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Carbon Capture and Storage (CCS) is a pre-requisite to decarbonize CO; emissions from industrial sectors and as
an industry capable of compensating for hard-to-abate emissions in a net zero scenario. A method was developed
to evaluate the geomechanical constraints and safe operating envelope as function of pore pressure and tem-
perature. The probability of failure was estimated from uncertain input stiffness and strength data, and as cooling
and re-pressurization shifts the in-situ effective stresses, the safe operating envelope was determined, here given
by pressure and temperature.

Onshore storages nearby industrial clusters enable energy and cost-effective handling of CO5. In the South-
Eastern European region, onshore depleted oil and gas fields located nearby high-emitting industries may
developed into CO, storages. This paper describes a method for determining maximum fluid pressure as function
of temperature from geomechanical restrictions. The method was employed on a practical example used to
evaluate the safe operation envelope for a pilot CO; injection site into a depleted onshore naturally fractured
carbonate oil and gas field. The tool uses Monte Carlo simulations to perform geomechanical stability analyses by
sampling from the inherent uncertainty of the input parameters to probability of failure as function of pressure
and temperature. The risk of re-opening natural fractures, induced fracturing and fault reactivation are evaluated
so the safe operating envelope can be obtained. The uncertainty of the input parameters is thus directly reflected
in the safe operating envelope — thus providing an effective communication of value information to external stake
holders when maturing a CO5 storage pilot.

To reach net zero CO5 capture and storage (CCS) is a necessity both
to reduce CO; emissions from high-intensity emission points, and as an
enabler for net negative solutions used to compensate for remaining
hard-to-abate emissions.

1. Introduction

A green shift towards carbon neutrality as early as possible this
century is required since the detrimental consequences of a continued

pathway with green-house gas emissions as of today outweighs the so-
cietal gains by operating business as usual (Newman and Noi, 2023). A
net zero society, where the rise in atmospheric COy concentration is
halted, is required due to the longevity of the CO, molecule in the at-
mosphere (Archer and Brovkin, 2008, and Archer et al., 2009). The
short-term consequences of a changing climate is already upon us and
natural tipping in the climate system may both strengthen and increase
the frequency of extreme temperatures, droughts and wild-fires, scarcity
of fresh water, floods, ecosystem loss and biodiversity collapse, and soil
degradation (Dasgupta, 2021).

* Corresponding author.
E-mail address: aner@norceresearch.no (A. Nermoen).

https://doi.org/10.1016/j.ijggc.2024.104189

Having access to certified CO, storages is fundamental to any CCS
value chain. Onshore storage locations such as depleted oil and gas fields
in south-East Europe, located nearby high emission industrialized re-
gions, can provide a significant cost reduction mechanism. Using exist-
ing fluid handling and reservoir management competence, surface
infrastructure and the potential of retrofitting drilled wells with on-site
experienced personnel, all together provide significant cost-reductions.

In the Eastern part of Europe (Parsonsova and Machar, 2021), the
demand for decarbonization of heavy industry in product generation is
huge. If local industries reduce the emission footprint in a cost-effective
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way they may continue to compete also in a tightening EU-ETS carbon
trading system.

The CO2-SPICER project (Hladik, et al., 2021) was established to
kick-start CCS in the Czech Republic. The purposes of the project were
(1) to evaluate a depleted oil and gas field, located in the South Moravia
region and operated by MND, for a pilot CO5 injection, (2) to develop
competence and gain experience (being a learning platform) for a
full-scale injection project, and (3) to identify additional studies
required for the pilot and later full-scale injection. The naturally frac-
tured carbonate reservoir in this project is, to the best of our knowledge,
the first example of a CO5 pilot for a depleted carbonate field onshore
Europe. This mature field was operated mainly by pressure depletion
with limited water injection and is approaching its final production
phase. The field may find a secondary use as a CO; storage project.
Geomechanical stability evaluations, that include the effective stress
development during the injection phase, is key to certify the field and to
ensure technological safety for local stake holders. Therefore, a method
was developed to use the uncertain measurements of stiffness, strengths
and Earth stresses to estimate the likelihood of failure as function of
pressure and temperature.

Overall, mechanical stability of reservoir rocks is determined by a)
evaluating the normal and shear forces projected onto weak planes
crosscutting the storage complex (see e.g., Bohloli et al., 2014), and b)
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evaluating the mechanical strength of the rock material and rock mass in
the storage complex to the effective field stresses (see e.g., Park et al.
(2022) and Olden et al. (2014)).

MND performed a series of seismic interpretation and geological
modelling studies using acoustic and dynamic field data concluding that
no major weak fault planes were identified crosscutting the storage
location (MIND, 2023). Thus, the basic premise of geomechanical eval-
uation was to evaluate mechanical stability of (1) the matrix rock ma-
terial itself with results applied to (2) assessment of fractured rock
masses.

1.1. On the geomechanical implication of cooling and pressure increase

The geomechanical assessment of the change in stress geometry in
consequence of temperature was described by Voake et al. (2019) and
references there-in. Here, the in-situ stress changes were related to
thermal-elastic contraction at uniaxial strain conditions and effective
stress changes during the injection of cold CO2. As detailed in the
method section, we assume a uniaxial strain condition (constant reser-
voir width) and constant overburden stress. Under these assumptions,
cooling-induced thermal-elastic contraction reduces the horizontal
stresses calculated by Hookes law for linear thermal-elastic materials in
cylindrical coordinates. By employing the Biots effective stress principle,

Wiireelsrentnens

Fig. 1. Picture of the samples acquired from the storage repository. The box number is termed with the field, the well number, core number (jadro) and box number

(vz). The blue rectangles depict the samples used in the geomechanical analysis.
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the pressure build-up reduces the effective stress. At invariant co-
ordinates, with shear stress along y-axis and effective stress along the
x-axis, a pressure increase shifts the Mohr circle towards failure.
Moreover, temperature reduction reduce the least horizontal stress
thereby increaseing the radius of the Mohr circle. These effects were
included when assessing how temperature and pressure led to stress
changes as cold CO is injected.

1.2. Core samples and the origin of uncertainty

Core samples from the different formations represented in the stor-
age complex were acquired by MND and made available to the project in
the core repository. Fig. 1 display the significant variation in rock
morphology. Only intact core pieces of sufficient size (i.e., that with-
stood coring, handling, and storage) could be used for geomechanical
tests. Thus, a survival bias in the available samples might be expected.
However, mechanical weakening could also occur due to the generation
of micro cracks in the samples due to e.g. vibrations induced during
coring, exhumation, transportation and storage. There is always a lack of
sufficient, representative rock samples when performing geomechanical
tests, and the value these tests rely on how the rock sample results are
applied in the geological context.

Geomechanical stiffnesses parameters of the rock samples (Youngs
modulus, Poisson ratio and thermal expansion coefficient), as well as
plastic parameters (tensile strength, compaction strength, shear failure
strength), and stress data were reported in Nermoen et al. (2024). The
observed differences in stiffness and strength of the rock samples, stems
from geological variability and experimental uncertainty. Since mea-
surements of Earth stresses were not obtained, but had to be estimated,
this adds to the inherent uncertainty of the geomechanical stability
analysis.

Previously, similar geomechanical stability evaluations were devel-
oped (Berenblyum et al., 2017) was focused on the stability of faults,
while thermal effects on horizontal stress were not included. Moreover,
the geomechanical parameters were fixed and mainly obtained from the
literature. In a recent paper by Voake et al. (2024), the impact of tem-
perature variation on chalk rocks and corresponding stress configuration
were studied. In these experiments, the axial load of cylindrical chalk
cores was constant, and the minimal horizontal stress was reduced due
to cooling at uniaxial strain conditions.

The basic premise of this study is to develop a method that utilize the
variability in the uncertain input parameters, including Youngs
modulus, Poisson ratio, thermal expansion, mechanical strength, and
stress (documented in Nermoen et al. (2024)), to develop a probabilistic
geomechanical stability assessment. This is done by Monte Carlo simu-
lations, were the likelihood of failure was estimated for each combina-
tion of pressure and temperature. The input data was obtained from
random sampling of input data expressed via probability density func-
tions (PDFs). The shape of PDF for each input parameter should ideally
arise from the results of a large number of samples. The lack of core
material and limitations of laboratory capacity in determining each
parameter, the number of data points for each PDF will be limited. This
forced pragmatic decisions to be made. When deciding the mathematical
nature of the PDF it was decided to a) exclude outliers, b) determine
likely minimum and maximum values that define the limits to, c) use
uniform PDFs. The subjective choice of PDF for each parameter will
impact the results. However, in this evaluation the focus has been to
determine the unlikely combinations of drawn parameters that defines
the 0.1% and 10% probability failure limit for each pressure and tem-
perature combination.

For each pressure and temperature, the probability of failure was
determined by counting the number of unstable realizations, i.e., when
the estimated stress level exceeds the failure line at invariant stresses.

Thus, by accounting for thermal effects and re-pressurization the safe
operating envelope was determined as reservoir fluid pressure, and
temperature can be controlled by the operator.

International Journal of Greenhouse Gas Control 136 (2024) 104189

When assessing geomechanical stability in Earth systems, the rock
mechanical strength of the intact rock samples is applied to fractured
rock masses at depth. Fig. 1 display photographs the partly disintegrated
core material studied in (Nermoen et al., 2024). It is not known whether
the breakage originated from the coring process, exhumation, transport,
or storage processes, or was caused by the inherent natural geological
variation. By matching core observations with varying logging types of
lineation, foliation, fracture density, geologic mineralogical variation of
the rock masses can be identified (Hoek and Brown, 1997). Such ob-
servations enable a qualitatively, and potentially quantitatively, deter-
mination of the apparent strength of the fractured rock masses after
which a correction is required to better constrain the stress window of
rock-mass stability.

The measured rock-mechanical strengths were compared to conser-
vative choices tectonic stresses (i.e., higher value of vertical stress and
lower value of least horizontal stress), and how in-situ stresses change
with temperature and pressure to possibly compensate for potential
survival bias in the sampling. The probability of failure was determined
4000 times for each temperature and pressure where parameters were
drawn from probability density functions for each instance. The safe
operation envelope was obtained by choosing a certain probability of
failure that may originate from the risk appetite of the operator. The
method developed in this paper, has implications to the total storage
volume, the rate of CO; injection that may be used to calculate e.g. cost-
benefit of pre-warming of the injected CO- as this would increase the
limits of the pore pressure — thus potentially increasing the storage ca-
pacity of the field.

2. Material and methods

This section describe the origin of the rock mechanical data and how
this data was used to determine the safe operating envelope, i.e., to
constrain pore pressure (Ps) and temperature (T) during CO injection.

2.1. Data base of rock mechanical strength

The input data for this study was extracted from the database
documented in (Nermoen et al., 2024) where results from the geo-
mechanical test program of stiffness, thermal expansion coefficient and
strength parameters from the storage complex were reported. Here, re-
sults of 6 reservoir samples and 4 sealing rock samples were used to
determine the shear failure envelope. In Table 1, the sample ID, lithol-
ogy, and true vertical depth from the surface (TVDS) are reported
together with the axial (s;) and radial (s3) stresses at failure. Here, the
samples were loaded axially until failure, while keeping constant s3 > 0
in triaxial tests, and s3 = 0 in unconfined compressive strength (UCS)
tests.

2.2. Determining the shear and compaction failure envelope

The failure envelope encapsulates the stresses where irreversible
failure of the rock samples occur. This data may be reported in different
invariant ways, either as s;s3-plots, in shear and normal stress zo-plots,
or in deviatoric and mean effective stress gp’-plots. As described in pp.
79-80 in Fjer et al. (2008) the latter is chosen here, because the Earth
stress is expressed as a point instead of a circle in 7o’ space. This eases the
computations needed to perform the Monte Carlo probabilistic analysis.
In principle, within the elastic domain encapsulated by the failure en-
velope, the observed deformation is reversible implying that no per-
manent damage occur during loading and un-loading (Fjer et al., 2008).
This does not necessary imply that stress-strain curves during aloading
cycle within the elastic domain will always overlap, because of e.g.
closure of micro-cracks developed due to exhumation. The deviatoric
and mean effective stresses are defined via:

q=s1—53 (@)
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Table 1
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Rock mechanical strength tests using unconfined compressive strength (i.e., when S3 = 0) and triaxial tests (S3 > 0) were performed on reservoir and sealing rocks
(from Nermoen, et al., 2024). For each sample the lithology, type, true vertical depth, porosity and dynamic Youngs modulus from sound velocity measurements and
permeability is provided. "The ZA4A _c3_b3 sample disintegrated and fractured during handling — thus a very low UCS strength is seen. This data point is excluded from

the analysis.

Sample ID Lithology Type Depth, TVD Porosity Dyn. Youngs mod Permeability Sz(MPa)  Sy(MPa)
(m) (%) (MPa) (mD)

ZA4A c3 b3.a Vranovice Fm. Reservoir 1750.4 3.5 9.8 6.6E+00 0.0 3.1
ZA4A 3 b3 D 3.8 10.5 1.3E+01 7.0 51.0
ZA4A cl b5.a 1724.5 1.3 22.6 9.3E-01 0.0 35.8
ZA3.c3bla 1593.4 1.4 46.9 1.7E-01 0.0 55.2
ZA6A c1 b4 a 1813.9 1.6 20.7 1.5E+00 0.0 62.0
ZA7_c1.b6_b 1860.5 3.6 34.0 5.8E-01 15.0 165.9
UH11_c4 b3 b Vranovice Fm. Reservoir - possible 1394.1 0.6 68.2 1.4E-02 7.0 202.0
UH11_c4 b3.a Kurd. analogue 0.3 49.4 3.6E-04 0.0 152.0
ZA3.cl blc Zarosice Mb. Seal 1456.68 5.1 61.6 1.4E-02 7.0 145.98
ZA3cl bl b 1.6 48.2 6.4E-02 0.0 43.7
KOE6.c10.b2a  Myslejovice Fm. 1857.67 3.6 27.1 1.1E-02 0.0 76.9
MIL1 c1 bl a Mikulov Fm. 233.78 3.5 40.3 1.4E-01 0.0 49.8
,  S1+s .

=13 Py (2) a) 80 Reservoir samples

Here, P; represents the pore pressure in the reservoir, and az <1 |
represent the Biot coefficient (Alam et al., 2012; Nermoen et al., 2013) 70
that suppress how pore pressure changes affect the mean effective stress

/ 60 — = ZA4A_c1_b5_a
p.

The deviatoric (q) and mean effective stresses (p') at failure, from ZA3 c3_bl_a
both UCS tests and triaxial tests on reservoir and sealing rock samples 50 — — ZA6A c1 b4 a
are, respectively, shown as circles and squares in Fig. 2. The true vertical ©

. . a ———ZA4A_c3_b3_a
depth from surface were used as data labels to identify each sample. S 40

As may be seen in Fig. 2, there is sample variability, and thus implicit - ZA7_c1_b6_b
flexibility which shear failure curve to use when evaluating mechanical 30 - = o ——ZA4A_c3_b3_b
stability. Stability analysis was performed on two cases, namely the TN, Avg. Res.
strength envelope from all samples (solid line) and from samples ac- 20 2 -
quired from 1724 to 1740 m depth (long dashed). In all, the shear A
strengths of the sealing were higher than the reservoir samples. 10 \

Fig. 3 display the strength data in Table 1 as Mohr-circle plots. The \

Mohr Coulomb shear failure line was derived to best tangential fit the 0 |
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Fig. 2. Failure envelope in gp-plots from rock-mechanical tests. Tensile oy, MPa

strength from Brazilian tests to the left (long dashed), compaction failure for
hydrostatic stress tests on the right (double line) and shear failure for sealing
(circles) and reservoir rocks (squares) from UCS and triaxial tests. The depth
from surface for each sample for UCS and 3ax displayed as data labels (for
reservoirs). Three lines were drawn where solid line entails all reservoir tests,
the dashed line for seals, and the long-dashed line for samples from 1750 to
1724 m depths. Slope and intercepts are 1.63&4.7, 1.64&6.0, 0.73&22.5 MPa
for the reservoirs, and 1.73&7.3 MPa for seals — being systematically stronger.

Fig. 3. Mohr Coulomb failure envelope of reservoir and sealing rock samples.
Average intercept of the Mohr circles is displayed so that assessment of Cohe-
sion and slope can be obtained. These data are equivalent to the strengths
displayed in Fig. 2.
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different Mohr-circles for reservoir and sealing rocks, in a) and b),
respectively. As can be seen, the variation in strength between samples
was significant. Cohesion of 8.3 and 8.0 MPa, and slope of 1.6 and 1.1
were obtained for sealing and reservoir rock types, respectively, dis-
playing how sealing rocks were stronger than the reservoir rocks
samples.

2.3. Hydrostatic loading experiments

22 samples, from the main lithologies represented in the reservoir
complex, were exposed to hydrostatic confining pressure tests with peak
stresses up to 43 MPa. The Coreval 700 tool as reported in (Nermoen
et al., 2024), were used to measure how pore volume and permeability
varied with confining stress enabling a comparison of loading and
un-loading paths in stress-strain plots. Typically, if un-loading path
differs significantly from the loading, this was attributed to irreversible
damage. Significant variation was seen for one sample, while for the
remaining 21 samples, the unloading path followed the loading path
indicating a compressive strength exceeding 42 MPa (indicated by the
double line in Fig. 2).

2.4. Determining tensile strength envelope in gp-space

Tensile strengths were determined with Brazilian tests on 23 rock
samples from different parts of the storage complex (Nermoen, et al.,
2024). An average tensile strength (Tp) of 3.9+1.8 MPa and 6.0 2.2
MPa was provided for the reservoir rocks and sealing rocks, respectively.

In gp-plots the tensile stress is drawn as a slanted line (Fig. 2). In
reservoir settings, pre-existing tensile fractures with their surface
normal parallel to the minimum horizontal effective stress will re-open
when the total effective stress becomes negative. Moreover, new frac-
tures will develop when the effective stress is less than minus Ty (tensile
strength). In a reservoir setting, this occurs typically by pore pressure
buildup or due to tectonic rifts. By using the effective stress relation
(Eqn. (2)), tensile fractures form when the following stress condition is
met:

s3+ Ty
ap

To > s3— (lgpfépf > 3)
As such, pore pressure must exceed the least in-situ stress plus the

tensile strength divided by the Biot coefficient to initiate failure. If, pre-

existing fractures exist in the reservoir, they will re-open when,

s:
P> @
Qap
One may calculate this requirement in gp”-space by re-shuffling the
tensile crack criterion to s; = — To + aPf, and use this in the gp’ defi-
nitions in Eqn (1) and 2,

, 1
p =5 (51 —To—asP) (5)

q:sl+T07aBPf 2

This criterion enables the tensile strength envelope to be drawn in
gp’-plots from T, measurements.

2.5. Thermal-elastic stiffness constants

Elastic constants were derived from 72 ultrasonic velocity tests, hy-
drostatic cycling tests, and thermal expansion determination (Nermoen
et al., 2024). The results vary, and for the analysis presented here, the
results were intended to apply to the overall reservoir. Some of the
observed variation was dictated by petrophysical characteristics
enabling adjustments to be done to what is more likely to be relevant for
the reservoir overall. This adjustment was performed to improve the
credibility of the estimates. The stiffness and strengths correlated with
porosity, exemplified in Fig. 10A in (Nermoen et al., 2024), where the
bulk modulus (K) correlated with porosity. Given that the reservoir has a
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porosity in the range of 8-10% (MND, 2023), adjustments had to be
done, so a bulk modulus in the range 4-6 GPa was therefore used on the
reservoir scale. Further, the data displayed no correlation with porosity
for neither Poissons ratio nor Biot coefficient, as such the average and
standard deviation were used directly, i.e., v = 0.35+0.04 and ap =
0.85 £ 0.07. Further, the thermal expansion coefficient and Biot coef-
ficient was measured. Table 2 provides an oversight of the input pa-
rameters that was used determine the relation between temperature,
pore pressure and the shifts the in-situ stresses in the tool.

2.6. Determining earth stresses at depth

Mechanical stability at a given depth rely on the mechanical
strengths and the invariant combination of the largest and smallest
principal stresses, s; and s3, respectively. The principal stresses were not
measured in the reservoir complex in focus. Estimates were obtained in
three ways:

1. The vertical weight of the overburden can be assumed from average
density via s1 = p,y,,gh. If the reservoir body is held on its lateral
sides, and the top surface is free we may use the uniaxial strain
assumption (i.e., its lateral length is constant), in Hooke’s law to
determine the minimal horizontal stress via s3 = s;v/(1 — v).

2. By assuming that the stresses measured in three coal mines located
140 km away from the storage complex are the same (Stas et al,,
2003) one may linearly extrapolate the stresses to the desired depth.
The validity relies on assuming comparable lithology and similar
tectonic setting. This may be debatable, however, by using the
measurements from ca. 750 to 950 m depths (see Fig. 14 in (Nermoen
et al. 2024) and extrapolate to 1750 m depths, the largest and
smallest principal stress can be determined with uncertainty.

3. By analysing breakouts in well, one may estimate the range of the
two horizontal stresses from using the techniques developed by
(Zoback et al., 1986 and Zoback et al., 2003).

There is significant inherent uncertainty in this method so that the
value of s; and s3 used in the analysis was 41.7+1.0 and 23.0+1.5 MPa
with a flat probability distribution function (Table 2). These estimates
are also displayed in Fig. 4.

2.7. Estimating earth stress changes during injection of cold COz

The equations used to estimate how Biot effective stress and thermal-
elastic processes modify the Earth stress due to pressure build-up and
cooling is shown here. In weight dominated systems the vertical stress
(s1) remains constant. If the reservoir has a constant width (i.e., uniaxial
strain assumption) where the tectonic forces balance the reservoir
flexure in the horizontal direction, thermal contraction reduces the

Table 2

Upper and lower bound of geomechanical input parameters used in the Monte
Carlo simulation. A square distribution is used with equal probability within the
limits. The variability is linked to the geomechanical experiments on reservoir
samples in Nermoen et al., 2024. A flat probability distribution was used. The
upper and lower bound of the thermal-elastic coupling parameter f; is estimated
from 1 000 Monte Carlo runs drawing from the distribution of Poissons ratio,
Youngs modulus and thermal expansion coefficient in Eqn. (6).

Parameter (annotation), unit Lower Upper
Thermal expansion coefficient (ar), K 1.30E-05 2.70E-05
Bulk modulus at 8% porosity (K), MPa 4000 6000
Poisson ratio (v), 1 0.31 0.39
Biot coefficient (ag), 1 0.78 0.92
Maximum in-situ stress (¢1), MPa 40.0 42.0
Minimum in-situ stress (63), MPa 20.6 23.6
Initial pore pressure (Py), MPa 17.0 18.0
Thermoelastic coupling coefficient (8;), MPa K 0.101 0.176
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Fig. 4. Principal stresses measured nearby in coal mines, Ostrava (Stas, Kolcun,
Simkovicova, and Soucek, 2003) at depths of 700-1000 m, extrapolated to
1750 TVDS. The slopes in stresses were 18.1, 20.2 and 24.4 kPa/m for s3, s, and
51, respectively. The estimated weight of the overburden and minimum and
maximum horizontal stress (from Poisson coefficient of 0.35) shown as di-
amonds and circle. Figure acquired from (Nermoen et al., 2024) (break out
analyses omitted here).

minimal horizontal stress (s3). By employing fixed vertical principal
stress, uniaxial strain in the horizontal direction, and linear thermal-
elastic Hooke’s law, the change in the minimum horizontal stress
(As3) can be linked to temperature changes (AT) via (e.g. (Voake, et al.,
2019, and Voake, 2020):

7E(ZT
T 1-v

Ass AT (6)

Since Youngs modulus is related to bulk modulus and Poisson ratio,
E=3K(1-2v), (7)
one may estimate the minimum horizontal stress reduction from mea-

surements in bulk modulus, Poisson ratio, thermal expansion coefficient
and the amount of cooling, via:

1-2
A53:3K(11'1 v

AT = AT (C))

An average value of the coupling coefficient f; = 0.14 MPa-K-1 is
obtained from K = 5000 MPa, ar = 2-10~° K-1 and v = 0.35. By sam-
pling from experimental variability in the thermal-elastic parameters,
the coupling coefficient between temperature and minimum horizontal
stress range between 0.10 and 0.17 MPa-K-1 (Table 2). This implies that
by reducing temperature by 1 °C the total minimal horizontal stress is
reduced by 0.14 MPa.

This shift in stress is displayed in gp-space in Fig. 5 where the value of
p'reduced and q increase, thus shifting the estimated stress-could in the
north-west direction. This is mathematically equivalent to analyzing
Mohr circles in zo-space, when by keeping vertical stress constant and
reducing the minimum horizontal stress increase the radius (Fig. 6).

A flat probability density function (PDF) was employed for all input
parameters in the simulation. Each PDF was constrained by an upper
and lower limit for each parameter obtained by the experiments and
estimates. The flat distribution was used since the necessary number of
high-quality data points needed to establish a well-defined average and
standard deviation was insufficient. In principle any probability density
function can be applied in the technique developed for Excel.

Increasing pore pressure reduces the value of p’ (Eqn. (2)) by a factor
proportional to the Biot coefficient; thus, shifting the stress state west.
Thermal contraction reduce of s3 thereby reducing p and increasing q

International Journal of Greenhouse Gas Control 136 (2024) 104189

Reservoir depth: 1750 m | T=12°C, Pf=22.5 MPa
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Fig. 5. Plot of rock strength data in Table 1 with Earth stresses. UCS and
triaxial strengths from seal (open) and reservoir (grey circles) in gp-space with
best fit as long dash and dash-dot for seals. Two samples in the centre of the
reservoir at 1724 and 1750 m TVDS are shown with short dashed line. Brazilian
tensile strengths for reservoir rocks in orange solid line, and the stress state with
zero tensile strength, i.e. re-open existing fractures is shown as dashed line
using Eqn. (3)-(5). Hydrostatic test limit with confining pressure up to 42 MPa
to the right (grey dashed line). The green shaded areas display the safe oper-
ating envelope, while the yellow shaded area is subject to choose relevant
strength envelope. Green diamonds display the initial stresses (in Table 2), at 52
°C and 17.5 MPa, red triangle the effect of re-pressurization, diamonds the
effect of cooling, and blue squares the combined effect.

(Eqn. (1) and Eqn. (2)). In gp-space, cooling shifts the stress state in the
north-west direction. In zo-space, a pressure increase does not change
the radius of the Mohr circle, but rather shifts it towards the failure line.

In essence, both re-pressurization and cooling bring the stress to-
wards the failure line.

2.8. Representing the earth stress and failure envelope in gp-space and
70-space

The advantage of using gp-space when evaluating geomechanical
stability is that the estimated Earth stresses is displayed as points instead
of circles. If these points exceed the failure envelope, the reservoir was
deemed geomechanically unstable. The different failure envelopes ob-
tained from rock-mechanical tests are shown in Fig. 5, including tensile
strength of reservoir samples, and the shear failure of reservoir and
sealing samples. Depending upon where in the reservoir stability is
evaluated, different failure lines and stresses should be used. In Fig. 5,
the green shaded area represents the safe envelope, while the yellow
zone is subject to choice.

When evaluating geomechanical stability of the storage complex it
was decided to limit the analysis by considering the reservoir rocks —
being the weakest formation. Moreover, this is where cooling and re-
pressurization, and thus the shifts in stress level, will occur.

Given the variability in initial stress and pressure ranges, we sampled
from the distributions of stresses, pore pressures, Biot coefficient, and
thermal-elastic coupling coefficient to evaluate how stress changed as
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function of changes in temperature and pressure. Fig. 5 display these
effects, and depending upon the relevant failure line, the likelihood of
failure was evaluated.

Significant variability in the representative rock strengths and Earth
stresses can thus be analysed depending upon subjective choices.

The exact same failure data, and stress and pressure level as shown in
Fig. 5, is visualized in Mohr Coulomb plot in Fig. 6. The combined effect
of cooling and re-pressurization is expected to re-open tensile failure,
but the shear failure line seems un-touched by the Mohr circle. In Fig. 5,
however, the Monte Carlo simulation sampling from the inherent
experimental and geological variability in the input parameters allow
for automatic counting of unstable instances so a quantitative estimate
of risk, given pressure and temperature condition, can be obtained.

3. Monte Carlo simulation procedure

Monte Carlo simulations were developed to use the experimental and
geological uncertainty to determine the probability of geomechanical
failure as function of how Earth stresses change with pressure and
temperature. The simulations were developed in Excel using data tables
to analyse mechanical stability combinations of 20 pressure instances
and 12 temperature instances. For each combination, geomechanical
stability was evaluated 4 000 times. For each evaluation a unique set of
parameters were drawn from probability density functions (PDFs) of:
stresses (s; and s3), initial pressure, Biot coefficient (ap), and thermal-
elastic coupling coefficient (with upper and lower values of the flat
PDFs shown in Table 2. For each of the evaluations in each pair of
pressure and temperature, the shifts in effective stresses were calculated
using Eqn. (1) and Eqn. (2) in combination with Eqn. (8) and compared
to the failure envelope for stability evaluation. Since the evaluation was
performed in gp-space, the number of stress configurations that excee-
ded the strength envelope define the probability of failure.
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The input parameters, i.e., Biot coefficient, maximal vertical and
minimal horizontal stress, and pore pressure, were uncertain (Table 2),
this leads to a “cloud of stresses” in gp-space before at in-situ conditions.
When cooling and pressurization is included, the additional variability
in thermal-elastic coupling coefficient leads to a larger span of the cloud
in stresses (Fig. 7a).

Since the input parameters were drawn from PDFs, the same pressure
and temperature could have points that would exist both above and
below the failure line. As temperature reduced and pressure increased, a
gradual increase in probability of failure from safe till unsafe was
calculated. If all parameters were fixed, the shift from safe till unsafe
would be a 2D step-function.

Pressure and temperature were then systematically varied and based
on the shifts in stresses, mechanical stability was evaluated, and prob-
ability of failure was determined. Fig. 7a displays individual impact of
cooling and re-pressure on the stresses when compared to the initial
stresses in green, and the combined effect in grey. In the concrete
example, a failure probability of 99.6% is estimated if the pore pressure
is increased to 25.5 MPa and temperature is reduced from current 52 °C
to 27 °C. Here, the dashed shear failure line is the average of all reservoir
shear strength failure tests.

The Monte Carlo simulation used in this study was performed with
four different failure lines as shown in Fig. 5: a) Tensile strength, b) re-
open pre-existing fractures, ¢) Mohr-Coulomb friction for all reservoir
samples and d) the two samples located at 1724 and 1750 m TVDS.

The tool thus allows for assessing geomechanical risks both due to a
deliberate choice of failure line, and an integrated use of the natural
variation in experimental and geological parameters. The tool allows for
including variability in a transparent and statistically realistic way, so
the probability of failure can be expressed depending on pressure and
temperature (Fig. 7b) depending on natural variation and subjective
choice. In this case, if the reservoir is maintained at 52 °C, the maximal
pore pressure could increase to 25-26 MPa, while if it is cooled down to
12 °C the critical pressure would be reduced to 19 MPa.

The method developed here is non-dimensional in time and space. In
a realistic scenario injection of CO; leads to changes in pressure and
temperature through time and space. Depending upon e.g., the thermal
heat capacities, multiphase flow field, and boundary conditions the
pressure and temperature field will change through time and space. In
consequence, the evaluation developed here could be calculated at each
point in space.

4. Evaluating the safe operating envelope for CO; injection
4.1. The safe operating envelope

The likelihood of failure as function of pressure and temperature
relies on a range of user-defined parameters that may be considered
subjective. By selecting the adequate failure mode and modifying the
PDFs of the input parameters as new information is gathered on the
field, probability of failure as function of pressure and temperature will
change. Moreover, by assessing the risk appetite of the storage operator
one may determine the acceptable failure probability (see slated lines in
Fig. 7b). This assessment would arise from a balance between the value
added by injecting more CO; and the costs associated with the risks of
failure.

Even when rock mechanical tests and field stresses will be evaluated
in the best possible way, there are always deliberate choices to be made
on e.g. choosing which data points to include. The tool enables the
developer to evaluate the consequences of such choices — which in turn
determines the storage capacity of the field.

As an example, in Fig. 7a all the rock mechanical shear failure
strength tests were used. If only we were considering the strengths tests
from 1724 to 1750 m TVDS (long-dashed line in Fig. 2), the output of the
stability analysis would be quite different (Fig. 8a). Here, cooling and re-
pressurization lead to both shear failure, re-open pre-existing fractures,
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a) (all samples).

and, if these pre-existing fractures do not exist near the injector, to
initiate new tensile fractures. As the example in Fig. 8a display; at 27 °C
and pore pressure of 25.5 MPa, the number of stress instances leading to
failure of intact rocks was zero, but the number of instances that would
re-open existing fractures was 29.7%.
When running through all pore pressure and temperature cases,
sampling from 4 000 instances from each combination of P and T, the
probability of failure of intact rock can be obtained (Fig. 8b). Here, the

safe operating envelope, with a low probability of failure is larger than
in Fig. 7b.

When compared to the likelihood of re-opening pre-existing fractures

(zero tensile strength T) in Fig. 8c, the probability as function of Py and
T is shifted to the left. The difference between Fig. 8b and c may be used

to investigate at which pressure pre-existing fractures may be opened.
This is relevant in the field in focus that is already fractured.

The fracture opening pressure (for a given temperature) may be used

as the maximum injection pressure in planning CO injection operations.
In some cases, such fracture reopening may be allowed providing better
flow capacity of the reservoir. In dynamic reservoir simulations (e.g.
(Shchipanov, Kollbotn, Surguchev, and Thomas, 2010)), one may use
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this fracture opening via introducing pressure-dependant permeability
and evaluating related well injectivity variations during injection
operation. Improving flow capacity of the reservoir in this case may
increase injection rate and capacity attainable with reducing the energy
consumption at the same time without doing additional harm to the
already fractured carbonate reservoir.

When assessing the difference between the curves in Fig. 8b and c,
we may choose isocontours in probability of failure of 0.1% and 10% to
obtain the critical pressure as function of temperature. An ideal injection
pressure may thus be estimated by including the potential advantages by
re-opening existing fractures to boost injectivity, and the risks of
generating new fractures that may lead to leakage of CO; out of the
target formation. This, also depends on the risk appetite of the operator
as shown in Fig. 9.

4.2. Relative importance of input parameters to safe operating envelope

We present here the results of a sensitivity analysis that investigate
the relative importance of the various input parameters that dictate the
size of the operating envelope (Fig. 9). The size of the operation enve-
lope consists of the number of pressure and temperature instances with a
failure probability less than 10%. The analysis was performed on the
rock strength originating from all reservoir samples in Table 1 (i.e.,
dashed line in Fig. 7). The purpose was to determine the most sensitive
input parameters, that may guide further work.

The size of the safe region in PfT-space (with pressure ranging from
17.2 to 36.2 MPa in 1 MPa steps and temperature from 55 to 10 °C in 5
°C steps) is measured by assigning low, medium, and high value of each
parameter. Each parameter is changed individually, while keeping the
other input parameters at the mean value. The size of the safe regions is
summarized in Table 3. The safe region when all input parameters are at
medium value is 20.8% serving as a comparative basis for the other
permutations.

Varying the thermal expansion coefficient from 2-10-5MPa-K to 1
and 3-10-5MPa-K!, changes the safe region to 32.9% and 15.0%,
respectively. Increasing thermal expansion coefficient increases the
s3-sensitivity to temperature change, thus a given cooling leads to a
larger change to least effective stress. This brings the stress ‘cloud’ to-
wards the failure envelope, i.e., the radius of the Mohr Circle increase. A
similar effect is seen for the bulk modulus. Considering the Poisson ratio,
the impact is more complex as it affects several components of the
calculation. In this case a reduction from 0.35 to 0.31 reduce the size of
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Table 3

Measure the size of the safe operation window compared to the total span in P
and T space. The average of all parameters (as shown in Table 2) was giving a
score of 20.83%. By varying each parameter up or low, of the safe operation
window either increase or decrease. The change in percentage points compared
to average are shown. The operation window is defined with a probability less
than 10% of failure.

All parameters 20.83% Size of safe Change in
average operation percentage points
window
Thermal Low 1.00E- 32.9% 12.1%
expansion 05
coefficient High 3.00E- 15.0% —5.8%
05
Bulk modulus Low 5000 23.8% 2.9%
High 7000 18.8% —2.1%
Poisson ratio Low 0.31 18.3% —2.5%
High 0.39 25.4% 4.6%
Biot coefficient Low 0.78 28.8% 7.9%
High 0.92 17.5% —3.3%
Largest principal Low 40 21.7% 0.8%
stress, s1 High 42 20.4% —0.4%
Least principal Low 21.3 14.2% —6.7%
stress, s3 High 24.3 27.5% 6.7%

the safe region. This is also the case with Biot coefficient, that when
being lowered reduces the impact of pore pressure buildup. In Table 3,
the thermal expansion coefficient would be the dominant parameter
controlling the safe operation window. This may, however, be a function
of the assumed PDFs of initial effective reference stress, rock strength
etc., thus this conclusion might be different in other settings.

Equally, if more precise data for principal stresses also changes the
size of the safe operation window during injection of CO,.

Further tailor-made evaluation programs may focus on determining
thermal expansion coefficient and minimum horizontal stress as being
most influential to determine the safe operation window - that dictate
the safe injected volumes. This approach enables the operator to
determine the value of new information.

5. Discussion
When using stability analyses, as shown here, it is important to

realize that the analysis is only valid up until failure. Post failure
mechanisms include both material strength degradation due to
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deformation and a re-calculation of stresses and stress directions. Such
effects were not studied. The method developed here does not take into
consideration the fact that both pressure and temperature will change
through time and space. Clearly, the method could be utilized in
multiphase flow models modelling the propagation of pressure and
temperature fronts to determine when and where within the reservoir
the risks of failure may rise. This coupling is outside the scope of this

paper.

5.1. Rock sample properties and its relation to rock masses

Evaluating the geomechanical strength of intact rock samples is
crucial for understanding rock mass behaviour under in-situ conditions.
However, the sampling process may be subject to a survival bias, as
fractured or weaker core samples often disintegrate en route, leaving
primarily intact samples for geomechanical laboratory study. This poses
a challenge, as geological materials display variability at scales from
millimeters to meters, even within the same formation. Consequently,
there’s a valid concern about whether these stronger samples accurately
represent the true strength of the rock mass, especially when considering
reservoir heterogeneity. Moreover, the influence of fractures and voids
on the geomechanical properties of both chemically and mechanically
altered rocks warrants further investigation.

Upscaling the geomechanical results of rock samples to fractured
rock masses has been a long-standing issue in the application of labo-
ratory rock tests geomechanical tests in reservoir modelling. There are a
range of geomechanical classification methods that can be used, such as
the GSI Hoek Brown (Eberhardt, 2012; Hoek and Brown, 1997) and the
Q Barton system (Barton et al., 1974). These methods quantitatively
account for the fracture impact based on scaling coefficients represent-
ing fracture properties (intensity / spacing, orientation etc.). These
fracture properties may be estimated from interpretations of relevant
outcrop data, well logging (like FMS / FMI logs) with further condi-
tioning to dynamic field data (like well tests and well monitoring data)
(Bourbiaux et al., 2002; Shchipanov et al., 2006).

As an example, presence of fractures, foliation, etc. leads to a reduced
mechanical strength of the rock mass. A detailed study has not been
conducted here, however, the impact is illustrated in Fig. 10, where the
axial stress at failure, failure strength for each sample in Table 1, is
reduced by 40%. This shifts the failure stress in gp-space from the black
(original) to the blue (adjusted) line. Thus, the position of the failure
envelope is shifted (blue curves). The difference is marked by the blue
and orange shaded regions consequently reducing the safe operating
envelope. Further studies are required to determine the appropriate
adjustment from intact rock-samples to overall rock-mass perspective.
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Fig. 10. An illustration of how the failure envelope obtained from the me-
chanical tests of intact rock samples (black) may change for rock masses (blue),
when applied to gp’-space. The adjustment is performed by reducing the axial
load at failure by 35%.
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This effect adds another uncertainty in the analysis of limitations to the
injection program for future CO3 injection operations.

5.2. Risk appetite and geomechanics

The cooling induced thermal contraction and minimal horizontal
stress reduction and re-pressurization by CO; injection represent the
geomechanical constraints to the injection program. Depending upon
risk appetite of the injection operator, the analysis above can be used to
determine the maximum pressure which in-turn govern the ultimate
CO volumes to be safely stored. If cooling shows to be an important
limiting factor this may limit injection rate even though e.g., high in-
jection rates are attainable due to high reservoir flow capacity and large
volumens needed available for injection. One may need to consider pre-
conditioning (heating-up) of the injected CO; or slow the injection rate
to eliminate such effects. The reservoir cooling depend on the thermal
heat capacities of the rocks and the fluids present before injection starts
and the way in which the fluids mobilize or mixes with the injected CO»
as well as the relative importance of advection and diffusion as domi-
nating mechanisms for cooling through time and space. Warming up the
injected fluids increase the safe reservoir pressure.

The operators risk appetite will also depend on estimates of the fate
of the injected fluids, if e.g., they migrate out of the target formation, as
well as if the site is being monitored and what remedial action plans that
can be mobilized if unwanted scenarios are encountered.

As an example of application of the envelope presented above
(Fig. 9), assuming the risk appetite of 10% of failure is acceptable, the
maximum injection pressure is around 28 MPa, if the injected CO3 is pre-
heated to 55 °C. If, however, the system is cooled down to e.g., 10 °C the
maximum injection pressures were as low as 22 MPa. A balanced anal-
ysis must be performed by evaluating the value of increasing the total
uptake of COs in the reservoir to the cost of heating. This constrains the
whole capture, transport, and storage CCS value-chain.

Reservoir fluid flow simulations may determine the impact of cooling
through time and space by using realistic saturation and temperature
profiles. The corresponding variations in PVT properties of the relevant
formation fluid mixtures, as function of pressure and temperature
dictate the overall injection capacity. Moreover, dissolution of CO3 into
the other formation fluids, and fluid migration out of the reservoir body
into eventual aquifers play a role.

5.3. Compensation to survival bias

Throughout the geomechanical stability analysis, conservative
choices were made to compensate for the possible survival bias in the
core sampling. Firstly, the overall variability in the earth stresses is
likely to be over-estimated, as both stress-arching and lowered densities
in the uppermost sections of the overburden can be expected.

Furthermore, the presence of an intermediate lateral stress (s2) has
been shown to stabilize the mechanical strengths, as truly poly-axial
stress experiments revealed that the axial stress at failure is larger
when 65 > 63 than when 65 = 03. The latter is assumed here so that the
likelihood of failure could be over-estimated (Fjer, et al., 2008).

Moreover, the value of the thermo-elastic coupling coefficient seems
to be larger than what has been reported by other authors in the sci-
entific literature on carbonates as reviewed by (Voake, 2020). Lowering
the thermal elastic coupling coefficient would reduce the sensitivity to
cooling.

5.4. Impact of varying uncertainty in the input parameters

The steepness of the curve, from 0 to 100% failure depends solely on
the widths of the probability density functions (PDFs) that are fed into
the analysis tool. As more data is collected, the uncertainty may either
increase or decrease, because of the natural variability of the data itself.
More data would thus, not necessarily reduce the variability, but it
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would represent an even more realistic representation about the
inherent uncertainty in the geologic system.

This can be illustrated by e.g. allowing the widths of the uniform
PDFs for stresses to be increased to 8 and 12 MPa (i.e. between 37 and 45
MPa and 16-28 MPa), for the vertical and least horizontal direction,
respectively comparing to the stresses shown in Table 2. This leads to a
smoother curve from zero to 100% failure rate as displayed when
comparing Fig. 11a and b. When using the 1% isocontour line — that can
be used as a proxy for determining the safe injection envelope — the safe
operation envelope would decrease.

5.5. Relevance of the approach application results to the injection site in
focus and way forward

Very limited in-situ stress data were available for the region of the
potential CO; injection site in focus (Nermoen et al., 2024). Actual data
were only available for other geological formations and depths in the
region. This made the evaluation of the in-situ stress-state conditions
quite uncertain. Further evaluation is therefore required to determine
the safe operating envelope and to determine the total amount of CO; to
be injected for the site in focus. This knowledge gap may be filled in with
additional field surveys including, but not limited to, well tests to esti-
mate geomechanical properties and in-situ stresses such as LOT, XLOT
tests during drilling new wells or mini-frac and step-rate tests for already
drilled wells (Bohloli et al., 2014). Thus, this paper describes an
approach which can help to move forward in the planning of injection
pilots despite limited and uncertain data, while the large uncertainty
with the input data for the site in focus calls for further studies of the
field.

When maturing such projects towards designing pilot and full-scale
4D injection in fractured rocks, the question of how the presence of
natural fractures may impact safety and injection limitations is to be
addressed. The approach developed in this study was applied based on
the results of geomechanical experiments for intact rock samples (Ner-
moen et al., 2024). Impact of presence of fractures and addressing
geomechanics of fractured rock masses was not covered in this study. A
potential approach to address these questions was discussed, indicating
that the presence of fractures may significantly reduce the safe operating
envelope. A rigorous study would be required, which may include lab-
oratory experiments, modelling and upscaling approach and field
studies for verification.
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6. Conclusions

The paper outlined a methodology that leverages the uncertainty in
input parameters stemming from natural geologic variability, experi-
mental inaccuracies, and in-field stress estimates to assess geo-
mechanical stability with probability. Special emphasis were put on the
impact of cooling and re-pressurization due to the injection of cold CO,.
An Excel-based Monte Carlo model that sampled from estimated and
experimentally derived probability density functions was implemented
to estimate probability of failure as pressure and temperature is sys-
tematically varied. This model was applied to the data from the frac-
tured carbonate oil and gas field (Nermoen et al., 2024).

Assuming the input uncertainty is true, we developed a pathway to
realistically transfer the uncertainty through the analysis till an opera-
tional decision. This procedure eases the communication on uncertainty
and risk for decision makers. The approach enables informed reservoir
management decisions on how much CO; can be injected, the rate, and if
pre-conditioning of the injected CO5 should be performed to increase the
total injection capacity.

The impact of cooling reduces the least principal stress and re-
pressurization changes effective stresses. Both increased pressure and
reduced temperature shift the stresses towards the failure. The stresses
are evaluated in context with the strengths obtained from geo-
mechanical tests via gp-plots.

The state of the reservoir operation is geomechanically stable if the
stresses are within the failure envelope. As cooling and re-pressurization
occur the number of unstable instances were counted enabling us to
determine the probability of failure as function of pore pressure and
temperature. If the risk appetite of the storage operator is given, the safe
operating envelope can be determined. These factors have implications
to further scenario developments related to pre-conditioning of CO and
total storage volume estimates.

Natural variability, either stemming from geological variation,
experimental error, geological survival bias and its relation to strengths
of rock masses, or related to uncertainty in Earth stresses, will always
exist. All factors may all be crucial when evaluating the consequences of
the decisions that needs to be made during operation. The model enables
the user to use the uncertainty to develop mitigation plans before
operation starts, and to develop tailor-made studies to maximize the
value of new information during operation. The approach developed
enables decision makers to communicate uncertainty in a precise way to
stake holders, either that being local authorities, owners, or local com-
munities. There will always be the need for subjective expert evaluation
when performing geomechanical stability analyses due to limited
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Fig. 11. a) Probability of re-opening tensile fractures as function of temperature and reservoir pressure for the same data shown in Fig. 8c using stress and rock
parameters in Table 2. In b) the widths of the PDF for vertical and horizontal stresses were increased to 8 and 12 MPa, respectively.
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number of data points required to calculate PDFs in a statistically
stringent way. Moreover, often data sources overlap, thus calling for
selections of what may be the most relevant data. The method developed
here illustrate the practical consequences of these choices in a stringent
way.

The approach developed in this study was used to evaluate the safe
operating envelope using uncertain geomechanical parameters. The
approach may be developed further to account for the effect of presence
of natural fractures in rock masses, and to include this effect in assem-
bling the failure envelopes. At the same time, a rigorous approach to
evaluate the envelope for fractured rock masses rely on analysing of data
on fractures, which is out of the scope of this paper. This may be the
subject for the future studies.
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