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ABSTRACT

Carbon capture and sequestration technology is recognized as a successful approach taken to
mitigate the amount of greenhouse gases released into the atmosphere. However, having a suc-
cessful storage practice requires wise selection of suitable wells in depleted oil or gas fields to
reduce the risk of leakage and contamination of subsurface resources. The aim of this paper is to
present a guideline which can be followed to provide a better understanding of sophisticated wells
chosen for injection and storage practices. Reviewing recent studies carried out on different aspects
of geosequestration indicated that the fracture pressure of seals and borehole conditions such as
cement-sheath integrity, distance from faults and fractures together with the depth of wells are
important parameters, which should be part of the analysis for well selection in depleted reser-
voirs. A workflow was then designed covering these aspects and it was applied to a depleted gas
field in Malaysia. The results obtained indicated that Well B in the field may have the potential of
being a suitable conduit for injection. Although more studies are required to consider other aspects
of well selections, it is recommended to employ the formation integrity analysis as part of the

caprock assessment before making any decisions.
Copyright © 2016, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

which comprises capturing of carbon dioxide from stationary
sources, transporting it via pipelines to a suitable site and

There have been many approaches developed to mitigate/
resolve the issue of climate change due to increasingly release of
carbon dioxide (CO;) into the atmosphere, including reduction of
energy consumption, swapping to fuels having less carbons, and
capturing and storage of CO, [1,2]. Comparatively, CO, storage
and sequestration in a suitable geologic medium is the best op-
tion to reduce the carbon emissions into the atmosphere [3],
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injecting it into a suitable storage medium [4]. A suitable storage
medium is the one having a highly impermeable cap rock,
geological stability, the absence of leakage paths and effective
trapping mechanisms [1]. Considering these factors, depleted oil
and gas reservoirs, deep coal beds, mined caverns/salt domes,
and deep saline aquifers are available options [5], among which
deep saline formations and depleted oil and gas reservoirs have
been the best candidates [6]. Comparatively, depleted hydro-
carbon reservoirs are permanent, safe and economical sites for
the storage due to their proven integrities, relatively sophisti-
cated characteristics and availability of infrastructures [7]. They
had stored hydrocarbons for a long geological period of time and
therefore, may not have any potential leakage paths [8].
However, there have been many studies reporting leakage
from depleted reservoirs where leakages from the surface casing
vent flow, casing and tubing failure, zonal isolation failure, the
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near wellbore rock conditions, poor cement jobs and cement
degradation are generally related to wellbore conditions and the
integrity of the cement sheath [2,9—14]. This leakage may also
take place through the caprock. Thus, hydraulic integrity analysis
of wells in term of injection pressure [5], reservoir characteristics
[7] and wellbore condition should not be ignored before initi-
ating any storage projects. There have not been any studies
considering the impact of the above conditions in a single sce-
nario where a framework can be proposed to select suitable
wells for a safe CO, storage practice.

The aim of this paper is to provide a stepwise methodology
for assessing the suitability of wells in depleted oil and gas res-
ervoirs for a storage task, by taking related and effective pa-
rameters into consideration.

2. CO; leakage and well selection

Depleted oil and gas reservoirs are screened initially for their
suitability [7,15,16] and further evaluated for their key storage
aspects [17—25]. However, integrity analysis to evaluate the
possible leakages through wells and caprocks has gained minor
attentions. There are three main mechanisms causing these
leakages: 1) diffusion through the wetting phase, 2) capillary
movements through the pore structure, and 3) migration
through fracture networks [26]. The possibility of occurring any
of these mechanisms, however, depends on trapping mecha-
nisms, seal and well integrity [12] as well as the hydraulic
integrity of reservoirs [27], which are linked to two different
leakage scenarios: 1) abrupt leakages through injection or
abandoned wells, and 2) gradual leakages through faults or
fractures [1]. By addressing these scenarios, the risk of leakage
can be mitigated during and after injection.

In a structurally trapped medium, interactions of dissolved
CO, with rocks can alter the seal integrity [28]. On these occa-
sions, any increase in the reservoir pressure across the fault and
reduction of the interfacial tension between surface of the fault
and fluids may cause leakages of structurally trapped CO; [4].
Owing to this, evaluation of the seal (faults) breakthrough
(capillary entry) pressure is essential to avoid any leakages
before injection [26,29].

Abrupt leakage is related to time-independent mechanical
factors, taking place during drilling, completion, and/or aban-
donment [2,14]. Wellbore failures, in these cases, may include
surface casing vent flow, casing failure, tubing and packer failure,
as well as zonal isolation loss. The cement placement also plays a
vital role in enhancing the chance of leakage when wells are
drilled and completed for injection purposes [9]. In fact, Portland
cement which is a conventional type of cement used in oil and
gas wells may have leakage pathways due to a poor cement
placement [27] or can be degraded due to exposed to super-
critical (sc) CO, [30]. Several studies have been conducted on the
cement behavior in the presence of CO,. Most of these studies
indicated that the cement cannot withstand the excessive acidic
environment created due to CO, injection [2,11,30—32]. Carey
et al. [33] studied on the core samples taken from the interface of
casing, cement and shale caprock in a well exposed to scCO, for
almost 30 years. They observed a prominent carbonation in the
cement but cement integrity was not completely lost. Watson
and Bachu [13] provided a discussion on the ability of cements
with different additives to withstand scCO; attack. They found
that cement additives, such as bentonite (or other gel additives)
and gypsum, may have a negative impact on the cement dura-
bility. Watson and Bachu [14] endorsed leakages through the
poorly cemented casing/hole annulus and casing failure based on
the analysis of 315,000 oil, gas and injection wells drilled in

Alberta, Canada. They reported few factors as the indication of
potential leakages such as deviation, well type (cased or
uncased), abandonment method, quality of cement, non-
cemented casing/hole annulus, oil price, regulatory changes,
and Surface Casing Vent Flow (SCVF) line through an annulus. No
relationship was, however, observed between the leakage and
age of wells, operational mode, completion interval, and pres-
ence of acid gas (H,S and CO;) in the produced fluids. Duguid
et al. [11] reported a similar effect as previously highlighted by
Watson and Bachu [13]. They assessed a 68 years old well used
for the injection project through logging and laboratory analysis
and found a poor isolation and signs of micro-annulus in the
cement. Hangx et al. [31] stated that chemical induced reactions
affect the brittle strength of cements and might be dependent on
the exposure time. In fact, potential leakages through abandoned
wells are one of the primary risks under these circumstances.

According to recent studies, hydraulic fracturing in horizon-
tal/vertical wells, a good completion condition, wells far away
from faults or fractures, and the near wellbore rock quality are
among the most important parameters which should not be
ignored when wells are selected for an injection practice [7].
These potential leakages can be identified by analyzing relevant
wellbore data such as those obtained from the Radioactive Tracer
Survey (RATS), temperature logging, noise logging [10], as well as
the cement bond and caliper logs [27].

The hydraulic integrity of the medium has also been viewed
from different aspects in recent years [34—38]. For instance, a
high-pressure squeeze or water flooding is the reason of having
fractures near the wellbore prior to CO, flooding, which can be
detected by geomechanical analysis or reviewing the operation
history, cementing and work-over reports [27]. Fracturing during
injection can also occur if the injection pressure exceeds the
fracture initiation pressure of the caprock [27]. Therefore, it is
necessary to assess the fracture initiation pressure of the caprock
by considering geomechanical effects associated with pre-
production, post-production and future CO; injection [39]. This
is mainly because mechanical failure of a caprock and/or reser-
voir in a high injection pressure can cause an excessive fracture
propagation in the reservoir which can move towards the
caprock if it cannot be controlled [5,6]. Therefore, selection of the
injection pressure must be determined prior to implementations
of any sequestration projects in depleted reservoirs. Generally,
the injection pressure is taken lower than the original reservoir
pressure for a safe storage job [29]. Thus, determination of near
wellbore stresses for an accurate estimation of the fracture
pressure is essential during production and injection stages [27].

Watson and Bachu [13] emphasized that hydraulic fractures,
perforations, and acidization increase the risk of wellbore
leakage due to weakening the cement sheath. In fact, multiple
completions or perforated intervals offer a cross flow between
zones within the wellbore [13]. This fracturing can become
crucial in terms of subsurface leakage due to chemical reactions
induced changes in fracture hydrodynamics [40]. It happened as
aresult of time-dependent chemical reactions taken place due to
the development of H,CO3 (carbonic acid), HCO3 (bicarbonate
ions) and CO5~ (carbonate ions) in the formation saline water
[41]. These ions affect the strength of the medium and caprock
[42,43]. To mitigate leakage from the caprock, monitoring tech-
niques including wellbore integrity tests, fluid sampling, CO, gas
tracer, electric spontaneous potential measurement, micro-
seismic and cross-well seismic data acquisition can be taken
into consideration [44].

To date, none of the studies carried out in the past provided
all of essential steps to select a suitable well for a storage task.
Hence, considering the importance of wellbore leakage and
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integrity during the well selection, attempts were made in the
next section to propose a guideline based on the potential in-
dicators of leakage which may help to select wells in preliminary
assessments of depleted oil and gas fields. In this guideline,
different aspects of wellbore leakage as well as some other
important factors such as near-wellbore characteristics (porosity,
permeability, thickness, rock strength) together with the caprock
fracture gradient were taken into consideration. This guideline
would help to select suitable wells with a low risk of leakage and
a high chance of injectivity.

3. A guideline for well selection

A systematic guideline was proposed for well-selections in
depleted reservoirs which can be followed for injection and
monitoring purposes. The steps involved in this methodology are
as follows:

a) Screening the potential wells at the early stages based on the
integrity analysis.

i. Mark wells based on their locations to give them priority.
Locations of wells on the structure and in the storage
medium should be studied by looking into the seismic
interpretation for selecting those which are away from
faults and fractures. These interpretations can mark layers
based on density and frequency of fractures. Cold sedi-
mentary basins with no or a limited number of faults and
fractures are the best places for a long-term CO, storage
exercise [1,7]. This is mainly because a large increase of the
injection pressure during storage may create fractures as
well as fault reactivation [5,45], resulting in potential for
CO; leakage from the storage site [14].

ii. Knowledge of the well status (active, inactive, aban-
doned), its depth, type (cased or uncased), deviation and
completion, as well as the abandonment method is crucial
for selections. For instance, analysis of 315,000 oil, gas and
injection wells have indicated leakages due to poorly
cemented casing/hole annulus and casing failure.
Although, mixing of CO, with gas in depleted reservoirs
changes the phase behavior of CO, and properties of gas
[46—48], depth of selected reservoirs must be greater than
800 m to have supercritical CO; in place, which would
reduce the buoyancy effect and enhance the storage ca-
pacity. This helps to have a better trapping mechanisms,
especially capillary and dissolution trappings which
minimize the pressure on the caprock [1,4,7]. It is gener-
ally good to avoid uncased, high deviated, multiple
completion, shallow depth (i.e., less than 800 m) wells,
and bridge abandon wells [11,14].

iii. Time-independent mechanical factors taking place during
drilling, completion, and/or abandonment which are
related to wellbore failure and hence abrupt leakage
[2,14]. These wellbore integrities related failures should be
avoided by available data. Most importantly, the cement
type [13] and its placement when wells are drilled and
completed for injection purposes [9,27] play important
role to remove the likelihood of leakages. In fact, type of
cement should be designed such that it can resist against
the corrosion in the acidic environment of the storage site
[30]. Thus, integrity of casing, cement and the bond be-
tween them should be evaluated through production logs
(e.g., time-lapse ultrasonic and cement bond logs) and
testing reports.

b) Performing lithofacies and petrophysical data (e.g., logs and
core data) analysis to evaluate characteristics of rocks in the

near wellbore region in terms of heterogeneity level, porosity

and permeability for a favorable injectivity. In the case of

stress sensitive formations, a good approach is to review the
production data for predicting the injectivity potential.

i. Generally, high quality reservoirs are characterized by a
high porosity, good permeability and high quality facies
[49—51]. Particularly, permeability along with the thickness
of the targeted medium are the key parameters for CO»
injectivity [5], which ultimately control the cost and effi-
ciency of the injection operation [52,53]. Generally, a
reservoir thickness of larger than 50 m, a porosity of higher
than 20% and a near wellbore permeability of greater than
100mD are recommended for a suitable storage practice
[715]. Thus, the observations and measurements of
geological and petrophysical parameters should be carried
out by using wireline logs data and laboratory measure-
ments to determine porosity, permeability and water dis-
tribution, together with petrographical descriptions of
sedimentary facies as described by Olierook et al. [54] for
the GSWA Harvey 1 well in the Western Australia consid-
ered for a CO, sequestration job.

c) Assessing the presence of fractures near the wellbore region
prior to CO, flooding during production to address the
strength of rocks.

i. Mechanical failure of a caprock and/or reservoir in a high
injection pressure can cause an excessive fracture propa-
gation in the reservoir which can move towards the caprock
if it is not controlled [5,6]. Therefore, selection of the in-
jection pressure should be determined to keep the injection
pressure lower than the original reservoir pressure for a
safe storage job [29]. Prediction of the fracture pressure in
the production interval using wireline logs is the strategy
which can also be taken on these occasions by following the
steps provided in literature (e.g., Masoudi et al., [39];
Gholami et al., [55—57]. This quantification would help to
set a maximum injection pressure without fracturing the
caprocks and inducing leakages.

In the next section, a case study from a gas field in Malaysia is
brought to show how the proposed methodology can be fol-
lowed to select a suitable well for the injection practice.

4. Case study

In this section, one of the offshore fields located in Malaysia
was introduced and few of its wells were analyzed to indicate
which one of them is the best candidate for the storage practice
following the steps mentioned in the workflow.

4.1. Field description

The field of this study is the largest gas field in Malaysia with
up to 20 wells drilled and mostly depleted. The structure of this
field consists of a gentle anticline, showing a north—south gen-
eral trend. The structural development of the field has already
begun during the Miocene or late Miocene. The subsurface
structure consists mainly of a 300 m thick carbonate sequence
underlying siliciclastic formations and limestone with less than
10% dolomite. The porosity of the reservoir is more than 26% on
average with a favorable average permeability of 1000 mD for a
CO, storage task. The interval from 1200 m to 1600 m has been
recognized as the reservoir section consisting of four main car-
bonate units, exhibiting a variety of qualities. Based on porosity
and flowmeter log responses, the reservoir can be divided into
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saturation in the original aquifer as well as the reservoir pres-
sure. Most of the wells were at a reasonable distance from faults
based on the interpretation of seismic data.

The preferred completion type in the wells is casings perfo-
rated at a single or multistage points. Wellbore conditions prior
to CO,, flooding were investigated by the caliper log, CBL log and
the mud density together with fluid losses. However, CBL were
not available for any of the wells drilled in this field at this stage
except Well B and Well Q. The CBL survey report of Well B
indicated that the amplitude of the signal is relatively high for
the interval above 492 m, highlighting the fact that the cement
placement in that interval is quite poor. However, the weak
amplitude on the VDL suggested a good casing-cement and
cement-formation bonds for the intervals deeper than 492 m.
The CBL survey in Well Q indicated a generally poor cement bond
condition in the intervals deeper than 335 m. Considering the
fact that majority of the wells had caliper logs, their evaluation
confirms failure observed and the mud weight variation during
drilling in different wells. In fact, based on the available infor-
mation from different reports, it was clear that the mud weight
was properly used and no loss was reported in the main interval
of 1201-1600 m.

Having these details in mind, three wells in this field, well A, B
and ], could be considered as part of the analysis due to the
availability of a complete set of logs. The results obtained from
the caliper log, shown in Fig. 2, indicated an intermittent
breakout/washout at 1100 m and 1200 m. A minor breakout/
washout was also observed between 1300 m and 1500 m in well
B and from 1152 m to 1312 m in well J. Portland cement was used
in these wells based on the company regulation but it may not be
able to survive the CO, attack due to the reasons provided earlier.

Finally, considering the availability of petrophysical logs,
lithofacies analysis as well as CBL reports, Well B was the only
well which could be part of the further assessment based on the
methodology presented.

four zones of the transgressive cap, intermediate section, main
upper zone, and the main lower zone, as shown in Fig. 1.

An extensive shale layer is acting as a seal above these car-
bonates. This shale has a marine origin, extending to approxi-
mately 1066 m below the sea floor, underlain by a sand/
sandstone sequence and underlying by carbonates. Therefore, it
seems very unlikely that the injection pressure can cause any
kinds of leakage through the caprock as longs as the pressure
build up can be managed properly.

4.1.1. Well integrity

Wells and reservoirs characteristics are linked to each other
and a careful selection of injection wells is imperative to have a
successful storage practice. However, evaluating different factors
related to injection wells depends, to a great extent, on the
availability of field and well data. Table 1 summarizes the
available data and status of the wells drilled in the field.

This 30 years old gas field consists of up to 20 wells, out of
which only Well A is vertical and the rest are directional. The
majority of wells have been depleted, two were abandoned, and
few were drilled for water disposal purposes. Almost all of the
wells are deeper than 800 m, which is essential to have super-
critical COy in place while injecting [4]. Few wells such as Well D
and Well K followed the sidetracks of Well C and Well J. Well ]
and Well K (s) are observatory wells for periodically monitoring
the movement of the transition zone due to a weak aquifer
support. An annulus pressure of 1200 psi had been observed in
Well C and Well M in the early stage of production. It was stated
that poor cement jobs, shallow gas sources, casing communica-
tion near the surface might be the possible reasons behind this
annulus pressure increase. Well R was a horizontal infill well
located at the total depth of 1110 m. Well S was a shallow well to
dispose water, which had been replaced by a deeper Well T. Well
T was purposely drilled to cover the whole interval of the
reservoir for measuring porosity, residual gas saturation, gas

Fig. 1. (A) A typical porosity and flowmeter log (left) for the reservoir section of the field. (B): the stratigraphy of the reservoir underlying with siliciclastic sequence and a

shaly caprock.
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Table 1

Characteristics of the wells drilled into the carbonate field.

Completed Well ID Well type Status/ Depth (meter) Cement bond log  Lithofacies Caliper log Work over  Mud gradient below  Fluid Losses Availability of all well
Date abandonment  and perforation  information analysis job sand layer, Psi/m logs for petrophysical
method interval and geomechanical
evaluation
1973 Well A Vertical Abandoned/ 1440-1 Not available Available Available No 4.95 Only at 1440 Yes
no info
1977 Well B Directional ~ Abandoned/ 1560—1 Available Available Available Acidizing 6.46 Not major Yes
no info
1983 Well C Directional  Depleted 1083-8 Not available Not available  Available No 4.66 No No
1983 Well D (S)  Sidetrack Depleted 1356—8 Not available Not available  Available No 4.66 No No
1983 Well E Directional  Depleted 1353-7 Not available Not available  Available No 4.66 and 4.95 Only at 1353 m Yes
1983 Well F Directional ~ Depleted 1338-1 Not available Not available  Available No 4.40 and 4.66 No No
1983 Well G Directional  Depleted 1338-1 Not available Not available  Available No 4.75 No No
1983 Well H Directional  Depleted 1367—8 Not available Not available  Available No 5.15 Only from 1190 m No
to 1213 m
1983 Well 1 Directional  Depleted 1359-6 Not available Not available  Available No 4.75 No fluid loss No
1983 Well J Directional  Observation 1653—1 Not available Not available  Available No 4.95 and 6.75 Only from 1152 m to Yes
1312 m (partial losses)
1983 Well K (S)  Sidetrack Observation 1465-1 Not available Not available  Not available No 4.95 and 6.75 No information No
1983 Well L Directional  Depleted 1320-1 Not available Not available  Available No 4.76 No No
1983 Well M Directional  Depleted 13717 Not available Not available  Not available  No 4.76 No No
1983 Well N Directional  Depleted 1347-6 Not available Not available  Available No 4.76 Only from 1060 m No
to 1099 m (partial)
1984 Well O Directional  Depleted 1323—1 Not available Not available  Available No 4.76 No No
1984 Well P Directional  Depleted 13707 Not available Not available  Available No 4.76 No No
2001 Well Q Directional  Depleted 1110-nil Available Not available  Not available  Acidizing - No No
2001 Well R Directional  Depleted 1110-nil Not available Not available  Not available  Acidizing - Yes No
2001 Well S Directional ~Water 597-3 Not available Not available  Available No — yes No
disposal
2013 Well T Directional ~ Water 1798—-1 Not available Not available  Not available No 4.84 Yes and particularly in ~ No
disposal 1225 m—1246 m

formation section
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Fig. 2. Caliper log responses in Well A, B and J.

The caliper log (Cal), gamma ray (GR), density (DEN), neutron
(NEU), sonic (SON), and resistivity logs were acquired and used
for the petrophysical evaluation of Well B in conjunction with the
core based porosity and permeability. The results obtained,
including porosity, permeability and water saturation deter-
mined using conventional approaches [58], revealed that Well B
has crossed the reservoir in a suitable place and injection may
not face any difficulties as long as this well is considered. Fig. 3
shows the estimated parameters obtained from the petrophys-
ical analysis carried out to evaluate the near-wellbore conditions
for a favorable injectivity.

The capillary pressure measurements performed by the
porous plate technique on the core plugs taken from the intervals
of 1409 m—1536 m in Well B suggested a permeability of
0.22—111 mD and porosity of 3%—34.9%. The variation of capillary
curves with permeability also revealed a rapid variation in the
rock fabrics as displayed in Fig. 4. These changes might be related
to fractures, porosity and consolidation of reservoir rocks.
Considering the variation of porosity and permeability obtained
from the core data measurements, it seems that the interval
between 1409 m and 1536 m can be a good choice for a favorable
injection due to the net thickness, porosity and near wellbore
permeability, as recommended by many [7,15]. However, a
detailed lithofacies analysis would be required to evaluate the
heterogeneity of the formations.

A total number of nine lithofacies types were defined during
the field characterization based on petrographic types, gross li-
thology (limestone/dolostone/dolomite), porosity and perme-
ability together with heterogeneity. Two of these lithofacies
obtained from the core samples of Well B are shown in Fig. 5.

Muddy Mouldic Limestone (LMMu) lithofacies is the most
common lithofacies observed in the core plugs of Well B. The
petrographic type is predominantly packstones, with pack-
wackestones and some grainstone and boundstones. This lith-
ofacies has a high degree of leaching, which has resulted in
mouldic pores (dissolved bioclasts). These pores are connected
via matrix Intercrystalline or microporosity. Mouldic Dolomite
(DM) is the second lithofacies with a wide range of porosities and
permeability. This lithofacies has mouldic and intercrystalline
porosity and is characterized by intercrystalline porosity (the
mud matrix is dolomitised) along with the mouldic porosity
created by the dissolution of less stable bioclasts. There is a wide
poro-perm heterogeneity, caused by differences in the propor-
tion of bioclasts of solution-enhancement. The last and perhaps
the most important step of the well selection is determinations
of fracture pressures for seals and caprocks, which is done in the
next section.

4.1.2. Fracture pressure

Fracture initiation during injection may occur if the injection
pressure exceeds the fracture pressure of the caprock. As
mentioned earlier, the entire set of logs including DSI log (i.e.,
containing compressional and shear slowness data), were ac-
quired and available for the purpose of this study. However, core
samples and MDT data were not available for calibration of
geomechanical parameters estimated by the geomechanical
analysis. Fig. 6 shows the logs data used for the purpose of this
study.

Dynamic elastic parameters (Young's modulus (E), and Pois-
son's ratio (v)) of the formations were analytically determined
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Fig. 3. Conventional and estimated wireline logs of Well B used for the well selection.

using the equations provided by Fjer et al., [59]. They were then
converted to static parameters using the correlations developed
by Wang [60]. This is due to the overestimation of dynamic
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Fig. 4. Capillary pressure data obtained from measurements on the core plugs of
Well B.

elastic parameters obtained from the wave velocity data. To es-
timate the uniaxial compressive strength (UCS) and the friction
angle of the rocks, the correlation proposed by Bradford [61] and
Plumb [62] were used, respectively. Fig. 7 shows the estimated
log-based parameters of well B.

Pore pressure was estimated using the Eaton's equation as it
was required to determine the magnitude of effective in-situ
stresses [55,56]. Poro-elastic equations were then used for the
stress estimation by the help of leak-off tests (LOT) data. The
results obtained from the stress analysis highlighted that the
dominant stress regime in this field is reverse faulting as the
order of the magnitude of in-situ stresses was Ggmax > Chmin > Ov-

It is generally known that the pore pressure and other geo-
mechanical parameters must be calibrated using the field and
core data. However, those data were not available. Therefore,
shear failure observed in the caliper log was used for the cali-
bration purpose. As a result, the breakout pressure estimated
using Mohr-Coulomb criteria was used to adjust the geo-
mechanical parameters (elastic and strength parameters
together with the pore pressure) linked to the mud weight
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Fig. 5. Summary of the most common lithofacies observed in the core plus of Well B.
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Fig. 6. Conventional wireline log data of Well B used for the purpose of this study.
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Fig. 8. Calibration of the breakout pressure using the caliper log to determine the fracture gradient in Well B.
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Fig. 9. Variations of the fracture gradient with depth in the chosen field obtained
from the LOT test and geomechanical analysis.

variation. As a rule of thumb, if a failure criterion can accurately
predict the break-out captured by the caliper log, one can safely
say that the magnitude of in-situ stresses and other geo-
mechanical parameters are correct. The principle and equations
developed for wellbore stability analysis using the Mohr-
Coulomb criteria were extensively brought in the literature
[55,56] and interested readers are referred back to those studies.
Fig. 8 shows the stress profiles in the first track, the caliper log
and the bit size in the second track and the breakout pressure,
mud loss and mud weight in the third track. The last track is the
minimum horizontal stress giving the magnitude of the fracture
initiation pressure.

Considering the leak of test data (LOT) covering the caprock
section and the upper part of the reservoir, it was found that the
range of the fracture gradient in the caprock varies from 1.99 psi/
m to 3.27 psi/m at the intervals from 530 m to 1125 m while the

Table 2
Thresholds of the seal and reservoir before CO, flooding.

fluid intake gradient is within the range of 2.85psi/m to 2.90psi/
m for the interval between 1107 m and 1157 m. Fig. 9 shows the
formation intake gradient obtained from the geomechanical
analysis. The average and the range of the fracture gradient in
well B obtained from the geomechanical characterization and
the average/range of fracture gradient of the caprock obtained
from the LOT is given in Table 2.

Having the fracture pressure determined, the pressure can
buildup and a large volume of CO, can be injected in the storage
site as longs as the fracture pressure is not exceeded. In fact,
knowing the fracture gradient of the caprock and the reservoir
would reduce the risk of leakage during the storage operation.
However, it would be essential to asses any changes in the
magnitude and state of stress during injection in order to have a
clear understanding of the possible reduction taking place in the
magnitude of the fracture gradient. Changes in the fracture
pressure due to geochemical reactions between supercritical CO,
and caprocks must not also be ignored. This would help to have a
safe and secure storage practice.

Having the threshold of the fracture pressure obtained from
the geomechanical analysis of wireline logs data and considering
favorable rock properties near the wellbore region as well as the
lithofacies types, it seems that well B can be considered as a good
conduit for the injection job. Therefore, this well was recom-
mended for being part of future studies to explore key storage
aspects of the field.

5. Conclusions

A long-term and safe CO, storage practice depends on the cap
rock and well integrity as well as hydraulic integrity, and trap-
ping mechanisms. In this paper, attempts were made to present a
step by step guideline for well selections in depleted oil and gas
reservoirs, chosen for a sequestration practice. A gas field in
Malaysia was brought as a case study to show how the proposed
methodology can be implemented and used to determine a

Sr. no. Section Stress regime Depth range, (m) Fracture gradient range, (psi/m) Average fracture gradient
range, (psi/m)

1 Caprock - 564—1067 1.99—3.27 (LOT Tests) 2.56

2 Reservoir (Well-B) Reverse 1280—-1555 2.00—2.70 (Log Data Analysis) 240
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suitable well for injection in the field. According to the proposed
methodology, prior to flooding, evaluation of well integrity,
wellbore conditions and hydraulic integrity for the fracture
pressure estimation is essential. Although the approach pre-
sented covers different aspects of the well selection, more
studies should be done to indicate any other parameters which
could be included in such selections.
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