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Summary

This document describes the method developed for the SCADSA tool, SCADSA stands for
Storage Capacity Assessment for Deep Saline Aquifers. This tool was developed by TNO-AGE
in 2023-2024 to assess the theoretical capacity for storage of carbon dioxide (CO,) in deep
saline sandstone aquifer complexes. It can calculate the storage capacity per aquifer
complex based on an analytical model using a deterministic and probabilistic approach. It
utilizes the Microsoft Excel platform, see the User Guide (Van Buggenum et al., 2024b) for
more guidance on its usage.
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1 Introduction

1.1 Definitions & nomenclature

SCADSA stands for the tool Storage Capacity Assessment for Deep Saline Aquifers. It is a tool
that allows the user to asses the storage capacity of carbon dioxide (CO,) in confined
aquifers. It has an accompanying document, the SCADSA user guide (Van Buggenum
2024b), in which the tool layout is described and practical guidelines how choose
parameters are discussed. This report discusses the methodology of the tool discussed.

CO, storage is theoretically possible in closed system (Gammer et al., 2011) deep saline
aquifers. In such a system the aquifer is not or in limited contact with the sea and therefore
unable to balance its pressures with the surroundings during operational timescales.

When CO; is injected into a closed aquifer system, storage space is created by compressing
the water and deforming the formation rock. The reservoir pore fluid pressure will increase
accordingly (see Figure 1). The storage capacity is then bounded by, amongst others, a
maximum pressure at the crest of the aquifer, beyond which the sealing integrity of the cap
rock could be lost and leakage of CO, potentially occurs. Other effects can cause leakage of
CO, from the aquifer (e.g. injection induced fault reactivation and subsequent leakage) and
have not been taken into account, because these causes are outside of the scope of this
project.

Pressure (bar)

v

Depth (m)

Cross section of schematic aquifer

Well

Aquifer crest

Injection point =,

Aquifer base —
A Injection leeway

Figure 1: A schematic overview of the pressure gradients by which the maximum increase in pressure is
limited.
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1.2 Background

The SCADSA tool was developed by TNO-AGE in 2023-2024 to assess the theoretical capacity
for storage of carbon dioxide (CO,) in deep saline sandstone aquifer complexes. It allows the
user to calculate the storage capacity per aquifer complex with a deterministic and
probabilistic approach. It utilizes the Microsoft Excel platform, see the User Guide (Van
Buggenum et al., 2024b) for more guidance on its usage.

The theoretical storage capacity is calculated using an analytical model described here. The
theoretical storage capacity is the maximum amount of CO, that can be stored in the
aquifer under ideal static conditions, which means it assumes only the maximum structural
trapping of injected CO,. Dynamic processes such as injectivity and time for pressure and
fluid to balance within the aquifer are not considered. Therefore, the tool cannot assess the
storage capacity of unconfined saline aquifers in which pressure can escape the complex,
nor can it calculate the storage capacity associated with CO, solution and mineral trapping.

The theoretical storage capacity is determined by the volume of the formation available to
CO, storage, the density of the CO, and an efficiency factor (Bentham et al., 2014). The
latter comprises the allowed pore pressure increase of the aquifer (bar) and the total
compressibility of fluid and rock (1/bar).

The theoretical storage capacity is considered a first-order estimate of storage potential for
CO; in deep saline aquifers with a large uncertainty. This can subsequently be narrowed
down by estimating the effective or practical storage capacity due to geological, technical,
economic, and legislative constraints (see Figure 2).

To capture the range of the aforementioned uncertainty, the SCADSA tool can be used
probabilistically and deterministically, as explained in the following chapter.

Potential for storage capacity (e.g. Mt CO,)

v

: Volumes
Theoretical (3D) Pressures Represents structural and
Static Fluid densities stratigraphic trapping
Considers constants Compressibilities

Effective (4D) Injectivity

Well placement
Considers time and CO, plume development Represents additionally
spatial properties Reservoir architecture capillary (residual) and
solubility trapping

Dynamic

Accuracy of storage capacity estimation

. Economics
PraCtlcaI (SD) Legislation and regulation

Existing infrastructure

Considers changes in

conditions over time Surface constraints

Figure 2: From theoretical to effective to practical storage capacity, the accuracy of the capacity estimation
increases while the range in potential decreases. Note that the step from theoretical to effective and
practical requires dynamic reservoir simulation, which is out of scope for this tooling.
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2 Methods

The methods used for the tool are consecutively described for the deterministic and
probabilistic approach. Both are displayed on the “Probabilistic Capacity” tab of the tool.

2.1 Deterministic capacity assessment

The deterministic approach uses 15 input parameters, that after several intermediate
computations, result in values for four elements required for the capacity assessment and
the CO, mass calculation:

1. Formation pore volume (V,,);

2. Allowed pressure increase (AP, est);

3. Total compressibility, and ( Ciorar);

4. CO; density (pco,)

The assumptions for each input parameter and the intermediate computations are given
below. For the application of each input parameter, see the user guide (Van Buggenum et
al.,, 2024b).

The 15 input parameters including their notation, name in the SCADSA tool and user guide
and unit:

-z Aquifer crest (mTVDss)

-z Aquifer base (mTVDss)

- dd%” Hydrostatic gradient (bar/10m)

pinitial Tnjtigl pressure at crest (bar)
pailowedMaximum allowed pressure at crest (bar)

h¢o,  Plume height (m)

dar

- Temperature gradient (°C/km)

- S Brine salinity (ppm)

- Ceoua Solid rock compressibility (1/bar)
- Crrame Frame compressibility (1/bar)

- A Area of aquifer (m?)

- H Thickness of aquifer (m)

- NtG Net-to-Gross ratio (-)

- ¢ Porosity (-)

Vo  Bulk volume of aquifer (m?3)

The entered parameters are applied as constants throughout the aquifer. It is recom-
mended to use the average values of the aquifer for most representative results.
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Formation pore volume

The formation pore volume (V) calculation assumes a rectangular, isotropic,
homogeneous box that neglects any dip angle: V,,,. = A H NtG ¢, with the option to insert
Vi = A H directly, using a predetermined value from e.g. a 3D static geological model or
maps.

Aquifer storage pressures

In Figure 3 a simplified representation of the pressure-depth profile shown in the SCADSA
tool is given. The parameters C to H are determined in the SCADSA tool, as is the hydrostatic
and lithostatic baseline and the mid LB-FG profile (dark blue, solid gray and red line in Figure
3). For definition and derivation of these profiles see Van Buggenum (2024a).

Pressure (bar)
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

0
Hydrostatic baseline
500
Normal lithostatic
1000 gradient (North Sea)
Fracture pressure
1500
—B— Initial aquifer
2000 pressure
—@— Final aquifer
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=~ 3000 aquifer pressure
=
=]
g. 3500
= Injection point
o 4000

4500 T Aquifer base

5000
5500

6000

Figure 3: Aquifer storage complex pressures. This figure illustrates the pressure profiles of a generic aquifer
complex, with the crest located at 2700 m and the base at 4400 m. The profiles depicting pressure over the
aquifer depth are shown both before CO, injection (line A-F) and after CO, injection (line B-G). The maximum
allowable pressures at each depth in the aquifer are denoted by line B-H, where the injection leeway is
defined as the interval between point D and point E. In addition, the hydrostatic baseline, lithostatic pressure
and fracture pressure are shown. It should be noted that a reasonable assumption is that the maximum
allowed pressure is below the fracture pressure profile.

In Figure 3, A and B are the input parameters PiUtial gnd paiiowed, The lithostatic gradient
(grey line) assumes a density of 2340 kg/m?, which once converted to bar, gives a profile
that follows the linear function 0.234z, assuming a gravitational acceleration of 10 m/s?.
Please note that this lithostatic gradient is purely for visualization purposes.

The hydrostatic profile (dark blue line in Figure 3) is defined as:

Equation 1: Empirical relationship between hydrostatic pressure (Ppygrostatic) and depth (z) for the Dutch
offshore.

Puyarostatic(z) = 4.9 X 10722 + 0.088z + 1.81
The hydrostatic baseline as expressed above is derived in Van Buggenum et al., 2024a. The

fracture pressure profile is the upper bound of the mud weight used during drilling
operations and is defined as follows (Van Buggenum et al., 2024aq):

y TNO Public 8/16



) TNO Public ) R2025 R10218

Equation 2: Empirical relationship between fracture pressure and depth for the Dutch offshore.

P/™(2) = 9.2 %22 4+ 0.15z — 1

of which B’ in Figure 3 is the fracture pressure profile evaluated at the aquifer crest (where
zZ=2z).

The points C and F are P!, and Piaiéi and are dependent on the hydrostatic gradient
2w by evaluati i = dz= ivel
—, byeva uating Equation 3 at z = zyjection AN Z = Zqse respectively.

Equation 3: Relationship between pressure through depth inside an aquifer with known piritiat,
dP,
T (z - 2)

o dp, .
PZLthal (Z, :Zc) — Pct;r}égttal + o

dz

The allowed pressure increase of the entire aquifer is focused on the pressure increase at the
crest of the aquifer (Apqs¢), because it is assumed that at that point a pressure limit will be
reached the earliest across the depth of the entire aquifer (recall Figure 3). In case another
depth is a limiting factor (e.g. because another potential leak path with a lower pressure
threshold is at that depth) this depth is replaced with the depth of the crest. The allowed
pressure increase is calculated by computing the difference between the initial and allowed
pressure at the crest of the aquifer:

Equation 4: The AP is the difference between the allowed and initial pressure at the crest.

APgrest = Pca#ég?/ed - Pci;}é.tsital
The points D and G from Figure 3 are determined by adding AP, to Cand F.

Any overpressure that might be present before injection is calculated by taking the
difference between the hydrostatic baseline at z, and Pirtial,

Since B can be defined by the user independently from the default pressure profile, the
behavior of E and H over depth are interpolated to always fall with constant proportionality
between the LOT (Leak Off Test) lower boundary and fracture pressure gradients. The LOT
lower boundary is defined as (Van Buggenum et al., 2024q):

Equation 5: Relationship between LOT lower boundary and depth.

proT tower boundary ;3 — 1.0 x 107522 4+ 0.115z + 5

The interpolation factor (f;) is then defined as:

Equation 6: Definition of the interpolation factor.

Pallowed _ PLOT lower boundary
f’ _ Tecrest crest
[ Pfrac _ PLOT lower boundary
crest crest

The relationship of Pyoweq OVer depth is defined as:

Equation 7: Relationship between allowed pressure and depth.

PZa”owed (Z) _ PZLOT lower boundary (Z) + fl (szrac (Z) _ PZLOT lower boundary (Z))
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The pressures E and F (pailowed qnd pgilowed respectively) are determined by evaluating

njection

Equation 7 at depths z = z;,jection AN z = 2,

Total compressibility
Total compressibility (Cyo:q:) is the compressibility of both the brine (Cyine) and the pore
Spoce (Cpore): Ctotal = Cbrine + Cpore-

The brine compressibility Cp,.ine is based on Whitson & Brulé (2000), which depends on the
formation pressure, temperature and salinity, and can be calculated based on the following
empirical relationships:

Equation 8: Relationship between brine compressibility and pressure and temperature.

Cbrine = (Al + AZP)_I

Where:
A = 106(0.314 + 0.58w, + 1.9 x 107*T — 1.45 x 10_6T2)
A, = 8+ 50w, — 0.125w,T

Where pressure P is in psi, water salinity wy is in weight fraction (e.g. 0.2 wy equals 200.000
ppm) and temperature T is in °F. In order to be able to use the Whitson & Brule (2000)
relationships, the tool converts the 1/psi output into 1/bar by dividing it by 0.0689 and
converts °C to °F using 1.8 °C + 32.

The pore space compressibility C,, is based on Fjaer (2021, formula 1.205):

Equation 9: Relationship between pore compressibility, porosity and the compressibility of the rock frame
and grains.

Cframe - (Csolicl (1 + ¢))
¢

Cpore (Cf‘rame' Csotiar P) =

where Crp.qme is the compaction coefficient of the rock’s frame: the supporting structure of
stacked grains. It is by default assumed to be dependent on only porosity according to a
regression done by TNO (2013) on porosity measurements on Dutch Rotliegend sandstones:

Equation 10: Relationship between frame compressibility and porosity for Dutch Rotliegend sandstone.

Crrame(P) = 4.943 X 1073¢% — 1.419 x 10732 + 1.52 x 10™*¢p + 6.198 x 1077

and Cg,yi4 is dependent on the mineral composition. Another relation with porosity can be
entered in the tool, but no relation to other parameters. These relations can be made from
regression from observations of this parameter (over porosity). A large variation (50-100%)
from Crrqame () has been observed (e.g. TNO, 2013), caused by differences in e.g. diagenesis,
stress history, temperature and pressure (e.g. Arias-Buitrago et al., 2021; MacBeth, 2004).
Hence, for a specific porosity, uncertainty in C¢,4me can be evaluated stochastically (see
chapter 2.2).

CO, density

CO; density (p,, in kg/m?) is a function of pressure in bar and temperature in °C, that is
based on thermodynamic properties of carbon dioxide tabulated by Span and Wagner
(1996). A surface fit through these tabulated values resulted in a 3 order polynomial
equation:
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Equation 11: Relationship between the density of CO2 and pressure and temperature.

| = 260416638 + (~7,59534T) + (5,587335P) + (0,038888T%) + (—0,007272P%)

+ (=0,000048T3) + (0,000001P3) + (—0,013924TP) + (—0,000017T2P)
+ (0,000026TP?)

Pco

The equation’s applicability deviates less than 5% from the tabulated values for a pressure
range of 150 - 500 bar and a temperature range of 97 - 227 degrees Celsius. Those ranges
are assumed common for subsurface aquifer conditions that are considered in this study.

The density of the plume is evaluated for temperatures and pressures at the midpoint of the
plume (Tyiyme AN Ppyyme). Where Py, is determined by:

Equation 12: Relationship between the maximum plume pressure and depth (assuming gravitational
constant g = 10532).

dp ddﬁ (z—z,)
c
pZallowed(Z' W,ZC) — Pg_létsntmed + Z o

evaluated at the midway point between z, and zyjection (Zprume)-
. dar
Tyme 1S based on —Z Ot Zppme-

CO; mass calculation
The mass of CO, (M¢,,) expressed in kg for aquifer storage is determined by:

Equation 13: Relationship between the CO2 storage mass and it’s four main parameters:

MCOZ = VporeCtotalAPcrestpCOZ

CroratAPres: AN also be denoted as ¢, the efficiency factor, because it relates to the pore
space that comes available compared to the entire pore volume (V,,,.), that is filled with CO;
at a certain density (p¢o,)-
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2.2

Probabilistic capacity assessment

To take uncertainty of the parameters into account, the storage capacity is also determined
stochastically. This is done by drawing the stochastic input parameters from a probability
distribution for N (number of samples) amount of times and determining the storage
capacity, also called the Monte Carlo method.

For each of the input parameters the probability distribution chosen is the four parameter
Beta-distribution B(x, minimum, mode, maximum, kurtosis). Function B is derived from the
two-parameter distribution function embedded in Excel (B(x, a, B) see Figure 4) adjusting
density for specified minimum and maximum values. Using:

Equation 14: Four-parameter beta-function.
B(x, minimum, mode, maximum, kurtosis) = minimum + (maximum — minimum)B (x, a, )

Where:
a = mode* (kurtosis —2) + 1

B = kurtosis — a
and:
mode — minimum

mode* = - —
maximum — minimum

The formulation for B is chosen such, that the minimum and maximum adjust the location
on the x-axis and mode and kurtosis adjust the shape of the function. The kurtosis
determines how flat or “peaked” the distributions is, where a kurtosis of 1 is a uniform
distribution and higher values approach more normally distributed (or “peaked”)
distributions.
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Figure 4: The two-parameter beta function (defined between 0 and 1) with example values for & and B. This
figure shows the different shapes of the two-parameter Beta-distribution and it’s parameters to approximate
common distributions like the uniform (orange), log-normal (green and red) and standard normal (purple)
distributions. This figure also includes transitionary distributions (blue and brown).
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B is chosen for its finite range and ability to approximate the shape of commonly used
distributions. Other distribution (e.g. standard normal or log normal distributions) can have
values well outside the range of naturally occurring values because the tail end(s) of the
distribution can approach - or o (in rare occasions).

The parameters are considered independent of each other and drawn randomly according
to B. The exception to how the samples are drawn is Cgyqme, Since it is also, but not
exclusively, dependent on ¢. In the stochastic analysis the mode of Cgy.qy, is determined
using Crrame (¢) (see chapter 2.1, Equation 10).

And the minimum and maximum of C,gpe aS:

C‘min _ ~mode pmin
frame — “frame'‘mode

cmax mode pmax
frame — “frame'‘mode

Where R and R™%* are ratios that determine the width of uncertainty. These ratios are
assumed or based on experiments. This method captures uncertainty in C,.4m, at a specific

.

Other correlations between parameters exist, e.g. porosity, temperature and salinity are
dependent on depth. These correlations are highly dependent on geological context,
however, and are filled in as a reservoir average (with relevant uncertainty). The averages
are interpreted by a specialist to take these factors into account.

Utrecht, 20" February 2025

W.W. van Driel,

Deputy Research Manager AGE
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Glossary

- A Area of aquifer in horizontal plane (m?)

- A A constant in Whitson & Brulé (2000)’s correlation (-)

- A A constant in Whitson & Brulé (2000)’s correlation (-)

- B Beta distribution (-)

- Chrine Brine compressibility (1/bar)

- G Frame compressibility of formation rock (1/bar)

- ™ Maximum value for frame compressibility of formation rock (1/bar)
- oy Minimum value for frame compressibility of formation rock (1/bar)
- CRece Mode value for frame compressibility of formation rock (1/bar)
- G Compressibility of grains as solid rock (1/bar)

- Ceotal Total compressibility (1/bar)

- ddi:’ Hydrostatic gradient (bar/10m)

- Z—: Temperature gradient (°C/km)

- ¢ Porosity of formation rock (-)

- fi Interpolation factor (-)

- heo, Height of CO, plume (m)

- H Thickness of aquifer (m)

- Lot Leak-Off Test

- Mco, Mass of CO; injected (kg)

- mid LB-FG Mid Lower Bound-Fracture Gradient (bar/10m)

- N Number of samples (-)

- NtG Net-to-Gross ratio of aquifer (-)

- pallowed Allowed pressure at crest (bar)

- pinitial Initial aquifer pressure at crest (bar)

- APoq Pressure increase at crest (bar)

- plrx Fracture pressure at crest (bar)

Phyarostatic Hydrostatic pressure (bar)
- Pyume Pressure at the centre of the CO, plume (bar)
- p/ree Facture pressure profile (bar)

. ploTlowerboundary  prassyre based on the lower boundary of Leak-Off Tests (bar)
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- Pcoz Density of CO, (kg/m?3)

- Rmin Ratio to determine the minimum relative to a mode (-)

- RIS, Ratio to determine the maximum relative to a mode (-)

- S Salinity of formation water, brine (ppm)

- T Temperature at the center of the aquifer (°F)

- Tyoume Temperature at the center of the CO; plume (°C)

- Veuk Bulk volume of aquifer, which can be inserted or calculated (m?3)
- Voore Pore volume of aquifer (m?3)

- w Brine salinity in weight fraction (-), e.g. 0.2 wg equals 200.000 ppm
-z Depth (mTVDss)

- Zpase Depth of aquifer base (mTVDss)

- Zrest Depth of aquifer crest (mTVDss)

- Zinjection Depth of injection point (mTVDss)
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