direction, respectively. In Figs. 6.3 and 6.4,

the porosity and permeability for both the whole NPD5 model and the sandstone within it are shown. The

permeability is assumed to be isotropic in this case.

(a) (b)

Figure 6.3: Visual representation of porosity and its distribution of the NPD5 model, for (a) the whole model and (b) the model without
shale layers. The dimensions in z-direction have been exaggerated by a factor 10.
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(a) (b)

Figure 6.4: Visual representation of permeability and its distribution of the NPD5 model, for (a) the whole model and (b) the model
without shale layers, in mD. The dimensions in z-direction have been exaggerated by a factor 10.

6.2. Reservoir analysis

With the key geological and petrophysical characteristics of the reservoir now established, the reservoir

performance and suitability for H2 storage can be analyzed.

6.2.1. Well placement

An essential part of this analysis is the determination of suitable well placements. Well placement and spacing

influence injectivity, recoverability and pressure management in the reservoir. Properly locating injection

and production wells will ensure uniform distribution of hydrogen and minimize flow paths. Additionally,

strategic well placement should account for reservoir heterogeneity as well as structural boundaries, while

ensuring containment of the gas. Therefore, 10 potential injection well sites have been selected. For these

sites, a simulation has been run under monotonous injection for a period of 150 days. For this simulation, cells

with k < 0.1mD were excluded. These shale layers are assumed to represent caprock, which is not of interest

for these simulations. This enables analysis of the spatial distribution of hydrogen within the reservoir. The

analysis then supports the identification of suitable injection sites. Figure 6.5 provides an overview of the

selected well sites. Table 6.1 lists their (i, j) indices and descriptions.

(a) (b)

Figure 6.5: Overview of tested injection well sites, in (a) 2D and (b) 3D.
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Table 6.1: List of (i,j) indices and descriptions of well sites.

WELL SITE NO. (i, j) INDEX DESCRIPTION

1 (26, 12) North-Eastern anticline
2 (66, 13) North-West
3 (34, 10) North near fault
4 (41, 45) Middle near fault
5 (14, 48) East-middle
6 (62, 51) West-middle, low k
7 (73, 14) North-West, low k
8 (18, 90) South-East, low k
9 (26, 92) South-East, high k

10 (46, 80) South-West, low k

6.2.2. Results

After the simulation, the spatial distribution of the hydrogen within the reservoir is visually analyzed. For each

of the injection well sites, the resulting saturation at t = 150 days is shown in Fig. 6.6.

From these results, it can be observed that the high buoyancy of hydrogen plays a critical role. For each of

the sites, the hydrogen reaches a certain high, where the gas accumulates. This is critical for proper hydrogen

storage, as the hydrogen gets trapped there by the shale layers covering the sandstone. Now, the potential

injection sites can be narrowed down. Three promising storage sites are identified by these tests. They are

listed in Table 6.2.

Table 6.2: Identified potential storage sites in Johansen reservoir.

STORAGE SITE DESCRIPTION IDENTIFIED BY WELL NO.:
A North-Eastern high 1, 4, 5, 6, 8, 9, 10
B North-Western anticline 2, 7
C Northern high 3, 4

A visual representation of the well locations for the three storage sites is provided in Fig. 6.7.

Again, a simulation for 150 days is run for these three well locations. This way, it can be ensured that no

hydrogen dissipates to other areas. In Fig. 6.8, it can be seen that the hydrogen is well confined within the

three potential storage sites. Only for well location B, the hydrogen dissipates slightly into the surrounding

formation. This can be explained by the fact that for these exploratory simulations, a high injection rate of

2.3462 ·10−6 PV ·day−1 was used. Combined with the pore volume of the reservoir of 3.7571 ·1010 m3, this

translates to a volumetric injection rate of nearly 90000 m3 ·day−1.
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Figure 6.6: Hydrogen saturation profiles for each of the injection well configurations at t = 150 days.
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(a) (b)

Figure 6.7: Overview of potential storage site well locations in (a) 2D and (b) 3D.

A B

C

Figure 6.8: Hydrogen saturation at t = 150 days for well locations A, B and C.
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6.3. Cyclic operation

In this section, the process of cyclic operation for each of the three storage sites shown in Fig. 6.7 will be

described. The same cyclic scheme shown in Fig. 5.2a will be employed, where each period of injection and

production is followed by an equally long idle time. Through an iterative process, the well locations for each

storage site were refined. Also, injection and production rates for each site were adjusted separately. An

overview of injection and production rates is given in Table 6.3.

Table 6.3: Overview of injection and production rates for each storage site, in PV·day−1.

STORAGE SITE Qi n j Qpr od PROD:INJ

A 1.31 ·10−8 2.46 ·10−5 1880 : 1
B 2.96 ·10−8 4.93 ·10−5 1667 : 1
C 1.97 ·10−8 4.93 ·10−5 2500 : 1

For storage site A, the injection rate corresponds to an estimated stored amount of energy of 15 GWh per

injection period. For sites B and C, it is equal to 33 and 23 GWh per injection period, respectively. These

numbers are based on a gravimetric energy density of 33.3 kWh·kg−1 and a density of 10 kg·m−3 at reservoir

conditions [54].

6.3.1. Results

For each potential storage site, in this section, the results will be discussed. Again, the performance of the

storage site will be quantified in terms of recoverability rate, see Eq. (5.4).

Storage site A

For storage site A, 492 m3 of hydrogen was injected per day of injection. The permeability in the region of the

injection well ranges from 370 to 390 mD. Porosity is between 26 and 27%. The site was inclined at a shallow

angle, with θ = 1◦. The mass fractions for hydrogen in each state are displayed in Fig. 6.9. From the figure, it

is observable that a large portion of the hydrogen gets immobilized by snap-off. Still, the hydrogen proved

recoverable, as can be concluded from Fig. 6.10. During the first cycle, the recoverability rate was equal to

58.9%. During the final two cycles, the recoverability rate was at 102.9 and 108.2%. The fact that more hydrogen

was produced than was injected may be due to the high production rate. As was pointed out in Section 5.3.4,

the heterogeneous distribution of permeability and porosity may have created preferential flow paths for

hydrogen.
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Figure 6.9: Normalized mass fractions of hydrogen in free, immobile, and dissolved state for storage site A. The mass fractions are
normalized against the total H2 mass in the reservoir at the end of the first injection period, at t = 90 days.
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Figure 6.10: Recoverability rates for storage site A.

Storage site B

The anticline in storage site B is at its steepest point angled at θ = 9◦. Permeability ranges from 450 to 480

mD. The porosity ranges from 23 to 24%. For this storage site, an increased injection rate of 1110 m3 ·day−1

has been applied. In Fig. 6.11, the mass fractions for free, immobile, and dissolved hydrogen in the reservoir

are depicted. Here, it is noteworthy that a relatively large portion of hydrogen remains in the dissolved state.

During the first cycle, this hinders recoverability, leaving 25.9% of hydrogen recoverable, shown in Fig. 6.12.

In the subsequent cycles, the recoverability rates are significantly higher, consistently exceeding 95%. This

consistency in recoverability may be explained by the high permeability inside the storage site, as well as the

hydrogen being confined by the anticline.

Storage site C

In storage site C, permeability ranges from 300 to 380 mD. Porosity values range from 27 to 29%. Whereas the

anticline angle measures only 0.7 degrees, the storage site is restricted by faults in the reservoir. An injection

rate of 740 m3 ·day−1 is applied. The mass fractions of free, immobile, and dissolved hydrogen are shown in

Fig. 6.13. It can be observed that the recoverability rates have dropped during the last two cycles. These are

displayed in Fig. 6.14. During the first cycle, 61.8% of injected hydrogen is recoverable. This number increases

to 99.2% for the third cycle. The hydrogen plume then reaches an area with higher permeability, where it can
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Figure 6.11: Normalized mass fractions of hydrogen in free, immobile, and dissolved state for storage site B. The mass fractions are
normalized against the total H2 mass in the reservoir at the end of the first injection period, at t = 90 days.
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Figure 6.12: Recoverability rates for storage site B.



6.3. Cyclic operation 49

0 1 2 3 4 5

Time [y]

0

50

100

150

200

M
a
ss

 f
ra

ct
io

n
 [

%
]

Free

Immobile

Dissolved

Figure 6.13: Normalized mass fractions of hydrogen in free, immobile, and dissolved state for storage site C. The mass fractions are
normalized against the total H2 mass in the reservoir at the end of the first injection period, at t = 90 days.
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Figure 6.14: Recoverability rates for storage site C.

dissipate more easily. This causes the hydrogen to migrate away from the production well, resulting in a drop

in recoverability, leaving 38.9 and 38.6% of hydrogen recoverable for the final two cycles.

6.3.2. Summary

For each of the three storage site locations, a different cyclic behaviour was observed. For example, in

storage site B, recoverability rates stabilized after the first cycle to numbers above 95%. For storage site A, the

recoverability rate steadily rose, producing more than was injected. On the other hand, in storage site C, rates

dropped after the hydrogen plume had migrated away from the production well. All recoverability rates are

shown in Fig. 6.15. The difference in recoverability and plume migration for each of the storage sites highlights

the significance of site selection within a reservoir.
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Figure 6.15: Recoverability rates for storage sites A, B, and C.



7
CONCLUSIONS AND

FUTURE WORK

This final chapter presents the main conclusions that can be drawn from this thesis and outlines suggestions

for future work. This thesis has aimed to identify reservoir parameters dictating reservoir performance and

to demonstrate the identification of and operation of potential storage sites within a field-scale reservoir, as

described in Chapter 1.

7.1. Conclusions

In the sensitivity analysis, seven parameters were varied, namely: porosity, permeability, anisotropy, anticline,

heterogeneity, relative permeability, and the addition of cushion gas. Between these, the biggest improvement

in recoverability rate was observed in the test case that featured cushion gas. This test demonstrated that

cushion gas was able to adequately keep the reservoir pressurized, yielding a 30% increase over the base case in

recoverability rate during the first cycle. Permeability of the reservoir also proved to be of substantial influence

on reservoir performance. During the first cycle, both tests with more and less permeable reservoirs showed a

deviation of 20% with respect to the base case. In contrast to the other tests, the recoverability rate in the less

permeable reservoir remained substantially lower than the base case, reporting a difference of 6% in the last

cycle.

Additionally, for the reservoir anticline, a steeper structure appears to be more favorable for hydrogen recovery

during the initial cycles. In the test case with θ = 9◦, recoverability was 20% lower, whereas the steeper-angled

reservoir showed a 5.8% increase in recoverability in the initial cycles.

From all test cases, it can be concluded that initially, reservoir parameters strongly influence the degree of

recoverability. Reservoir permeability and anticline proved to have a lasting impact on hydrogen recoverability

during subsequent cycles. When selecting sites for hydrogen storage, these parameters need careful considera-

tion. Since the hydrogen not recovered during the initial cycle is effectively lost, ensuring a high recoverability

rate from the outset is crucial for minimizing investment costs.

In the Johansen formation, the feasibility of subsurface hydrogen storage has been demonstrated. To this end,

hydrogen dispersion has been analyzed for 10 distinct injection well locations distributed over the formation.

Three potential hydrogen storage sites were identified from these exploratory simulations. It was ensured

that hydrogen did not migrate away from these storage sites. Then, the seasonal hydrogen storage potential

of the Johansen formation was demonstrated using a cyclic injection and production scheme. Quantities of

stored energy ranged from 15 to 33 GWh per injection cycle. For two of the storage sites, recoverability rates of

95% and over were reported after the initial cycle. In the third example, the hydrogen migrated towards more
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permeable parts of the storage site, from where it could be recovered to a lesser extent, emphasizing the need

for precise well placement and geological site selection.

7.2. Future work

In this section, several suggestions for future work are made. In analyzing the reservoir performance sensitivity,

only two tests were performed per parameter. The analysis could have been made more extensive by including

more variants per parameter. Secondly, a fixed injection and production scheme has been used for all

simulations, which limits the overall scope of this work. It may be that, for certain reservoir configurations, an

alternative cyclic scheme yields better reservoir performance. Shorter idle times, for example, could reduce the

extent to which snap-off occurs, possibly enhancing recoverability. Additionally, a two-component two-phase

model was used for simulations. This limits the options for cushion gas to hydrogen. Extending the model

to include a third component would enable other gases, such as methane or nitrogen, to serve as cushion

gas. Another option for future work is the incorporation of electricity supply profiles. Ultimately, these then

determine the rates and durations of injection and production cycles.

This work has demonstrated that hydrogen is recoverable from field-scale reservoirs. For a more comprehensive

assessment of the feasibility of subsurface hydrogen storage, future work should incorporate hydrogen supply

chains and techno-economic considerations. In this way, the technique can be qualitatively compared to other

forms of large-scale energy storage.
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8

DARSim on DelftBlue

In case one wants to run multiple reservoir simulations in DARSim at once without rendering their laptop

unusable, or requires more computing power for their job, DARSim can be run on DelftBlue [19]. It is easy to

use, and can be operated in various ways. Here, operation through MobaXterm will be described.

8.1. MobaXterm

MobaXterm is an all-in-one application for remote computing. It can be downloaded through:

https://mobaxterm.mobatek.net/download.html First, students need to apply for access to DelftBlue

through TopDesk. Upon loading MobaXterm, the home screen will show, see Fig. 8.1.

Figure 8.1: MobaXterm home screen.

In the bar that says: ’Find existing session or server name’, type: login.delftblue.tudelft.nl. Then, log

in using your netID and associated password. Now, the DelftBlue welcome screen will show, see Fig. 8.2.

On this screen, there is some information about limitations to disk storage. There are two disks you can use.

First there is the home disk, which has a limit of 30 GB of storage. This disk is backed up. The other disk is the

scratch disk, with a storage limit of 5 TB. However, files that have not been modified for over 6 months are

automatically removed. Therefore, it is wise to regularly transfer files and folder to your computer. Within the

terminal, use command cd to change directories.

58
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Figure 8.2: DelftBlue welcome screen.

8.1.1. Shell script

On the left in MobaXterm, the path and folders in it are shown. In order to run DARSim now, two extra files

need to be added in the darsim/src/ folder you want to run your simulation from. The first file is a shell

script, which contains the information for Slurm to run the job. Slurm is the workload manager that manages

jobs in DelftBlue. An example of a shell script is given in Fig. 8.3.

Figure 8.3: Typical structure of a shell script.

Each line will be given a short description now. The first line, #!/bin/bash, tells the system which interpreter

to use to run the shell script. In this case, the bash shell is used, located within bin. The second line gives the

job a name. This name will show up when running jobs are viewed with the squeue or sacct commands. The

next line specifies the name of the corresponding output file. In the case of DARSim, this output file contains

the outputs that are already saved in RunDiary.txt. Next, the number of tasks is specified with ntasks. The

next line specifies which partition should be used. For phase 1 compute nodes, compute and compute-p1 are

used. For compute nodes of phase 2, use compute-p2. The next two lines set the number of CPUs that are

used per task, and the memory each CPU can use. Choosing an appropiate number of CPUs and memory per

CPU is beneficial for shorter queueing times. Next, the maximum running time for the job is set. Finally, the

account has to be specified. In the email confirming your DelftBlue account from TopDesk, this account will

be provided.

Now, a pair of modules has to be loaded. The first line loads the module 2024r1, which is the default Delft-
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Blue software stack. Now, MATLAB can be loaded with module load matlab/R2024b. Use the command

module avail in the terminal to check for the latest version of these modules.

Finally, it can be specified what the job needs to execute. For running a simulation on DARSim, this is specified

by:

srun matlab -batch "run(’rundarsim.m’)"

First of all, srun enables the user to run a job in parallel. Then, matlab calls the MATLAB executable. Now

the -batch flag runs MATLAB and automatically exits after the script has been executed. In this case, the

commands it executes is "run(’rundarsim.m’)".

8.1.2. Executable script

Since the Command Window in MATLAB cannot be used in DelftBlue, another script has to be created within

the darsim/src/ folder. In this script, the command with which DARSim is run on a regular computer is

written. The file is structured as follows:

DARSim(’../../’, ’<YourCompositionFile>.txt’, n)

with n being the number of nodes used for parallelization of the simulation. Note that this number needs to

match the number of assigned CPUs in the shell script.

8.1.3. Running a job

With both files now ready, the job is ready to be run. To do so, move to the darsim/src/ folder, and run the

following command in the terminal: sbatch <YourShellScript>.sh. Using the commands squeue, active

jobs can be monitored. With sacct, the status of running and finished jobs can be tracked.

8.2. File transfer

Now that the job is running, the output files will be stored in a separate ’Output’ folder within the working

directory. To visualize and process these files, they have to be transferred to your device. In MobaXterm, this

can be done by dragging and dropping the folders, or by using the ’Download selected files’ button above

the current path. However, it is faster to use Windows Command Prompt or PowerShell for this, especially

when the folders are large in size. Files can be transfered from DelftBlue to your device by the use of the scp

command. It is used as follows:

scp -pr <netID>@login.delftblue.tudelft.nl:/Path/To/FileOrFolder/On/DelftBlue

Path\To\Destination\Folder\On\Device

Similarly, files and folders can be transfered from your device to DelftBlue with the following syntax:

scp -pr \Path\To\Local\FileOrFolder

<netID>@login.delftblue.tudelft.nl:/Path/To/Destination/Folder/On/DelftBlue
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