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Executive summary

Wells provide the basis for most data acquisition efforts and monitoring activities in characterising,
developing and operating geologic storage sites for carbon dioxide. They provide access to in-situ rock
and fluid samples and enable testing the reservoir or the overburden under conditions as close as
possible to production operations at the exploration stage but also injection or performance
monitoring during the injection phase.
This research project investigates well-based technology and data acquisition for geologic carbon
storage (GCS) site characterization and monitoring. It involves a desktop design study that:





reviews existing well-based data acquisition, monitoring technologies and applications;
reviews selected case studies of well design, tests and well-based monitoring activities at CO2
storage sites;
considers how these technologies can support targeted monitoring activities, and
provides scenarios of well designs and data acquisition that may be pertinent to GCS projects
in general and with direct application to the South West Hub GCS project.

Wells are complex, engineered constructions and are usually the most expensive part of the
exploration and characterisation program as well as a significant cost of the site development Their
design will impart constraints in terms of size, geometry and material, which therefore impacts (i) data
acquisition activities and the types of measurements that can be performed and (ii) instrumentation
that may be installed. Depending on the data acquisition program objective (appraisal or monitoring),
the well-based data acquisition program can result in a complex well design and a significant level of
risk for the (i) drilling, (ii) completion and (iii) data acquisition programs.
Maximising the well asset requires considering at the start of the exploration phase, what could be
achieved and expected from the well over the sequestration project lifetime. Thus, desired outcomes
and appropriate options for optimal use of a well need to be made clear prior to any final decisions
on well design.
The review includes: well drilling, well completion, well-based data acquisition for site
characterization, instrumentation and sensors, monitoring methodology and finally a selection of GCS
monitoring case studies. To investigate the link between drilling, completion and well-based data
acquisition programs, each of these elements are reviewed in the context of the over-arching
monitoring objectives, to best inform the well-based data acquisition monitoring program:
1. Conformance monitoring – for ensuring that the CO2 plume is behaving as predicted in the
storage interval.
2. Containment monitoring – for ensuring that the injected CO2 is not leaving the storage
complex.
Well-based data acquisition in the first CO2 storage project at Sleipner had only the injection well with
limited well-based monitoring and verification. Early CO2 pilot projects (Frio, Otway) used a simple
injector – observation well configuration, both completed in the injection interval and mainly to
investigate the nature and timing of plume migration. Other research projects (i.e. Nagaoka, Ketzin)
deployed multiple monitoring wells completed in the injection interval to better visualise and
constrain the extent of CO2 migration. Subsequent projects (i.e. Cranfield, new well at Ketzin) also
monitored the interval above the injection horizon outside the storage complex.
10

There is no ‘one size-fits-all’ monitoring well but rather an ensemble of solutions best suited to well
and monitoring objectives, site characteristics and cost. The increase in monitoring complexity is
captured in five well-based generic monitoring scenarios which can be used alone or in combination
for a site-specific operation: 1) Monitoring the CO2 injection well, 2) Combined monitoring and water
production well in the storage unit, 3) Monitoring well in the storage unit, 4) Pre-existing well
conversion in the storage unit, and 5) Monitoring well terminating above the storage complex.
The suggested scenarios are generic and not site-specific. They require adaptation to the appropriate
risk and uncertainties of each project. The relative location of each well needs careful consideration
for useful data collection.
The SouthWest Hub storage project is located in a ‘green field’ area with very limited well coverage.
Hence, the uncertainty regarding the three key aspects of storage suitability (capacity, injectivity and
containment) is relatively large. In this case, a more comprehensive monitoring scheme than, for
example, a storage project in a mature petroleum region, is advisable to address these uncertainties.
As new wells are already needed in the site characterisation stage of the project, it would be desirable
for economic and technical reasons that at least some of these wells have the option to be converted
into monitoring wells for the actual storage operation. The following aspects need to be considered
for monitoring of the SWHub project:






Containment: The nature of the seal at the SWHub is not well defined. Although modelling
studies suggest that the thickness and relatively low permeability of the upper Lesueur
Formation provide sufficient sealing capacity, comprehensive monitoring of the zone above
the storage reservoir is important to identify potential vertical migration and confirm that
there is no negative impact on the shallow subsurface environment.
 Several above-zone monitoring wells are recommended, preferably at locations with
high leakage potential (i.e. in the close vicinity of the injection well where pressures
and CO2 concentrations are high or in fault zones)
Capacity: The degree of compartmentalisation of the reservoir intervals in the lower Lesueur
Formation is uncertain and there is a risk of overpressuring when injecting several million
tonnes of CO2 per year.
 There is the need for at least one well completed in the injection interval for
monitoring the extent of reservoir pressure and, if necessary, to act as a pressure
management well.
Injectivity: With limited data available, the permeability distribution in the Lesueur Formation
is ill-constrained. Therefore, the number of required injection wells and the degree of pressure
build-up are uncertain.
 There is a need for redundancy of injection completion in the injection target. Multipurpose well installations that enable easy conversion from monitoring to injection or
water production would be advantageous.

Based on the considerations above a generic multi-well, multi-use and multi-completion monitoring
scheme is proposed (Figure 1. ). This scenario combines the benefit of five different types of
monitoring wells. The first is associated with injector wells. The second (M1) is a primary reservoir
monitoring well with completion above the reservoir zone for above -zone monitoring, the third well
(M2) is dedicated to above-zone monitoring only, the fourth well is associated with fault surveillance
in the reservoir and the last well is associated with fault leakage surveillance in the above-zone. The
schematic displays (Figure 1. ) how the different wells address the objectives. The intent of Figure 1.
is to schematically present the potential monitoring options in the context of the SWHub geological
framework. A detailed monitoring scheme can only be designed after the actual well locations and
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injection parameters have been decided on. The proposed monitoring scheme remains very generic
because a location for a pilot injection well had not been selected by the time of writing this report
(November 2015).

Figure 1. Schematic monitoring scheme for the SouthWest Hub project that shows different types of
monitoring wells that may be required to address monitoring requirements specific to the SWHub case.
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1 Introduction

Wells provide the basis for most data acquisition efforts and monitoring activities in characterising,
developing and operating geologic storage sites for carbon dioxide. Brownfield regions have preexisting wells that can provide much of the required background geological information and even wells
that may be re-entered or modified for different use as injection or monitoring wells. Greenfield sites
have few or no wells, so wells eventually must be drilled to collect subsurface information for
characterising the site. In either situation, however, for a commercial project it is certain that
dedicated wells for the CO2 storage site will need to be drilled. Monitoring wells in particular will need
to be designed and instrumented to address any site-specific aspects encountered by a given project.
The characterisation, evaluation and monitoring of subsurface carbon storage sites is based on data
acquisition, analyses and interpretation techniques largely adopted from the oil and gas industry.
Among the unique aspects of exploration for subsurface resources (e.g. hydrocarbons or storage
space) is the high degree of technical uncertainty that exists throughout the project lifecycle. This
uncertainty is a function of attempting to decipher a deep geological setting having only limited direct
(e.g. wells) and indirect (e.g. geophysical) sources of information.
There are three overarching questions that are generally considered essential to address and establish
the technical feasibility of a CO2 storage project:




Does the storage unit have the capacity to store the volume of CO2 required?
Can the storage unit accept injection of CO2 at the rate supplied by the capture source(s)?
Will the storage unit be able to retain (contain) all injected and displaced fluids?

Research and data acquisition efforts associated with subsurface characterisation for carbon storage
are typically directed toward reducing uncertainty associated with these general constraints. During
the operating phase, data acquisition aims to provide information with respect to leakage detection
and conformance monitoring as part of a risk mitigation strategy. Data about the subsurface are
mostly acquired from remote sensing methods such as seismic and gravity and by drilling wells. Wells
and well-based data acquisition processes are usually the most expensive part of the exploration and
characterisation program and, therefore, well design, placement and the data acquisition plans are
critical to maximise the information about the storage reservoir and containment characteristics. Well
designs must consider down-hole tests, data acquisition process and accommodate options for
monitoring or other future use, and as such can be very complex. The more sophisticated or complex
a well design, the greater the expense and associated risk of not reaching technical success in
achieving the desired outcomes for the well. Wells are also intended for long-term use throughout
the project as injection wells, monitoring (observation or surveillance) wells, or perhaps both. Thus,
desired outcomes and appropriate options for optimal use of a well need to be made clear prior to
final decisions on well design.
The South West Hub (SW Hub) is a geosequestration project examining CO2 storage potential within
the saline aquifer of the Lesueur Sandstone at 2,000 to 3,000 m depth, 100 km south of the City of
Perth, Western Australia. A key component of this investigative work involves drilling wells for data
acquisition and for potential use in monitoring CO2 distribution in the subsurface. As well-based
monitoring technologies for storage sites have evolved relatively recently ANLEC R&D has supported
this desktop project to examine available well-based monitoring methods in general and to consider
their suitability in the context of the SW Hub. This work will provide a framework for the future design
and location of wells that may be drilled as part of the development of this potential commercial-scale
storage project.
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The current desktop project was conceived after the drilling of Harvey 1 (H1) for the SW Hub and
commenced before the 2014 acquisition of a large 3D seismic survey in the prospective SW Hub region
and subsequent revision of drilling plans by the DMP to include three shallow (less than 1,500 m) wells.
As the original intent of the SW Hub drilling campaign was to drill deep wells (ca 2,500 to 3,000 m)
into the Lesueur Formation, a variation was made to this project to provide input into the data
acquisition and research requirements for the SW Hub shallow drilling program for wells H2, H3 and
H4. A standalone report (Hortle et al., 2014) resulting from the variation presents a discussion
including: relative well placement scenarios considering geological uncertainty, recommendations for
data acquisition including coring, core analyses, logging, well testing options to evaluate sealing
potential through vertical communication, numerical simulations considering different geological
scenarios to constrain well test parameters and for providing indicative well spacing, and drilling rig
requirements. A number of recommendations were made by Hortle et al. (2014) and many were
incorporated in the subsequent drilling campaign; however due to land use, cost and drilling issues,
not all recommendations could be met, most prominently being that a vertical interference test could
not performed and that the Wonnerup Member (lower member, and probable injection unit, within
the Lesueur Formation) was minimally penetrated.
It is expected that another deep well, H5, will be drilled in 2016 to characterise most of the reservoir
interval of the Lesueur Formation and which will be used for production testing and possible test
injection of CO2. The design and completion of H5 must take into account these potential testing
activities and also consider future use options for monitoring or injection. The final component to the
desktop well design project addresses aspects for consideration around the completion of H5 and its
possible future use as either an injection or monitoring well.

This project reviews general aspects of monitoring well design including the impact of rig selection on
size and depth of well, and options around instrumentation for data acquisition and monitoring of CO2
storage sites. The role wells may have in supporting surface-based data acquisition efforts is also
explored. Selected case-studies are presented to highlight aspects of relative well placement, their
design and how they may be deployed for monitoring.
This report comprises the final component to the desktop project and includes:




a review of existing well-based data acquisition, monitoring technologies and applications
selected case studies of well design, tests and well-based monitoring activities at CO2
storage sites
scenarios of well designs and tests that may be pertinent to the SW Hub and other CCS
projects

In addition to the above reports, as part of this project numerous discussions and meetings have taken
place with parties involved in well design and deployment of monitoring equipment. Two review
meetings were held with assistance from the WA DMP and ANLEC R&D and included external experts
to help design options and requirements for the wells around the likely geological scenarios associated
with the SW Hub.
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2 Wells

2.1 Well Types and Usage
Wells are complex, engineered constructions that can have multiple purposes, including for data
acquisition, fluid injection, fluid production, or monitoring for performance or assurance. Their design
will impart constraints in terms of size, geometry and material, which therefore impacts data
acquisition activities and the types of measurements that can be performed and instrumentation that
may be installed.
Different types of wells in the field of CO2 geological storage are:





Exploration wells (for site characterization)
CO2 injection well
Water production well (for pressure management)
Monitoring well

Wells are critically important to most types of subsurface evaluation for storage as they provide access
to in-situ rock and fluid samples and enable testing of the reservoir or the overburden under
conditions as close as possible to production operations at downhole conditions. Key aspects that can
be addressed by well-based data acquisition are: geology and diagenesis, rock properties, rock-fluid
parameters, local hydrogeology (pressure, temperature, fluid composition, compartmentalization),
fault hydraulic behaviour and in-situ geomechanics. These data provide key understanding around
many aspects of containment, capacity and injectivity. In addition, well-based data complement
remote sensing data and help to establish calibration points and to reduce the parameter space during
the inversion of remote sensing data. Whereas wells provide a very high resolution depiction of the
vertical subsurface environment, their lateral resolution is much more limited.

2.2 Well Design
Depending on the data acquisition program objective (appraisal or monitoring), the well-based data
acquisition program can result in a complex well design and a significant level of risk for the data
acquisition program. Wells are also expensive and usually limited in number during the early appraisal
stage when the storage complex is being worked up. Appropriate objectives and options for wellbased data acquisition and monitoring design need to be carefully considered prior to any final
decisions on well design.
Due to high costs associated with drilling and completion, wells are often planned for multiple usage
simultaneously or sequentially during the lifetime of a storage project. The well usage may also evolve
over time according to the outcomes of field and reservoir performance.
The parameters associated with well characteristics may be categorized based on:
1. Physical configuration of the well or well geometry: borehole size (diameter), length of the
well and well inclination; and
2. Operational requirements: drilling fluids and cementing.
In general, borehole size needs to be determined based on what is expected to be run into the hole
and any constraints associated with physical dimensions. Apart from the size (bore diameter) and
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length of the borehole, the well must be constructed with appropriate casings and liners and
cemented in place to ensure full integrity during drilling, monitoring, production, injection and any
other operation. The casing must have sufficient strength and capacity to withstand the collapse
pressure (external pressure exerted by the surrounding strata), burst pressure (internal yield pressure
from internal fluid pressure) and any other forces imposed during drilling, installation and cementing
operations. Casings and liners also must have sufficient material integrity to resist corrosion by the
formation and fluid environments. Prior to designing casing strings, the pressure requirements must
be studied to prepare a mud-density schedule based on pore pressure and fracture pressure
requirements. The casing additionally must be set at a depth that ensures pressure containment and
protection of any freshwater resource. Hence, wells should be self-contained, providing a leak-proof
conduit from total depth to ground surface.

2.2.1 DRILLING RIGS
The choice of drilling rig may also present significant constraints on the well characteristics and usage
(Table 1). While “oil rigs”, those typically used by the hydrocarbon industry, provide the greatest range
of depth and diameter options, they are also usually the more expensive option. Mineral rigs used
primarily for mineral exploration have a more limited depth (Figure 2) and diameter range (Table 2),
but may be more cost effective depending on the objective of the well. The main technical difference
is that oil well drilling uses hydraulic rotary drilling and mineral rigs often use a pneumatic
reciprocating piston-driven “hammer” to drive the bit into the rock. At the SWHub site, H1 was drilled
with a typical oil field rotary rig and H2 and H3 were drilled with a mineral rig. H4 was drilled with a
mud rotary rig generally used for water wells and which provides a greater depth range and diameter
than mineral rigs in general. It is expected that H5 will be drilled with an oil rig.
Table 1: Drilling characteristics for different depth ranges.

Characteristic

Comment



< 10m

Drill rig, pressure, materials cost – auger type drill rigs, pickup mounted
rigs, pile the casing



10-50m

Mud rotary drilling rigs, Reverse Circulation (RC) drilling, Rotary Air
Blast (RAB) , minerals coring rig (small diameter holes)



50-200m

Mud rotary drilling rigs, Reverse Circulation (RC) drilling up to 500 ft
depth depending on ground conditions, types of formation and
expected hole size. RC drilling is not cost effective for drilling smaller
hole. It works better for unconsolidated formation.



200-500m

Mud rotary drilling rigs, RC drilling depending on ground conditions,
types of formation and expected hole size. RC drilling is not cost
effective for drilling smaller hole. It works better for unconsolidated
formation.



500-1500m

Mud rotary drilling rigs, mineral rigs.



>1500m

Mud rotary most commonly used (selected mineral rigs may drill to
these depths).
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Figure 2. Example of depth limitations associated to drill bits (only valid for the drill bits specified),
reproduced from the Boart Longyear website (http://www.boartlongyear.com/drilling-equipment/surfacecoring/).
Table 2. Common hard-rock drill bit sizes

Size
AQ
BQ
NQ
HQ
PQ

Hole (outside) Diameter (mm)
48
60
75.7
96
122.6

Core (inside) diameter, mm
27
36.5
47.6
63.5
85

2.2.2 WELL DEPTH
In most circumstances the objective of drilling is to drill to and intersect the zone of interest and
subsequently complete a suitable well (e.g. mineral deposit, hydrocarbon reservoir, groundwater,
geothermal source). However for geophysical monitoring the objective may be to set up installations
to remotely monitor a target zone without intersecting it. In-hole geophysical and fluid monitoring
may be completed via a single deep instrumented well, a smaller number of intermediate depth wells
or a large number of shallow wells.
Data analysis of drilling and completion of hydrocarbon wells in Australia is provided by Leaman (2006)
for the period 1999 to 2004. His data highlights the typical substantial increase in cost and risk of
drilling and completion with increasing depth.
Table 3 is indicative of the type of drilling and costs that may be suitable for different depth levels.
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Table 3. Total drilling costs for offshore (less than 200m water depth) vertical exploration wells by region,
1998-2003 (reproduced from Leaman, 2006).
Total depth (m)

Carnarvon Basin

Timor Sea

Victorian Basins

500

A$ 786,000

A$ 1,624,000

A$ 2,087,000

1,000

A$ 905,000

A$ 2,397,000

A$ 2,924,000

2,000

A$ 1,042,000

A$ 3,539,000

A$ 4,098,000

2,500

A$ 1,200,000

A$ 5,224,000

A$ 5,744,000

3,000

A$ 1,382,000

A$ 7,710,000

A$ 8,049,000

3,500

A$ 3,902,000

A$ 11,381,000

A$ 11,281,000

A$ 7,533,000

A$ 16,800,000

A$ 15,809,000

49

20

8

Number
of
considered

wells

2.2.3 WELL DIAMETER
The well diameter is broadly dictated by the objectives of the well and by geomechanical properties
(e.g. formation pore pressure and fracture pressure requirements) of the formations expected to be
encountered during drilling. The casing diameter needs to be suitable for the respective sizes and
shapes of the monitoring equipment. However for the same drill bit, the actual diameter may vary
considerably according to the rock strength and a caliper log is run on completion of drilling to
determine variations in drill-hole diameter. The modern caliper log can provide the 3D geometry of
the drill hole. The drill-hole shape may be asymmetrical as a result of stress conditions in the
formation.
The internal diameter of the casing is of importance as logging or measurement inside the casing must
be done with a tool that is able to enter and leave the well without becoming stuck. The internal
diameter (ID) of the casing may change with depth and consideration should be given to possible
imperfections or burs that may exist or are created by repeatedly re-entering the hole with wireline
tools. Also change of ID may occur with time (e.g. bacterial build up) and may reduce the expected ID.
This is why two different types of ID are considered: physical ID and drift ID. Drift ID is the characteristic
ID less than physical ID used to ensure that certain wireline tools or devices will pass through without
any obstruction. A drifting test must be performed prior to any operation. With such consideration,
appropriate casing ID should be selected based on thorough study of various factors associated with
change in conditions over long periods of time.
In case of any future plan to re-enter the well, the type of completion and its size (e.g. open hole,
casing/liner) should be taken into consideration. For instance, if a bottom section is comprised of 7
inch cemented liner or casing, the possible diameter of the re-entry well from 7 inch casing or liner
would not be more than 5.5 inch. In such cases, completion of this re-entry well would become a
bottleneck for the deployment of tools. It may not be possible to run monitoring tools with standard
wire-line, requiring the use of expensive wire-line conveyance systems or drill-pipe or coiled-tubing
conveyance system.
American Petroleum Institute (API) casing specifications are widely used in petroleum well design. Oil
Wells and/or Gas Wells are generally termed as ‘Petroleum Well’. Standard API casings are available
18

with varying IDs to accommodate the standard oil field tools. The guidelines for drift requirements
and other allowances are provided in API specification 5CT (API Specification 5CT, 2005).

2.2.4 SLIMHOLE CONSIDERATIONS
There are wide variations within the definition of the term, “slim hole”. It is predominantly driven by
economics (cost savings). In general wells with smaller diameter (e.g. 2.5 – 4.5 inch) may be considered
as slim-hole. While casing sizes which conform to API 5CT of 5-1/2” and 7” are routinely found in oil
and gas boreholes, the smaller casing of 4 ½” is less commonly used. The well completed with
completion string ID of the same size from top to bottom is termed a monobore. The size of the tubing
used in a monobore well would widely vary. The Naylor-1 well monobore (CO2CRC Otway pilot
project) was completed with 3 ½” casing for gas production. However, the monobore construction,
which does not afford room for a production packer and tubing string is not permitted by many
jurisdictions, which require the additional protection of the extra tubing string with a zone-isolating
packer.
Tubing strings are often selected so that they are large enough to produce fluids without significant
flow restriction, and allow access to common well-intervention and logging tools. A monitoring tool
size often used by many service companies for wireline deployment through tubing is 1-11/16”. Tools
such as pulsed-neutron/ induced gamma-ray, production logging tools, and many others can be found
with the 1-11/16” outside diameter. Tubing of 2-3/8” with an ID of ~2” or 2-7/8” with an ID of 27/16” are commonly found for low-production wells, with increasing tubing ID for wells requiring
increased flow rates.
Mineral exploration sized drilling, which implies an entirely different casing schedule are considered
slim when applied to deep well environments. Figure 2 shows some of the most commonly used
mineral exploration drill bit sizes. Standard HQ and NQ diamond drill bits, used in the minerals
industry will cut a hole of 96 mm and 76 mm respectively in ideal conditions. Casing must be chosen
such that:
(i)

its diameter is less than the hole cut

(ii)

there is sufficient annulus for grouting should it be required and,

(iii)

there is sufficient annulus for installation of instrumentation behind casing where
required

Mineral exploration hole sizes as small as AQ or 48 mm are considered standard. To instrument slimholes, off-the-shelf oil field tools and methods are not practical, and well completions are fabricated
on a one-off basis. There are often considerable depth limitations in the use of mineral exploration
equipment, as the rigs are usually designed to be quick to set-up and highly mobile. Figure 2 shows
the depth capacity of mining exploration drilling rigs of the global drilling company Boart Longyear.

2.2.5 WELL ANNULUS
The well annulus is the space between outer casing (OD) and the drill-hole wall. It is good practice to
run casing into the hole with centralizers to force the casing to be concentric within the well. It should
be noted that a short length of tubular or pipe, termed as casing-coupling is generally used to connect
two joints of casing. Petroleum well casing-couplings have internal threads machined to match the
external threads of the long joints of casing as shown in Figure 3. Some considerations should be given
near the casing-couplings since differences between OD of coupling higher than the OD of the normal
casing varies from 0.5 inch to 1 inch depending on the size of casing. Such differences can change the
annulus down the hole at every joint. The size of annulus may vary depending on the quality of
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borehole drilled (e.g. over-gauge, under-gauge, breakout, washouts), casing joints and the size of the
casing. The changes of the annulus and the fluids it is filled with may influence the various log readings.

Figure 3. Schematic of casing coupling.

2.2.6 DRILLING FLUIDS
Drilling fluids are necessary for wellbore stabilisation, transport of drilled-out material to the surface,
blow-out prevention and cooling of the drill bit. The choice of drilling fluid for a particular well depends
on several factors, such as the characteristics and composition of formations to be penetrated,
formation temperatures and pressures, anticipated drilling problems, and the source and quality of
the fluid and materials used to build the drilling fluid. Bentonite is required mainly to maintain certain
rheological properties necessary to form cement slurry with required mobility that ensures a
suspension of solids in a continuous liquid medium, so that the slurry remains pumpable at all times
during operation.
If a large volume of drilling-fluid filtrate or solid constituents invade a formation, it may damage the
formation of interest. A typical example is heavy or weighted muds which leave very saline water near
the well. There are several factors that should be taken into consideration when selecting a drilling
fluid:





fluid compatibility with the producing reservoir;
presence of hydratable or swelling formation clays;
fractured formations, and
the possible reduction of permeability by invasion of fluid filtrate and/or its solid constituents
(usually measured as concentration in ppm, which should be as low as possible to minimize
the near wellbore formation damage (especially permeable zone) from solid invasion.)

2.2.7 WELL ORIENTATION AND GEOMETRY
Well orientation with reference to the target zone will impact the effectiveness of a geophysical
monitoring network.



Vertical Wells: Standard wire line tools can be run or operated by any logging device.
Horizontal and deviated (angled) wells: Expensive wire-line conveyance systems or drill-pipe,
coiled-tubing conveyance system are required for delivering and retrieving geophysical
equipment.
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2.3 Well Completion

Figure 4. Schematic components of a well for CO2 service.

2.3.1 WELLHEADS
Wellheads are the primary means of pressure safety for a CO2 storage monitoring well. In the United
States wellhead and Christmas tree equipment is expected to conform to specifications detailed in
ANSI/API 6A “Specification for Wellhead and Christmas Tree Equipment,” which has been
incorporated by reference into the Australian federal regulatory code. Wellhead valves control the
flow in and out of the well, with valves directing flow to the subsurface tubing and casing strings. In a
CO2 gas-charged reservoir at 3 km depth, there could be over 100 bar pressure on a static wellhead,
due to the difference in pressure of the CO2 column and the hydrostatic formation water pressure.
Injecting CO2 in low permeability media could push that pressure well over 200 bars. Given that a CO2
injection wellhead could be exposed to both saline brines and CO2, the wellhead material needs to be
suitable for exposure to carbonic acid and other potential co-contaminants.
The most significant difference between standard wellheads and wellheads configured for monitoring
is the ability to provide pressure tight seals for control lines penetrating the wellhead. In the case of
behind casing instruments, these lines exit typically between the surface conductor casing or
intermediate casing and the primary casing string (Figure 5 and Figure 6). For control lines deployed
on tubing inside the casing, the lines exit through the tubing hanger and out through the valve spool
adapter.
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Figure 5. Completing the Ktzi203 well, which utilized a small diameter 3-1/2” “casing” cemented in place as
conveyance for permanent instruments. Here we see after the removal of the BOP during the completion
process with the lines positioned between the 7” intermediate casing conductor and the small diameter
casing.
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Figure 6. Picture of the Ktzi203 wellhead being installed with lines exiting special control line ports.

2.3.2 DOWNHOLE COMPLETIONS TOOLS
In typical petroleum injection wells, the completion string includes tubing and a wide range of
downhole completion equipment and hardware. The types and number of downhole equipment and
hardware depends on functional requirements. Tubing is typically run inside a string of casing or liner,
but tubing can also be cemented in the case of slim-hole wells as the casing and production tubing. In
slim-hole wells, service tools and completion equipment will be constrained due to size limitations.
One or more strings of tubing may be used in a completion depending on the number of reservoirs to
be injected into or produced from, whether the reservoirs will be commingled or injected/produced
separately, and/or whether the reservoirs will be injected into or produced from concurrently or
sequentially.
To specify tubing for a well completion, it is necessary to determine the grade and weight required,
and the type of threaded connection. Additionally, the type of seal, sealing materials used and
potential impact of CO2 exposure also needs to be considered for CO2 wells. The American Petroleum
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Institute (API) has developed tubing specifications that meet the major needs of the oil industry (API
Spec. 5CT, 1990).
The bulk of the completion string comprises threaded joints of tubing which are coupled together. The
integrity of the tubing is vital to the safe operation of a production or injection well. The specification
of a production tubing string must be carried out based on the mechanical and hydraulic operating
conditions envisaged, and the proposed operating environment. The tubing must be specified to
provide the following capability:









The inside diameter of the tubing must be sized such that the produced fluid velocity is
minimised and optimal for the conditions in order to minimise the total pressure loss as
defined by the tubing performance relationship.
The tensile strength of the string of made up tubing must be high enough to allow suspension
of all the joints to the production zone without tensile fracturing occurring.
The completion string must be able to withstand high internal pressures as a result of fluid
flow on entry into the tubing.
The completion string must be able to withstand high external pressures.
The tubing must be resistant to chemical corrosion which may arise because of fluid contact
in the wellbore, and might ultimately lead to string failure by one of the loads and stresses
mentioned above.
The threaded connection selected must withstand the conditions without springing any leaks.

The commonly used tubing in typical petroleum fields are summarized in Table 4. The drift diameter
represents that diameter that allows passing any wireline tools through tubing without any hindrance.
Table 4. Common tubing characteristics.

Nominal Size
(inches)

Weight
(ppf)

ID
(inches)

Drilling Drift
(inches)

Wireline Drift
(inches)

2-3/8

4.70

1.995

1.901

1.875

2-7/8

6.50

2.441

2.347

2.313

3-1/2

9.30

2.992

2.867

2.750

4-1/2

12.75

3.958

3.883

3.813

5-1/2

15.50

4.919

4.825

4.750

The data associated with API standard tubing, casing, coil tubing, thread, and coupling including their properties can be found
in the i-handbook provided by Schlumberger (http://www.slb.com/resources/software/ihandbook.aspx).

Most of the cased hole logging tools completion equipment and downhole completion hardware
available comply with API specification, and can be run either into the casing or tubing. For instance,
Pulsed Neutron Capture (PNC) logs which are usually used to detect gas-oil and water-oil contacts, are
run with a slim tool with a diameter range of 1 to 1-1/16” or smaller so they can be run through small
ID tubing (e.g. 2-3/8 inch). This log can be run through tubing while the well keeps on producing to
measure water saturation, porosity and detect fluid movement.
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2.3.3 WELL CASING
As described earlier, the primary objective of the casing is to provide full integrity of the well. Steel
casing is mainly used in petroleum wells. However, fibreglass reinforced epoxy pipe or casing has been
increasingly installed in petroleum wells recently. It is available in size ranging from 4.5 inch to 10-3/4
inch and can be used for high pressure, corrosion-resistant service for applications from borehole
casing and cementing services. Non-API standard and chromium based casings are used to serve
special requirements (e.g. highly corrosive environments).
The standard provided by the American Petroleum Institute (API) is widely followed worldwide for
petroleum wells. API casing is made of mild steel (0.3 carbon), normalized with small amounts of
manganese. API casing grades are designated by a letter and followed by a number, which designates
the minimum yield strength of the steel in ksi (103 psi).
Care must be taken to address the corrosion issues, especially in a watery environment (Bourgoyne et
al., 1991). Since the existence of O2, H2S, and CO2 (alone or in combination) is the prime contributing
factor, forecasting their presence and concentration will essentially lead to the appropriate selection
of casing grade and wall thickness. Casing can also be subjected to corrosive attack by native formation
water.

Steel
API standard pipe J55, K55, and N80 are general purpose tubing suitable for low pressure and low
temperature (LPLT) and, no H2S environment. L80, C90, C95 have restricted yield strength and are
suitable for high H2S. P110 tubing is high strength tubing but not suitable for H2S.
Non-API standard may be considered for special requirements, for instance, for high strength or
resistance to hydrogen sulphide cracking.

Chrome steel
Non-API Chrome steel casing/liners are recommended for high H2S and CO2 environments. The tube
grades with controlled hardness are generally specified when the partial pressures of H2S or CO2
exceed NACE (National Association of Corrosion Engineers) and MR0175 (Petroleum and natural gas
industries—Materials for use in H2S-containing environments in oil and gas production)
recommendations.

Glass Fibre (GFRP)
Glass-fibre reinforced casing is available with sizes ranging from 4.5 inch to 10.75 inch, with high
pressure rating. This may work better in a highly corrosive or, electrically non-conductive, radio
transparent, light weight, non-bacteria nutrient environment.

PVC
This may be an option in very limiting case (pressure and borehole construction). However, All PVC
pipe
is
not
suitable
for
borehole
construction
(Ref:
http://www.nre.vic.gov.au/dpi/vro/vroimages.nsf/Images/Chap9/$File/Chap9.pdf).

Couplings
Casing designs have to ensure that the correct casing connections are utilised based on the anticipated
well condition to ensure that the overall well integrity will not be affected by coupling integrity. The
coupling should be selected according to design loading requirements such as burst, collapse, joint
strength, corrosion resistance as well as leak resistance. For instance, premium couplings are
recommended for corrosion, leak resistance, or high pressure requirements.
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2.3.4 WELL CEMENT
The principal objectives of cementing are to seal the annulus between casing/liner and formation, to
support the casing strings and to keep them in place. The slurry selections and placement techniques
vary widely, depending on the type of formation, well temperature, hole and casing size, hole
enlargement, formation pressure, as well as depths and loads of the casing string. It is essential to
determine all of these conditions and requirements, select appropriate cement slurries and prescribe
placement and evaluation techniques that ensure effective results.
A source of slurry choices can be found in cementing company handbooks. However, API specified
cement classes are predominantly used in petroleum wells according to API Specification 10A (API
Spec. 10A, 2002).
API specifies eight classes (A to H) of well cements, including their chemical and physical requirements
and procedures for physical testing (Smith, 2003).
The principal components of common Portland cement are 50% tricalcium silicate. 25% dicalcium
silicate, 10% tricalcium aluminate, 10% tetracalcium aluminoferrite and 5% other oxides. The relative
amounts of these compounds may be varied depending on the intended application of the cement.
However consideration should be given to the overall strength of Portland cement that satisfies the
requirements.

Centralizers
Centralizers must be used for uniform placement of cement sheath around the casing string to ensure
the effectiveness of the seal between the wellbore and casing wall. Injection of cement behind
decentred casing can pose high risks associated with channelling of drilling fluid or leaving
contaminated cement behind the casing which can potentially develop imperfect seals.

Cement Integrity
Use of pressure tests and the Cement Bond Log/Variable Density Log (CBL-VDL) is considered to be
standard practice for the evaluation of cement integrity. The CBL-VDL determines cement top and
assesses the quality of cement and cement formation bonds. However, CBL-VDL cannot provide total
accuracy on the assessment of cement bonds quality due to the tool’s limitation. The tool is a sonic
sonde which sends an acoustic pulse that travels along the casing before being monitored by a
receiver further along the sonde. When there is no cement, there is a strong return corresponding to
the casing "ringing". The arrival time is determined by the casing velocity which is diagnostic. When
there is fully bonded cement, then the energy is absorbed as it travels along the casing, and one can
see diagnostic response from formations behind the casing (VDL). Partial cementation provides a
signal that is partially casing signal and partially attenuated signal. This loss of energy is related to
the fraction of the casing perimeter covered by cement, and hence does not have the ability to
provide 100% coverage of the casing wall. The nature of the assessment is more qualitative than
quantitative. The interpretation may not necessarily provide a conclusive result especially in relation
to identification of potential leakage paths, hydraulic communication behind the casing and/or any
micro-annulus. In addition, the sonde must be centred in the borehole to provide interpretable
arrival times and VDL. For instance, in cases where good cement integrity is inferred, a hydraulic seal
cannot be guaranteed. Even in the case of detected channels, it is not possible to infer anything
about their continuity with certainty. Figure 7 shows five types of cement channels that may exist
(Smith, 2003). Type I and II can be detected by acoustic bond logs since these channels are in contact
with the pipe. Type IV will be very difficult to detect, even though it will reduce amplitude of the
formation (refracted energy) arrival. Type III channels are most difficult to detect with acoustic CBLs.
They will be almost invisible unless they are very large and cement sheath is very thin. From the
Pulse Echo ultrasonic sonde a reduced compressive strength will be inferred. Channel type V (gas cut
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cement) will show up as reduced signals, but one would not be able to properly diagnose the actual
problem.

Figure 7. Types of cement channels

The Ultrasonic Imaging Tool (USIT) may be considered instead of CBL. USIT is a continuously rotating
pulse-echo type tool that has nearly 100% coverage of the casing wall and provides highly
sophisticated computer processed colour coded images. The use of a USIT along with a CBL would
provide the best possible overall picture of cement integrity. Isolation scanners are new tools that may
improve upon these methods. The high quality images provided by these tools should help to
qualitatively identify if channelling in cement is present.

2.4 Well-based data acquisition for site characterization
2.4.1 PETROPHYSICAL WELL LOGGING
Many of the physical properties of the storage unit can be measured directly through well based
coring, sampling and logging programs (Table 5). A standard suite of geophysical (also called
petrophysical) logs common to the petroleum industry is obtained in each well. The objective of the
logging program is to provide high resolution data about the rock and fluid properties near the well
and to calibrate the 3D seismic survey. The logging suite is configured to obtain quantitative
information about:










27

Permeability
Porosity
Lithology, including mineralogy,
Shale content
Density
Stratigraphy and depth correlation
Stress, magnitude and orientation, i.e. anisotropy
Formation water resistivity and saturation
Temperature







Well dimension and orientation
Formation pressure testing, including water sampling
Correlation to surface seismic
Formation fluid chemistry and state
Elemental composition

A logging suite typically includes Gamma Ray, Spontaneous Potential, Neutron-Density, Array sonic,
Photo-electric effect, Caliper and deep reading resistivity laterologs, through casing resistivity logs or
array induction logs. There are a number of other specialised logs, such as spectral gamma, dipole
shear anisotropy and NMR (nuclear magnetic resonance) which may have application. These tools can
be run in wells of 76mm (3”) diameter or larger, although compact tools are available for 45mm (13/4”) to 57mm (2-1/4”) diameter well bores. Compact tools may not be as readily available for
specialised measurements and potentially present a higher cost and risk. Some of the known
limitations of the slimhole tools are (i) depth rating (e.g. pressure and temperature) and (ii) quality of
information recovered (slim line tools have a range of limitations related to their small diameter).
Aside from the interest for site characterization, time lapse logging can inform on changes in the well
condition and on near-well bore parameters. For example, density, sonic, induction, resistivity and
temperature changes can indicate possible well integrity issue and detect fluid changes. One thing to
consider is the ability of the logging tool to work with a casing. Casing resistivity and residual saturation
log (RST) are two possibilities when the hole is cased.
Laboratory tests on cores, including core flooding and geomechanical tests, can provide information
about strength properties, trapping mechanisms, column height and reactivity with CO2. These results
are integrated with the 3D seismic to produce the geologic model of the site. The geologic model then
forms the basis for dynamic simulation of the response of the site to the injection of CO2.
Well testing, where fluid is produced or injected from a permeable unit and the pressure response
monitored is another important characterisation tool. Well testing is standard practise in the oil and
gas and groundwater industries; however, the focus is generally on the producing interval and not on
the sealing interval. Aquitard testing in the groundwater industry is generally limited to measuring the
storativity across relatively thin low permeability intervals. Characterising sealing units through
laboratory based testing is necessarily difficult because their low permeability and porosity makes
physical testing slow and imprecise. However, a properly designed well test can provide information
about the sealing potential of the unit both near and at some distance from the well. This is of
significant value to complement the above well based techniques.
Table 5. Well-based data acquisition for site characterization
Interval coring
Sidewall coring
GR, SP, Caliper, temperature
Wireline logs (standard)
Density-neutron, Sonic, resistivity
Image logs (FMI)
Wireline logging
Photo-electric
Wireline log extensive
NMR
Wireline formation testing plus fluid samples
VSP
Coring

Stratigraphy
Data
acquisition

Geophysical

Crosswell
EM

Testing

Flow
Geomechanical

DST
Production test
Fall-off
Interference
LOT, ELOT
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2.4.2 WELL TESTING
A well test, also known as production test, pumping test or flow test, consists of the analysis of a
pressure transient response to a sudden flow variation, recorded at one or several wells during a
defined period of time. Well testing is a well-defined process used routinely in the groundwater and
oil and gas industries. The literature in the field of well test design and interpretation is extensive.
Some of the outstanding contributions are Theis (1935), Cooper and Jacob (1946), Dake (1978),
Kruseman and De Ridder (1992), Dake (1994), Horne (2007), Sterrett (2007) and Stewart (2011).
Well tests are usually planned as part of a standard well-based data acquisition campaign for reservoir
evaluation, management and description. The objective of a well test is to derive hydraulic properties
at the reservoir scale (~10m vertically and ~100m horizontally), reservoir volume, initial pressure and
well efficiency parameters (injectivity/productivity). Characteristics such as wellbore quality, reservoir
transmissivity (permeability-thickness product), reservoir pressure, temperature, type and chemistry
of formation fluids and the reservoir boundaries can be inferred from a well test. Production tests
have also been used to investigate compartmentalization both horizontally and vertically using
interference testing and partially penetrating well. When combined with production logging, a
production test can provide information about the distribution of permeability vertically along the
production interval (Stewart, 2011) although the determination of effective vertical permeability
remains one of the major weaknesses of interpreting well tests.
Each well test is designed specifically to meet the objectives of the project. For both the oil and gas
and the water industries the aim is to establish the resource and test the productivity of the reservoir
and the well. The key test parameters, such as test interval, flow time and flow rate are dependent on
the hydraulic properties of the test interval and are balanced against practical considerations such as
cost, rig and crew availability and the well conditions. Therefore it is important to incorporate as much
of the information gained through drilling and logging the well into the final test design.

Interference testing
An interference test monitors pressure changes in the reservoir at a producing well and at a second
well at some distance from the producing well; thus testing a much greater area of the reservoir and
providing estimates of reservoir properties such as transmissivity and storativity between the wells.
Interference testing has been mainly applied to lateral communication within a single unit and the
detection of “windows” in otherwise sealing barriers. In compartmentalized systems, the strength of
the barriers is determined with greater precision when a pressure measurement is made behind the
tight zone to quantify the degree of attenuation of the pressure signal. If there is no detectable
pressure response, the barrier is interpreted to be completely sealing. The location of the produced
and monitored intervals relative to the test parameters is critical for the interpretation of the results.
A key factor in the interpretation of interference tests is to match both the actively producing well and
the observation well responses. The interpretation of an interference test is often carried out in
conjunction with the interpretation of a single well test at the producer. As pressure changes at a
distance from the producer are much smaller than in the producing well and are affected by
operational and geological variations, interference tests must be planned and interpreted very
carefully.
While interference tests are affected by wellbore storage and skin effect, another component of the
test is that the pressure difference can be very small and affected by other variations not necessarily
linked to the test itself, such as drift, nearby well operations and earth tide signals. Modern pressure
sensors have a high degree of accuracy (<10 Pa). However, as shown in Figure 8 the background
pressure signal can be quite noisy due to the presence of earth tides and potentially other nearby
activities. Although earth tides are cyclic and can be corrected for, the question of the detectable
pressure difference caused by the interference test needs to be considered. There is no standard on
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the pressure detection limit as the background pressure signal is very site specific, however a rule of
thumb is about 1 to 10kPa (10 cm to 1 m of equivalent water head). The best way to assess the
pressure detection limit for a given test is to record the background pressure signal which will then be
used later in the processing of the monitoring pressure data.

Figure 8. Example of background downhole pressure monitoring at the CO2CRC Otway Project site.

A summary of well test types and applications is provided in Table 6.
Table 6. Example of well tests performed in the petroleum industry.

Type of test
multi-level formation testing

multi-level packer

DST

Production
Fall-off

Long production test
(Interference test)

Scenarios: Single Well Flow Test
Application
Output

Benefits
formation pressure gradient
formation pressure,
standard oilfield
across units of interest, some
permeability, fluid samples
idea of vertical baffles
formation pressure at different
Westbay, standard in water
as above
intervals, bigger radius of
industry
investigation
as above, 10's m radius of
investigation, better fluid
samples, better formation
standard oilfield
as above
properties, boundary conditions
(faults?), can do multiple
intervals
as above, much larger radius of
standard oilfield
as above
investigation
formation pressure in interval
standard in mining
formation pressure, permeability
tested
Scenarios: Multi Well Flow Test

standard oilfield, expensive

pressure, temperature, fluid
hydraulic connectivity between
samples, permeability, boundary
wells within the reservoir and
conditions (faults?), much larger
potentially above the seal
radius of investigation
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2.4.3 PRESSURE, TEMPERATURE AND FLUID SAMPLING
Hydrodynamics measurements can be performed using re-deployable tools such as production
logging tools, permanent discrete sensors, discrete testing programs and permanent downhole
arrays such as fibre-optics.

Cased Hole or Production Logging Tool (PLTS)
Cased Hole Logging (CHL) is referred to as Production Logging that can be run after the well has been
cased. Depending on the objectives, CHL can be categorized into three main groups:





Category 1: Flow Diagnosis and Production/Injection Allocation – used to identify the
produced/injected fluid path; and to understand as well as evaluate the performance of
injection/production wells. These logs utilise tools that detect fluid movement inside or
immediately outside the well casing including behind casing channelling. They respond to
fluid velocity or fluid type. These logs are run to diagnose whether a production problem,
such as excessive water or gas, is the result of a completion problem or a reservoir
problem. Another application of these logs is production or injection allocation to
reservoirs. They are also used to evaluate well stimulation outcomes.
Category 2: Reservoir Saturation and Lithology Logs –mainly used to monitor fluid
contacts in formations and to identify lithology.
Category 3: Well Integrity Evaluation – mainly used to detect the quality of cementation;
check zonal isolation; detect top of cement and monitor corrosion of the well

Category 1 logs are also classified based on the type of tools used (Table 7). The CHLs can also be
categorized based on region of investigations as shown in Figure 9. Available logs for the investigations
at different regions are provided in Table 8.

Table 7. Category 1 – CHLs- flow diagnosis and production/injection allocation (Curtin University Well
Intervention Operation Lecture notes).

CLASS A Tools – can be used as Behind/Within CLASS B Tools – Can be used only as Within Pipe
Pipe (tubing or casing) Detectors
(tubing or casing) detector. Within Pipe Detectors
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Temperature
Noise
Radioactive Tracer
Neutron Activators (Water)
Unfocused Gamma Ray
Gravel Pack Log
Uncompensated Neutron

Flowmeters:
 Continuous Spinner
 Diverter Spinner
Fluid Density
Fluid Identifiers:
 Pressure
 Gamma Ray Density
 Pressure Gradient Density
 Fluid Capacitance (Water Cut)
 Gas Holdup

I

II

III

IV

D

C

B

A

Figure 9. Region of Investigation: I – Inside Casing, II – Annulus, III – Cement Zone and IV – Reservoir (Curtin
University Well Intervention Operation Lecture notes).

Note that the log used for the investigation of a primary region (p) can be influenced by other regions
referred to as secondary region (s) of investigation (Table 8). Sometimes these secondary regions of
investigation can also be the focus of the logging investigation. For example, pulsed neutron capture
logs are used primarily to detect fluid contact in the reservoir. However, these tools’ response are
influenced by borehole, casing and annular conditions. As these tools evolved, it was realised that
there were very useful information about the other regions in the data. Wellbore water movement
can be detected by measuring activated oxygen. Also, examples emerged where gas channels were
detected using these tools. Today a whole range of pulsed neutron capture tools are developed for
measurement not only in its original primary region of investigation, but also in their secondary
regions of investigation.
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Table 8. Typical production logging tools used to investigate different regions (Curtin University Well
Intervention Operation Lecture notes).
Type of investigation

Fluid flow

Well integrity

Logging tool/ measurements

Region of investigation
I
II
III
IV

Temperature

p

s

s

Temperature differential

p

s

s

Stationary noise

p

s

s

Continuous noise

p

s

s

Radioactive tracer

p

s

s

Oxygen activation water flow

p

s

Continuous spinner

p

Flow diverting spinner

p

Horizontal spinner

p

Fluid identification

p

Fluid sampler

p

Bow spring caliper

p

Multifinger caliper

p

Electromagnetic (pad type)

p

Electromagnetic (phase shift)

p

Borehole video camera

s

p

Casing potential survey

s

p

s

s
s

s

p

Collar locator

Formation evaluation

s

Acoustic cement bond log

s

s

p

s

Pulse echo bond log

s

s

p

s

Pad type bond log

s

s

p

Radial temperature differential

s

s

p

s

Gamma-ray and spectral gamma-ray

s

s

s

p

Directional gamma-ray

s

s

s

p

Chlorine log

s

s

s

p

Neutron-compensated neutron log

s

s

s

p

Pulse neutron capture

s

s

s

p

Carbon/ oxygen (induced gamma-ray)

s

s

s

p

Density

s

s

s

p

Acoustic cement bond log

s

s

s

p
p

Gravimeter
Pressure
Formation tester

s

p
s

p

Formation Pressure Testing
There are a number of tools available for formation pressure testing. These are run in open hole as
part of the logging run and can obtain multiple formation pressure and permeability measurements
across the open interval. Formation pressure is fundamental to formation characterisation and
understanding fluid flow. Many of the tools can be configured to provide additional information, such
as vertical and horizontal permeability and stress.
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The tools work by inserting a small probe into the wellbore wall, withdrawing a small amount of
formation fluid into a sample chamber and allowing the pressure to build up and equilibrate with the
formation pressure. Trends in formation pressure measurements are used to identify fluid types, fluid
contacts and lateral and vertical barriers to fluid flow.
The measurement can be performed on a time lapse manner so that changes in pressure and fluid
composition can be identified from a baseline.

2.4.4 GEOMECHANICAL MEASUREMENTS
The stress regime within the storage complex is of high importance. It impacts the well integrity and
the potential for micro-seismicity. The stress regime can be addressed indirectly through geophysical
logging, but borehole imaging and leak-off tests (LOTs) add greatly to the amount of geomechanical
information that can be obtained.
Leak-off tests are a fundamental methodology used to quantify minimum horizontal stress. The tests
are run in a small section (typically <5m) of open hole immediately below the casing shoe. The pressure
in the well is increased until a small fracture occurs in the formation, causing the pressure to rapidly
decline or “leak off”. The pressure at which this occurs is an indication of the tensile strength of the
rock being fractured. The pressure at which the fracture closes again is an indication of the minimum
stress present in the formation. An extended leak-off test, or XLOT, consists of repeating the cycle of
closing and opening the fracture and obtaining a more precise measurement of the fracture closure
pressure and hence the minimum horizontal stress. LOTs run in conjunction with borehole imaging
logs can be used to give a more precise understanding of the dimensions and orientations of fractures
occurring within the unit being tested. A LOT, and preferably an XLOT, at each casing shoe with
borehole imaging are recommended for obtaining and calibrating the horizontal stress profile
(Pevzner et al., 2013).
Geomechanical response to CO2 injection in deep geological reservoirs has been observed at the
surface using InSAR at In-Salah, Algeria. While this method was very effective at this particular
location, its use at different locations with different surface environments may be more problematic.
However, as this method is not a well-based monitoring method it will not be discussed in further
detail in this report. Similarly, tiltmeters also provide highly sensitive measurements at surface of
potential impact of geomechanical responses to injection at depth but are not well-based monitoring
techniques.

2.5 Monitoring and verification
Wells are important elements for monitoring injected CO2 behaviour in the subsurface and for the
verification of predictive models and providing data to refine such models. Well design and
instrumentation must consider their broad function to supply information to support a robust
monitoring and verification (M&V) program that will be a significant component of regulatory
requirements for a given storage site.
The development of a M&V program includes evaluating and determining which monitoring
techniques are most effective and economic for specific geological situations (Srivastava et al.,
2009). A balance must be established between practicality and cost for a monitoring program, while
still providing accurate and transparent evidence to ensure that CO2 is effectively stored (Srivastava
et al., 2009). Any sensor or network of sensors must be capable of detecting changes with sufficient
sensitivity and reliability to provide a true indication of anomalous behaviour.
Regardless of the development of the M&V plan, system vulnerabilities (mainly through RA/UA
located in monitoring domains such as the reservoir, overburden and surface) can be identified in
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risk assessments (RA) during the appraisal phase and baseline data can begin to be obtained. The
following points highlight some of the more standard monitoring aspects in a storage project:












Integrity of injection well: Potential leaks through casing, tubing, cements or isolation of
perforated intervals should be detectable by monitoring injection pressures and rates and
through casing vent flow measurements
Pressure front detection: Measuring the pressure in monitoring wells allows for assessing
the impact of the injection process in the storage unit away from the injector and for
validating model predictions of the distribution of pressure increase.
CO2 plume front detection: Measuring the CO2 saturation in monitoring wells allows for
assessing advancement of the CO2 plume and for validating model predictions of CO2
migration.
CO2 plume imaging (remotely): Monitoring the CO2 plume distribution enables to assess the
CO2 distribution spatially in the storage unit. Remote sensing methods from the surface or
from zones above the storage complex have lower detection resolution than direct well
measurements but allow for identification of plume shape and size.
Vertical leakage identification: Any feature (well, fault, fracture zone) that has been
identified to have the potential to act as a CO2 or brine migration pathway needs to be the
priority target of the monitoring program. In addition, micro-seismic measurements are
needed to detect fault reactivation or fracturing events.
Groundwater assessment: Groundwater wells in the shallow subsurface, although not
expected to be impacted by CO2 migration, need to be monitored for assurance purposes.

As may be observed from the above list, M&V activities will have varying requirements during the
lifecycle of the CCS project here divided into four distinct phases:
1. Pre-Injection Phase: Monitoring tasks are identified, monitoring solutions evaluated and
selected, risks are characterized, and baseline monitoring data are acquired.
2. Injection Phase: Monitoring activities are undertaken to manage containment risk and storage
performance, and are adapted through time to ensure their continuing effectiveness.
3. Closure Phase: Some monitoring activities continue to manage containment risk and to
demonstrate storage performance is consistent with expectations for long-term storage.
4. Post-Closure Phase: A few monitoring activities continue to validate the storage site is stable
and the containment risk has diminished to a level where no further monitoring is required.

The drilling of wells and their completion is an essential component of the CO2 storage and
monitoring process and is addressed in the following sections.

2.5.1 PERMANENT MONITORING WELLS
Technology is now available to complete a well with permanent downhole sensors (e.g. pressure and
temperature gauge) and surface controlled downhole flow valves, which enable continuous
monitoring, evaluating and actively managing the well (production and/or injection) in real time
without any well interventions. The real time data can be acquired at the surface in the field or remote
locations. Such well completion techniques are known as intelligent well completions.
Downhole pressure and temperature gauges can be permanently installed typically in tubing in the
well, or in the casing, which is capable of measuring the tubing or annulus pressure and temperature.
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Such wells allow the acquisition of bottom-hole pressure and temperature data with a minimum
disruption to normal operating routines. However, intelligent well completion requires evaluations of
many factors at the design stage. It is essential to be clear about the objectives of all measurements,
such as static pressure, reservoir dynamics, fluid properties, vertical pressure and temperature profile,
well flow regimes etc. The design base would be different for open hole or cased hole conditions, and
depend on different data acquisition processes (e.g. real time surface read out, SRO or data recorded
downhole and reviewed later).
Typically permanent monitoring systems may be placed downhole with the completion string near the
depth of interest to be monitored. They are usually equipped with advanced telemetry, which allows
querying these sensors at any time throughout the life of the reservoir. Most systems in operation
today record bottom-hole pressure and temperature. The digital electronics within the gauges are
designed for extended exposure to high temperature without required maintenance. The cables used
are capable of withstanding a range of pressure and temperature conditions typically encountered in
petroleum wells and handle a reasonable level of corrosive fluids. A complete permanent monitoring
system for measuring pressure, temperature, flow rate and fluid density downhole are shown in Figure
10. The monitoring system can be envisaged as a modular borehole monitoring (MBM) which aims to
provide a suite of monitoring tools that can be deployed cost effectively in a flexible, robust package
at geosequestration sites (Freifeld et al., 2015).

Figure 10. A complete permanent monitoring system (Eck et al., 2000).

2.5.2 COMPLETION CONSIDERATIONS FOR PERMANENT MONITORING WELLS
Apart from economic considerations, the completion design of wells are often dictated by its
functional requirements and the relative significance of major and minor workovers. These
requirements have to be anticipated at an early stage since the techniques to be employed (wireline,
service rig re-entry, Through Flow line (TFL), coiled tubing, etc.) are limited by the tubing design and
packer/tubing configurations of the completion.
The general term "well servicing" covers a broad range of activities, which can be broken down into
following major functions:




routine monitoring (e.g., being able to run production logs, shoot fluid levels, etc.)
wellhead and flow line servicing (e.g., designing components for easy isolation)
minor workovers (e.g., through-tubing operations, wireline work, TFL)
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major workovers (e.g., tubing-pulling operations)
emergency situations (e.g., well-killing operations)

As far as permanent monitoring is concerned, well completion and development procedures should
allow collection of representative data. Depending on how various monitoring tools will be utilized to
collect data, well completion designs can vary substantially. The design needs to be scenario based
and depends on the type of formation to be encountered. For instance, a screen liner, artificial filter
pack or gravel packing may be required for an unconsolidated formation to minimize the potential risk
from hole collapsing or caving. Use of borehole geophysical methods to monitor the well can be
limited by the materials and the drilling and completion methods. Some of the factors that can limit
such use can be related to the type of well fluid, type of casing, perforation, as the presence of gravelpacks. For instance, measurement of the electrical properties of the formation may not be possible or
may be influenced if the well is cased with metal.
The type of perforations needs to be carefully considered since this can influence various
measurements. For instance vertical or horizontal flow in the well is controlled by perforation
intervals. The location of perforations needs to be selected based on the region of investigation and
types of flow measurements. Table 9 summarizes some of the monitoring limitations related to well
completions.
Table 9. Limitations of well completions with respect to monitoring installations.
Items
Casing

Screen liner
Perforations

Comments
If monitoring occurs within casing then the casing material will impact on the
effectiveness of the method. For recovery of formation rock properties, the
effectiveness of sonic, resistivity, and induction based logging techniques may be
reduced within metallic casing. Blank non-metallic, non-conductive casing presents
no impediment to most induction based EM methods (i.e. induction logging).
Electrical methods requiring electrical current to pass from inside casing to the
formation may not be possible from within Glass-Fibre Reinforced plastic (GFRP).
Screen liners may also impact tool function, For example conventional FWS logging is
unlikely to be effective in the presents of screen liners.
Vertical flow measurement possible. Qualitative measurements horizontal
measurements

2.5.3 CONSIDERATION FOR MATERIAL SELECTION DURING CO2 WELL COMPLETION
The material selection process plays an important role in designing CO2 injection wells due to the
corrosive nature of CO2. Appropriate tubing metal selection is critical for CO2 injection well
completion. Material selection can be based on manufacturers’ corrosion resistant information.
Fibreglass, stainless steel, carbon steel, glass reinforced epoxy (GRE) lined carbon steel, internally
coated carbon steel, 9Cr or 13Cr stainless steel, and corrosive resistant alloy (CRA) are widely used in
completing CO2 injection wells. 13Cr tubular is reported to have a low corrosion rate (<0.1 mm/y) in a
CO2 injection system. However, the presence of oxygen can cause severe pitting corrosion on 13Cr
tubular where liquid water is present (Hossain et al., 2010).
Despite many issues related to material failures due to corrosion, several types of elastomers
contained in spectacle blinds, orifice fittings, down hole packers and many other sealing sections such
as in valves, gaskets, coatings and O-rings, may be destroyed by the diffusion of CO2 whilst these
elastomers come in contact with CO2 during the injection and/or have been exposed to CO2 for long
periods of time. These are considered to be important as any failure in these components may lead to
severe up-well leakage that require expensive work-over operations as well as costly downtime to
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repair. The CO2 that diffuses into the elastomers at high pressures may cause blistering and even
explosions due to rapid expansion of diffused gas, when system pressure is quickly released to
decompress the materials. This can potentially damage the well integrity and lead to the venting of
CO2 through the annulus and potentially develop uncontrollable casing pressure. The phenomenon is
well known in the oil and gas industry as explosive decompression or rapid decompression (BHR Group
Limited, 2006). Many of the elastomeric materials specifically designed for petroleum production and
operation may not be suitable for CO2 transportation and injection. Depending on pressure and
temperature, the risk of damage can be increased substantially in cases where elastomer is exposed
to high concentration of CO2 with impurities. The gas decompression damage in general increases with
pressure and the threshold pressure above which damage occurs is lowered by the presence of CO2
(BHR Group Limited, 2006). Maintaining a low threshold pressure to avoid such damage may not be
possible and/or feasible in the context of overall injection objectives.
Swelling, hardening or cracking can be considered to be the main reasons behind the failure of
elastomers while they are exposed to CO2. Three important contributing factors causing the failure of
elastomers are: the rate of decompression, the permeability of the elastomer to CO2 and mechanical
strength of the elastomer. Based on compression and decompression, sealing material can be
subjected to a number of decompression cycles resulting in damage. Figure 11 shows an example of
sealing damage due to CO2 diffusion and enlargement of O-rings due to decompression.

Figure 11. Damaged seals due to diffusion (a) and decompression (b) of CO 2 (bubbles appear at the surface
and multi cracks inside the seals) (after BHR Group Limited, 2006)

2.5.4 CONTROL LINES
To install sensors within a well on a permanent or semi-permanent basis, cables or control lines need
to connect the instruments at depth with surface equipment. A control line can be as simple as a
stainless steel tube used to pass fluid, or as complex as a multifunctional umbilical consisting of many
different technologies bundled into one assembly. Because these lines are critical to the success of
any instrument installation, adequate consideration of the materials selected and various design
options are as important as the techniques and methodology used to install the cables.
Industry standard cables
Tubing for deep-well oil and gas operations are most commonly fabricated from SS 316L using a
continuously welded process. Periodic orbital welds are used to allow the fabrication of extremely
large lengths. Alternative metals are available for environments with elevated corrosion potential,
such as Duplex Stainless, A825 or A625. Critical design parameters are the tubes outside diameter,
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wall thickness, degree of annealing, and the potential overjacketing with a polymer encapsulant. A
plastic jacket on the tubing can provide an additional layer of protection during the installation, and
prevent pinching or crimping of the tube when they are clamped within control line joint protectors.
However, many successful systems have been installed without the use of an encapsulant and their
use is often dependent on the particular choice of the completions engineer. In wells used for
electrical measurements, the encapsulant provides electrical insulation to ensure the electrical
measurements are not altered significantly by the near wellbore environment and it is standard
practice to at least use encapsulated cables in the region where electrical measurements are
performed. Options for jacketing material are dictated by temperature considerations, with materials
such as PVC only useful in low-temperature environments. Santoprene or polypropylene can be used
up to 150 °C.
The manufacturer will use various testing techniques during the assembly process to ensure tubing
integrity, such as eddy current testing. The criticality and value of the cable will guide the postfabrication testing requirements. At a minimum a gas pressure test, such as at 1000 psi for 1 hour can
be used to look for any gross defects. Continuous x-ray testing can identify possible defects that will
not be readily apparent through pressure testing but at significant added expense.
Advanced cabling options
The ability to fabricate hybrid cables with multiple elements allows one to consider numerous ways in
which different functions can be integrated into one cable. Elements can include hydraulic lines,
electrical, and fibre-optic cables. The ability to concentrically run multiple lines means that there are
wide variations in the designs that can be considered. One example of an integrated control line is the
fibre-optic– P/T sensing line. Figure 12 shows a two electrical conductor cable with a FIMT containing
four optical fibres. Two of the optical fibres are single-mode for performing distributed acoustic
sensing (DAS) and two are multi-mode for performing distributed temperature sensor (DTS)
measurements. The sensor is able to simultaneously operate a discrete P/T gauge while performing
DTS and DAS measurements.
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Figure 12. Hybrid opto-electronic cable used for operating a discrete P/T gauge combined with DAS/DTS
sensing.

2.5.5 PERMANENT DEPLOYMENT
As part of current practise within the oil and gas industry, methods for instrumenting wells with
monitoring equipment have been developed and tested both inside and outside of well casings. Many
MVA tools such as ERT, seismic sensors, and samplers have been installed using casing deployment in
demonstration programs such as the CO2SINK Project in Ketzin, Germany, and SECARB’s Cranfield DAS
test in Cranfield, Mississippi. Installing control lines outside casing requires that they are cemented in
place and there are several significant benefits to such deployment that include leaving the wellbore
available for wireline logging and other temporary tool deployments and better coupling to the
formation for seismic or electrical sensors. However, with outside casing deployment there is an
increased risk of impacting well bore integrity and possibly containment breach. As such, outside
casing deployment has not been as commonly considered.
The installation of DTS cables outside of casing provides a real-time and continuous evaluation of
cement operations, allowing the concentration of cement to be assessed by its exothermic curing
process. Other instrumentation can be deployed on casing as part of an MVA effort. The entire
deployment of instrumentation on casing requires the use of specialized subcontractors that have
experience in completion operations that are modified to accommodate the physical presence of the
instrumentation.
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While casing deployment is similar in many ways to tubing deployment, as spooling units and control
line protectors are also used, there are numerous complexities that arise that are not encountered
with tubing deployment. The cementing operation of the casing has to take into consideration the
damage that could occur during casing movement which is used to improve the cement job. Rotation
of the casing is not permitted, however reciprocation can usually still be performed. Perforation needs
to be performed in such a way as to mitigate the risk of the perforating charges damaging the
instruments. One way to do this is to install behind casing charges which are aimed away from the
instruments. This method has most frequently been used for the installation of behind casing
pressure/temperature sensors. If the perforation will be performed after cementing, then some
method for oriented perforating as well as “blast shield” or other protective housings placed over
critical instruments are usually employed.

2.5.6 SEMI-PERMANENT DEPLOYMENT
Tubing
In many ways tubing instrumentation deployments are operationally similar to electrical submersible
pump (ESP) deployments, as the specialized equipment to protect and run-in-hole with
instrumentation control lines are identical. Specialized vendors are required to oversee the installation
and operation of their particular instruments and a spooling operator coordinates with the rig floor
workers for the installation of mandrels, clamps, and bands during the installation. The wellhead will
need to accommodate control lines feeding through the tubing hanger and out through the tubing
head adapter flange. Tubing deployment of instruments is more common than installation outside of
casing, and the variety of vendors and service organizations with familiarity with the process is greater.
However tubing deployment lacks the benefit of behind casing sampling for sensors that require close
contact to the formation, particularly electrical sensors.

Coiled tube
A coiled tubing rig is potentially more economic than a standard workover rig used for conventional
tubing deployment. Deployment is more rapid because joints do not have to be made up and there
are no control line protectors to be positioned on each joint. However the engineering for
instrumented deployments using coiled-tubing (CT) is far less mature than for conventional tubing
deployment, and the availability of CT rigs and specialized personal is considerably lower leading to
large variability in the ability to perform instrumented CT deployments. An example of a service
provider offering instrumented CT is Precise Downhole Services Ltd., located in Nisku, Alberta, Canada.
To date there has not been a CO2 monitoring well completed with instrumented coil tubing, although
a temporary seismic hydrophone cable was deployed at Weyburn with CT.

Wireline/Umbilical
An umbilical system as used in subsea applications that runs from platform to wellhead could bridge
the gap between flatpack coiled tubing and standard wireline deployment. CJS Production
Technologies, Calgary Alberta, Canada, have been commercializing an umbilical style flat-pack. They
have modified a conventional CT rig to use rectangular shaped push blocks that can grip and deploy a
rectangular umbilical. More significantly, they have worked on methodologies for performing pressure
control, which is one of the significant engineering challenges in an umbilical style deployment. The
flat-pack at Citronelle Dome is really a hybridization of a conventional tubing deployment with a flatpack encapsulated instrumentation bundle. Problems that CJS Production Technologies have
encountered include leakage between the encapsulant material and the instrumentation lines as well
as the need to engineer highly customized wellhead components.
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2.5.7 DEPLOYMENT PRESSURE CONTROL ISSUES
For both casing and tubing deployment pressure control is critical. Pressure control must be
maintained at all times in open hole casing deployment and for tubing deployment in a perforated
well. For completed wells this means having the previously mentioned zonal isolation at some depth
above the perforations (such as a packer or seal bore) or a well head with a gate valve. All such zonal
isolation requires more engineering when monitoring control lines need to be passed through seals.
While running in well, often only a ‘kill-fluid’ (high density fluid) is the primary well control, with
secondary control devices such as a hydril, blind ram or shear ram as part of a BOP stack.

2.5.8 WELLHEAD OUTLETS
Because control lines are continuous between the reservoir and the wellhead, they represent a risk
for the unintended migration of fluids to the surface. They can also be at significant pressure and
represent a risk from unintended release of energy and flammable or toxic gases. Wellhead Outlets
(WHOs) are one way to manage the risk of control lines at the wellhead. A WHO is specifically designed
as a pressure tight termination, such that if the control line for some reason is breached at depth,
fluids cannot migrate beyond the WHO. A WHO for a simple control line, such as a single conductor
TEC, is a relatively simple device that incorporates an hermetic barrier inside a robust housing that
allows for an insulated electrical connection, but does not allow fluids to pass. Similarly double valves
can be used for hydraulic lines. The idea behind installing two valves in series, is the first valve (closest
to the wellhead) is used only if there is a problem or issue with the second valve, which can be
operated normally. This first valve can then be operated to facilitate swapping out the second valve,
which may have become worn or contaminated through regular usage or to permit adjustment or
replacement of the valve stem seals.

2.5.9 CONTROL LINE PROTECTORS
Control line protectors are used to ensure that control lines are not damaged during the run-in-hole
procedure. In situations where the control lines are affixed to casing or tubing, if they rub against the
formation or casing during the installation procedure they are likely to be compromised, particularly
in the case of upset tubing which requires the tubing to take a deviated route around the tubing joint.
They are sometimes referred to as cross-joint protectors or simply joint protectors. There are two
styles of control line protectors that are typically used – cast and stamped. The cast protectors tend
to be more massive, and require additional space. Cast protectors can often be formed with doublesided protection, meaning they can hold control lines on both sides of the tubing. Stamped protectors
are usually limited to retaining less tubes, as they are held on one side of the tubing. Figure 13 shows
a cast protector. Figure 14 shows a mechanical schematic of a stamped control line protector. For
wells that will be used for electrical resistivity tomography (ERT), there are also non-metallic control
line protectors.
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Figure 13. Cast duplex stainless control line protector being installed at the Citronelle Dome field site over a
3/8” hybrid opto-electric cable.
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Figure 14. Stamped control line protector fabricated by Cannon Services, Ltd.

2.5.10 ZONAL ISOLATION
Packer systems, bridge plugs, isolation control valves
Packers are zonal isolation elements used to prevent the migration of fluids. For instrumented
monitoring wells one of the critical design elements of packers is not just the ability to properly isolate
a zone, but also to allow control lines to pass through with leak-tight pressure seals. There are several
different ways to route control lines through packers. Routing control lines through the open centre
portion of a packer mandrel often provides the most area for lines to run, but will prevent the running
of wireline tools. Packers that have a large enough mandrel may have enough room to allow for an
inserted length of tubing, in which the control lines can fit between the tubing and the mandrel. This
is the method that was used at the CRC-2 well installation – where a Tamcap packer was used to isolate
the reservoir section in the 5-1/2” cased borehole. An adapter sub (Figure 15) was fabricated by Tejas
Engineering that allowed control lines to penetrate through. The adapter sub was welded onto 2-3/8”
tubing (Figure 16), which penetrated the full length of the packer, allowing for safe passage of logging
tools and providing a means to secure the BHA to the rest of the tubing string.
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Figure 15. Tejas sub used to provide three feedthrough between 2-3/8” tubing and a TamCap packer with a
3-1/2” EUE8RD mandrel.

Figure 16. The Tejas adapter sub welded onto 2-3/8” tubing. The entire assembly was long enough to cleanly
penetrate through the TamCap 3-1/2” external casing packer which was sized to seal 5-1/2” casing.
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2.6 Monitoring Methods
2.6.1 GEOPHYSICAL METHODS
Bannister et al. (2009) provide a general review of geophysical techniques used for monitoring CO2
sequestration. When considering application of geophysical methods it is important to differentiate
between:
1. The geophysical methods: This should include source and receiver type and arrangement.
2. The quantity measured: This is often a vector component such as the magnetic field, the
electric field, pressure gradients change or acceleration.
3. The parameters that are recovered after processing: Processing of the measured data is
completed to recover a derived parameter such as P-wave velocity or electrical conductivity.
4. Those parameters recovered by interpretation: These quantities may be recovered from a
rock physics model, geophysical inversion or a geological understanding of the area of interest
(e.g. CO2 distribution).

In-hole geophysics
In-hole geophysical methods with potential application for monitoring in CO2 sequestration projects
are summarized below. The seismic and electromagnetic (EM) methods are expanded in the following
discussion.


In-hole Seismic Methods: Seismic methods (vertical seismic profile (VSP), Cross well VSP) are
likely to have the best imaging capabilities for the purpose of in-hole monitoring of CO2
injection. Gas injection into a brine-saturated rock significantly alters the elastic properties,
such as P-wave velocity and shear wave amplitude. This creates an opportunity to employ
both travel-times and amplitudes to image the area affected by the injection. Seismic methods
can be used in both active and passive modes. Active borehole seismic methods (both VSP
and cross-well) were deployed in a number of CCS projects (Otway, Frio, Decatur, etc). Passive
well seismic is routinely used for hydro-fracturing monitoring. There is a potential for passive
seismic applications in CCS when the propagation of the pressure front caused by injection
could trigger some induced seismicity. In order to conduct in-hole seismic surveys either
sources or receivers (or both) have to be deployed in the well. Range of seismic receivers
includes geophones (various designs), hydrophones, MEMs accelerometers and distributed
acoustic sensors (fibre optic). Sources used in wells include piezo-ceramic transducers,
airguns, vibroseis and sparkers. Cross-hole applications require wells to be reasonably close
(tens to first hundreds of meters) due to the energy being trapped in the borehole and
extenuative formations, while a combination of downhole seismic receivers with powerful
surface seismic sources is more suitable for imaging of relatively large areas in the subsurface.



Microseismic Methods: Microseismic methods provide a means of monitoring and recording
seismic events during injection of CO2. Such methods are comprehensively reviewed within
the context of the In Salah Carbon Capture and Storage Site (Stork et. al., 2015).



Electromagnetic methods:
Electrical conductivity distribution (including frequency
dependent electrical conductivity) can be recovered from application of EM methods. As
injection of CO2 into the subsurface will certainly change the sub-surface conductivity
distribution where there is a conductivity contrast (presence of saline water), EM methods are
a good candidate for monitoring injection. EM methods generally require electric and/or
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magnetic field transmitting and receiving antennae to be deployed associated with wells
(down-hole or at the surface). The electric field transmitting or receiving antenna may be as
simple as an electrode pair or a wire wound coil. This setup is called borehole to surface EM
survey. A different configuration, the surface-surface EM system has been successfully tested
at Aquistore (Daley et al., 2015). Both source and receivers are located at surface and the
casing can be used to convey the current into the subsurface. EM methods may measure rate
of change of magnetic flux as a voltage induced in a coil or the magnetic field may be measured
with a magnetometer. In-hole EM systems include all induction logging tools which in their
basic form consist of two small in-line induction coils (magnetic dipoles with axis in-line with
the drill hole). The Schlumberger DeepLook cross well EM acquisition system is an example of
a high power cross EM system capable of resolving conductivity distribution between wells
over
500m
apart
(see
http://www.slb.com/services/characterization/reservoir/wireline/other/deeplook_em.aspx)
Multicomponent array induction tools (MCAI) provide the prospect of recovering a log of
formation conductivity tensor. All EM methods will be impacted by drilling and well
completion parameters. In particular the casing material is a key variable. Drilling fluids (e.g.
heavy KCl muds) that invade the formation impact on electrical and electromagnetic methods.
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Seismo-electric / Electro Seismic methods: Seismo-electric and electro-seismic methods rely
on conversion of seismic to electromagnetic energy or vice versa. In theory these methods
have the ability to detect geologically sequestered CO2 (Zyserman et. al. 2015). However
current technology is not sufficiently advanced and the authors know of no commercially
viable downhole seismo-electric systems. Research into new systems of acquiring and
processing seismo-electric or electro-seismic data are needed before these methods can play
a role in monitoring geologically sequestered CO2.



In-hole Radar methods: Borehole radar can be operated in (i) single-hole (e.g. often below
100MHz operation frequency and 1m target resolution) and (ii) cross-hole modes. Note that
the attenuation of high frequency electromagnetic energy normally limits the separation of
boreholes. Borehole radar is often used for imaging water bearing fracture zones, sedimentary
detail, and even dynamic processes such as recharge to aquifers which can be critical for
prediction of contaminant movement. Transmission radar tomography methods are often
used in conjunction with resistivity measurements for parameterising and constraining
models of groundwater flow. Multi-frequency measurements, synthetic aperture and radar
polarimetry techniques can enhance radar resolution (Binley et al., 2002a, 2002b; Miwa et al.,
1999; Sato and Thierbach, 1991).



In-hole Gravity methods: Downhole gravity (Dodds et al., 2013; Annets et al., 2013) including
differential gravity methods (Meyer, 2008) can potentially sense changes in density
distribution that accompanies injection of CO2. However gravity methods are relatively low
resolution and should not be expected to provide definitive or high resolution outcomes. Inhole gravity methods may compliment seismic and electromagnetic methods which can
provide constraints on inversion of in-hole gravity data.



In-hole – induction: Induction logging is a method for recovering electrical conductivity
around a well. These tools typically transmit with one frequency so their depth of investigation
is dependent on formation resistivity. One advantage of using induction methods to recover
electrical resistivity is that they can be used effectively within plastic, PVC, GFRP or any other
non-conductive casing. This means that a PVC or GFRP cased hole can be logged at any time.
Further time lapse logging can be completed to monitor changes in electrical conductivity (e.g.

movement of the saline water interface). While methods for application of induction logging
through steel casing have been trialled for time lapse application (i.e. Dance and Datey, 2015)
there is no doubt that the presence of steel remains a challenge for recovering true formation
resistivity from in-hole induction methods (Dance and Datey, 2015). For time-lapse
applications it may be acceptable to simply identify where change has occurred (e.g. vertical
distribution of CO2).


Cross-well CSEM: Cross well CSEM methods are relatively new. These may have value in
monitoring geologically sequestered CO2, provided a suitable broad band high power
transmitter/receiver arrangement can be designed (i.e. this must be matched to the geoelectrical setting and well design). Each geo-electrical setting will require specific parameter
selection is cross-well CSEM is to be successfully deployed.

Seismic Methods
Conventional VSP assumes seismic receivers placed in the well and seismic sources located on the
surface (the opposite configuration is called reverse VSP). The first comprehensive publication on the
method is Galperin and White (1974) and a good recent review is given in Pereira and Jones (2010).
Subject to a particular task several configurations can be identified (Oristaglio, 1985), these largely can
be split into two main groups:



Single source location, many receiver levels in the well (i.e. zero-offset or offset VSP)
Multiple source locations, limited number of receivers in the well (walk-away 3D VSP)

In certain cases walk-away, 3D VSPs and cross well surveys were acquired with massive downhole
receiver arrays (Paulsson et al., 1994; O'Brien et al., 2004). Such arrays were largely pioneered by
Paulsson Inc, however analogues are available from other manufacturers.
Zero-offset VSPs can be used to provide a seismic-to-well tie, information about velocity (both P and
S) profiles, seismic attenuation, etc. Walk-away VSP should also be considered as it can improve the
velocity/anisotropy model used in seismic data processing and can also provide high-resolution
images of the strata in the vicinity of the well. Other configurations are largely targeting imaging of
the subsurface and deriving seismic anisotropy parameters (important for surface seismic imaging).
In addition to site characterisation, VSPs can be used for CO2 sequestration monitoring purposes.
Borehole seismic applications in the Frio project were presented in Daley et al. (2008), CO2CRC Otway
project experience can be found in Gurevich et al. (2014) and recent Decatur project 4D VSP results
are reported in Couëslan et al. (2014).
The minimum well diameter for VSPs is 76mm (3”). Alternatively, a fibre-optic VSP can be acquired,
although the data do not have the directionality associated with multi-component geophone sensors.
Three tiers of information can be obtained from wells equipped with a VSP system:
1. Baseline in-hole information: A zero offset VSP provides high priority base line data and should
be factored into all well completion programs, time to depth and seismic well log calibration
through the imaging and synthetic seismic from the logs.
2. Formation characterization in-hole information: these are proven in-hole methods that can be
accommodated by most well completion scenarios. These include walk away VSP and 3D VSP.
These methods provide specific information about formation geometry and properties such
as continuity of key strata for some distance around the well. A minimum 76 mm (3”) bore is
required.
3. Advanced and research in-hole methods for formation characterization: These methods
include all cross-hole methods (seismic and electro-magnetic EM), passive seismic, in-hole
gravity, and in-hole EM. EM methods can provide gross electrical conductivity that can be tied
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to water chemistry and formation properties provided wire-line logs are obtained. Cross-well
seismic and 3D seismic require advanced planning to provide detailed images between two
wells or around a single well.
Potential drilling impacts on wireline and in-hole geophysics programs include:
(i) Slim cored hole completed with a “minerals rig”. There is a risk that such a well could not
accommodate wire-line logging or casing without prior reaming. This may require provision of
a second, larger drilling rig and could add significantly to overall costs.
(ii) Mud rotary hole with core at selected intervals using “water well drilling rig”: If casing ID is
over 101 mm and the hole remained accessible it would accommodate the full suite of
wireline logs and most in-hole seismic and EM sensors.
With reference to casing materials there are two basic types:
(i) Steel: If coupled to the formation and of sufficient diameter, steel casing, should be suitable
for most geophysical methods.
(ii) Non-conductive fibreglass or related composite casing. If coupled to the formation and of
sufficient diameter composite casing would be suitable for all in-hole methods with the
exception of electric methods or EM methods requiring direct communication with the
formation.
Steel casing may be acceptable for applications of many standard wireline logging and flow testing
(e.g. natural gamma methods etc). Steel casing can also be used in the context of trough casing
formation resistivity measurements (TCFR, Aulia et al, 2001) measurements where current travels up
and down the casing, a very small portion penetrates in the formation. Specially design electrodes
measure the leaked nano-voltage which is proportional to the formation conductivity.
Fibreglass allows the additional penetration and resolution with some electromagnetic methods.
Fibre-glass casing offers better information for EM methods however, the well design can be more
complex. Fibre-glass casing for EM methods were used at Cranfield while steel casing with insulated
electrodes were also used successfully at Ketzin and Aquistore.
Both changes in seismic amplitudes and travel times of the reflected waves can be explicitly used for
the monitoring purposes. If some of the receivers would be placed below the CO2 injection interval,
amplitudes and travel times of the direct wave could also be employed. The latest would characterise
a smaller area, but as S/N ratio of the direct wave is traditionally very high, one could expect to see
much more subtle changes. Recently a similar analysis was conducted using the Frio VSP data to
constrain velocity-CO2 saturation profiles (see Al Hosni et al., 2015).

Cross well seismic
Cross well seismic requires several boreholes with receivers and sources. The implementation of
physical seismic sources in the wells is limited by diameter of the well and pressure/temperature
conditions. As such, in all cases where cross well seismic was used for CO2 injection monitoring, these
were done using a closely spaced pairs of wells (for instance Frio and Nagaoka projects).
The other option is to use a so called ‘virtual source’ approach, where receivers in the second borehole
could be converted into virtual sources (see Bakulin et al., 2007). While the method still has a lot of
issues which require some solution to be found, potential benefits are high enough to invest efforts
into the development. Alonaizi et al. (2010) completed some proof-of-concept studies showing
feasibility of cross well tomography using the ‘virtual source’ approach.
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A general guide for borehole seismic survey design can be found in Gilpatrick and Fouquet (1989) and
is summarised in Table 10.
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Table 10. Guidelines for borehole seismic survey design (Gilpatrick and Fouquet, 1989).

Parameter

Guidelines

Borehole range

TD through shallowest reflector of interest or bottom of surface casing

Depth sampling
interval

Dz≤Vmin/2fmax, where Vmin is the minimum velocity expected and fmax is the
maximum frequency expected

Offset source
sampling interval

Sampling should achieve even fold coverage across objective and avoid
aliasing

Zero offset/near well
source position

Outside range of rig activity

Far offset source
position(s)

Model, check topographic map for location(s)

Number of offsets

Determined by survey objective

Subsurface coverage

Model, determined by well depth, mode conversion, subsurface structure

Complicated
subsurface structure

3-D ray trace modelling

Consideration of
energy source

Optimum source is mobile, repeatable, consistent,
frequency adjustable, input energy adjustable

4D applications would affect the survey design and great importance should be given to the ability to
reproduce the survey geometry and conditions exactly.

Several types of seismic receivers can be used in the borehole environment:





1C or 3C geophones;
3C MEMs accelerometers
Hydrophones
Distributed acoustic sensors (fibre optic)

All of these can either be lowered on the outer casing or deployed on a string inside of the well. MEMs,
hydrophones and DAS are likely to have much lower sensitivity compared to geophones. MEMS
sensors are equivalent to geophones except one is acceleration output and the other velocity
sensitive, either can be converted to the other units by differentiation or integration. Hydrophones
are more sensitive to well conveyed tube-waves and are single component. Potential micro seismic
applications strongly gear towards high-sensitivity assemblies of 3C geophones. DAS should be
deployed as well in parallel to the geophones array (low cost, once technology is fully developed as it
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could replace conventional geophones in many applications). However, DAS has an inherent
limitation, DAS is sensitive along the cable and insensitive perpendicular to the fibre.
Frequency range is largely controlled by the seismic source and the specific target of the survey. Usual
borehole seismic frequency range is 2-400 Hz. In addition to conventional re-deployable seismic
sources a range of continuous permanently deployed sources are available. Examples are: (i) CGG’s
SeisMovie (see CGG web site http://www.cgg.com/default.aspx?cid=5899) and ACCROSS: (see.
Kasahara, et. al. 2013)

Electromagnetic (EM) methods
Controlled source electromagnetic (CSEM) methods require electromagnetic (EM) transmitters and
receivers. The transmitter consists of a waveform generator and a transmitting antenna. The
waveform generator creates a time varying EM field in the transmitting antenna (e.g. a wire loop or
grounded electrical bipole). The receiver system measures the EM fields at different locations with
respect to the transmitter. The EM fields may be measured in an electrical bipole (i.e. the electric
field), a wire coil (i.e. the time rate of change of the magnetic field) or a magnetometer (i.e. the
magnetic field). The field measurements are then converted, typically by inversion, to a subsurface
electrical conductivity distribution. The electric and magnetic fields from an EM survey are, in general,
highly repeatable. This should make the method suitable for time-lapse monitoring of CO2 injection
provided the appropriate survey parameters and field configurations are used.
There is a tremendous range of controlled and natural source electromagnetic survey configurations
that may be considered for monitoring of the distribution of CO2 during geological sequestration. The
most appropriate field configurations will certainly be project specific with dependences on:











geometry and input waveform for the transmitting antenna
geometry and nature of the receiving antenna
specific EM system noise constraints (e.g. cable cross talk for a single well configuration)
the nature of injection (e.g. rate, quantity, distribution and saturation)
reservoir characteristics
specific project objectives (e.g. is monitoring for leak detection or assurance)
cost constraints
project delivery time frames
available technologies (e.g. will the transmitter and receiver system need to be specifically
designed or is an off the shelf system available)
well completion and well field design

The last item on the list above is a central topic in this document and will certainly provide a key
determinant on the nature and success of any electromagnetic monitoring method deployed.
While the optimal survey configurations must be determined on a case by case basis, examples of
CSEM field configurations that should at least be considered may include:






A high moment grounded electrical bipole transmitting antenna on the Earth’s surface,
combined with in-hole electric and magnetic field receivers.
A high moment surface inductive wire loop transmitting antenna combined with in-hole
electric and magnetic field receivers (i.e. this system is typically insensitive horizontal resistive
layers at depth).
A high powered in-hole electrical bipole transmitting antenna combined with in-hole electric
and magnetic field receivers (e.g. cross well or same well configurations).
An in-hole magnetic dipole transmitter with an in-hole electric and or magnetic field antenna
(cross-well or same well configurations). A cross-well magnetic dipole transmitter and receiver
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configuration would be similar to the Schlumberger “DeepLook” in-hole EM system (see
http://www.slb.com/services/characterization/reservoir/wireline/other/deeplook_em.aspx.
A practical application of the Schlumberger DeepLook EM system is provided in Bhatti et al.
(2008).
A low moment induction logging system: Conventional induction logging systems consists of
close spaced small coils. These are small moment magnetic dipoles with the orientation of the
well. For a vertical well in a layered earth these system measure only the horizontal
component of the conductivity tensor. More sophisticated induction logging systems attempt
to recover the full conductivity tensor and may consist of a multi-component array induction
tools which have small Tx/Rx coils (or other configurations) oriented along three or more axis.

Note that in the above list the magnetic field receiving antenna is likely to be based on the
measurement of voltage (proportional to dB/dt) in systems of coils. Alternatively the magnetic fields
could be recovered by direct measurement of the magnetic field with a magnetometer (e.g. an
accurately calibrated triaxial fluxgate magnetometer as is commonly used in the minerals industry) or
system of magnetometers.
Many adaptions on the above configurations are described as patents such as Hall et al. (2013) and
Itskovich et al. (2006).
Possible deployment options include: (i) surface, (ii) cross well, (iii) hole to surface, (iv) surface to hole
and (v) same well; transmitter - receiver configurations. Generally speaking an EM based monitoring
systems can be configured to provide a suitable technical solution for time lapse controlled source EM
monitoring of CO2 injected into the subsurface. The major obstacle to the application of EM based
methods is costs associated with required well/well field design. This is often because specific well
design criteria suitable for EM monitoring may not be suitable for other monitoring or production
imperatives. The question is whether to adapt the EM equipment methods to suit conventional deep
well design or to adapt the well design to better facilitate various forms of in-hole CSEM methods.
Certainly the outcome of trials like those being conducted at Aquistore will be valuable in assessing
EM methods (https://publications.lbl.gov/islandora/object/ir%3A158705/datastream/PDF/view).
Note that it is possible for in-hole, surface to hole, hole to surface or cross-well EM methods to be
applied in steel cased holes. For example the steel casing itself may be used as part of the radiating
EM antenna (see, Singer and Strack, 1998 and Konk, et. al., 2009). Alternatively it is possible to place
electrodes on the outside of fibreglass casing. Currently hole to surface CSEM methods are being
trialled at the Aquistore project in Canada.
(https://publications.lbl.gov/islandora/object/ir%3A158705/datastream/PDF/view).
Each EM system configuration will have practical limitations with respect to penetration and
resolution. Those limitations will largely be dictated by the physics of electromagnetic field
propagations into the earth and signal to noise ratio of the EM system deployed. For example, a high
moment surface electrical bipole transmitter could potentially transmit tens of Amps into a long
(kilometres) wire electrical bipole connected to the earth via grounded electrodes. This transmitter
would operate with a very high moment and at low frequencies (e.g. between 0.01 to 10 Hz). This
system would have high penetration but low resolution at realistic injection depths. Magneto-telluric
(MT) data should be collected as an accessory data set as it is capable of providing depth penetration
to tens of kilometres at relatively little additional cost. However MT should in general be expected to
have lower resolving capacity than CSEM systems. The surface electrical bipole source would likely be
better suited for detecting flat lying resistive targets in a relatively conductive background compared
to wire loop inductive CSEM or natural source (i.e. MT) systems.
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Cross well CSEM methods potentially have significant advantages over methods requiring surface
deployment. The well environment is expected to be electromagnetically “quiet” for CO2 injection
depths (e.g. typically greater than 1000m) especially if source and receivers are in separate drill
holes (i.e. lower risk of cross talk). Given appropriate well and well field design, cross well EM
methods should be an effective time lapse technology for monitoring CO2 sequestration within a
specific volume of Earth in the short to medium term (months to years). However for long-term
high-volume injection of CO2 (full scheme injection) surface to hole, in combination with surface and
or natural source (i.e. MT) methods should be considered for their practicality. Further cooperative
inversion of seismic and EM provides the possibility of significantly improving definition of time lapse
changes in distribution of sub-surface electrical conductivity associated with movement of CO2.
Strack (2014) highlights the importance of cooperative inversion of EM and seismic data. However,
as for other cross-well technologies, cross well CSEM is fundamentally limited by the availability of
collocated wells within a specific range (typically less than 1 km) which may not be adapted to
monitor the risks one would like to observe. Cross well technologies only provide a 2D survey.
The EM survey configurations described so far are represented in Error! Reference source not found.. T
his schematic is intended to express the complete range of possible EM configurations. Here we are
simply representing a broad range of possibilities and there is certainly no suggestion that all or any
of such a complex network should be deployed. In Error! Reference source not found., the green disks r
epresents expanding zones of injected CO2. The blue and red symbols represent the different EM
transmitting and receiving antennae. The upper zone represent a seal layer and the low darker layer
of the earth volume is the injection zone. The image represents a broad range of possibilities.

Questions that would need careful consideration when designing a CSEM monitoring well network
are:
1. Is the well or some section of the well EM transparent? Steel or carbon fibre casing are not
electromagnetically transparent. While it is possible to transmit and receive through these
casing materials, they tend to reduce effectiveness of EM systems. However glass fibre (GFRP)
casing is electromagnetically transparent for an inductive source. Open hole and glass fibre
cased completions devoid of metallic or other conductive materials are highly suitable for
induction methods (magnetic dipole transmitting and or receiving antenna). In general best
results should achieved where the well is free of conductive or magnetic materials (e.g.
coupling joints, centralizers, muds etc). Care also must be exercised in deploying high powered
EM transmitters which have potential to reach high temperatures. Again this is unlikely to be
problematic but it must be considered (e.g. deploying a high powered in-hole EM transmitters
into slim line PVC cased holes should be done with considerable care). Casing ID (internal
diameter) must be sufficient the subsurface transmitter and receiver systems.
2. Are intervals of the well completion open to the formation (i.e. perforated or screened)?
Methods using electrical bipole transmitting antenna must drive current into the formation.
Blank high electrical resistivity glass fibre casing (GFRP) will impede this process. Certainly
there are logging methods that drive current through steel casing to recover an estimate of
electrical resistivity (see
http://www.slb.com/services/characterization/petrophysics/wireline/legacy_services/cased
_hole_formation_resistivity.aspx).
These are typically “DC” resistivity methods and it is not clear that such methods could be
effectively applied for true electrical bipole EM methods operating with a range of transmitter
frequencies (Singer and Dodds, 2004). Steel or any other conductive casing would simply
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become part of transmitting and receiving antenna. It is conceivable that such systems could
recover information about conductivity distribution between wells. Such experiments have
been completed with limited success. Note, EM systems using an electrically bipole source
must be clearly differentiated from those using a magnetic dipole source as each will impose
different requirements on the well completion.
3. Will the monitoring well be in the path of the injected CO2 (i.e. will the CO2 pass the well)?
4. Is direct electrical (i.e. current flow) communications between the well and the formation
possible? Electrical communications many be possible if: (i) electrodes are placed outside the
casing, (ii) electrode are placed inside well intervals that are open to the formation (e.g.
slotted GFRP) or (iii) electrodes are placed within conductive casing. The latter option would
mean the well string itself becomes part of the transmitting antenna which placed a significant
constraint on the way that the earth can be energized.
5. What is the time frame and resolution required for monitoring the fate of injected CO2?
There is a substantial difference in the EM monitoring system that would be optimal for short
term and or low volume CO2 detection (e.g. leak detection) and long term high volume
monitoring. In the simplest terms detailed high resolution imaging between two wells is
achieved by use of high frequency and close spaced wells (e.g. less than 100m), whereas longterm large volume injection of CO2 for assurance monitoring would more likely use low
frequency (less than 50 Hz) and relatively larger well separation (as much as 1000m well
separation).

The answer to each of the above questions will directly impact on which combination of CSEM
methods will be suitable for monitoring the movement of CO2 around the injection well network.
Modelling can indicate an optimal transmitter receiver design for leak detection or assurance
monitoring for a given well and well field design scenario. However if a system is to be designed from
scratch then there are many details for the instrumentation and within the implementation phase that
must be considered. A review of practical design consideration for a deep high powered electrical
bipole transmitter systems operating at 1 Hz is provided by Daley et al. (2015). For this type of
electrical bipole source system considerations should include items such as (i) temperature at the
electrodes during operating, (ii) cross talk (for same well applications), (iii) electrical isolation (all
cables), (iv) potential for damage during installation, (v) transmitter selection, (vi) cable design and
(vii) electrode design.

Radar
Radar would not be an obvious candidate for monitoring the geological storage of CO2. This is because
penetration is negligible in saline porous aquifers. However cross well radar may have application in
very low solute concentration resistive settings so should not be entirely ruled out.
The usual key consideration for GPR applicability as a geophysical imaging technique is conductivity of
the borehole casing and geological formation. The methods will not penetrate to any significant depth
through metallic or other electrically conductive casing. Again, an EM transparent completion is the
best options. Penetration of common GPR system in low salinity formations (e.g. greater than 40
Ohm.m) will likely be not more than tens of metres. Figure 17 shows the readily available MALA cross
well/same well GPR system. It is reported to be functional to up to 2500 m depth.
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Figure 17. The Mala cross well GPR system (see web site: http://www.malags.com/products).

Seismo-electric methods
Seismo-electric methods rely on conversion of a very small fraction of energy propagating as physical
movement (the seismic wavefield) to electromagnetic energy. For example a seismic wave can cause
charge separation at grain fluid interfaces (i.e. the double layer). The result is a very small relative
movement of charge that collectively results in an electromagnetic wavefield. For this esoteric method
proponents suggest that hydraulic parameters such as permeability can be recovered. However, there
are a large number of parameters in combination that generate the tiny EM fields associated with
seismic wave propagation. Even under highly controlled field experimental conditions, such EM fields
are exceedingly difficult to measure and, as with all EM methods, resolution and detectability drop
rapidly with increasing distance (see Dupuis et al., 2009). Research into seismo-electric methods will
certainly continue and some configurations show theoretical promise, however there are presently
no practical examples of successful application of electrokinetic or seismo-electric methods for CO2
injection that the authors know of.
The compression and dilatation of porous materials due to passing seismic waves may produce water
flow relative to the grain surface. The electrokinetic effect leads to spontaneous potentials that can
be measured by an array of electrodes on the surface or down hole. At interfaces where contrasts in
water content prevail (e.g. the water table or fluid saturated layers within unsaturated sediments),
strong interfacial signals can be recorded and extracted. These interfacial signals have a different
signature compared to co-seismic seismoelectric signals (Dupuis et al., 2009) and may be useful to
interpret hydrogeologically significant interfaces. The seismo-electric technique, however, is largely in
a research and development phase and is not yet routinely used for geophysical exploration. Recent
developments (Dupuis et al. 2009; Chen et al., 2006) provide considerable encouragement. In
particular, the method may provide a complimentary data set if seismic reflection data is being
acquired, however, both acquisition and processing are complex.

Joint or cooperative application of geophysical technologies
Combined application of geophysical technologies must be considered. In many circumstances, the
desired outcome may only be achieved through applying a selected combination of geophysical
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methods. For example, it can be useful to build a geophysical program around the combination of a
reflection based and diffusion based geophysical technology. For deeper applications (e.g. below the
vadose zone) this could be the combination of high resolution seismic reflection and diffusive EM
methods. For shallower methods (e.g. above or just below the vadose zone) this may be a combination
of array resistivity and GPR methods. Combining the technologies can potentially considerably
improve regional understanding of the subsurface hydrogeology. Further, quantitative recovery of
subsurface parameters from surface geophysical data may be achieved through calibration to
borehole data.
Joint or cooperative inversion of different geophysical data sets may be based on structural coupling
(e.g. Gallardo et al., 2012) and or on petrophysical connections (Abubakar et al., 2012; Takam et al.,
2015). Cross gradient methods presume a connection between the directions of change for sets of
parameters, while petrophysically based cooperative inversion is based on a more direct physical or
statistical connection between parameters (e.g. by cross-plotting). Such methods of joint or
cooperative inversion should only be completed as an auxiliary product to be considered along with
the independent inversions. Many attempts to jointly invert multiple geophysical methods (e.g. EM
and seismic) have been made, however these solutions are rarely if ever universal or complete. In
general cooperative inversion where one methods assist a more robust outcome from the other
generate geologically more reasonable outcomes.
Time lapse induction logging is possible in PVC or FRP cased wells. Note that induction logging through
steel casing is possible, however with some compromise especially at high transmission frequencies
(Dance and Datey, 2015). Time lapse induction logging should always be coupled with time lapse
temperature logging. Also the result is improved if a gamma-ray sonde can be included in the logging
platform. Induction methods are highly sensitive to small changes in electrical conductivity over the
entire length of the well, calibration is essential.

2.6.2 SUMMARY OF GEOPHYSICAL MEASUREMENT AND PARAMETERS
Examples of key parameters that may be recovered after acquisition and processing of seismic
methods include:






Velocity (P): sensitive to gas saturation (decreases rapidly if at least some free gas is present),
including CO2 in supercritical state. In addition to that Vp is also sensitive to pore pressure
variations. As such changes in Vp can directly be used to track plume propagation.
Velocity (S): less sensitive to changes in gas saturation, however azimuthal anisotropy of the
shear wave can be stress-induced and is very easy to find (if present) form the borehole
measures.
a) Accoustic impedance: this is the product of density and velocity and has sensitivity to
changes in pore fluid (density).
Q is the quality factor and is a measure of attenuation: Sensitive to presence of free gas and,
likely, pore pressure.

Examples of key electromagnetic properties that may be recovered after acquisition and processing
include:
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Electrical conductivity: Electrical conductivity provides the relationship between the electric
field and current density (J/E). Electrical conductivity is intimately connected to fluid chemistry
and there is no doubt that injection of CO2 will change fluid chemistry and hence the electrical
conductivity. The nature of the change in electrical conductivity will be determined by change






in water chemistry dictated by an array of reactive transport parameters that change in time
as CO2 invades the native formation. Electrical conductivity of the native formation may be
frequency dependent as may the electrical conductivity of the CO2 invaded formation.
Certainly possibility induced polarization (IP) must be consider when analysing any in-hole EM
measurements.
Magnetic Susceptibility: Magnetic susceptibility is highly unlikely to play are role in electrical
measurements in sediments.
Seismo-Electric parameters: There are an array of seismo-electric parameters would need to
be considered if seismo-electric methods were to be considered for monitoring CO2
sequestration.
Electrical permittivity: Electrical permittivity relates to the material ability to resist high
frequency EM pulse generated by a GPR transmitter.

Examples of recovered information that may result from application of a rock physics model include:


CO2 distribution (e.g. interpretation conductivity or velocity distribution)



Changes in Water Chemistry (e.g. interpretation of changes in conductivity or density
distribution)



CO2 Saturation (e.g. interpretation of electrical conductivity).



Reactions (pore fluids, pore fluid rock interaction) that may occur (e.g. interpretation of
changes in electrical conductivity distribution in combination with reactive transport
modelling)



Pressure change (interpretation of changes in velocity distribution)



Temperature Change (in some circumstances changes in electrical conductivity may be
entirely connected changes in temperature).

Seismic Parameters
The properties, Vp, Vs, density and Q, affect amplitudes of the reflected and transmitted waves.
Velocities also affect travel times. Receiver depth range and receiver step should be selected such that
ray coverage would be sufficient to image necessary portion of the plume. In addition to that, spacing
in the well should be small enough to avoid spatial aliasing. Having receivers below the plume (for VSP
geometry) would allow using direct wave (as such, is highly recommended).

EM parameters
While the pre-injection range of electrical resistivity distribution in the subsurface will clearly be site
dependent it would be reasonable to suggest that electrical resistivity would typically exist in the range
1 to 200 Ohm.m. In the most general sense there is no guarantee that the formation conductivity at
the selected injection zone (i.e. before injection) will be more or less electrically resistive than the host
rock and or over burden. Just a few examples of possible arrangements include:
1. A conductive permeable brine filled sandstone reservoir (e.g. less than 5 Ohm.m) exists within
a more resistive shale host (e.g. greater than 20 Ohm.m). This scenario can occur if the
sedimentary pile had be heated and “squeezed” at depth (high confining pressures) then
uplifted.
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2. A high resistivity permeable sandstone reservoir filled with brackish water could exist within
a conductive high CEC claystone host. This arrangement would be expected for most
circumstances of a sandstone in a shale or mudstone/claystone.
3. A more conductive fractured carbonate reservoir in a high electrical resistivity extremely low
hydraulic permeability carbonate host.
The above are just three of many possible geo-electrical arrangements for reservoir and host rock.

CSEM - Expected range of Host Electrical resistivity / Wire line logs.
Figure 18 provides wire-line electrical and gamma logs from three basins in Australia. Each well
penetrated permeable brackish to saline reservoirs that could potentially be used for CO2
sequestration and storage. These wells include:
1. Palmer 1 – Gippsland Basin: The Palmer 1 well is within the offshore Gippsland Basin which is
being considered as a CCS option by the Victorian Government in Australia
(http://www.dpi.vic.gov.au/energy/sustainable-energy/carbon-capture-and-storage/thecarbonnet-project). The offshore Gippsland Basin is geo-electrically characterized by a thick
low resistivity (1-5 Ohm.m) layer more than 500 m thick over a more resistive (10-50 Ohm.m)
sandstone layer.
2. CRC-2 – Otway Basin: This well CRC-2 forms a key part of the CO2CRC Otway project
(http://www.co2crc.com.au/otway). The injection interval is at approximately 1400 m depth
and resistivity of sandstones is approximately 20 Ohm.m in a 10 to 15 Ohm.m background.
However there is a considerable range of resistivities with many layers proxal to the
permeable sandstone that are well over 50 Ohm.m and some as little as 5 Ohm.m.
3. Lake Preston 1 – Perth Basin: The Lake Preston 1 well is located close to the proposed
Southwest Hub CCS demonstration project (http://www.dmp.wa.gov.au/9525.aspx ). It has a
thick low resistivity (2 to 10 Ohm.m) upper zone (i.e. more than 1000 m thick) and a high
electrical resistivity thick lower sandstone (i.e. the Lesueur Sandstone Formation can be well
over 100Ohm.m).
The wire line logs give some indication of the range of formation resistivity that may be
expected.

59

Figure 18. Example of resistivity and gamma logs from wells in Gippsland, Otway, and Perth Basins. Resistivity
is plotted in red on a logs scale over 3 decades from 1 to 1000 Ohm.m. Note for these three basins the
permeable formation resistivity ranges from 10 Ohm.m to more than 100 Ohm.m at depths from close to 1500
m to more than 4500m.

CSEM - Electrical resistivity and CO2 injection
The relationship between brine saturations and electrical resistivity is reasonably well established.
Figure 19 provides one expression of this relationship (Wilt and Alumbaugh, 1998). That is as the
percentage of high solution concentration brine decreases resistivity will increase. This simple
relationship is the cornerstone of the marine controlled source electromagnetic methods for
hydrocarbon exploration. Changes in electrical resistivity associated with injection of CO2 into a brine
filled reservoir will likely be more complicated because of changing temperature, pressure and
chemical conditions around the injection well.
The injection of CO2 would likely increase the electrical resistivity. However this may not always be
true. Further the nature of the change in electrical resistivity may not be uniform in the CO2 plume.
That is injection of CO2 may result in a multiphase reactive transport process that changes with time
and causes resultant changes in electrical resistivity. That is electrical resistivity ultimately depends on
the number and mobility of ions in solution and this has a dependence on the final chemical makeup
of the injectant, the rock, formation pore fluid, distribution of temperature, and distribution of
pressure in the formation during injection. It can only be said with confidence that the injection of CO2
will change the electrical resistivity of the rock and as a result the use of EM methods should be highly
useful in tracking the distribution of CO2 injected into the subsurface. Many of the parameters
required to establish the relationship between CO2 injection and changes in electrical resistivity could
potentially be determined from wire-line logging and laboratory testing on core.
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Figure 19. The effect of changing brine saturation on resistivity and P-wave velocity. (Figure is reproduced
from Wilt and Alumbaugh, 1998).

There are several laboratory studies investigating the change in electrical resistivity that may be
associated with injection of CO2 injection into sandstone (see Zue et al., 2006; Kim et al., 2010;
Nakatsuka et al., 2009). These studies on core consistently indicate that injection of CO2 will increase
electrical resistivity in sandstones. The effect of geochemical reactions between formation fluid, rock
and exact composition of sequestered injectant may affect electrical resistivity changes (Fleury and
Deschamps, 2008).
A comprehensive laboratory study and analysis of possible rock physics models that focuses on the
changes in electrical conductivity during injection of CO2 injected into aquifers of various salinity is
given by Borner et al. (2013). This study provides results from injection of both subcritical and
supercritical CO2 into water saturated core plug samples. An example of electrical resistivity change
for injection of CO2 at subcritical temperature and pressure is shown in Figure 20. It indicates that the
nature of change in electrical conductivity is strongly dependent on the initial solute concentration of
the formation water in combination with injection pressure, rate and duration.
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Figure 20. Example of change in electrical conductivity with time and pressure during subcritical CO2
injection into a core plug. The images are reproductions of Figure 10 and Figure 11 in Borner et al. (2013).

Care should be taken comparing expected laboratory values of electrical resistivity derived from
measurement on core and the values derived from CSEM field measurements. Electrical conductivity
is a tensor quantity. That is for the three independent directions (x,y and z) that current can flow
through a rock, three measurements of voltage drop (x,y and z) can be measured to derive tensor
conductivity. Typically a CSEM measurement can only measure part of the electrical conductivity
tensor. The simplest example is operation of the standard induction logging tool in a vertical hole
intersecting horizontal layering. This tool will generate currents flowing in the plan of the layering and
hence cannot measure vertical conductivity.

2.7 Sensors and Sampling Systems
2.7.1 GEOPHYSICAL SENSORS
There is a wide range of sensors available for deployment in wells including:







Conventional clamping geophones
Conventional hydrophones
MEMS
Fibre Optic Cables.
Wireline tools – RST, sonic, PLT, EM, fluid sampling (Kuster FTS , Schlumberger MDT)
Gravity metres (as used at Cranfield, Sleipner – see section 2.8)

Seismic sensors
Seismic sensors can measure change in displacement or pressure. Seismic sensors that can be
deployed include geophones, hydrophones and distributed acoustic sensing (DAS).
Geophones
Geophones coupled to the formation are often used for passive long-term monitoring with
microseismic methods (Freudenreich et al., 2012). Conventional seismic borehole arrays using
multilevel strings of 3-component geophones are typically deployed in cased boreholes without tubing
or deployed to the open hole with either mechanical clamping or cementing to couple them to the
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formation. Tubing prevents direct coupling of the geophone arms to the casing wall which is required
for seismic recording. The clamping means using hydraulic or motor operated swing arms require 3
inch or larger casing. An example of a multilevel string is the Sercel SlimWave tool that can be run in
an array of up to 24 levels, or the Schlumberger Versatile Seismic Imager (VSI) tool. The Sercel
Slimwave tool is 1.69” in diameter, making it deployable in small diameter casing. The Schlumberger
VSI is a 3-compomnent geophone tool, which comes in diameters of 3-3/8” (standard) or 2-1/2”
slimhole version and can be run in an array of up to 20 levels. There are several companies that
specialize in the fabrication of highly customized geophone arrays, which include Paulsson Inc., Van
Nuys (CA, USA) and VCable LLC (Houston, TX, USA). SR2020 Inc. provides multilevel tubing deployed
arrays from 80 to 400 3C levels which operate in a well with I.D. from 4.5” to 8.5”.
Both the CO2SINK and SECARB Cranfield Project used permanently deployed geophone arrays. The
geometry for the Cranfield Study was a cross-hole geometry using strings of electrodes installed in
two monitoring wells separated by 30 m. The bottom of the CFU31F2 and CFU31F2 wells were
constructed of fibre reinforced plastic (FRP) casing to facilitate making electrical measurements.
Centralizer blocks of FRP material were directly bonded onto the casing strings. Results of the ERT
monitoring were published in Carrigan et al. (2013). Limited resolution was afforded by the sparseness
of the arrays, which were limited to 14 sensors in the F2 well and 7 sensors in the ZZ well.

Hydrophones
Hydrophones are scalar sensors to the difference of geophones and are fluid coupled to the formation.
An example hydrophone array used in a CO2 sequestration experiment is the array used in the Frio
Stage II test in 2006 (Daley et al., 2007). In this CO2 sequestration pilot test, a 24-level hydrophone
array was deployed along with a permanent tubing mounted piezocrystal seismic source (Figure 21).
The choice of hydrophones as compared to geophones was to eliminate the difficulty of clamping
geophones in the small annulus between the tubing and casing. This choice was also performed at the
SECARB Citronelle Dome Project using the larger annulus provided by 7” casing.
For installation of a sparse geophone array as part of the Otway Project depleted gas test, bow springs
were used (Figure 22). However, coupling to the formation was noted to be relatively poor, resulting
in low signal-to-noise. Figure 23 shows the custom design geophone clamping pods created for the
Citronelle Dome test. The 18-level, all stainless steel, geophone array was fabricated by Paulsson Inc.,
and LBNL fabricated the clamps. The geophone string provided data of high quality, and the clamps
are thought to be effective at providing strong coupling to the formation. These clamps are locked
into position using hydraulic fluid, and can be removed by pulling up on the tubing string.
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Figure 21. Hydrophone deployed during the Frio II experiment in 2006. The protector used over the
hydrophone is fabricated by Cannon Services.

Figure 22. Geophone pod deployed at the Otway Project depleted gas test. Bow springs were used to couple
the geophone to the casing wall.
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Figure 23. Geophone pod with hydraulic actuated clamp, including flatpack clamped to production tubing.

Distributed Acoustic Sensing
Distributed acoustic sensing (DAS) relies upon the use of continuous telecom fibre optic cable for
measurement of ground motion. Discrete fibre optic sensors using a Bragg diffraction grating, have
been in R&D and field testing for over 15 years with geophysical applications of at least 12 years old
(e.g. Bostick, 2000 and summary in Keul et al., 2005). Weatherford has marketed a fibre Bragg grating
(FBG) product called Clarion, and it has gained significant market usage since its introduction.
However developments in recent years have sought to remove the need for point sensors by using
the fibre cable itself as a sensor (Mestayer et al., 2012; Miller et al., 2012). Through Rayleigh
scattering, light transmitted down the cable will continuously backscatter which can be sensed at the
surface (Molenaar et al., 2011; Crawford et al., 1994).
The potential of DAS is that each 10 nanoseconds of time in the optical echo-response can be
associated with reflections coming from a 1-meter portion of the fibre (two-way time of 10 ns). By
generating a repeated pulse every 100 μsec and continuously processing the returned optical signal,
one can, in principle, interrogate each meter of up to 10 km fibre at a 10 kHz sample rate. Local
changes in the optical backscatter due to changes in the environment of the fibre can thus become
the basis for using the fibre as a continuous array of sensors with nearly continuous sampling in both
space and time. Since the technology for deploying fibre optic cable in boreholes is well developed
for thermal sensing (distributed temperature sensing, or DTS), a DAS system has the potential of
having thousands of sensors permanently deployed in the subsurface, at relatively low cost. Most
DAS systems use single-mode fibre, as opposed to the multi-mode fibre typically used for DTS, but the
type of fibre does not affect deployment, and multiple fibres are easily deployed in a single capillary
tube. Some manufacturers are currently testing the use of multi-mode fibre for performing DAS
testing.
The results of some early testing of DAS at the Otway Project, Citronelle Dome, and CO2SINK can be
found in Daley et al. (2013). More recent work conducted in 2013 at the Aquistore Project Site and
Citronelle Dome have found significant improvements in the signal-to-noise performance
demonstrated by the Silixa Ltd. (Elstree, UK) iDAS system. Figure 24 shows a stack of 128 source
sweeps from a VSP at the Citronelle Dome field site.
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Figure 24. DAS data from SP 2003 (left) for stack of 128 source sweeps, along with gamma ray log data (left),
and depths associated with velocity changes in the DAS data (lines and labeled depths on Gamma Log).

Electrical Resistivity Tomography Sensors
Electrical resistivity tomography (ERT) is a method that can use electrodes on the outside of the casing
(Figure 25). The electrodes communicate with sensor equipment on the surface via a cable. To be
effective, the electrode within the borehole must be coupled to the native formation and must be
strongly insulated from the highly conductive metal casing. The CO2SINK installation used arrays of
electrodes in the two monitoring wells and the one injector well. They also performed ground to
borehole surveys. Instead of using fibreglass reinforced plastic (FRP), the CO2SINK wells were
constructed of steel, but wrapped in FRP. Care was taken to ensure that the casing was properly
centralized. The cables were constructed using a polyurethane jacket, which were appropriate for the
800 m total depth at the CO2SINK site. Results of the ERT study at Ketzin are available in SchmidtHattenberger et al. (2013).
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Figure 25. Steel electrodes are mounted on the outside of fibreglass-reinforced plastic casing before
emplacement in the extreme environment of the 10,500-foot boreholes.
(https://newsline.llnl.gov/_rev02/articles/2010/jun/06.11.10-carbon_print.php)

Downhole gravity meter
Gravity methods can help with understanding movement of CO2 gas in reservoirs (Stephenson et al.,
2003; Wignall, 1999). An example of a borehole gravity meter is shown in Figure 26. It could be said
that accurate time-lapse downhole gravity measurement would allow the injected CO2 to be weighed
in-situ as it is injected. This is a reasonable suggestion with three major caveats:
1) Signal to noise must be exceedingly good.
2) Gravity data would need to be inverted to recover changes in density distribution. As with all
potential field inversion the resultant density distribution would be non-unique and resolution
would drop off rapidly by the square of distance.
3) The value of downhole gravity is expected to be highly dependent on support information derived
from drilling, wireline logging, seismic and other methods. Without this complementary
information the value of downhole gravity methods would be questionable.
4) Long term drift can occur in measurements made by gravity meters. However, the compensation
of the drift is imbedded in the most recent borehole gravity technology such as described by
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Stephenson et al., (2003) and Wignall et. al. (1999) For examples of the application of downhole
gravity see Brady et al. (1993;1996) and Dodds et al., 2013.

Figure 26. Deep density borehole gravity meter (http://www.microglacoste.com/bhg-intro2.php).

Permanent gauges – pressure/temperature
The installation of permanent pressure/temperature gauges in wells is a mature technology. For deep
well high pressure applications the most common technologies are piezoresistive and quartz based
sensors. Piezoresistive technologies have upper temperature limits of about 100 °C. Beyond that
temperature, quartz-based sensors are the only stable measurement technology commonly used.
Resonating quartz cells have resolutions as high as 1 x 10-8 of the sensor pressure range and accuracy
of 0.015% full scale. The best piezoresistive devices are limited to a resolution of 1 x 10-6 of the sensor
pressure range with an accuracy of 0.022% FS. Data from permanent gauges are typically read out at
the surface through single conductor TEC. Alternatively memory gauges can be installed in side pocket
mandrels and retrieved periodically to download data and replace batteries.
Some manufacturers are developing different ways to transmit data from the sensors to the surface
using either acoustic pulses or transmission through casing to a wireline deployed sonde. Roxar has
developed a behind casing monitoring system that can measure the pressure of the B annulus without
having to penetrate the casing or without running a cable up to surface. By eliminating casing and
cement penetrations the operator has the benefit of monitoring casing pressure which could be
indicative of a well integrity issue, without having to increase the risk profile of the installation.

Distributed temperature & heat-pulse
Distributed temperature sensing (DTS) is a fibre-optic technique (Figure 27) that dates back to the late
1980’s. Initially developed at Southampton University and commercialized by York Systems, DTS is
based upon changes in optical properties of commercial telecom fibres as a function of temperature,
which can be detected by light from a laser pulse that is backscattered back to a detector at the start
68

of the fibre. The initial technology uses Raman scattering in a multimode fibre, which changes the
wavelength and amplitude of Stoke’s and Anti-Stoke’s reflected light.

Figure 27. Distributed temperature sensing (DTS) cable
http://www.sensortran.com/stproducts_sensingcables.php

The tool includes an optoelectronic device that measures temperatures with high accuracy by means
of optical fibres as linear sensors. It measures temperature by sending a pulse of laser light down the
optical fibre. Molecular vibration, which is directly related to temperature, creates weak reflected
signals. These signals are detected at the surface and converted to a log of temperature along the
well, sampled approximately every 1 m as shown in Figure 28. Typically the DTS systems can locate
the temperature to a spatial resolution of 1 m with accuracy to within ±1°C at a resolution of 0.01°C.
The fibre-optic cable is normally installed at the time of well completion so that the distributedtemperature log can be recorded at any later time without well intervention. However, this survey
may also be conducted in existing wells with no prior cabling.

Figure 28. Schematic of DTS system used in a production well.
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Over the course of 25 years the accuracy and spatial resolution of Raman based instruments have
continued to improve, while costs for the surface electronics have declined. The temperature
resolution is a function of integration time, with resolutions of 0.03 °C after measurement integration
over 15 minutes, commonly quoted among several different instrument manufacturers. Typically
spatial resolution is 1 m, with Schlumberger’s Sensa unit exhibiting 25 cm resolution and the Silixa
Ultima (Silixa Ltd, Elstree, UK) having 12.5 cm resolution. DTS monitoring units have also been made
to operate under low power (<40 W) so that operation from a small array of solar panels with battery
backup is feasible.
For a monitoring well, the advantages of DTS over traditional discrete sensors is readily apparent.
Measuring the temperature along the entire length of the well at high temporal and spatial resolution
gives a detailed account of the movement of fluids in the near-well environment. This can be used to
diagnose issues with gas-lift valves, casing integrity problems, identify relative zonal production rates,
or image leaks in zonal isolation systems. DTS profiles are particularly suited to visualizing the
exothermic reactions in curing cement, and provided a real-time diagnostic image of cementing
operations (Prevedel et al., 2008). The measurement is relative and not absolute. It has to be
calibrated.
Raman based DTS has been deployed at CO2SINK, the SECARB Cranfield Site, SECARB Citronelle Dome,
and the Otway Project Stage 2b. All of these systems operate using 50/125 micron multimode optical
fibres. At the PTRC Aquistore site near Estevan Saskatchewan, Canada a Brillouin-based DTS system
has been deployed along with behind casing fibres. This system uses a single mode fibre to perform
the DTS measurements. The most widely deployed form-factor for DTS fibres is within a gel-filled fibrein-metal tube (FIMT). The FIMT is then further encased in a ¼” stainless jacket and then, in some cases,
a polymer jacket is wrapped outside of the ¼” tube. The outer polymer provides additional crush
resistance and protection from pinching when the cable is clamped to tubing strings. However there
is no consensus on whether polymer jackets are necessary, and so many service companies routinely
deploy non-encapsulated DTS lines.
The optical fibre coatings dictate the working temperature of the fibres. For installations at
temperatures below 85 °C standard acrylate coatings are appropriate. A higher temperature acrylate
coating is available for use at temperatures up to 150 °C. At temperatures beyond 150 °C and below
300 °C a polyimide coating is appropriate. Temperatures above this point use metal coated fibres,
which are both difficult to fabricate in the long-lengths needed for boreholes and even more difficult
to splice under field conditions. A condition known as hydrogen darkening, where hydrogen diffuses
into fibres and leads to a loss in optical transmission is common in higher temperature hydrocarbon
bearing wells. Several cable construction techniques are used to counter the effects of hydrogen
darkening. The gels selected to encapsulate the fibres can contain a hydrogen scavenging material.
This is a property of Sepigel, one of the most commonly used gels in downhole FIMT construction.
Carbon coating on cables below 200 °C is seen as beneficial, whereas at higher temperatures, the
hydrogen diffuses quickly through the carbon coating.
At CO2SINK thermal anomalies were indicative of breakthrough of CO2 at the monitoring wells, and a
two-phase heat-pipe was observed as the CO2 filled the wells. At SECARB Cranfield there was an
attempt to use a 1/8” DTS line external to the casing, as opposed to the normal construction of a
smaller FIMT encased within a protective ¼” stainless steel jacket. The decision to use the 1/8” tube
was based on the much lower cost. However the 1/8” snapped in two pieces during the run-in-hole,
and the DTS cable behind casing had to be replaced with a DTS mounted on tubing.

Fluid sampling and detection
The compositional analysis of the formation water (including isotopes) will provide fundamental data
for geophysical log (resistivity) interpretation; add value to the assessment of hydraulic isolation
potential in the sealing interval and improve the regional hydrodynamic understanding. Water
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composition is also fundamental to determining solubility characteristics of CO2, reactivity potential,
and for dynamic simulation of long-term behaviour of CO2.
Water samples can be obtained using wireline formation pressure tools such as the reservoir
characterisation instrument (RCI) used in Harvey-1 or Schlumberger’s modular dynamic tester (MDT)
commonly used in the oilfield in which a fluid sample chamber is part of the formation pressure testing
tool. Samples obtained from wireline tools are usually of small volume (a few litres) and are often
contaminated to some degree by the fluid used to drill the formation. Wireline fluid sampling occurs
as part of the logging program and samples can be obtained at multiple intervals as part of each open
hole logging run.
Obtaining pristine samples of formation water requires continuous field measurements for specific
parameters such as pH or conductivity. When the parameter being measured has stabilised, pristine
formation water is being produced and can be sampled. This can be done either through the logging
tool (resistivity) or field testing of the produced water. Field based analysis requires specialised
equipment such as flow through chambers and sensors
Electrical submersible pumps and gas lift technology are traditional well sampling methods, which are
not considered to be applicable to multi-phase sampling, such as in brine/CO2 systems or for sampling
gas-filled reservoirs. Their traditional areas of usage have been for sampling aqueous systems, where
alteration of dissolved gas chemistry is not considered a critical parameter. For accurate analysis of
gas constituents it is important to not alter the relative ratio of gas to liquids. Downhole wireline
sampling, such as with a Kuster-style flow-through sampler is one method of retrieving a
representative multi-phase sample. The Kuster sampler works by allowing downhole valves to close
either after a set time or upon a signal from the surface. This traps a sample into a fixed volume vessel,
which will stay at in-situ pressure as the sample is brought up to the surface.
U-tube Fluid Sampling
The U-tube fluid sampling system was developed at Lawrence Berkeley National Laboratory as a
means to retrieve representative samples from deep reservoirs (Freifeld et al., 2005). U-tube sampling
relies upon high pressure N2 gas to force fluid up to the surface from a loop of tubing. The fluid enters
the tubing through a downhole check valve that is closed when the N2 drive pressure is applied.
Because the U-tube is part of the permanent installation, it provides for cost-effective repeat sampling
events, that does not require the mobilization of additional equipment out to the field. The only
consumable is the compressed N2 used to drive the samples to the surface.
Collecting in-situ samples is important when the formation fluid contains dissolved gases (in particular
CO2) that may considerably change the fluid properties when degassing at surface. U-tubes can remain
in place and continue sampling for several years. The three-U-tube system installed at the CO2CRC
Otway Project is still producing fluid samples in 2014 after installation in 2007. The permanent
installation aspect of a U-tube system means that sufficient volumes of fluid may be produced to flush
drilling fluids from the formation; however it does require that the perforated section of the hole
remains open. An alternative is to cement U-tubes in behind casing and to perforate the formation
through the cement (see Monitoring section for further discussion). In this system, the explosive
charge penetrates further into the formation (relative to cased perforations) past the contaminated
filtrate zone and into the formation water. It is not certain that a U-tube system would add value in
the context of these wells unless there was a long term research or monitoring function planned.
Gas Membrane Sensor
The gas membrane sensor was developed at GFZ Potsdam as a way to obtain continuous dissolved gas
concentration measurements from the deep subsurface (Zimmer et al., 2010). Similar to a U-tube it
relies upon a loop of stainless steel tubing to retrieve the gas sample from the subsurface. However,
instead of a check valve for admitting multi-phase components, a silicone membrane in the deep
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subsurface allows gas to enter a continuously flowing loop of argon carrier gas and be transported to
the surface where it is admitted into the inlet of an Omnistar portable quadrupole mass spectrometer
(Pfeiffer Vacuum Systems, Nashua, NH, USA). The velocity of the gas stream is well controlled so that
the total travel time of the gas from the inlet to the analyzer can be computed. Figure 29 shows an
image of the membrane and protective housing as well as the surface termination.

Figure 29. Components of the gas membrane sensor. (a) Membrane gas collector tool (total length about 1 m,
60 mm O.D.) and (b) bore hole cable with fittings.

Westbay System
The Westbay System was developed by Westbay Instruments initially for shallow multi-level
groundwater sampling. The company later modified the system from plastic pipe to a stainless steel
construction for application at the proposed high-level nuclear waste site-characterization effort at
Yucca Mountain, NV, USA. Schlumberger acquired Westbay Instruments and merged them into their
groundwater monitoring group. Under Schlumberger, the Westbay instrument was further refined for
application in high CO2 environments. Samples are retrieved from the Westbay System by lowering a
shuttle down to the sampling level, and retrieving it up to the surface where the sample shuttle can
be transferred to another vessel for transport and laboratory analysis.

2.7.2 MEASUREMENTS AND INSTRUMENTATION OPTIONS FOR SLIM-HOLES
Instrumentation options for slim-holes are similar to that of larger diameter, but additional
engineering and custom fabrication of completion materials will be required as vendors will not have
standard designs that can be deployed for many necessary components. The slim-hole monitoring
completion used at the Greenland Analogue Project research site near Kangerlussuaq, Greenland is
an example of a multi-function monitoring system installed in an NQ sized borehole. Figure 30 shows
a highly customized BHA with a U-tube inlet filter and check valve along with a downhole P/T/EC
probe. A heat-pulse cable and fibre-optic line were also installed above this section of the BHA. Figure
31 shows the 2” diameter sliding-end Baski packer (Baski Inc., Denver, CO., USA) used to isolate the
reservoir region and also the custom fabricated cable coupling. While this completion provides for Utube fluid sampling, permanent P/T/EC monitoring, fibre-optic DTS, DAS and heat-pulse, it does not
permit wireline logging nor is there adequate room for multi-level monitoring with this design.
Packers that are set hydraulically often have better reliability than inflatable packers given that they
lock into the set position, and do not rely upon any form of fluid seals. Hydraulically set packers also
have very limited packer seal length, which means they are only appropriate for installation in casedwell situations. Pneumatic packers often have seal lengths of 1 m or greater that can be used in openhole installations. Examples of smaller size hydraulic set packers include a hydraulic-set packer
fabricated by Concept 2 Completions, which have diameters as small as 3.328” and an I.D. of 1.61.0”
which can be deployed in API5 4” casing. The standard coupling on the Concept 2 Completion packer
is a 2.375” EUE 8RD thread. Baker Hughes has several different packer designs with O.D. of 3.592” that
can be used in a 4-1/2” oilfield casing.
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Figure 30. Slim-hole BHA used at the Greenland Analogue Project, Kangerlussuaq, Greenland. The U-tube
inlet and permanent P/T sensor are shown. These were protected within a housing during the installation of
the instrument string.

Figure 31. Sliding-end packer design for isolating a reservoir section. The housing with compression fittings
shown here is used to allow instrument lines to pass within the centre mandrel of the packer, allowing the
U-tube, fibre-optic cable, and P/T cable to pass below the packer.
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2.7.3 CHEMICAL TRACERS
Tracers are compounds that can be injected into the reservoir to provide information about a number
of aspects of reservoir behaviour. Tracer technology is now fairly mature in the hydrocarbon industry
where chemical and radioactive tracers are considered one of the only methods to directly track fluid
movement in the reservoir. This technology has been used routinely in CO2-EOR projects, but has had
only limited application in CO2 aquifer storage projects (Myers et al, 2013).
Tracers can be added/injected from the surface, or use of in-situ tracers may be possible in geological
locations where there are measurable quantities of naturally occurring compounds (e.g., noble gases).
Passive tracers are carried along with the fluid it is injected into, whereas active tracers will interact
with other reservoir fluids or the rock matrix. Some of the information about the reservoir that tracer
studies may provide include effectiveness of volumetric sweep, evaluation of sweep-improvement
efforts, direction of flow, identification of flow barriers, relative velocities of injected fluids,
measurement of residual saturation in the storage interval and identify breakthrough at wells.
Regulations about use of tracers can vary from country to country with the use of radioactive tracers
being more tightly restricted generally than more conventional chemicals. Radioactive tracers are
either beta emitters, such as tritiated CH4 or water, or gamma emitters, such as 22Na or 131I, or both.
Careful handling of any tracers at surface prior to deployment is of particular importance due to
potential risk of contamination at surface, in groundwaters or impacts on marine environments if
leaking to sea floor (HOCNF [Harmonised Offshore Chemical Notification Format) or to limit emissions
of tracers overall (creating potential false positives; Wells et al, (2007) or increasing atmospheric
baseline of a potential tracer through leakage (thereby increasing baseline; Watson and Sullivan,
2012). Perfluorocarbons (PFCs) are the most commonly used tracer in CCS research, but as they have
relatively high global-warming potential their use may limited by regulation. A review of some of the
key issues of using tracers at pilot and commercial scale projects is discussed in Stalker et al, (2014).
Research is ongoing in the identification of more suitable tracers, in particular to obtain the partition
coefficients of the tracers between supercritical CO2 and water/brine at reservoir conditions to enable
data collected to be used in modelling of CO2 behaviour in the subsurface.
Myers et al, (2013) provide a comprehensive overview of tracer use for geological storage
applications. Along with the reservoir information tracers may provide as discussed above, they can
also be effective in determining the types of storage mechanisms active in a reservoir including
residual trapping. Injection of tracers into the reservoir may be done as a pulse, or series of pulses at
discrete intervals. Identifying the appropriate method of fluid sampling to be able to detect the
location, the amount and the velocity that the tracers have moved in the subsurface is also complex,
as there can be many different methods to collect and analyse each tracer compound type and the
matrix that the tracer resides in. Tracers as applied to CCS projects may also be effective for longer
term monitoring and as proxy indicators of potential migration of CO2 out of the storage complex. At
the Otway project in Victoria, Australia, perdeuterated CH4, krypton and sulphur hexafluoride injected
into a depleted gas field were successful in monitoring CO2 plume evolution (Boreham et al, 2011;
Stalker et al., 2015). In a sophisticated test for residual saturation at Otway, noble gas (krypton and
xenon) tracers were used in a single well injection test (Zhang et al., 2011; La Force et al., 2014) and
three reactive esters (triacetin, tripropionin and propylene glycol diacetate; Myers et al., 2012; 2015)
were also used as tracers to complement the noble gases. Work has continued to determine the
breakdown sequence of the reactive tracers (Myers et al., 2014). Smaller injections at the ZERT site in
Montana (Strazisar et al., 2009) and the West Pearl Queen oil field in New Mexico (Wells et al., 2007)
each used PFCs to examine the their use for monitoring and verification methods. Perfluorocarbons
were also use in larger CO2 injection tests at K12-B in the Dutch sector of the North Sea (Vandeweijer
et al., 2011) and at the Frio Brine site in Texas (Freifeld et al., 2005). At the Pembina Cardium project
in Alberta, Canada, in-situ isotopes (C and O) were also used to detect breakthrough and plume
migration (Johnson et al., 2011).
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Although tracer use has been widely effective in many oil and gas reservoirs, their use in monitoring
for CCS projects still requires some research to determine the most effective compounds and sensing
methods. While they can be applied in the same manner as for oil fields, i.e., to address uncertainties
in fluid saturation or compartmentalisation, tracers are not used in the oilfield industry to
demonstrate surface leakage. Work continues to evaluate tracers for demonstrating that containment
has not been breached.

2.8 Review of existing technology and field application
2.8.1 NAGAOKA, JAPAN (2000)
The earliest CO2 pilot injection test for a scientific purpose was performed at Nagaoka, where
approximately 10,400 tons of CO2 were injected into a saline aquifer between 2003 and 2005. IN 2001
and 2002 three monitoring wells were installed around the injection well (Figure 32). The methods
employed for monitoring included geophysical logging (including induction, gamma ray, neutron and
sonic logging), cross-hole seismic tomography, pressure and temperature measurement, passive
seismic (induced), monitoring sampling of fluids from the aquifer and observation of microseismicity
(Xue, 2007).

Figure 32. (a) Configuration of injection well (IW-1) and observation wells, (b) plan view of well locations at
Nagaoka injection site (Mito et al., 2008).

Observations using cross-hole seismic tomography allowed visualisation of how CO2 was spreading
between the observation wells sandwiching the injection well (Figure 33). Cross-well data were
acquired before and after injection (6 times).
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Figure 33. Seismic tomography monitoring results from the Nagaoka pilot site (Saito et al., 2006).

About 1 year after stopping the CO2 injection, formation fluids were collected using a Cased Hole
Dynamics Tester (CHDT) at one of the three observation wells (Figure 34) where CO2 breakthrough
was confirmed by time-lapse well logging. Chemical analyses were compared to the pre-CO2 injection
samples indicating an increase in HCO3− concentration. Concentrations of Ca, Mg, Fe, Mn and Si also
increased.

Figure 34. Schematic of Cased Hole Dynamics Tester (CHDT) deployed at the Nagaoka pilot project (Mito et
al., 2007).
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2.8.2 FRIO BRINE PILOT, USA (2004)
The Frio 1 Brine Pilot Test, conducted in 2004 in Dayton, Texas, involved an injection and monitoring
well pair spaced about 30 m apart to track the movement of CO2 in the subsurface. A new well was
drilled for injection and an existing, idle oil production well was plugged back and recompleted as an
observation well (Hovorka et al., 2006).
For the test about 1600 tonnes CO2 was injected into a steeply dipping brine saturated sandstone
beneath a shale cap rock. The program used multi-tool testing in well bores including performing
repeat surveys using a wire-line deployed reservoir saturation tool (RST) to determine changes in brine
saturation. The results of the RST logs indicated they were sensitivity to the presence of CO2 and could
be used to infer changes in CO2 saturation within the reservoir. A two-well pumping test also used
introduced a fluorescent tracer to help determine hydrogeologic properties under brine conditions
(Figure 35).
A second phase of experiments from 2006 to 2008, Frio-II, also involved well-based monitoring
systems. A string of 24 hydrophones were strapped onto a conductor pipe (2-3/8”) and lowered into
the observation well. Also included with this downhole deployment was a U-tube geochemical
sampler and a pressure/temperature transducer. A piezo-electric seismic source was also used to
enable continuous imaging of the CO2 movement between the injection and observation wells.

Figure 35. Well configuration used at Frio for injection – observation well pairing (Hovorka et al., 2005).
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2.8.3 OTWAY PROJECT, AUSTRALIA (2007)
The CO2CRC Otway Project Stage 1 was a demonstration of mid-scale storage (65,000 tonnes of CO2)
within a depleted gas field. The project ran a comprehensive monitoring program, with baseline
measurements commencing in 2006 (one year before the commencement of injection) through to the
present. The monitoring well is a former gas production well (Naylor-1) updip of the injection well
CRC-1 (Figure 36). The bottom-hole assembly deployed in Naylor-1 included geophones for VSP and
micro-seismic imaging and all tools were connected via cabling to the surface (Figure 37). Many of
these failed shortly after deployment, as did the pressure and temperature sensors. These difficulties
are thought to be due to the utilisation of the pre-existing production well that was both narrow and
contained a casing patch at a critical depth close to the injection formation. A downhole gauge
monitored temperature and injection pressure in CRC-1 while surface pressures were available from
Naylor-1, which were corrected to reservoir pressures. A backup micro-seismic system was installed
in a shallow water well close the Naylor-1. The U-tube sampling system was also part of the bottomhole assembly.
U-tube sampling at three different depths in the Naylor-1 monitoring well, allowed the determination
the timing of CO2 (and tracers: deuterated methane, Kr and SF6) breakthrough and passage downward
as a moving gas-water contact.

Figure 36: Schematic of the injection and monitoring wells at the CO2CRC Otway Project, indicating wellbore
perforations and U-tube inlets. The red zone was the remaining CH 4 gas cap pre-injection, while the light
orange zone was the residually trapped CH4 (Jenkins et al., 2011).
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Figure 37: Schematic cross-section of tools and communication systems in Naylor-1 from the injection
interval (B-B) to the surface (A-A) (Stalker et al., 2011).
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2.8.4 CO2SINK – KETZIN, GERMANY (2008)
The CO2SINK project in Ketzin, Germany was the first project that extensively used behind-casing
installations for monitoring CO2 injection processes. From 2008 until 2013, approximately 67,000 tons
of CO2 were injected though a single injection well. Monitoring occurred at the injector, via two wells
drilled in 2007 and an additional well drilled in 2012 (Figure 38). All wells were designed with the same
casing layout (Table 11), wired to the surface with a fibre-optic cable, a multi-conductor copper cable
and an heating cable (Figure 39, Prevedel et al., 2008).

Figure 38: Monitoring configuration at the CO2SINK project in Ketzin (courtesy of A. Liebscher, GFZ
Potsdam).
Table 11: Casing schemes for the Ketzin wells (Prevedel et al., 2008).
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Figure 39: Drilling design and well completion for the Ketzin CO2 injection well. Yellow line indicates DTS and
ERT cables with location of ERT electrodes (yellow pluses) and sandstone reservoir intervals are shown in
green (Prevedel et al., 2008).

Permanent monitoring tools were installed in the injection and monitoring wells (Prevedel et al.,
2008):





a fibre-optic-sensor cable loop for Distributed Temperature Sensing (DTS; all wells)
a two-line electrical heater cable (Ktzi 201/2007, Ktzi 202/2007)
a Vertical Electrical Resistivity Array (VERA) consisting of fifteen toroidal steel electrodes, 15line surface connection cable (all wells)
fibre-optic pressure/temperature (P/T) sensor, fibre-optic surface connection cable (at
injection string only)

Additional monitoring equipment in the observation wells included seismic receivers (and a source)
for Moving Source Profiling (MSP), Vertical Seismic Profiling (VSP) and crosswell seismic, as well as a
Gas Membrane Sensor (GMS) for sampling of formation fluids.
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2.8.5 SECARB CRANFIELD, NATCHEZ, MS (2008)
Injection of CO2 at the Cranfield Field, Mississippi started in July 2008 and was conducted by the Gulf
Coast Carbon Center (GCCC) with support from NETL and the USDOE (Hovorka et al., 2011). Injection
occurred through 23 injectors with cumulative rates in excess of 1.2 Mt/year. The project performed
a wide range of monitoring (Figure 40). Smart well observation wells (Figure 41) completed at
approximately 3000 m depth were planned for continuous pressure and temperature monitoring. The
project was unique in deploying a range of geophysical measurements including time-lapse gravimetry
(Dodds et al., 2013), as well as cross-well seismic and electrical resistivity tomography, from two
monitoring wells positioned in line from the injector and several 100 ft down-dip in the storage unit.
Injection is into upper Cretaceous fluvial sandstones with 15-25% porosity and an average
permeability of about 100mD.
Two observation wells used at the site were designed to have monitoring hardware installed both on
the casing and on tubing with tools that can be intermittently deployed using wireline (Butsch et al.,
2013). Some of the tools and sensors used required removing the tubing for deployment.
Pressure gauges were installed on the outside of the casing with wireline readout for pressure
measurement above the zone. Fibre optic distributed temperature sensors (DTS) were encapsulated
in tubing and conveyed to total depth. The encapsulation was designed to decrease risk of damage to
cables during installation and reduce risk of CO2 leakage within the cable if the insulation was
breached. Electrodes for Electrical Resistivity Tomography were also casing deployed and needed nonconductive fibreglass casing over the zone to be measured. A separate tool array was also installed
that contained in-zone pressure sensors, memory gauge, U-Tube sampler, tubing and multiple feeds
(Figure 43 and Figure 42). Piezotube seismic sources were also including in one well and hydrophone
sensors in another. Crosswell seismic surveys were performed prior and post-CO2 injection utilizing
the piezoelectric sources and 10-level hydrophone array. Cranfield also attempted borehole
microgravity time-lapse surveys in two wellbores (Dodds et al., 2013). There are very few borehole
deployable gravimeters in the world and hence limited operational experience with this technique.
The work at Cranfield was designed to understand the operational and design aspects of the method
and to assess the ability of the tool to detect injected CO2. While the data were difficult to interpret
there is an indication that this method could be refined to be a more effective borehole monitoring
option.
Open hole including sonic and resistivity, and pulsed neutron logging were also performed in the
observation wells. A reservoir saturation tool (RST - mark of Schlumberger) was also run in several
monitoring passes and these data provided the most quantitative information on near-well bore flow.

82

Figure 40. Monitoring time line for the Cranfield CO2 EOR monitoring project (Young and Hovorka, 2012).

Figure 41: Schematic of smart well completion at Cranfield, Mississippi (Hovorka et al., 2009).

83

Figure 42. ERT monitoring set up at the Cranfield site (Young and Hovorka, 2012).

Figure 43: Layout of one injection well F1 and two monitoring wells F2 and F3. There are 14 electrodes in F2
and 7 electrodes in F3. (Carrigan et al., 2013)
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2.8.6 AQUISTORE, CANADA (2009)
Aquistore is a storage demonstration in Saskatchewan, Canada associated with carbon capture from
the SaskPower Boundary Dam power plant. An extensive monitoring program is part of this
demonstration including both surface and downhole techniques. An injection and observation well
pair are also part of this program, each drilled to a depth of about 3400 m and separated by 150 m
(Rostron et al., 2014). Schematic diagrams of these wells are shown in Figure 44 and Figure 45. As this
was effectively a Greenfield site, a significant effort was made to collect as much geological data as
possible during and post-drilling. Cores were taken and an extensive logging program was run that
included: resistivity, gamma ray/telemetry, dipole sonic, density, elemental spectroscopy, nuclear
magnetic resonance, natural gamma ray spectroscopy, fluid flow profiles, ultrasonic cement bond,
and baseline reservoir saturation (pulsed neutron) logs.
Dynamic downhole testing was also performed and measured nine formation pressures in the
reservoir interval and collected three downhole fluid samples from the containment units (Winnipeg
and Deadwood formations), along with two mini-frac tests to determine in-situ stresses. Vertical
temperature profiles were measured repeatedly during well testing, and post-drilling using the fibreoptic Distributed Temperature Systems attached to both the casing and tubing strings in both wells.
Hydrochemical characterization of the collected samples included: major, minor, and trace elements,
along with a suite of stable isotopes. Distributed Acoustic Sensor (DAS) seismic imaging has also been
used to compare multi-receptor technologies from different vendors for efficacy and economics. In
addition, down-hole sensing has included real-time P&T, passive seismic, fluid sampling, time-lapse
logging, DAS/DTS, heater cable and gravity.
Surface monitoring also includes 630 vertical-component geophones installed at 20m depth on a 2.5
x 2.5 km grid (White et al., 2014). The permanent array is to provide time-lapse 3D seismic imaging
as well as continuous passive monitoring. A permanent seismic source is also installed at the site fixed
in cement at surface that produces precise two-component seismic signals. Aquistore has also utilized
co-located groundwater, soil gas, tiltmeter, InSAR and GPS surface installations.
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Figure 44. Aquistore injection well (Figure with permission PTRC).
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Figure 45. Aquistore observation well (150 m from injection well). Figure with permission PTRC.
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2.9 Summary
Wells are complex, engineered constructions. Combined with well-based data acquisition processes,
wells are usually the most expensive part of the exploration and characterisation program and a
significant cost of the site development. In an effort to reduce costs, wells are often planned for
multiple usages simultaneously or sequentially during the lifetime of a storage project including
serving as exploration wells that can later be used as monitoring wells. Alternatively, the well usage
may also evolve over time according to the outcomes of field and reservoir performance. However,
the more sophisticated or complex a well design, the greater the expense and associated risk of not
reaching technical success in achieving the desired outcomes for the well and its associated well-based
data acquisition.
The design of wells will impart constraints in terms of size, geometry and material, which therefore
impacts (i) data acquisition activities and the types of measurements that can be performed and (ii)
instrumentation that may be installed. Depending on the data acquisition program objective
(appraisal or monitoring), the well-based data acquisition program can result in a complex well design
and a significant level of risk for the (i) drilling, (ii) completion and (iii) data acquisition programs.
Continued site characterization and monitoring is achieved via new data acquisition and further
interpretation of existing data. The design of a new data acquisition program often starts with the
definition of the uncertainty assessment and respective objectives. It is then expected that the new
data will provide the information to reduce the project risks and uncertainties based on scientific
expert assessment.
Wells are important elements for monitoring injected CO2 behaviour in the subsurface and for the
verification of predictive models and providing data to refine such models. Well design and
instrumentation must consider their broad function to supply information to support a robust
monitoring and verification (MV) program that will be a significant component of regulatory
requirements for a given storage site.
The review presented in this section included: well drilling, well completion, well-based data
acquisition for site characterization, instrumentation and sensors, monitoring methodology and finally
a selection of GCS monitoring case studies.
The drilling of wells and their completion is an essential component of the CO2 storage and monitoring
process. Well designs and completions technologies provide the means to access the subsurface and
define the condition and limitations associated with the data acquisition, such as the bore-hole
geometry, well diameter, and the casing material.
The well-based data acquisition program includes a sequence of actions such as coring, petrophysical
logging, pumping a well, performing a downhole seismic survey, and installing a set of instruments to
acquire the physical measurements and the measurements itself. When designing the data acquisition
program, it is necessary to envisage practical considerations and risks and that the test fulfils the data
acquisition objectives. The monitoring data acquisition is defined by a rigorous risk assessment of the
injection and containment program.
The well design and associated data acquisition program of CO2 geological storage wells depends
largely on the monitoring objectives, which have two main aspects:
1. Conformance monitoring – for ensuring that the CO2 plume is behaving as predicted in the
storage interval.
2. Containment monitoring – for ensuring that the injected CO2 is not leaving the storage
complex.
Monitoring objectives can then be divided into more specific entities which address most of the
standard monitoring aspects in a storage project.
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Conformance





Well integrity
Monitor well performances (pressure, rate, etc...)
Pressure front detection
CO2 plume detection and imaging inside the storage unit

Containment







Detect leak along a well
Groundwater assessment
Detect migration of CO2 or brine via matrix pathways
Detect migration of CO2 or brine along fault pathways
Detect fault reactivation
CO2 plume imaging outside the storage unit

Well-based data acquisition can then be associated with monitoring objectives, to best inform the
well-based data acquisition monitoring program. It is summarized in Table 12.
Previous pilot and demonstration projects focussed mainly on detecting and visualising the plume of
the injected CO2 for model calibration and improved understanding of the subsurface behaviour of
injected CO2. The CO2 storage project at Sleipner had only the injection well with limited well-based
monitoring and verification, although it had extensive repeated 3D seismic, as well as marine gravity.
Early CO2 pilot projects (Frio, Otway) used a simple injector – observation well configuration, both
completed in the injection interval and mainly to investigate the nature and timing of plume migration.
Other research projects (i.e. Nagaoka, Ketzin) deployed multiple monitoring wells completed in the
injection interval to better visualise and constrain the extent of CO2 migration. Subsequent projects
(i.e. Cranfield, new well at Ketzin) also monitored the interval above the injection horizon outside the
storage complex. Obviously, the aforementioned different monitoring set ups were all designed to
answer specific research questions.
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Table 12. Monitoring objectives, measurements and instrumentations.
Conformance
Well integrity

Logging

Monitor well performances
(pressure, rate, etc...)

Cement bond,Time
lapse ultrasonic, Time
Lapse EM, Time lapse
caliper
Pressure, temperature,
rate, volume

Downhole
hydrodynamics

Pressure, temperature,
rate

Mechanical
testing
Surface fluid
composition
Downhole fluid
composition
Flow test

Containment
CO2 plume front
detection

CO2 plume imaging
inside the storage unit

Density, sonic, RST
and neutron log
Density, sonic
for arrival at the
well detection

CO2 detectors,
Surface
annulus pressure
hydrodynamics
monitoring

Geophysics

Pressure front
detection

Detect leak along a well

Detect migration of CO2 or brine via Detect migration of CO2 or brine
GW assessment
matrix pathways
along fault pathways

Detect fault
reactivation

CO2 plume imaging
outside the storage unit

Gamma ray with radioactive
tracer, saturation,
temperature, annular flow
noise,
CO2 detectors, annulus
pressure monitoring

Pressure,
temperature,
DTS,DPS
Electrical
conductivity

DTS, DPS, DAS, pressure
temperature

DTS, DPS, DAS,
pressure
temperature

3D VSP, downhole
micro-gravity,
3D VSP, cross-well EM,
borehole to
micro-seismic
surface EM
(conductivity)

DTS, DPS, DAS, pressure
temperature, spontaneous
potential

DTS, DPS, DAS, pressure
temperature

3D VSP, cross-well seismic, microseismic

3D VSP, micro-seismic and inSAR Micro-seismic

3D VSP

Downhole tiltmeter

Electrical
conductivity

Fluid samples

Fluid samples

pH, electrical
conductivity

Pressure fall-off
Tracer
test

Fluid samples

Fluid samples

Fluid samples

Fluid samples

pH, electrical
conductivity

pH

pH, electrical
conductivity

pH, electrical conductivity

pH, electrical conductivity

Tracer

Tracer

Tracer

Tracer, pressure interference test

Tracer, pressure interference
test

Pressure
interference
test
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3 Well-Based Monitoring Scenarios

3.1

Well-base monitoring objectives

This part of the report covers a range of well completion scenarios and monitoring schemes for CO 2
geological storage. Monitoring plans for storage sites are designed to address specific risks identified
during risk assessments as well as improve site characterization and injection performances. There are
two interdependent primary purposes of MMV activities: to verify storage performance
(conformance) and to ensure containment and confirm volume stored of CO2.

3.1.1 CONFORMANCE MONITORING
The verification of storage performance implies normal operating conditions and assumes
containment can be managed using well-established industry practices for well and reservoir
management (WRM). The monitoring is supposed to verify that the CO2 plume in the reservoir and
reservoir pressures behave as predicted. Specific monitoring targets using wells include:
1) Well integrity: Integrity of casing, tubing, cements and isolation of perforated intervals.
2) Well performance: Well-head and bottom-hole pressure behave as predicted and injection rate
can be maintained.
3) Pressure monitoring: Monitoring of the pressure in the injection interval away from the injector
for verification of reservoir models and building confidence in model predictions.
4) CO2 monitoring: Monitoring the CO2 saturation in the injection interval away from the injector for
verification of reservoir models and building confidence in model predictions. This can be achieved
by either sampling of fluids or downhole geophysical methods.

3.1.2 CONTAINMENT MONITORING
Monitoring needs to verify no loss of containment is occurring that would affect the CO2 inventory;
and to detect early warning signs of any potential loss of containment to prompt risk mitigation
measures that prevent or reduce any impacts to the environment or human health. Specific
monitoring targets using wells include:
1) Leak detection of fluid migrating along the outside of a well: Legacy or monitoring wells, if
damaged or not cemented properly, may act as preferential flow paths through the seal for CO2
or brine to migrate upwards.
2) Leak detection of fluid migrating upwards along faults: Depending on the stress regime and
geomechanical properties, faults may act as preferential flow paths through the seal for CO2 or
brine to migrate upwards.
3) Leak detection of fluid migrating through the seal matrix: Contrary to the previous two potential
leakage pathways which are associated with specific localised features, fluid migration out of the
storage complex may occur in a more diffuse way through migration along unidentified zones of
weakness in the seal.
4) Fault reactivation: Detection of micro-seismic events associated with an increase in formation
pressure in response to CO2 injection.
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3.2

Monitoring schemes

In the following sections we present possible well-based monitoring scenarios and compare them to
the monitoring objectives, completion complexity and instrumentation involved. The proposed
generic scenarios consider the functionality of different well types (Figure 46) and are based on various
monitoring objectives. Practical considerations and opportunities for cost and risk reduction are also
taken into account.

Above zone

In zone
in plume

Pressure
maintenance

Monitoring well

Water production

Monitoring well
CO2 injector

In zone
out of plume
Monitoring well

Storage complex

Ground water
resource
Containment unit
CO2 plume

Well completions

Storage unit

Figure 46. Schematic of possible well types and monitoring locations associated with CO 2 geological storage.

The order in which scenarios are presented more or less follows the history of how monitoring of CO2
storage evolved. The first CO2 storage project at Sleipner had only the injection well with limited wellbased monitoring and verification. Early CO2 pilot projects (Frio, Otway) used a simple injector –
observation well configuration, both completed in the injection interval and mainly to investigate the
nature and timing of plume migration. Other research projects (i.e. Nagaoka, Ketzin) deployed
multiple monitoring wells completed in the injection interval to better visualise and constrain the
extent of CO2 migration. Subsequent projects (i.e. Cranfield, new well at Ketzin) also monitored the
interval above the injection horizon outside the storage complex. Obviously, the aforementioned
different monitoring set-ups were all designed to answer specific research questions or address the
local geology. The increase in monitoring complexity will be captured in five well-based generic
monitoring scenarios:
•

Scenario 1: Monitoring of CO2 injection well

•

Scenario 2: Pressure Maintenance: Monitoring of water production well in the storage unit

•

Scenario 3: Designated monitoring well in the storage unit

•

Scenario 4: Well conversion in the storage unit

•

Scenario 5: Designated monitoring well terminating above the storage complex

Additional scenarios will cover multiple well options. The suggested scenarios are generic and not sitespecific. They require adaptation to the appropriate risk and uncertainties of each project. The relative
location of each well needs careful consideration for useful data collection.

3.2.1 SCENARIO 1: CO2 INJECTION WELL
In Scenario 1, the design focuses on instrumenting an injection well (Figure 47). It could be considered
as the minimum M&V set up for an operation that has a well-characterised storage site with minimum
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risks identified regarding leakage and impact on the environment. The scenario addresses mainly the
performances of the well and the storage complex (Table 13).

Figure 47. Scenario 1: CO2 injection well.

Primary monitoring objectives:



Monitoring well integrity
Monitoring well and field injection performances

Secondary monitoring objectives:


Pressure and CO2 plume imaging

A single option for Scenario 1 ‘CO2 injection well’ is proposed in which fibre-optic cables are installed
the casing. Completion and instrumentation are presented in Table 14.
The well is drilled, cased and then cemented. A tubing string is then installed in the casing with a
packer to isolate the injection interval. At the perforation interval, pressure and temperature gauges
are installed. DAS, DTS and DPS fibre-optics are installed along the entire well outside the casing. In
this configuration the minimum casing internal diameter (ID) is 4” (101.6 mm). The well is designated
for passive p,T measurements both downhole and at surface. Surface facilities associated with the
well include data processing for the different fibre-optics and P/T gauges.
As the well is penetrating the storage complex, risk for leakage through the well is a key concern with
impact on cement job, choice of completion material and perforation isolation. This risk could be
mitigated by installing the instruments inside the casing. However, this scenario considers outside
casing deployment for the reason of increased access to the wellbore for other monitoring activities
such as VSP and repeated logging.
The advantages and disadvantages are listed below. Possible variations may include the
instrumentation installed outside the casing which can be removed if risk associated with well integrity
is evaluated to be too high.
Advantages
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Permanent well integrity and leak detection is associated to fibre-optics
Time-lapse logging during work-over can provide additional monitoring to well integrity
VSP during work-over can provide monitoring for CO2 plume imaging

Disadvantages


The presence of instrumentation outside the casing may increase complexity and risk for
cement job.

Table 13. Well instrumentation and monitoring objectives for Scenario 1.
Objectives

Parameters
Well integrity

Conformance

cement bond,
hole size

Instrumentations
Time-lapse logging, annulus
pressure monitoring,
wellhead CO2 detectors,
caliper, ultrasonic

Monitor well performances
(pressure, temperature, rate,
etc...)

surface P/T, rate,
volume,
downhole P/T

wellhead pressure and
temperature gauge, injection
rate metering, time-lapse
temperature log, tracer
injection, gamma logging,
density and sonic logging,
DTS, DPS, DAS

CO2 plume front detection

CO2 saturation

Reservoir Saturation Tool
(RST )

Flow of fluid
(water) inside
and around the
casing,
Temperature,
rate

Oxy Activation Log and
Temperature log

Neutron capture
cross section,
neutron porosity
of formation

(RST)

Pressure front detection
CO2 plume imaging inside the
storage unit

Detect leak along a well

GW assessment
Containment

Detect migration of CO2 or
brine via matrix pathways
Detect migration of CO2 or
brine along fault pathways
Detect fault reactivation

RST
Fluid front and
fracture events

Micro-seismic

CO2 plume imaging outside the
storage unit
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Table 14. Well instrumentation and completion of a CO2 injection well.

Fixed discrete gauges
Fibre-optics

Instrumentation

Fluid sampling
Geophysics

Instrumentation location

Ability to perform flow tests?
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DAS

one
one
N/A
work-overs
P/T at injection
interval
DTS/ DPS and
DAS outside
casing
none
Geophone array
deployable
during workovers
Along well
(outside casing)
and TD

Yes during
work-overs

Cement

Tubing
Tubing size
Cement type
Number of perforated
intervals
Number of packers
Contact tubing/ casing
Time lapse logging

DTS/DPS

Casing

Casing size

Tubing

Completion

Casing material

Minimum 7"7/8
yes
Steel casing/
FRP
Minimum 4"
1/2
yes
minimum 2"375
fully cemented

Formation

Drill bit size
Casing

Packer

3.2.2 SCENARIO 2: WATER PRODUCTION WELL IN THE STORAGE UNIT (PRESSURE
MANAGEMENT WELL)
In Scenario 2, the design focus is on instrumenting a water production well (Figure 48) in the storage
complex, which would be used for pressure management and reservoir hydraulic testing. Such a well
is usually required if the injection interval is, at least partly, compartmentalised with the potential for
pressure increase beyond pre-defined thresholds. The scenario addresses mainly the performance of
the well and the storage complex (Table 15) and the well completion and monitoring set up is largely
the same as for Scenario 1. A single option for Scenario 2 ‘Water production well’ is proposed.
Primary monitoring objectives:



Monitoring well integrity
Monitoring well and field injection performances

Secondary monitoring objectives:


Pressure and CO2 plume imaging

Figure 48. Scenario 2: Water production well.

The well is drilled, cased and then cemented. A tubing string is then installed in the casing with packer
to isolate the production interval (Table 16). At the perforation interval, pressure and temperature
gauges are installed. DAS, DTS and DPS fibre-optics are installed along the entire well outside the
casing. In this configuration the minimum casing internal diameter (ID) is 4” (101.6 mm). The well can
be used for hydraulic testing of the reservoir (i.e. pump tests) and is completed for passive p,T
measurements both downhole and at surface. Surface facilities associated with the well include data
processing for the different fibre-optics and P/T gauges.
As the well is penetrating the storage complex, risk for leakage through the well is a key concern,
which requires careful considerations for the cement job, choice of completion material and isolation
of perforations.
The advantages and disadvantages are listed below. Possible variations may involve the
instrumentation installed outside the casing which can be removed if the risk associated with well
integrity is evaluated to be too high.

96

Advantages




Permanent well integrity and leak detection with fibre-optics
Time-lapse logging during work-overs can provide additional monitoring to well integrity
VSP during work-overs can provide monitoring for CO2 plume imaging

Disadvantages


The presence of instrumentation outside the casing is increasing the complexity and the risk
for cement job and breach of integrity.

Table 15. Well instrumentation and monitoring objectives for a pressure management well.
Objectives

Parameters

Instrumentations

cement bond, hole
size

time lapse logging, annulus
pressure monitoring,
wellhead CO2 detectors,
caliper, ultrasonic

Monitor well performances
(pressure, rate, etc...)

surface P/T, rate,
volume, downhole
P/T

wellhead pressure and
temperature gauge, injection
rate metering, time-lapse
temperature log, tracer
injection, gamma logging,
density and sonic logging,
DTS, DPS, DAS

CO2 plume front detection

CO2 saturation

Reservoir Saturation Tool
(RST )

CO2 plume imaging inside the
storage unit

seismic reflectance

DAS

Detect leak along a well

Flow of fluid
(water) inside and
around the casing,
Temperature, rate

Oxy Activation Log and
Temperature log

Neutron capture
cross section,
neutron porosity of
formation

RST

Well integrity

Conformance

Pressure front detection

GW assessment

Containment

Detect migration of CO2 or brine
via matrix pathways
Detect migration of CO2 or brine
along fault pathways
Detect fault reactivation
CO2 plume imaging outside the
storage unit
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RST
Fluid front and
fracture events

Micro-seismic

Instrumentation

Fluid sampling
Geophysics
Instrumentation location

DAS

one
one
N/A
work-overs
P/T at production
interval
DTS/ DPS and DAS
outside casing
none
Geophone array
deployable during
work-overs
Along well (outside
casing) and TD

Cement

Fibre-optics

DTS/DPS

Casing

Fixed discrete gauges

Minimum 7"7/8
yes
Steel casing/ FRP
Minimum 4" 1/2
yes
minimum 2"375
fully cemented

Tubing

Drill bit size
Casing
Casing material
Casing size
Tubing
Tubing size
Cement type
Number of perforated
intervals
Number of packers
Contact tubing/ casing
Time lapse logging

Formation

Completion

Table 16. Well instrumentation and completion for a pressure management well.

Packer

Ability to perform flow
tests?

Yes during workovers
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3.2.3 SCENARIO 3: DESIGNATED MONITORING WELL IN THE STORAGE UNIT
In Scenario 3, the design focuses on a monitoring well targeting the CO2 plume (Figure 49) and the
well penetrates the storage complex. The scenario addresses containment issues and the performance
of the storage complex (Table 17). Two options for Scenario 3 ‘Monitoring well in the storage unit’ are
proposed. Note that the different options do not address the objectives equally.

Figure 49. Scenario 2: Designated monitoring well in the Storage unit.

Table 17. Monitoring objectives for different well locations in Scenario 3.
Objectives
Well integrity

Option 1
In plume

Option 2
Out of the plume

x

x

Monitor well performances
(pressure, rate, etc...)
Conformance

CO2 plume front detection

x

Pressure front detection

x

CO2 plume imaging inside the
storage unit

x

x

Detect leak along a well

x

x

Detect fault reactivation

x

x

CO2 plume imaging outside the
storage unit

x

x

GW assessment
Detect migration of CO2 or
brine via matrix pathways
Containment
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Detect migration of CO2 or
brine along fault pathways

Option 1: A monitoring well targeting the storage unit and specialized for performance
monitoring, pressure front and CO2 plume detection and imaging.
Primary monitoring objectives:



Detect pressure and CO2 plume front (multiple intervals pressure, temperature and
geochemistry)
Image the 3D distribution of the plume (multiple intervals pressure, temperature and
geochemistry, geophysics)

Secondary monitoring objectives:


Detect fault reactivation (DAS and geophones)

Option 1 is proposed with three different designs (A, B and C). Option 1A can have multiple monitoring
intervals with completion and instrumentation readily available off the shelf (Table 18). The well is
drilled and cased and then perforated. Instrumentation is installed fully within the casing with packers
to isolate the perforated intervals. For each perforated interval, pressure, temperature gauges and utube sampling devices may be installed. DAS and DTS fibre-optics are installed along the entire well
inside the casing. A geophone is clamped or cemented in at total depth. In this configuration the
minimum casing internal diameter (ID) is 4” (101.6 mm).
The well is equipped for passive p,T measurements and fluid sampling. The geophone can be applied
to passive micro-seismic monitoring and to measure seismic activity from other wells or the surface.
Surface facilities associated with the well include data processing for the different fibre-optics and
p,T gauges and U-tube sample collectors and analysers.
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Table 18. Well instrumentation and associated completion for Scenario 3, Option 1A.

Fibre-optics

Geophysics
Instrumentation
location

DAS

several
several
no
P/T at each
interval
DTS/ DPS and DAS
inside casing
U-tube @ each
interval
TD geophone

Packer

U-tube

along well and TD

Packer

U-tube

Ability to perform flow
tests?

no

Geophone
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U-tube

Casing

Instrumentation

Fluid sampling

no
N/A
fully cemented

Cement

Fixed discrete gauges

DTS/DPS
Perforations

Tubing
Tubing size
Cement type
Number of perforated
intervals
Number of packers
Time lapse logging

Packer

Perforations

Casing size

yes
Steel casing/ FRP
minimum 4" 1/2

Perforations

Completion

Casing
Casing material

Minimum 6"

Formation

Drill bit size

Option 1B (Table 19) is associated with passive p,T measurements and sampling, active production
and injection tests and active VSP experiments. The permanent geophone can be applied to passive
micro-seismic monitoring and to measure seismic activity from other wells or the surface. Surface
facilities associated with the well include data processing for the different fibre-optics and P/T gauges
and U-tube sample collectors and analysers. The tubing is equipped with sliding sleeves at every
perforated interval to enable independent opening/closure of each zone. The tubing enables access
to the well with wireline logging tools and geophone arrays, as well as independent production and/or
injection of each perforated interval.
Table 19. Well instrumentation and completion for Scenario 3, Option 1B.

Casing material

Steel casing/ FRP

Casing size

minimum 4" 1/2
yes

Packer
DTS/DPS

Tubing size

minimum 2"375

DAS

Cement type

fully cemented

Perforations

Tubing

Number of perforated
intervals

several

Number of packers

several

Fibre-optics
Fluid sampling
Geophysics
Instrumentation location
Ability to perform flow
tests?

no
P/T at each interval
DTS/ DPS and DAS inside
casing
U-tube @ each interval
TD geophone

U-tube

Cement

Fixed discrete gauges

Packer

Perforations

Time lapse logging

U-tube

sliding sleeves

along well and TD
no

Packer

U-tube
Perforations

Contact tubing/ casing

Instrumentation

yes

Formation

Completion

Casing

Minimum 6"

Tubing
Casing

Drill bit size

Geophone
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Option 1C (Table 20) is associated with passive p,T measurements and sampling, and active VSP
experiments. The permanent geophone can be used for passive micro-seismic monitoring and to
measure seismic activity from other wells or the surface. Surface facilities associated with the well
include data processing for the different fibre-optics and P/T gauges and U-tube samples collector and
analysers. The empty casing enables access to the well with wireline logging tools and geophone
arrays.
Table 20. Well instrumentation and completion for Scenario 3, Option 1C.

Casing material

Steel casing/ FRP

Casing size

Minimum 4" 1/2

Tubing

no

Tubing size

N/A

Cement type

none

Contact tubing/
casing
Time lapse logging

N/A

Fibre-optics
Fluid sampling
Geophysics
Instrumentation
location

DAS

none

Yes
P/T at TD
DTS/ DPS and DAS
outside casing
U-tube outside casing
Geophone array
deployable
Along well (outside
casing) and TD
no

Casing

Ability to perform
flow tests?

DTS/DPS

fully cemented

Number of
perforated intervals
Number of packers

Fixed discrete gauges

Instrumentation

yes

Cement

Completion

Casing

Minimum 7"7/8

Formation

Drill bit size

Geophone
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U-tube

As the well is penetrating the storage complex, specifically the plume, risk for leakage through the
well is a key concern with impact on cement job, choice of completion material and perforation
isolations. This monitoring design is commonly found in applications for oil and gas resources. The
advantages and disadvantages are listed below. Possible variations are regarding the number of
perforated intervals.

Advantages






Redundancy for well integrity and leak detection with Options 1B and 1C.
Options 1B and 1C allow time-lapse logging and repeated VSP.
Option 1B enables production and injection tests as well as interference testing.
Options 1B and 1C offer increased CO2 plume imaging via VSP and time-lapse logging
If outside casing instrumentation fails, the well could be re-instrumented inside the casing
with instrumentation as in options 1A or 1B.

Disadvantages



Option 1C, the casing is isolated from the formation, no fluid samples can be collected from
inside the casing. However, the casing has increased integrity.
The presence of instrumentation outside the casing is increasing the complexity and the risk
for well integrity failure associated with the cement job.

Option 2: A monitoring well targeting the storage unit and specialized for CO 2 plume
imaging and micro-seismic monitoring.
As the well is outside of the area expected to be contacted by the CO2 plume, monitoring objectives
are focussed around passive geophysical methods.
Primary monitoring objectives:



Image the 3D distribution of the plume (multiple intervals of hydrodynamic and
geochemistry and geophysics testing)
Detect fault reactivation (DAS and geophones)

Option 2 is associated with passive pressure/temperature and geophysical measurements, and active
VSP experiments. The permanent geophone can be used for passive micro-seismic monitoring and to
measure seismic activity from other wells or the surface. Surface facilities associated with the well
include data processing for the different fibre-optics and P/T gauges. The empty casing enables access
to the well with wireline logging tools and geophone arrays.
As the well is penetrating the storage complex, risk for leakage through the well is a key concern with
impact on cement job, choice of completion material and perforation isolation.
The advantages and disadvantages are listed below. Possible variations are regarding the
instrumentation installed outside the casing.
Advantages



Redundancy for well integrity and leak detection with outside the casing and time-lapse
wireline logging.
Option 2 allows doing time-lapse logging and doing repeated VSP.
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Option 2 offers increased CO2 plume imaging via VSP and time-lapse logging
If outside casing instrumentation fails, the well could be re-instrumented inside the casing
with instrumentation as in options 1A or 1B. However, perforations have to be done to
access formation water.

Disadvantages



The casing is isolated from the formation, no fluid samples can be collected from inside the
casing. However, the casing has increased integrity.
The presence of instrumentation outside the casing is increasing the complexity and the risk
for well integrity failure associated with the cement job.

3.2.4 SCENARIO 4: WELL CONVERSION WITHIN THE STORAGE UNIT
Opportunities for well-based monitoring arise or can be revised with conversion of a well. In this
section, we investigate a few possible options for well conversion.

Option1: Monitoring well converted to CO2 injection well
In specific situations such as lack of injectivity in a specific area of the field, an in-zone monitoring well
could be converted into an injection well. Using the previous scenario 2 designs, the instrumentations
can be removed from the well for Option 1A and 1B, perforations re-cemented and the injection target
perforated. A tubing completion such as Scenario 3 can be installed. However, the monitoring
capabilities associated with the injection would be limited to P/T gauges in the casing for the
perforated interval. Associated risks are related to well integrity with the cementation of monitoring
perforations.
If Scenario 2, Option 1C is used then there is a high risk of damaging the fibre-optics instrumentation
due to the perforation process of the injection interval.

Option 2: Monitoring well converted to water production
In case of overpressures in the injection interval becoming unexpectedly high, an in-zone monitoring
well could be converted into a water production well. Using the previous Scenario 3 designs, the
instrumentations can be removed from the well for Option 1A and 1B, perforations re-cemented and
the injection zone perforated. A tubing completion such as Scenario 3 could be installed. However,
the monitoring capabilities associated with the injection would be limited to P/T gauges in the casing
for the perforated interval. Cementation of the initial monitoring perforations would pose a risk to
well integrity.
If Scenario 2, Option 1C is used then there is a high risk of damaging the fibre-optics instrumentation
due to the perforation process of the injection interval.
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3.2.5 SCENARIO 5: MONITORING WELL ABOVE THE STORAGE COMPLEX
In Scenario 5, the design focus is on a monitoring well fully located in a permeable unit above the
primary seal (Figure 50). The well does not enter the storage unit. The well addresses two primary
monitoring objectives:
•
•

Characterising the above zone unit, monitoring formation water composition and detecting
changes associated with CO2 or formation water migrating out of the storage unit.
Imaging the 3D distribution of the CO2 plume in the underlying storage zone

As the main objective of a monitoring well above the storage complex is the detection of potential
fluid leakage into the shallow environment, only one M&V option is proposed.

Figure 50. Scenario 1: Monitoring well in the Above Zone.

Depending on the location, this type of monitoring well may be used to: a) image the CO 2 plume in
the underlying storage unit, b) passively detect microseismic activity associated with injection or loss
of containment, c) characterise the above zone monitoring unit, d) detect changes associated with the
movement of fluids out of the storage unit into the monitoring unit (pressure or fluids) and e) monitor
nearby faults and determine the ongoing integrity of the monitoring well itself.
The biggest advantage of this type of well is that it does not penetrate through the top seal of the
storage complex and therefore does not increase the risk of leakage by providing a potential pathway
for fluids. Depending on the configuration, this type of well can be low risk and cost effective.
However, its radius of detection is limited by the instrumentation. P/T gauges and U-tubes (Table 21)
have a low radius of detectability and need to be in close proximity for a leak to be detected. The
addition of geophysical tools increases the radius of detectability. Generally, this well should be
located within the radius of the CO2 plume and, if previously identified, in close proximity to a potential
point of leakage (i.e. fault, fracture zone).
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Table 21. Suggested well instrumentation and completion for above-zone monitoring.
Micro-seismic
monitoring well
very s hallow
Drill bit size
yes

yes

PVC or steel
casing

Steel casing/ FRP

no

no

Tubing size

N/A

N/A

fully cemented

fully cemented

1

none

1

none

Number of
perforated
intervals
Number of
packers
Contact tubing/
casing
Time lapse
logging
Fixed discrete
gauges
Fibre-optics

Instrumentation

Minimum 4" 1/2

Tubing
Cement type

N/A
no

Yes

P/T downhole
gauges (?)

P/T at TD
DTS/ DPS and DAS
outside casing

Fluid sampling
Geophysics
Instrumentation
location
Ability to
perform flow
tests?

DAS

Cement

Completion

Casing size

DTS/DPS

U-tube outside
casing
TD geophone

Geophone array
deployable

TD only

Along well
(outside casing)
and TD

no

no

Casing

Casing material

Minimum 7"7/8

Formation

Casing

Micro-seismic
monitoring well
deep

U-tube

Geophone

In this configuration the casing is free of any instrumentation. Again, the minimum internal diameter
(ID) is 4” (101.6 mm). The empty casing enables access to the well with wireline logging tools and
geophone arrays, including, active VSP experiments. While this option allows for improved
opportunities to perform geophysical measurement in the well, the installation of monitoring
equipment to the outside of the casing means that it is non-retrievable and requires more care in the
installation and cementing process.
Advantages
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No perforation required
Redundancy for well integrity and leak detection with fibre-optics and time-lapse logging.
CO2 plume imaging via VSP and time-lapse logging
Possibility to do time-lapse logging and do repeated VSP.



If outside casing instrumentation fails, the well could be re-instrumented inside the casing

Disadvantages



The casing is isolated from the formation, no fluid samples can be collected from inside the
casing
The presence of instrumentation outside the casing is increasing the complexity and the risk
of drilling and the cement job.

3.2.6 SCENARIO 6: MULTIPLE AND MULTI-USE WELLS
Well-based monitoring can be enhanced by surface geophysical methods or by using multiple wells.
In this section, we investigate possible multiple monitoring well options and multi-use possibilities
(Figure 51).

Figure 51. Schematic configuration of monitoring schemes. See text for details.
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Table 22. Comparison of selected well instrumentation and monitoring objectives for wells with or without tubing.

Objectives

Conformance

Well integrity
Monitor well performances
(pressure, rate, etc...)

Temperature, flow of fluid,
pressure

DTS, Temperature Gauge,
DTS, DPS,

P/T gauges, flow meter
fluid sampling, P/T gauge,
DTS, DPS

Pressure, temperature, rate
fluid composition, pressure,
saturation, density

P/T gauges, flow meter
fluid sampling, P/T gauge,
DTS, DPS

Pressure front detection

Pressure, Temperature

P/T gauge, DTS,DPS

Pressure, Temperature,
pressure fall off, 3D VSP

P/T gauge, DTS,DPS, 3D VSP

CO2 plume imaging inside the
storage unit

seismic reflectance

geophone, DAS

seismic imaging

geophone, 3D VSP, DAS

Pressure, Temperature

DTS, DPS, DTPS

Pressure, Temperature

DTS, DPS, DTPS, time lapse
logging

Pressure, temperature, fluid
composition

P/T gauge, fluid sampling

Pressure, temperature, fluid
composition

P/T gauge, fluid sampling

Pressure, temperature, fluid
composition

fluid samples, DTS, DPS, DAS,
P/T gauge

Pressure, temperature, fluid
composition

fluid samples, DTS, DPS, DAS,
P/T gauge, time lapse logging,
3D VSP

Pressure, temperature, fluid
composition
micro-seismic activity

fluid samples, DTS, DPS, DAS,
P/T gauge
geophone,DAS

Pressure, temperature, fluid
composition
micro-seismic activity

fluid samples, DTS, DPS, DAS,
P/T gauge, time lapse logging,
3D VSP
geophone,DAS

seismic reflectance

geophone, DAS

seismic reflectance

geophone, DAS

CO2 plume front detection

GW assessment

Containment

Well with tubing
Parameters
Instrumentation

Pressure, temperature, rate
fluid composition, pressure,
saturation, density

Detect leak along a well

Detect migration of CO2 or
brine via matrix pathways
Detect migration of CO2 or
brine along fault pathways
Detect fault reactivation
CO2 plume imaging outside
the storage unit
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Well without tubing
Parameters
Instrumentation
Temperature, Flow of fluid
inside and around casing,
Temperature gauge, DTS,
cement quality (bond, crack
Water flow log (WFL), CBL,
etc)
VDL, USIT

Option 1: Multiple use of monitoring wells - monitoring above- and in-zone
In Option 1, the design focuses on monitoring wells that are completed in the injection interval and the
above-zone and thereby address both conformance and containment issues (Table 22). The monitoring well
completions are similar to those shown in Table 18 and Table 19, with perforated intervals located in the
above-zone and in the storage unit. Therefore two different designs are available with or without tubing.
Primary monitoring objectives:
•
•
•
•

GW assessment and migration of CO2 / brine in the Above Zone
Image the 3D distribution of the plume in the Above Zone
Detect pressure and CO2 plume front
Image the 3D distribution of the plume

Secondary monitoring objectives:
•

Detect fault reactivation

The wells can have a dual purpose to serve as exploration wells that can later be used as a monitoring well.
Exploration wells often involve core extraction (vertical and side-wall), extensive wireline logging, fluid
sampling and production tests. Exploration data acquisition may impose restriction such as a production
tubing is required if a production test is performed. The monitoring instrumentation can be accommodated
if the casing is left empty or the production tubing is already equipped with monitoring instrumentation. If
there is a slope to the top seal, at least one well should be in the structural updip direction, the main direction
of anticipated CO2 migration. The second (and additional wells) should be located in areas of heterogeneity
in the reservoir or at locations with relatively high risk of leakage. Depending on the well configuration, wellto-well geophysical methods could be implemented for improved plume visualisation.

Option 2: Multiple monitoring wells in the storage complex for pressure and CO2 plume imaging
Several monitoring well designs in different multiple well configurations (Table 18 and Table 19) can be
employed for better detecting and imaging the pressure and/ or CO2 distribution in the storage unit. By using
at least one monitoring well with production tubing, a pressure interference test can be conducted. Crosswell seismic tomography and cross-well electro-magnetic tomography can provide better imaging of the CO2
plume but would need installation of specific sensor arrays in the well. This option could be preferred if
above-zone monitoring was deemed to be redundant due to low risks of vertical leakage in the case of a very
thick, established top seal (i.e. horizon containing non-leaky petroleum reservoirs).

Option 3: Multiple monitoring wells in the zone above the storage complex for containment verification.
If vertical leakage through the top seal was identified as having a relatively high risk, monitoring the abovezone would have highest priority. Completing additional monitoring wells in the injection zone may not be
desirable because it would increase the risk of leakage via faulty well completions/cementation. In this case,
conformance monitoring would be limited to the monitoring of the injection well and indirect geophysical
methods. Well completions and monitoring set up as described in Table 21 would be suitable for the
monitoring wells.

Option 4: Multiple monitoring wells in compartmentalised storage complex
Storage reservoirs can be compartmentalised, for example by faults, and pressure build-up and across-or upfault leakage of brine or CO2 are key risks of CO2 storage projects in such environment. For monitoring the
degree of hydraulic communication across a fault or fault leakage, we propose to use several wells equipped
with monitoring equipment described in Table 18 and Table 19. Multiple perforations and tubing are needed
for production and interference tests between areas divided by a fault. One well should have the ability to
be used as or be converted into a production well for pressure management purposes.
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3.3

Discussion

Monitoring plans for storage sites are designed to address specific risks identified during risk assessments as
well as improve site characterization and injection performances. There are two interdependent primary
purposes of MMV activities: to verify storage performance (conformance) and to ensure containment of CO2.
The more sophisticated or complex a well design, the greater the expense and associated risk of not reaching
technical success in achieving the desired outcomes for the well and its associated well-based data
acquisition. To date, there is no ‘size-fits-all’ monitoring well but rather an ensemble of solution best suited
to address some or others well and monitoring objectives, site characteristics and cost.
A portfolio of five generic well-based monitoring scenarios is presented. Each scenario is developed against
the monitoring objectives, completion complexity and instrumentation involved. The proposed generic
scenarios consider the functionality of different well types and are based on various monitoring objectives.
These scenarios are envisaged as the well is an asset over the sequestration project lifetime. Additional
scenarios cover multiple well options. The order in which scenarios are presented more or less follows the
history of how monitoring of CO2 storage evolved.
Some of the scenarios are very generic and applicable to most of the monitoring objectives, while others are
very individually designed to address a specific monitoring objective leaving little space to address other
objectives.
There are opportunities to reduce cost and risks with the different scenarios.
Costs associated with monitoring wells are:
-

Well annulus size
Multiple wells needs to be drilled

Costs can be reduced by:
-

Reducing the well annulus size
Reducing the number of wells and increasing multiple usage of the same well

Risks associated with monitoring wells are:
-

Well integrity associated with the cement job when the well is intersecting the storage complex.
Increase in well complexity due to increased instrumentation of the well.

The suggested scenarios are generic and not site-specific. They require adaptation to the appropriate risk
and uncertainties of each project. The relative location of each well needs careful consideration for useful
data collection.
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4 Possible Monitoring Schemes for the South West
Hub project

Preliminary risk assessment of the SouthWest Hub project has identified specific monitoring priorities that
need to be addressed with an appropriate monitoring scheme. Therefore, suitable generic monitoring
scenarios and well configurations from the previous part of the report are adapted to the specific
environment of the SouthWest Hub in this section.

4.1

Background

The Western Australian Department of Mines and Petroleum (WADMP) is currently performing an evaluation
of geological characteristics within part of the southern Perth Basin for potential as a commercial site for
geological storage of carbon dioxide (Figure 52). The work performed by the WA DMP aims to produce a data
package for the prospective storage site, the South West CO2 Geosequestration Hub (South West Hub), in a
manner similar to pre-competitive bid data packages generated to spur interest in resource exploration.
The South West Hub is presently within the Appraisal phase (and more specifically in the data acquisition and
analysis part of the expanded workflow) and will certainly still be in this phase at the completion of the precompetitive characterisation work by the WA DMP.
The Screening phase mainly took place outside the framework of the current structure of the South West
Hub. Causebrook et al. (2006) examined the southern Perth Basin including onshore and offshore areas for
suitability for geologic storage of CO2. They noted that high quality onshore reservoirs were present, such as
in Jurassic sands of the Yarragadee Formation (the major regional aquifer for drinking water), but did not
explicitly discuss the Lesueur Formation which is the present storage unit of interest for the SW Hub.
Causebrook et al. (2006) highlighted that there was a lack of suitable trapping by way of traditional reservoir
– seal pairs in the stratigraphic succession. Subsequently, Varma et al. (2009) in a study focussed on storage
potential onshore in southwest Western Australia identified an area in the southern Perth Basin along a NWSE trending structural feature known as the Harvey Ridge as having the highest potential for storage in the
region.
The geological storage concept for the Harvey Ridge area requires retaining the injected CO2 through a multibarrier system including residual trapping and convolute migration pathway within a thick package of strata
having relatively low permeability [9]. Residual trapping (in which free-phase CO2 is immobilised as
discontinuous or isolated bubbles in pores by capillary forces) is one of the main mechanisms that CO2 is
trapped within a storage reservoir, but virtually every other storage site globally relies on primary
containment by structural and stratigraphic traps of one or more seals of thick, laterally continuous strata
having low-permeability such as shale or anhydrite.
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Figure 52. Location map showing surficial geology of the area of interest. Also shown are locations of wells including
Harvey-1, Pinjarra-1, and Lake Preston-1. The stratigraphic column for Harvey-1 is shown on the right. Figure from
DMP.

Presently, the South West Hub has available legacy data from existing hydrocarbon exploration wells near
Pinjarra about 40 km north and Lake Preston about 8 km west of Harvey 1, shallow groundwater wells, 2D
seismic and various regional geological studies. Harvey-1 was drilled in 2012 through the Lesueur Formation
into the Sabina Formation, specifically for collecting data for the South West Hub project. The basis of the
South West Hub decision to proceed will be the analysis and interpretation of the available data and models
and the performance of a risk assessment. As part of this analysis, the project definition provides
performance metrics such as the volume, rate and duration of expected CO2 delivery that must be
considered. Although a formal risk assessment (RA)/ uncertainty assessment (UA) has yet to be performed,
there are known technical risks and uncertainties that will be considered by the South West Hub such as:
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Capacity: Faults have been mapped throughout the region and it is still unknown whether these are
transmissive or will compartmentalise the reservoir and impact storage capacity.
Injectivity: While Harvey 1 indicated generally good reservoir characteristics and preliminary
modelling indicated injectivity to be favourable, other regional wells have shown the Lesueur to be
extensively cemented with poor porosity and permeability. Thus there is uncertainty about the
regional nature of the storage reservoir in terms of its diagenetic history, lateral continuity of beds,
and aspects of its depositional environment.
Containment: The existence of sealing strata and the degree of residual trapping within the Lesueur
Formation remains highly uncertain. Although preliminary modelling suggests that injected CO2 may
be retained, these results are based on several assumptions and comparatively little data. Collected
petrophysical data, core and wireline logs from Harvey 1 are not conclusive and some data (wireline,
core, formation fluids) at project-critical stratigraphic levels were not sampled because of drilling
issues.

A large 3D seismic survey obtained in 2014 provided insights in the structure, fault distribution and
stratigraphic continuity, and may potentially assist with some reservoir (and seal) characteristics using
inversion techniques. These data may assist with reducing some uncertainty around capacity, although it may
not aid much with establishing the transmissivity of faults.
In addition, three shallow wells, referred to as Harvey 2 (H2), Harvey 3 (H3) and Harvey 4 (H4), were drilled
in early 2015. The objective of these wells is to characterize the upper section of the storage complex and
assess specifically the containment issue. The wells were drilled into the upper part of the Lesueur Formation
within a stratigraphic unit termed the Yalgorup Member that overlies the main reservoir portion of the
Lesueur called the Wonnerup Member. None of these wells are anticipated to penetrate significantly into
the Wonnerup Member, which is considered to be the potential storage reservoir. The goal of the shallow
wells is to obtain stratigraphic information, core, wireline, hydrogeological information and other data to
determine the lateral continuity of the Yalgorup Member and assess its capacity as a barrier to upward
migration of CO2. The shallow wells, H2, H3 and H4, will also help with the interpretation of the regional
geology, calibrating the seismic data and evaluating the Upper Lesueur Formation and overlying Eneabba
Shale for containment.
A second deep well, Harvey 5 (H5), is expected to be drilled mid to late 2016 that will penetrate deeper into
the reservoir zone and which may be used for injection tests, assessment of residual trapping effectiveness
and provide core material for reservoir evaluation. This well will provide new data about reservoir quality
and containment by residual trapping and guide the South West Hub in selecting appropriate locations for
CO2 injection wells. It is therefore extremely important to maximise the information this well may provide
about the storage reservoir. The current site characterization objectives are to comply with regulatory rules
and prove the storage complex for expected injection up to 6.5 million tonnes per year for 40 years, totalling
236 Mt.
ANLEC R&D is also providing funding to support research and data interpretation into the evaluation of the
South West Hub storage site. A number of reports have been produced assessing the depositional
environment of the Lesueur, including its petrophysical characteristics, structural setting of the region and
preliminary geophysical and geomechanical information and structural, stratigraphic and reservoir models
[13-21]. Updated geological and reservoir models are currently in preparation by a consultancy hired by the
South West Hub that will include the seismic data from the 2014 3D survey.
There are monitoring domains such as the reservoir, overburden and surface that can be identified during
the Appraisal phase. During this phase some system vulnerabilities can be recognised (mainly through RA/UA)
and baseline data can begin to be obtained.
It is not clear at this stage which research objectives have to be pursued. However, the flexibility to
implement technology that may arise and/or to accommodate with different experiments is a key aspect.
The research objectives are likely to address geological carbon storage (GCS) and the specific South West Hub
project objectives. Residual saturation GCS concept and vertical leakage are two possible areas of research.
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Unique to the South West Hub among storage projects is that residual trapping within the Lesueur Formation
is being considered as an important trapping mechanism. Most geological storage sites target structural or
stratigraphic trapping by way of a low-permeability cap-rock as the primary containment means, although
residual trapping and dissolution trapping can contribute significantly in these settings. Because a distinct
low-permeability cap-rock has not been conclusively identified for the South West Hub, it is of paramount
importance to establish that residual trapping of the injected CO2 within the Lesueur Formation occurs and
is highly efficient. In the absence of a conceptual storage complex study for the South West Hub, the
investigation of non-structural trapping by Green and Paterson (2012) can provide some broad guidelines to
the important parameters that need to be considered (e.g. vertical permeability, residual saturation,
interbedded shales).

4.2

Additional data needs

Aside from meeting monitoring objectives, any new well drilled in the underexplored area of the SWHub
project can provide much needed information to reduce uncertainties regarding capacity, injectivity and
containment of the site.
Assessing the stratigraphy of the Lesueur Formation










The lateral and vertical heterogeneity in lithology of the Lesueur Formation, both Wonnerup and
Yalgorup members, including depositional fabric, mineralogical variations, and patterns of diagenetic
alteration must be determined in greater detail. Work of this nature will target uncertainty around
storage capacity and injectivity. This research also will form the basis for updating and building the
geological model including setting parameters around the distribution of petrophysical
characteristics that are the major factors influencing the dynamic modelling of the long-term
distribution of the injected CO2.
The Wonnerup Member is the targeted injection zone and it must be established to what, if any,
extent that diagenesis has impacted porosity and permeability. Improved understanding of the
regional hydrogeological controls over diagenetic pathways and processes will reduce uncertainty
about the regional distribution of cemented reservoir.
Understanding the depositional nature of the Yalgorup Member, its lateral extent, lithological
continuity and potential as a more conventional seal or baffle to upward migration of CO2 is also
critical. This will require wireline and core data, sedimentological and facies analyses; well testing
data should provide additional information about the sealing capability of the unit over a local scale.
Formation water chemistry will provide information regarding potential flow barriers between the
Wonnerup and Yalgorup members. These data are very limited for the South West Hub region, and
the next tranche of data collection must be successful in acquiring this essential information.
Chemical analyses will include standard water analyses (TDS, pH, alkalinity, major and minor
elements) and also more specialised measurements (such as trace elements; stable isotopes of H, C,
O; radiogenic Sr; REEs, conductivity; and organic constituents among others).
The lateral and vertical extent and boundaries of the Lesueur as a storage unit must be determined.
This will inform capacity estimations, monitoring and regulatory requirements. The data required to
perform these investigations includes cores, geophysical logs, seismic, and regional geological
studies. Again an integrated sequence stratigraphic study incorporating facies analyses, seismic
interpretation, diagenetic paragenesis, and petrophysical interpretation is required.

Assessing the regional faults and structural features
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The distribution of faults and other structures in the South West Hub area of interest must be
identified, mapped and evaluated for their potential impact on containment and storage. The main
uncertainty is whether the faults in the region are sealing or transmissible to fluids. Hydrogeological
information also can provide some information on the nature of faults from comparison of flow
regimes and formation water chemistries, although as stated this information is currently sparse for
the Harvey region. Dynamic well tests (including extended production or drill stem tests (DSTs) may



also provide information about fault barriers, reservoir volume and compartmentalization depending
on well location and volume of fluid involved.
Studies on the regional stress field must be conducted to determine threshold limits on possible fault
reactivation using new interpretations of fault geometry (gained from the 2014 3D seismic survey).
This will involve geomechanical studies and data on regional stress fields; some of this information
will come from wireline log analyses, core analyses of newly collected core and leak off tests (LOTs)
in the well bore will also provide information on local stress.

Reservoir Characteristics
Research must be coordinated and integrated around determining many of the standard and specialised
measurements that are required for establishing the reservoir quality of the Lesueur Formation. These data
are essential to populate static and flow models for accurate dynamic modelling of the behaviour of injected
CO2 and to reduce uncertainty around injectivity and effective storage capacity.









The porosity distribution must be updated from new wireline logs and core analyses.
Permeability must also be determined from preserved cores, core analyses at in-situ conditions and,
potentially, NMR logs. It is essential to accurately determine the ratio of vertical to horizontal
permeability (Kv/Kh) in the Wonnerup particularly in its upper portion as this is a critical parameter
to assess the concept of residual trapping. Thus adequate and appropriate core material must be
collected from H5. Drill stem tests and pressure build-up and fall-off tests can also provide
information about lateral permeability distribution. Petrophysical analyses and specialised core
analyses including relative permeability measurements will be required to better constrain the
permeability distribution within the Lesueur, and are essential for dynamic simulation of long-term
CO2 migration
The initial pressure and temperature of the reservoir must be determined including vertical
variations. Wireline logs and in-situ gauges can be used.
The initial salinity of the reservoir water must be identified, as must any vertical stratification of
fluids. The background flow regime must be evaluated; a hydrogeological study should characterise
water compositions and velocity and direction of flow of formation water.
Evaluation of injectivity by performing a well test through fluid injection, core floods or numerical
simulations based on high-quality data.
Evaluation of total volume of reservoir available for CO2 storage based on reservoir dimensions,
porosity and residual water saturation. Conversion to tonnage of CO2 (using temperature, pressure
and CO2 density) to reduce uncertainty around capacity.
Determine wettability, relative permeability and capillary pressure for the CO2/water system using
preserved core and tested at in-situ conditions.

Confinement Characteristics
Unique to the South West Hub among storage projects is that residual trapping within the Lesueur Formation
is being considered as the primary trapping mechanism. Most geological storage sites target structural or
stratigraphic trapping by way of a low-permeability cap-rock as the primary containment means, although
residual trapping and dissolution trapping can contribute significantly in these settings. Because a distinct
low-permeability cap-rock has not been conclusively identified for the South West Hub, it is of paramount
importance to establish that residual trapping of the injected CO2 within the Lesueur Formation occurs and
is highly efficient.


Many of the reservoir characterisation studies and research into aspects of geological continuity are
essential components to evaluating the potential effectiveness of residual trapping. Given the
ultimate importance around determining the viability of this mechanism for the project, an in-situ
well test using injection of CO2 is essential to evaluate the effectiveness of residual trapping. Single
well tests to determine residual trapping of CO2 using an injection – withdrawal method have been
performed successfully at Otway (Jenkins et al., 2012), and the South West Hub provides a similar
opportunity. The test parameters would require extensive design based on the near wellbore
characteristics (lithological and petrophysical), reservoir modelling and simulation, and research into
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suitable geochemical tracers. Repeat logging may also provide insight into this mechanism. This
would also provide an opportunity to evaluate down-hole monitoring equipment including optical
fibre distributed sensors.
A second deep well (not currently planned) near H5 would provide another method for evaluating
the residual trapping performance. This would provide an injection – monitoring pair and could
provide a means to assess the injection of CO2, its initial pressure dominated flow to help calibrate
the predictions of the dynamic model, and its subsequent buoyancy dominated vertical flow to
examine residual trapping effectiveness and plume evolution. The design of this test could be
initiated prior to drilling of H5 so that any design requirements for the test could be included in the
design of H5. A similar course of action was also recommended by Schlumberger Carbon Services
[27].

Yalgorup Member trapping potential






Examination of the core from the Harvey 1 well indicated that some strata within the Yalgorup
Member may exhibit potential to seal or baffle vertical movement of fluids. The research to
characterise the Yalgorup to examine whether specific units within it can be mapped seismically and
many of the basic wireline, core, and facies analyses that will take place by stratigraphic studies will
also reduce the uncertainty around its usefulness as a geologic seal.
Vertical interference well tests (some proposed for H4) to alter pressure at one stratigraphic level
and examine if a response is detected at another level separated by a potential baffle will also provide
an indication of the ability of strata within the Yalgorup to act as a barrier to vertical flow.
Further work on the mechanical (strength) properties of selected strata from the Yalgorup Member
must be performed to provide more confidence in its sealing capacity. This is performed by
experimental methods on recovered core specimens and geomechanical modelling.
The geochemical characteristics of this unit and potential reactivity with CO2 or CO2-rich fluids must
be determined. This is performed through analysis of mineralogy and determination of chemical
compositions. Experiments injecting CO2-charged fluids similar to reservoir composition through
collected core (core flooding) will provide considerable insight into this process.

Eneabba Shale characterisation
The Basal Eneabba Shale was considered prior to drilling H1 to be a potential secondary barrier to CO2
leakage. While the goal of a storage site is to have no leakage outside the primary containment, identifying
any secondary units that may serve as safeguards can be a requirement for permitting and represents due
diligence. The Eneabba Shale was not cored and poor quality wireline log data was collected over its interval
during drilling of H1. The Eneabba Shale must be cored and examined by similar methods described above
with respect to its confining potential.
Geochemical Characterization
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The major and trace mineralogy of the Lesueur must be determined using a variety of methods for
evaluation of reactivity with CO2 or CO2-rich fluids. Core flooding experiments will provide
information on the CO2-rock behaviour. These data will provide site-specific parameters for
geochemical modelling.
Geochemical modelling, including reactive transport modelling, should be performed to establish the
extent of reactions with the rock and evaluate whether any compromise to the integrity of the
Lesueur (Wonnerup and Yalgorup) is likely.
Ideally the composition of the CO2 stream for injection should be characterised for isotopic
fingerprinting and determining the amount and type of any impurities. As this cannot be performed
for the South West Hub at present, an estimation of impurities may need to be made for modelling.
The baseline chemical composition of formation water from the Lesueur Formation must be analysed
and examined for stratigraphic and regional variability. Because formation water was not successfully
collected at H1 it is essential to collect water from as many wells as possible, and at different



stratigraphic levels, to examine regional trends that may inform about hydrogeological flow and
identify potential flow unit segregation.
Down hole fluid sampling and preservation equipment should be installed to collect fluids at in-situ
conditions for characterisation, for use in geochemical modelling, for use in dynamic modelling
(dissolution), and for potential monitoring applications.

Geomechanical Characterization
Geomechanical considerations are of high importance for geologic storage of CO2 as they inform how the
Lesueur Formation will respond to pressure changes due to injection of CO2.






4.3

A baseline study of natural seismicity of the Harvey region should be conducted and all information
related to seismicity and tectonic activity should be collected.
A geomechanical study must characterize the in-situ stress regime to help assess fault reactivation
potential as previously described. This will additionally help place limits on operational aspects of
injection rates to evaluate whether the proposed rate of CO2 delivery is achievable or sustainable.
Data for the pressure regime can be obtained through wireline data such as sonic, caliper and image
logs, and mini-fracture tests during drilling of wells.
Geomechanical parameters must be collected from several wells for modelling parameters including
strength and deformation properties, thermal properties and the attributes of bedding planes or
natural fractures (i.e. weak planes).
The above data and studies must be integrated into a mechanical earth model of the Lesueur
Formation and overlying strata to describe how the overall storage site will respond to sustained
injection of CO2.

Recommended options for monitoring wells

The SouthWest Hub storage project is located in a ‘green field’ area with very limited well coverage. Hence,
the uncertainty regarding all three aspects of storage suitability (capacity, injectivity and containment) is
relatively large. In this case, a more comprehensive acquisition and monitoring scheme than one, for
example, for a storage project in a mature petroleum region, is advisable that addresses these uncertainties.
As new wells are already needed in the site characterisation stage of the project, it would be desirable for
economic and technical reasons that at least some of these wells had the option to be converted into
monitoring wells for the actual storage operation. Following aspects need to be considered for monitoring
of the SWHub project:




Containment: Unlike projects in an area with a well-established sealing formation (i.e. mature
petroleum provinces) the nature of the seal at the SWHub is not well defined. Although modelling
studies suggest that the thickness and relatively low permeability of the upper Lesueur Formation
provide sufficient sealing capacity, comprehensive monitoring of the zone above the storage
reservoir is important to identify potential vertical migration and confirm that there is no negative
impact on the shallow subsurface environment.
 Several above-zone monitoring wells are recommended, preferably at locations with high
leakage potential (i.e. in the close vicinity of the injection well where pressures and CO2
concentrations are high or in fault zones)
Capacity: The degree of compartmentalisation of the reservoir type intervals in the lower Lesueur
Formation is uncertain and there is a risk of overpressuring when injecting several million tonnes of
CO2 per year.
 There is the need for at least one well completed in the injection interval for monitoring the
extent of reservoir pressure and, if needed, to act as a pressure management well.
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Injectivity: Currently not a large amount of data is available that would give sufficient certainty about
the permeability distribution in the Lesueur Formation. Therefore, the number of required injection
wells and the degree of pressure build-up are uncertain.
 There is a need for redundancy of injection completion. Multi-purpose well installations that
enable easy conversion from monitoring to injection or water production would be
advantageous.

For the pilot and demonstration phases of the SWHub project certain well tests would be helpful to reduce
uncertainties related to containment, capacity and injectivity, including:








Injectivity test - to verify that the injection interval can accept CO2 at the required rate
 Does not necessarily require a monitoring well(s), but would produce additional information
(see below).
Lateral interference test – to test lateral reservoir contiguity
 Requires at least one monitoring well completed in the injection interval.
Vertical interference test – to test sealing capacity, size of baffles
 Requires monitoring well(s) with multiple completions in and above the injection interval
Residual saturation test – to assess residual trapping efficiency
 Either push-pull-type test (does not require monitoring well) or in conjunction with
interference tests
Dissolution test – to assess efficiency of dissolution trapping
 Could be performed in conjunction with residual saturation and/or interference tests with utube sampling.

Based on the considerations above, a generic multi-well, multi-completion monitoring scheme (Scenario 6 Option 4, Figure 51) is proposed. Figure 53 illustrates a possible realization of it in the SWHub context.
The monitoring emphasis is clearly on containment verification with all four monitoring wells having
completions in the Yalgorup Member above the storage interval. Specific objectives and opportunities for
each well are:
1. Well 1 (M1) is located sufficiently close to the injector for being used in initial reservoir tests (e.g.
interference and residual saturation tests) in a pilot injection stage. Possible completions and
instrumentation are detailed in Table 18 and Table 19. Multiple perforations allow for vertical
pressure and fluid sampling. If the CO2 injection site was deemed suitable for demonstration-scale
injection, this well would provide information on well performance (lower completions) and verify
containment (upper completions).
2. The main objectives of Well 2 (M2) are containment verification monitoring through the lower
completions in the Yalgorup Member and assurance monitoring through the completion in the
Eneabba Formation. The monitoring of the first injection pilot or demonstration will probably require
comprehensive fluid sampling and pressure monitoring, hence a more sophisticated well completion
as shown in Table 18. Alternatively, in later stages of the SWHub project when some of the
uncertainties regarding vertical migration are reduced, a simple well completion as shown in Table
21 would be sufficient.
3. Well 3 (M3) is intentionally drilled through the fault for monitoring its impact on reservoir
performance. Possible completions and instrumentation are detailed in Table 19. Completions in the
reservoir interval above and below the fault provide the opportunity of vertical interference testing
and assessing the hydraulic behaviour of the fault. If the CO2 injection site was deemed suitable for
demonstration-scale injection, this well, similar to M1, would provide information on well
performance (lower completions) and verify containment (upper completions). There would be an
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option to recomplete this well for pressure management if the reservoir interval turned out to be
compartmentalised, therefore a tubing option should be preferred.
4. Monitor 4 also targets the fault, in this case for verifying that there is no up-fault leakage. It is in the
far-field of the injection interval and may not be reached by the CO2 plume. It may provide an
opportunity for downhole geophysical monitoring to assist plume visualisation and Table 18 or Table
20 provide suitable well configurations.
An example of costs associated with each well is listed in Table 23. These costs are based on the combined
experience of the authors and industry sources from projects in the US and Australia and therefore only give
an indication of relative cost magnitudes of different well designs. Detailed costs would need to be calculated
for the SWHub context.
It should be noted that if the SWHub project commenced with commercial injection operations, multiple
injection wells would be required and some monitoring wells, for example M3 and M4, could be used for
monitoring more than one injection well.
The proposed monitoring scheme remains very generic because a location for a pilot injection well had not
been selected by the time of writing this report (November 2015). The intent of Figure 53 is to
schematically present the potential monitoring options in the context of the SWHub geological framework.
A detailed monitoring scheme can only be designed after the actual well locations and injection parameters
have been decided on. Given the current knowledge about the depth and location of wells Harvey-1 to
Harvey-4, Harvey-3 and Harvey-4 only penetrate the Yalgorup Mbr and could possibly re-completed for use
as containment verification monitoring wells (M2 or M4 in Figure 53). Harvey-5 will go deeper into the
Wonnerup Member and, aside from interference and residual saturation testing, may be used as
monitoring well for pilot CO2 injection by providing information on well performance and to verify
containment (M1 in Figure 53).

Figure 53. Schematic monitoring scheme for the SouthWest Hub project that shows different types of monitoring
wells that may be required to address monitoring requirements specific to the SWHub case. Cross-section is
assumed to be in the direction of main structural slope. Additional monitoring wells may be required in plan view.
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Table 23. Cost estimates for various monitoring well designs.
Item

Cost per item

Total Depth

Completion
Instrumentation
Completion
Installation

Well M2

Well M3

Well M4

2800 m

2000 m

2600 m

1800 m

Well drilling

$2.5k/m

$ 7.0 Million

$ 5.0 Million

$6.5 Million

$4.5 Million

Casing

$60/m carbon
steel

$168k

$120k

$156k

$108k

$400k

$300k

$350k

$300k

Logging Services
Tubing + pup joints

$40/m Cr80

$112k

$80k

$104k

$72k

Wellhead

$75k @

$75k

$75k

$75k

$75k

Packers w/bypasses
for control lines Cr80

$35k

$140k

$105k

$105k

$70k

Band clamps

$140 /joint

$39.2k

$28k

$36.4k

$25.2k

Perforations

$120 k

$100k

$100k

$80k

Miscellaneous fittings

$6K

$5k

$5k

$4k

Number of levels

4

3

3

2

Fluid sampling
(downhole equip.)

20 k / level +
$12/m

$113.6k

$84k

$91.2k

$61.6k

U-tube surface
equipment

$105 k

$105k

$105k

$105k

$105k

Fibre-optic sensing
cable (DTS & DAS)

$21 / m

$58.8k

$42k

$54.6k

$37.8k

DTS Logging Unit

$80k @

$80k

$80k

$80k

$80k

P/T sensors @

25 k @

$100k

$75k

$75k

$75k

P/T sensor cable

$7.50/m

$21k

$15k

$19.5k

$13.5k

P/T Gauge surface
electronics

$10 k

$10k

$10k

$10k

$10k

Wellhead Outlets

$2.5k * #
control lines

$15k

$12.5k

$12.5k

$10k

Installation
(workover rig and
crew)

$40k/day

$480k

$420k

$440k

$420k

Instrumentation
specialty service
company (Labor)

$10k/day

$100k

$80k

$90k

$80k

$9.18M

$6.74M

$8.41M

$5.76M

Total
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Well M1

5

Summary

This report reviewed general aspects of monitoring well design and options around instrumentation for data
acquisition and monitoring of CO2 storage sites. The role wells may have in supporting surface-based data
acquisition efforts was also explored. Selected case-studies were presented to highlight aspects of relative
well placement, their design and how they may be deployed for monitoring. Generic schemes of monitoring
options were discussed and applied to the SWHub project in Western Australia.
The characterisation and evaluation of subsurface carbon storage sites is based on data acquisition, analyses
and interpretation techniques largely adopted from the oil and gas industry. There are three overarching
questions that are generally considered essential to address and establish the technical feasibility of a CO2
storage project:




Does the storage unit have the capacity to store the volume of CO2 required?
Can the storage unit accept injection of CO2 at the rate supplied by the capture source(s)?
Will the storage unit be able to retain (contain) all injected and displaced fluids?

Research and data acquisition efforts are typically directed toward reducing uncertainty associated with
these general constraints. Data about the subsurface are mostly acquired from geophysical methods and by
drilling wells. Wells and well-based data acquisition processes are usually the most expensive part of the
exploration and characterisation program and, therefore, well design, placement and the data acquisition
plans are critical to maximise the information about the storage reservoir and containment characteristics.
Well designs must consider down-hole tests, data acquisition process and accommodate options for
monitoring or other future use, and as such can be very complex. Wells are also intended for long-term use
throughout the project as injection wells, monitoring (observation or surveillance) wells, or perhaps both.
Thus, desired outcomes and appropriate options for optimal use of a well need to be made clear prior to final
decisions on well design.
The review presented in this report included: well drilling, well completion, well-based data acquisition for
site characterization, instrumentation and sensors, monitoring methodology and finally a selection of GCS
monitoring case studies.
The well design of an observation well for monitoring CO2 geological storage depends largely on the
monitoring objectives, which have to main aspects:
1. Conformance monitoring – for ensuring that the CO2 plume is behaving as predicted in the storage
interval.
2. Containment monitoring – for ensuring that the injected CO2 is not leaving the storage complex.
Monitoring wells can be completed within or above the storage complex, equipped with tools for direct or
indirect measurements. Previous pilot and demonstration projects focussed mainly on detecting and
visualising the plume of the injected CO2 for model calibration and improved understanding of the subsurface
behaviour of injected CO2. The first CO2 storage project at Sleipner had only the injection well with limited
well-based monitoring and verification. Early CO2 pilot projects (Frio, Otway) used a simple injector –
observation well configuration, both completed in the injection interval and mainly to investigate the nature
and timing of plume migration. Other research projects (i.e. Nagaoka, Ketzin) deployed multiple monitoring
wells completed in the injection interval to better visualise and constrain the extent of CO 2 migration.
Subsequent projects (i.e. Cranfield, new well at Ketzin) also monitored the interval above the injection
horizon outside the storage complex. Obviously, the aforementioned different monitoring set-ups were all
designed to answer specific research questions or address the local geology.
The SouthWest Hub storage project is located in a ‘green field’ area with very limited well coverage. Hence,
the uncertainty regarding all three aspects of storage suitability (capacity, injectivity and containment) is
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relatively large. In this case, a more comprehensive monitoring scheme than one, for example, for a storage
project in a mature petroleum region, is advisable that addresses these uncertainties. As new wells are
already needed in the site characterisation stage of the project, it would be desirable for economic and
technical reasons that at least some of these wells had the option to be converted into monitoring wells for
the actual storage operation. The monitoring emphasis is clearly on containment verification with all four
monitoring wells having completions in the Yalgorup Member above the storage interval.
For the pilot and demonstration phases of the SWHub project certain well tests would be helpful to reduce
uncertainties related to containment, capacity and injectivity, including: a) injectivity test, b) lateral
interference test, c) vertical interference test, d) residual saturation test and e) dissolution test.
It should be noted that if the SWHub project commenced with commercial injection operations, multiple
injection wells would be required and some monitoring wells. Also, the proposed monitoring scheme remains
very generic because a location for a pilot injection well had not been selected by the time of writing this
report (June 2015).
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