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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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1

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.

50 T T T T T T T T T

—— Renewables
Fossil fuels
Nuclear + other|

S
<)
T

N (o8]
(=] [«
T T

Energy production [TWh]
S
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B e T @ @ P P

Year

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 ™!
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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~! 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.

150

I Electrolysis
I Fossil fuels with CCUS
[ |By-product
[ JFossil fuels without CCUS

—_
o
o
T
I

Hydrogen production [Mt]
a
o

2020 2022 2024 2026 2028 2030
Year

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 (CH,4) 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 +Hy0 < CO+3H, (1.1)
CO+H,0 < CO, +H, (1.2)

Finally, CO, 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: Hp0 — 2H" +10,+2e” (1.3)

CATHODE: 2HY+2¢” — H, (1.4)

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

H,0 — Hp + 30, (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.

e Aqujr
=5 S

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 ¢, is the fraction of the medium volume that consists of void space, with 0 < ¢p < 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 V® [17]:

VO 2.1)

. K
U=——
U

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

kxx kxy kxz
K= | kye kyy kyz |- (2.2)
kzx kzy kzz

However, usually the coordinate system is aligned with the layering in the reservoir, such that K is diagonal
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[34]:

ky O 0
ke O
1-D: K=k, 2-D: K= 0 , 3-D: K= 0 k, 0 |[. 2.3)
y 0 0 k;

2.1.3. Relative permeability

Relative permeability, k,, 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.

1

T
Wetting

0.9 Non-wetting drainage

o8 Non-wetting imbibition

0.7 -
0.6 -
0.5+
0.4+

0.3+

Relative permeability [-]

02}

0.1+

0

n . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
H2 saturation [-]

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]:
0(¢p) +

ar V- (pu) =q. (2.4)

In this equation, ¢ is time, ¢ is rock porosity, p is fluid density, u is fluid velocity, and finally, g is the source

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



2.2. Governing Equations 8

velocity as:

K
u:—;-(Vp—ngz); (2.5)

where K is the rock permeability tensor, ¢ 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 Q, Eq. (2.4) and Eq. (2.5) are combined to be able to solve for the pressure.
Assuming that porosity ¢ and density p are constant in time yields the following equation:

K q
V-u=V-|——(Vp+pgVz)|=—=. (2.6)
H P
Finally, on the reservoir boundary 612, 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 Q. 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 7, components, composed of 7, phases reads:

0 "ph Tph Mph
6_ ((P Z xcapocsa) +V- ( Z xcocpaua) - Z Xcafda =0, Vcefl,...,nc; (2.8)
t a=1 a=1 a=1

where x., is the mass fraction of component c in phase a and with Darcy’s velocity defined as:

Kkrq

a

Uy = (VPa—pagVz) . (2.9)

In this equation, k,, is the phase relative permeability [1] and p, is the pressure in phase a. In this case,
a € (w, n) with w and n denoting the wetting and non-wetting phase, respectively. The phase pressures p,

can be related through the capillary pressure:

Pc=Pn—Pw - (2.10)

Furthermore, the following constraint holds for the saturation:

I’Lph

Z Sa=1. (2.11)
a=1

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 p,, and the total mole fraction of the primary component z,

i.e., ¢ = Hy. The mole fraction z, is expressed as:
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Assemble coupled system
(pressure, transport)

l

Solve system |«-----

l

Converged? >----- No
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Figure 2.2: Overview of coupled FIM scheme.

XcaPaSa
Zc= E . (2.12)
¢ 7 2aPaSa

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:

fx)=0. (2.13)

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

£ (xn)

- , n=0,1,2,...; 2.14
f,(xn) ( )

Xn+l1 = Xn
where f and f’ represent the objective function and its first derivative, respectively. The number of iterations
is denoted by n. xy is the initial guess, and x; is obtained by substituting x, in Eq. (2.14). A visual overview of
the process is given in Fig. 2.3. This process is continued iteratively, with x,, being derived using x,_;, until a
predefined criterion € is met, i.e., until:

[Xn41—xnl<e€; (2.15)

(b)

Figure 2.3: A visualization of the Newton-Raphson method. a) First iteration, resulting in point x; from tangent line at (xp, f(xp)) and b)
second iteration leading to point x, from tangent line at (x1, f(x1)) [24].
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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 x 60 x 1 Cartesian grid.

11
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NEmaEe

Figure 3.2: Illustration of two corner-point grid cells, each restricted by four pillars, and by two corner-points per pillar.

\
A4

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 jk 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 ny x n, x n; 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 x 2 x 2 corner-point grid is shown in Fig. 3.4.
For an ny x ny x n; grid, the number of pillars is equal to (n2, + 1) x (1, + 1). Individually, every pillar is defined

by the x y z coordinates of its endpoints.
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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 x 2 x 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(i}), ..., p(ip;). Additionally,
a=(ay,..., an) denotes an index describing how points p(iy), ..., p(in;) 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 a = (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:

m o=

. plag)

TEDY ; 3.1)
k=1 M

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

par), p(@modik,m+1), and py, for k = 1,.., m. The triangles have center point f)’f defined as the average
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of its vertices and a normal vector given as:

7 = (B (@ mod (kymy+1) — P (i) x (B — P (i) = BF x 15 . 3.2)

Its surface area is calculated as:
AR = /7K. jik | 3.3)

Using the center points ¥, normals 7%, and surface areas A, the total face area, centroid, and normal can be

calculated as:

m
Ap=Y AF, (3.4)a

k=1

-1 Sk ak

¢r=(45) k;ﬁcA : 3.4)b

m
fip=Y Ak, (3.4)c

k=1

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 pj,.

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

(3.5)

S |:g¢

myg
= Loy

where m is the number of faces. The cell volume is then triangulated by connecting the cell centroid ¢, to the
face triangles, see Fig. 3.5d. The vector &X = ¥ — ¢, is then defined for every tetrahedron, and its volume is

calculated:

Vk=3 k. k. (3.6)

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

mg
v=Y vk, 3.7

vkd“ . (3.8)

. - 3
C=CC+—V

{NgE
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() (d)

Figure 3.5: Illustration of computatlon of geometry for a CPG cell. (a) The cell with its face numbers (red) and node (blue) numbers. (b)
Tesselation of faces with vectors U (blue), (red), and ik (orange). (c) Face centroids and normal vector of face 2 computed from

tesselation. (d) Tnangulatlon of the cell volume with vectors 7i¥ (green) and ¢ K (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.

(@) (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

f z'l-ﬁdS:—f qdx. (3.9)
0Q; Q;

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

cell Q; as follows:

Uj i =f u-nds. (3.10)
Tik

The cell faces I'; ;. are referred to as half-faces [9], since they are associated with a grid cell Q; and outward-
pointing vector #; ;. An assumption here is that the grid matches, meaning that each half face I'; ; has a twin
half face I'y ; with face areas Ay ; = A; ; and normal vector 7iy ; = —i; . Now, the integral over the cell face can

be approximated by the midpoint rule:

Uik~ Ak KVp) (Zik) - ik s (3.11)

with X; ;. indicating the centroid of I'; ;.. The pressure gradient can now be determined using the one-sided
finite difference. It is defined as the difference between the pressure 7; i 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 p; inside

the cell, leading to:

(pi—7mix)Cri .

Ui i = A; kK |* |2 A== Tie(pi—mik) - (3.12)
Ck,i

Vectors ¢y ; 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 A; - #i; . For the transmissibility, this yields:

Ck,i Nik

Tix = Ai kK |2 (3.13)

|k, i

The transmissibilities 7; ;. 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:

Uj = —Uki> (3.14)a

Tk =Tk, =Tjk - (3.149)b

This then yields:

T,'T]iuikzpi_ﬂik, (3.15)a
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Figure 3.7: lllustration of two-point flux approximation on polyhedral cells [29].
-1
_Tk'iuik:pk_ﬂik- (3.15)b

Finally, the interface pressure 7; is eliminated, leaving the two-point flux approximation (TPFA) scheme
defined as:

-1
ue= T+ Tt (pi=pe) = Tic(pi - pi) » (3.16)

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

mated across the interface I'; ;. between cells Q; and Q.



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 ¢ = 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
Iy 220 m
Iy 60 m
l, 5 m
Ty 220 -
ny 60 -
n; 5 -
¢ 0.2 -
ky, 1000 mD
kylky, 1 -
Qinj 1.0-107* | PV-day™!
Pprod 1.01-107 Pa
Po,res 1-107 Pa
Tres 300 K
Ores 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
OH, 1.98 kg-m~3
Pbrine 1060 kgm™?
W, 0.965-107° | Pa-s
Ubrine 5.5-1074 Pa-s
Cw,brine 4-1071° Pa~!

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 x 60 x 85 (1122 000) 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.

n n
0.0001  0.001 0.01 0.1 1 10 100 1e+03  le+04  le+05 1e-08 1e-06 0.0001 0.01 1 100 le+04

(a) (b)

Figure 4.2: Tllustration 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,

0.0001 0.01 1 100 le+04 1e-08 le-06 0.0001 0.01 1 100 le+04

(@) (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. Testcase 1

Here, the results are compared for three parameters, namely pressure, saturation, and mass fraction of
component 1 in phase 2. For the H,-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 POISs, 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 POlIs is given in Fig. 4.10.
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Figure 4.4: Simulation results for (a) hydrogen saturation and (b) hydrogen pressure at ¢ = 50, 100 and 150 days for test case 1. These
results are from the simulation using CG.

Saturation Pressure
0.0e+00 0.05 0.1 0.15 0.2 2.4e-01 1.0e+07 1.0065e+07 1.0e+07
| | |
(a) (b)

Figure 4.5: Simulation results for (a) hydrogen saturation and (b) hydrogen pressure at ¢ = 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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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.
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Figure 4.8: Simulation results for (a) hydrogen saturation and (b) hydrogen pressure at ¢ = 50, 100 and 150 days for test case 2. These
results are from the simulation using CG.
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Figure 4.9: Simulation results for (a) hydrogen saturation and (b) hydrogen pressure at ¢ = 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.
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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 x 100 x 20 meters and is discretized into a 51 x 51 x 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
Iy 100 m
Iy 100 m
l, 20 m
Ny 51 -
ny 51 -
n, 21 .
¢ 0.2 -
kn 100 mD
ky!ky, 0.1 -
Qinj 1.29-107% | PV-day!
Qprod 1.29-107% | PV-day!
Po,res 1-10° Pa
Tres 323 K
Oanticline 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 ¢ = 900 days.
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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 (k,/ky). 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 x 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:

log k —log kmin

log kscaled = Tog ke —0g ke -(log kppay —logk,; ) +logk, ;. (5.1)
Here, kmin and kpax are the minimum and maximum values of the original permeability field. k;;in and k.«

are the minimum and maximum values of the selected permeability range. In this case, their values are 10~1°
and 1073 m?. 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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Figure 5.3: Rescaled permeability (in m?) and its distribution in (a) horizontal and (b) vertical direction for the top 21 layers of the SPE10
model.
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Figure 5.4: Rescaled permeability (in m?) 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 ;.4x, 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 kg =0
at Sg = Sgr. In the case that imbibition starts before Sy 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;, and

its corresponding residual saturation Sg, (i.e. where k; = 0) is found using the following linear relation [71]:
Sgr=fr-Sgt. (5.2)

Here, f; is a constant such that f < 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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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; = 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:

h
0= arctan(m) s (5.3)

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

the three reservoirs is shown.

(a)

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 (CHy), carbon dioxide (CO;) 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.
PARAM.
TEST ANISOTROPY | ANTICLINE | CUSHION GAS | HETEROGENEITY PERM. PORO | REL. PERM.
Base kylkp=0.1 0 =25° No c.g. Homogeneous k=100mD | ¢=0.2 f=05
1 kylkp=0.5 0=9° 1 month SPE10-T k=10mD ¢$=0.1 =02
2 kylkp=1 6 =38° - SPE10-B k=1000mD | ¢=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:

Myrodi
R = -2 100, ieq,...,n); (5.4)
Minj,i

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 ¢ = 0.2, (b) Test case 1 with

¢ =0.1, (c) Test case 2 with ¢ = 0.3. The mass fractions are normalized against the total Hp mass in the reservoir at the end of the first
injection period, at ¢ = 90 days.
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Figure 5.9: Hydrogen plume migration for the base case with ¢» = 0.2, test case 1 with ¢» = 0.1, and test case 2 with ¢ = 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 ¢p = 0.1
and the base case, respectively. Notably, the recoverability for the reservoir with ¢ = 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 ¢ = 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 H» mass in the reservoir at the end of
the first injection period, at ¢ = 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 (k,/ky) 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 k; / kj, = 0.1, (b) Test case 1
with ky/ky, = 0.5, (c) Test case 2 with ky/kjp, = 1.0. The mass fractions are normalized against the total Hy mass in the reservoir at the end
of the first injection period, at ¢ = 90 days.
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Figure 5.14: Recoverability rates for test cases with k;/kj, = 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 Hy mass in the reservoir at the end of the first injection period,
at £ =90 days.
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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 