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Abstract:

Storage in the Captain Sandstone aquifer in UKCS quadrants 13 and 14 in the Central North Sea. 3 well, single
stage development of Captain X Site from an unmanned platform, supplied with CO2 from St. Fergus via an
existing 78km 16” pipeline. Ambitious programme to Final Investment Decision in 2018 and first injection in
2022. Capital investment of £152 million (PV10, 2015), equating to £2.5 for each tonne stored. The store can
contain 60Mt from the 20 year CO2 supply profile at 3Mt/y. There is good subsurface data but further seismic
investigation is required to understand plume development and shape the development plan.

Context:

This project, funded with up to £2.5m from the UK Department of Energy and Climate Change (DECC - now the
Department of Business, Energy and Industrial Strategy), was led by Aberdeen-based consultancy Pale Blue Dot
Energy supported by Axis Well Technology and Costain. The project appraised five selected CO2 storage sites
towards readiness for Final Investment Decisions. The sites were selected from a short-list of 20 (drawn from a
long-list of 579 potential sites), representing the tip of a very large strategic national CO2 storage resource
potential (estimated as 78,000 million tonnes). The sites were selected based on their potential to mobilise
commercial-scale carbon, capture and storage projects for the UK. Outline development plans and budgets were
prepared, confirming no major technical hurdles to storing industrial scale CO2 offshore in the UK with sites able
to service both mainland Europe and the UK. The project built on data from CO2 Stored - the UK’s CO2 storage
atlas - a database which was created from the ETI's UK Storage Appraisal Project. This is now publically
available and being further developed by The Crown Estate and the British Geological Survey. Information on
CO2Stored is available at www.co2stored.com.
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Executive Summary

1.0 Executive Summary

Storage in the Captain Sandstone aquifer in UKCS
quadrants 13 and 14 in the Central North Sea.

3 well, single stage development of Captain X Site
from an unmanned platform, supplied with CO, from
St. Fergus via an existing 78km 16” pipeline.

Ambitious programme to Final Investment Decision
in 2018 and first injection in 2022.

Capital investment of £152 million (PV1o, 2015),
equating to £2.5 for each tonne stored.

The store can contain 60Mt from the 20 year CO:2
supply profile at 3Mt/y.

There is good subsurface data but further seismic
investigation is required to understand plume
development and shape the development plan.

This Energy Technologies Institute (ETI) Strategic UK CCS Storage Appraisal
project has been commissioned on behalf of the Department of Energy and
Climate Change. The project brings together existing storage appraisal
initiatives, accelerates the development of strategically important storage
capacity and leverages further investment in building this capacity to meet UK
needs.

The primary objective of the overall project is to down-select and materially
progress the appraisal of five potential CO2 storage sites on their path towards
final investment decision (FID) readiness from an initial site inventory of over
500. The desired outcome is the delivery of a mature set of high quality CO2
storage options for the developers of major power and industrial CCS project
developers to access in the future. The work will add significantly to the de-
risking of these stores and be transferable to storage developers to complete
the more capital intensive parts of storage development.

The Captain aquifer was selected as one of five target storage sites as part of a
portfolio selection process. The full rationale behind the screening and selection
is fully documented in the following reports:

o DO04: Initial Screening & Down-Select (Pale Blue Dot Energy; Axis
Well Technology, 2015).

« DO05: Due Diligence and Portfolio Selection (Pale Blue Dot Energy;
Axis Well Technology, 2015).

The whole Captain aquifer covers an area of approximately 3438km?2 (Scottish
Carbon Capture and Storage, 2011) in the Central North Sea and could
potentially accommodate multiple CO2 storage sites. These studies have
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concluded that the Captain Aquifer system could hold in excess of 360MT of
injected CO2 from a range of injection sites. Here, a site selection process
considered several potential sites and identified Site X as the most suitable for
this study.

Site X covers an area of 344 km? or about 10% of the entire fairway and is
located in UKCS quadrants 13 and 14 between the Atlantic and Blake
hydrocarbon fields. The proposed injection site is approximately 80 km from St
Fergus as illustrated in Figure 1-1.

Figure 1-1 Location Map of Captain Aquifer Site X

The primary storage unit is the Captain Sandstone within the Lower Cretaceous
Cromer Knoll Group. The primary seal is provided by the mudstones within the
Rodby and Carrick Formations (Figure 1-2).

The Captain Sandstone consists of channel-dominated turbidite deposits of
generally excellent reservoir quality, with an average porosity of 25%. Whilst the
Upper Captain Sandstone is laterally extensive, the Lower Captain Sandstone,
which is partially isolated from the Upper Sandstone by a Mid Captain Shale, is
not laterally extensive across the site.

Secure vertical containment is provided by laterally extensive mudstones and
shale of the Rodby and Carrick Formations which are a proven seal for multiple
hydrocarbon fields in the Central North Sea and provides an excellent caprock
for the storage complex.
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Figure 1-2 Stores and Seals of the Captain X Site

A seismic interpretation was carried out on the PGS Central North Sea
MegaSurvey. The seismic data quality is generally very good, but at Captain
Sandstone level it is poor because the Top Captain Sandstone is seismically
transparent. This limits confidence in the depth definition at the Top Captain
Sandstone which has implications for CO2 plume modelling. There is significant
high quality well data available in the area. 16 wells within the site have been
used to build the geological model. 7 of these have also been cored. The static
model has been upscaled and used in dynamic simulation modelling. This was

used to generate the injection profile and assess CO2 plume migration for the
store development plan.

Geological and reservoir engineering work has concluded that the Captain X
Site is laterally well connected hydraulically with excellent reservoir quality. It is
the combination of the low dip environment at the Captain X site coupled with
the exceptional reservoir quality and high vertical permeability that makes the
CO2 plume very mobile and its development very sensitive to small structural
features. As a result, injected CO2 moves quickly to the “roof” of the reservoir
and then along the highest structural path that it can find. This makes the
storage capacity very sensitive to small structural features which control plume
migration within the storage complex. Injection wells are postioned in the deeper
parts of the structure in the Upper Captain Sandstone to maximise the sites’
storage efficiency by creating a tortuous path to the crest of the reservoir.
Injectivity is expected to be good and high angle wells are required in the
reservoir section to achieve the target injection rates of 1 - 2Mt/y per well.

The key results of the dynamic modelling work suggest that injecting CO2 into
the Captain Sandstone reservoir is very straightforward due to its excellent
quality and connectivity. The main challenge at Site X is controlling the plume
development so that it sweeps through a large reservoir volume and achieves a
high storage efficiency. Sensitivities indicated an ability to inject up to 180MT of
CO:z into the site, but the plume is very mobile and could not be retained within
the proposed storage complex boundary. As a result the injected inventory was
limited to 60MT. Modelling has show that this can be contained within the
storage complex for at least 1000 years after injection stops.

The basis for the development plan is an assumed CO:2 supply of 3Mt/y to be
provided from the shore terminal at St. Fergus commencing in 2022. CO2 will be
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transported offshore in liquid-phase via an existing 78km 16” pipeline from St.
Fergus to the area of the depleted Atlantic gas field and then via a new 8km 16”
pipeline to a newly installed Normally Unmanned Installation (NUI), minimum
facilities platform on a 4 legged steel jacket standing in 115m of water. During
the main operational period, two of the wells are expected to be injecting at any
point in time with the third as backup in the event of an unforeseen well problem.
In this manner, the facilities will maintain a robust injection capacity and inject
3Mtly of COz2 for the 20 year project life without breaching the safe operating
envelope.

Figure 1-3 Captain X Project Schedule

The development schedule has 5 main phases of activity and is anticipated to
require 6 years to complete, as illustrated in Figure 1-3. The schedule indicates
that FEED, appraisal and contracting activities will commence 2-3 years prior to
the final investment decision (FID) in 2018. The capital intensive activities of
procurement and construction follow FID and take place over a 3-4 year period.

First injection is forecast to be in mid-late 2022. This is a very ambitious
timetable.

The development of the offshore transportation and injection infrastructure is
estimated to require a capital investment of £152 million (in present value terms
discounted at 10% to 2015), equating to £2.5/t, or £11.6/T on a levelised basis.
The life-cycle levelised costs are estimated to be £283 million (PV10), equating
to £21.6/T on a levelised cost basis, as summarised in Table 1-1.

Emitin (P, 201

Transportation 22
Facilities 72
Wells 69
Opex 115
Decommissioning & MMV 15
Total 283

Table 1-1 Life Cycle Costs (PV10, 2015)

A series of recommendations for further work are provided towards the end of
this report. The principal ones being:

e Access improved 3-D seismic data and use it to improve the
characterisation of reservoir quality and architecture. This controls
COz2 plume dynamics and capacity and will strongly influence the
final selected development plan.

Pale Blue Dot Energy | Axis Well Technology

Page 17 of 206



D13: WP5D — Captain X Site Storage Development Plan Executive Summary

« Identify opportunities for cost and risk reduction across the whole
development and in particular consider the potential for subsea
development.

«  Gain more access to data from nearby hydrocarbon fields to improve
the regional pressure situation and the status of abandoned wells
and ensure planned abandonments do not jeopardise containment
of a future CO: storage development.
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2.0 Objectives

The Strategic UK CCS Storage Appraisal Project has five objectives, as
illustrated in Figure 2-1.

Figure 2-1 The five project objectives

The Captain X site is one of the five CO2 storage targets evaluated as part of
Work Pack 5 (WPS5). The primary objective of this element of the project is to
advance understanding of the nature, potential, costs and risks associated with
developing the site, with the data currently available to the project and within
normal budget and schedule constraints. The output fits within the broader
purpose of the project to “facilitate the future commercial development of UK
CO:2 storage capacity”.

This report documents the current appraisal status of the site and recommends
further appraisal and development options within the framework of a CO:2
storage development plan. An additional objective of this phase of the project
is to provide a repository for the seismic and geological interpretations,
subsurface and reservoir simulation models. These items have been supplied
separately.

WP5 has seven principal components:

Data collection & maintenance.

Seismic interpretation and structural modelling.
Containment.

Well design and modelling.

Site performance modelling.

o gk w2

Development planning.

7. Documentation and library.
These components and their contribution to the storage development plan are
illustrated in Figure 2-2.
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Figure 2-2 Seven components of Workpack 5
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3.0 Site Characterisation

3.1 Geological Setting

The Captain open aquifer system was selected as part of a portfolio of five target
storage sites in the Strategic UK CCS Storage Appraisal Project. The pan
shaped fairway stretches for almost 200km from its shallowest part in the north
west where it has its widest extent and is found to sub-crop at the seabed, to its
deepest extent in the far south east where it exceeds depths of 3660m
(12,000ft). To the east the fairway is a confined corridor representing the “pan
handle”. The fairway has been the subject of significant petroleum activity over
the years and hosts producing fields, Captain, Blake, Cromarty, Atlantic,
Goldeneye and Hannay. The Britannia condensate reservoir in the far east is
also an equivalent of the Captain sandstone. Also, since 2010, the Captain
sandstone within the depleted Goldeneye gas field has been the location of a
proposed CO: storage development, initially for Longannet and then for
Peterhead CCS project.

Several previous studies have considered the Captain sandstone as a potential
COz2 storage site. This includes the 2015 COzMultistore joint industry project led
by SCCS which concluded that “Stakeholders can have increased confidence
that at least 360 million tonnes of CO2 captured over the coming 35 years could
be permanently injected, at a rate of between 6 and 12 million tonnes per year,
using two injection sites.” (Scottish Power CCS Consortium, 2015).

Whilst it would be possible to engineer a CO2 storage development plan in many
parts of the Captain fairway it was decided to focus upon that part of the “pan
handle” between Atlantic and Blake. The reasons for this were:

1. Whilst the western area represents a large potential target, it is very
shallow, often less than 800m and also contains the Captain oilfield
which is estimated to continue operations until 2030. Furthermore, the
3D seismic coverage available to this project was incomplete over the
area of the “pan” itself. For these reasons the western area was not
selected as a potential storage site.

2. Any practical progression of CO2 storage site in the Captain sandstone
for development before 2030 must ensure that there is significant
separation between that site and any development at Goldeneye which
has already been issued an agreement for lease by the Crowne Estate.
This is in order to minimise the effects of site interference. Unfortunately,
whilst this study was being completed, UK government announced the
cancelation of the CCS commercialisation programme. This resulted in
the cancelation of the Goldeneye development project.

3. The easternmost part of the “pan handle” is at a greater depth and
poorer reservoir quality than areas to the west.

There have been several CO2 storage studies completed on different aspects of
the Captain Sandstone. These include:

2011 - Goldeneye FEED with injection at the Goldeneye platform
2015 - CO2 Multistore JIP with injection at Sites “A” and “B”
2012 Jin, Mackay, Quinn et al with injection sites 1 through 12.

As this study is focussed upon the commercial development of a part of the
fairway only, and to minimise any confusion with other Captain sandstone CO:2
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injection studies or even the Chevron Operated Captain oilfield, the conceptual
development here is referred to as Captain X.

The full rationale and process behind the screening and selection is fully
documented in the following reports:

o DO04: Initial Screening & Down-Select (Pale Blue Dot Energy; Axis
Well Technology, 2015)

e DO05: Due Diligence and Portfolio (Pale Blue Dot Energy; Axis Well
Technology, 2015)

The primary storage unit for Captain X is the Captain Sandstone Member of the
Lower Cretaceous Cromer Knoll Group.

The Captain Sandstone Member is an extensive sandy turbidite system, with
mass flow sediments deposited in a long, confined north west to south east
fairway.

As the licensing of this very large site is unlikely to be a practical way forward, a
smaller initial development area within the Captain fairway was selected. This
development area (Captain X) covers 344 km?2 and is located in the centre of the
Captain fairway, between the Blake and Atlantic Fields, approximately 60km
from the Aberdeen coast in UKCS blocks 13/30 and 14/26.

The development area includes parts of the Blake oilfield and Atlantic gas field
and the whole of the Cromarty gas field. These fields all have the Captain
Sandstone as their primary reservoir.

The distribution of the Captain Sandstone in the UK sector of the CNS, and the
injection site location, is shown in Figure 3-1

Figure 3-1 Captain sandstone fairway
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3.2 Site History and Database

3.2.1 History

The Captain X development area comprises an open, saline aquifer system
which dips to the SE at approximately 1 to 2 degrees, with a steep ramp of up
to 20 degrees close to the Halibut Horst fault at the north western end.

During the Jurassic and Lower Cretaceous the main structural element in the
area was the east-west trending Halibut Horst directly to the north. Parts of this
remained above sea level through most of the Jurassic and Lower Cretaceous,
contributing significantly to the deposition of turbidites during the Lower
Cretaceous.

The Captain Sand fairway is a 5-10 km wide ribbon of sand deposited along the
long southern edge of the Halibut Horst and South Halibut Shelf extending east
across the South Halibut Basin towards the Britannia Field. The sands were
deposited as deep water marine turbidites, controlled by the existing basin
topography, and were triggered in response to a major fall in sea level.

3.2.2 Hydrocarbon Exploration

Within the Central North Sea (CNS) the Captain Sandstone is a prolific
hydrocarbon reservoir with many hydrocarbon fields such as Captain, Blake,
Cromarty, Atlantic, Goldeneye and Hannay. The effective top seal for these is
provided by mudstones of the Carrack (Sola) and Rodby Formations (Pinnock
& Clitheroe, 2003).

The underlying Lower Cretaceous sands of the Punt and Coracle are also
prospective for hydrocarbons, with Punt being an oil bearing reservoir in Golden
Eagle, Peregrine, Hobby and Solitaire fields nearby.

The deeper Burns and Piper Sandstones of the Upper Jurassic (below the Lower
Cretaceous) are also well-documented hydrocarbon reservoirs within the CNS.

Solitaire is a single well oilfield in an Upper Jurassic Burns Sandstone reservoir
which lies directly underneath the Atlantic gas condensate field, and the
geography of the main Captain Sandstone fairway. First oil from Solitaire was
in 2015, with end of production forecast in 2028 coinciding with that of the
Golden Eagle development to which it is tied back. Further west, the Upper
Jurassic Ross oil field also partially lies below the geography of the Captain
Sand fairway. Neither are considered to be hydraulically connected to the
Captain sandstone. In the case of Ross, none of the wells targeting this deeper
interval penetrate the Captain Sandstone as mapped.

The reservoirs of the Cromarty (gas), Blake (oil) and Atlantic (condensate) fields
are part of the Captain Sandstone fairway itself. Both Atlantic and Cromarty are
undergoing decommissioning. First production and expected Cessation of
Production dates are shown below:

« Blake: First 0il 2001  CoP 2026
e Cromarty: Firstgas 2006 CoP 2012
e Atlantic: First 0il 2006  CoP 2012

The late Jurassic Kimmeridge Clay Formation provides the source rock for the
hydrocarbons, which have migrated into the Cretaceous Captain reservoir from
the West Halibut Basin and Smith Bank Graben (Pinnock & Clitheroe, 2003).
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3.2.3 Seismic

The seismic data set used for the Captain X site and fairway interpretation was
the PGS Central North Sea MegaSurvey (PGS, 2015). These data were loaded
to Schlumberger's proprietary PETREL software where the seismic
interpretation was undertaken. Figure 3-2 shows the extent of seismic available
together with the area of the fairway interpretation and the Captain X CO:2
storage site model. Seismic coverage over the fairway is nearly complete apart
from data gaps to the South West of Cromarty Field and to the North West of
the Blake Field. Interpreted surfaces were interpolated across areas with no
seismic data coverage. The seismic volume is made up of several different
surveys that have been merged post stack (Figure 3-2). These were acquired
between 1990 and 2003. Additional more modern surveys and re-processed
data sets are also available in the area, but were not available to this project.

Seismic data SEGY summary is provided in Appendix 3.
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Figure 3-2 Seismic database
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3.2.4 Wells

Well log data for released wells was sourced from the publically available CDA
database. The regulations for well release depend upon the license that the well
was drilled under, however for guidance the January 2016 well release was for
wells drilled between 2010 and 2012. The data from CDA are varied in range
and quality, but generally include LIS or DLIS formatted digital log data, field
reports, end of well reports, composite logs and core reports. 57 wells were
selected from the CDA database and used for a range of activities. These
included wells from the Blake, Cromarty and Atlantic Fields.

A total of 16 wells across the Captain fairway were selected that have suitable
data for petrophysical evaluation over the Captain Sandstone interval (Table
3-1). Conventional wireline data were used in preference to Measurement While
Drilling (MWD) data in all cases. Seven of the wells in the study area were cored,
the core coverage is extensive for all the Captain sands in these wells with a
total of some 2400 conventional core measurements.

The well data quality is generally very good, no major issues were identified and
litle manipulation was required to prepare the data for interpretation. The hole
condition at the time of logging, interpreted from the calliper and DRHO curves
over the zones of interest, was generally good with only a few exceptions. Data
were checked against the operator's composite logs to ensure consistency
between the digital data and the operator’s reports.

Figure 3-3 shows the wells used for the seismic interpretation. 12 wells have
time depth information with 9 of those wells having sonic logs.

An inventory of well data accessed for the final study is included in Appendix 3.

13/23b- 5 v v 4 KCL/ Glycol
13/24a- 4 v v v Bentonite (WBM)
13/24a- 5 v v 4 Bentonite (WBM)
13/24a- 6 v v v Bentonite (WBM)
13/24b- 3 v 4 Bentonite (WBM)
13/29b- 6 v v 4 WBM

13/30 -3 v 4 OBM

13/30a- 4 v v v Bentonite (WBM)
14/26a- 6 v v 4 KCL/CBW Brine
14/26a- 7A v v 4 KCL Polymer
14/26a- 8 v v 4 OBM

14/28b- 2 v 4 KCL/Silicate (WBM)
14/29a- 3 v v 4 OBM

14/29a- 5 v v 4 OBM

20/04b- 6 v v 4 WBM

20/04b- 7 v v 4 OBM

Table 3-1 Captain X Site available well data

3.2.5 Other

Other information used in this characterisation of the Captain X CO: injection
site includes:

« DECC sourced production data
»  Wood Mackenzie sourced COP dates
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Figure 3-3 Geophysical wells and log database
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3.3 Storage Stratigraphy

A stratigraphic column of the site is shown in Figure 3-4.
Upper Jurassic

The top of the Upper Jurassic is comprised of marine hemipelagic claystones of
the Kimmeridge Clay Formation with locally developed deep-water mass flow
sediments of the Burns and Ettrick Sand Members. These sands are the
reservoir unit for some deeper hydrocarbon fields in the area, and a number of
wells within the Captain fairway have targeted prospects within them. The
claystones and shales of the Kimmeridge Clay Formation are high in organic
content, making them an extremely important regional hydrocarbon source rock.

Below the Kimmeridge Clay Formation, shore-face sands of the Piper and
Heather Formation are also an important reservoir target regionally, with the
Ross Field (Piper/Sgiath Sands) partially lying below the Captain fairway.

Lower Cretaceous - Cromer Knoll Group

The Lower Cretaceous covers the interval from the Top to the Base of the
Cromer Knoll Group.

The Early Cretaceous saw the periodic deposition of deep-water turbidite sands,
into the background hemipelagic shales and marls of the Valhall Formation
(Copestake, et al., 2003). These shales form the top, base and lateral seal for
many of the turbidite sand units. These comprise the Punt, Coracle and Captain
sandstones, which whilst classified as a part of the Valhall Formation, are also
commonly collectively referred to as the Wick Sandstone Formation.

Figure 3-4 Stratigraphic Column
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Captain Sandstone Member — The Captain Sandstone is the primary storage
target and in this area has been deposited as an elongate ribbon of sand
deposited NW — SE along the southern edge of the Halibut Horst. It is split into
Upper and Lower Captain Sandstones separated by the mid-Captain shale. The
Upper Captain Sandstone is a thick massive sand deposited along the length of
the fairway with pinch out to both north and south. The Lower Captain
Sandstone is more laterally restricted deposited as a number of more locally
sourced fans.

The thickness of the full unit averages 54m (180ft) but is up to 143 m (470 ft)
thick in the centre of the fairway within the site area. The mid-Captain shale
between the upper and lower sands averages 15m (50ft) thick.

Across the site area shales of the Carrack Formation overlie the Captain
Sandstones, immediately below the Rodby formation, providing an additional
seal interval.

Rodby Formation — The Rodby Formation is a proven hydrocarbon seal for the
fields within the Captain Sandstones fairway. It consists of marls, mudstones
with occasional thin argillaceous limestone beds. Across the Captain X area the
Top Rodby to Top Captain shale interval has an average thickness of 90m
(300ft) and can be confidently mapped across the Captain Sandstone fairway.

Upper Cretaceous - Chalk Group

Plenus Marl and Hidra Formations — The Hidra Formation (argillaceous
limestones, marls and mudstones) and Plenus Marl Formation (black anoxic
calcareous mudstones) directly overlie the Rodby Formation at the base of the
Chalk Group. Both are considered to be impermeable. Across the Captain X
area the Top Plenus Marl to Top Rodby interval has an average thickness of
70m (230ft).

Ekofisk, Tor, Hod and Herring Formations — Above the Hidra is a thick sequence
(450 — 600 m; 1500 — 2000ft) of limestone deposited as pelagic chalks. These
are interbedded with occasional claystone and marl beds, particularly within the
lower formations.

Tertiary

Maureen Formation (Montrose Group) — The Maureen Formation typically
overlies the Chalk Group and is widely distributed in the Central Graben. It is
comprised predominantly of amalgamated gravity flow sands interbedded with
siltstones and reworked basinal carbonates (chalk). The base of the Maureen is
marked by a thin but extensive marl layer above the Ekofisk.

Lista Formation (Montrose Group) — Regionally the Lista Formation is composed
largely of grey mudstone deposited in a marine basin or outer shelf environment,
interbedded with sandstones deposited as submarine gravity flows. These
sandstones are extensively developed across the Outer Moray Firth and Central
Graben where they are assigned to the Mey Sandstone Member, locally named
Andrew and Balmoral members.

At the top of the Lista Formation, the Lista shale is widely present within the
Halibut Trough area. The Lista Shale is a proven caprock for several
Palaeocene fields, the closest being the Rubie and MacCulloch Fields (Shell,
2015).

Quaternary — Nordland Group

At the Captain X saline aquifer site location, the upper part of the stratigraphic
sequence is thick accumulation of undifferentiated mudstones, claystones and
occasionally marls. The thickness of the Nordland Group within the area is over
640 m (2100 ft).
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3.4 Seismic Characterisation

3.4.1 Database

Many 2D and 3D seismic surveys are available across the Captain fairway area.
Of these, the PGS Central North Sea MegaSurvey (PGS, 2015) is the most
comprehensive in terms of its areal coverage. The seismic volume is made up
of several different surveys that have been merged post stack (Figure 3-2) and
were acquired between 1990 and 2003. More modern surveys are available
including re-processed datasets, but were not available to this project. Seismic
coverage over the fairway is good, except for in the north west region of the
fairwmay where there is missing seismic data. Interpreted surfaces were
interpolated across areas with no seismic data coverage.

Wavelet extraction confirms the key seismic volume over the Captain X site to
be SEG normal polarity with a peak (blue on seismic sections) representing an
increase in acoustic impedance and a trough (red on seismic sections)
representing a decrease in acoustic impedance. It also shows the seismic
volume is close to zero phase with a change in acoustic impedance at a
formation interface being represented by either a peak or a trough.

To aid fault identification, semblance volumes were generated using the
OpendTect open source software then exported and loaded into the Petrel
project. A non-dip adapted semblance volume was generated over the entire
fairway. Due to the relatively shallow dip over most of the Captain Sandstone
fairway it was not necessary to generate a dip adapted semblance volume.

Figure 3-3 shows the wells used for the calibration of the seismic interpretation.
12 wells have time vs depth information with 9 of those wells having the sonic
logs required for synthetic seismic trace calibration.

3.4.2 Horizon Identification

Whilst the seismic volume is recorded in terms of two-way travel time for a
seismic wave to travel from the surface to the subsurface reflector and back
again, well data are recorded in depth (ft or m). The well data are used to identify
the seismic events within the 3D volume. Using checkshots, recorded in the well,
a time vs depth relationship for the well is established. This time-depth
relationship together with sonic and density logs are used to generate synthetic
seismograms. The purpose of a synthetic seismogram is to forward model the
seismic response of rock properties in the well bore to a seismic pulse at the
well location, convolving the reflection coefficient log with the seismic pulse
wavelet. This enables the interpreter to accurately match the position of certain
seismic reflectors with respect to the known subsurface geology of an area.

9 synthetic well ties (13/24a-4, 13/24a-6, 13/29b-8, 14/26a-8, 14/26a-9, 14/26b-
5, 14-29a-2, 14/29a-5, 20/04b-6, Figure 3-3) were produced using available
sonic and density logs in each well.

To generate the synthetic seismograms a theoretical Ricker wavelet was used
with an appropriate frequency applied to each well (range 25-30Hz). Seven wells
contained both sonic and density logs with an additional two wells containing
only sonic logs. For those wells with missing density logs a constant density
value was used in the synthetic generation. An example of a synthetic for well
13/24a-6 is shown in Figure 3-5. Well 13/24a-6 has sonic and density log runs
which extend over the Captain Sandstone interval. The synthetic has been time
shifted up by 10msec in order to provide the best tie to the seismic section. The
synthetic seismogram and actual seismic data display a good match. The
identified horizons, their pick criteria and general pick quality are listed below in
Table 3-2 and illustrated on a seismic line in Figure 3-6.
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The Top Plenus Marl and Top Rodby (just above Top Captain) are consistent
strong amplitude events on both the seismic and the synthetics. All synthetics
were bulk shifted to provide a good tie at these events.

Synthetic seismograms show that the Top and Base Captain Sandstone have
variable seismic responses. This makes it very difficult to produce a consistent
Top and Base Captain Sandstone seismic interpretation because the seismic
event can vary from being a peak to a trough.

Pale Blue Dot Energy | Axis Well Technology

Page 31 of 206



D13: WP5D — Captain X Site Storage Development Plan Site Characterisation

Figure 3-5 13/24a- 6 Synthetic seismogram
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Figure 3-6 SW NE Captain fairway seismic profile
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Figure 3-7 Seismic profile highlighting difficulty interpreting Top and Base Captain Sandstone
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There were four wells that contained only checkshot data, allowing a well tie to
be produced, but not a synthetic tie (which needs at least a sonic log). Several
wells required an additional time shift in order to tie the seismic. If wells have no
time depth data then it is shared from nearby wells that contain time depth

information.

e T T
Seabed Peak Very Good
Top Beauly Coal Trough Good
Top Chalk Peak Very Good
Top Plenus Marl Trough Fair - Good
Top Rodby Trough Fair - Good
Top Captain Peak/Trough/Zero Crossing Very Poor
Base Captain Peak/Trough Very Poor
Base Cretaceous U/C Trough Good

Table 3-2 Interpreted horizons

3.4.3 Horizon Interpretation

A detailed seismic interpretation was carried out using a combination of seismic
reflectivity and semblance volumes to provide input surfaces to the Captain X
site, Fairway and Overburden Static Models.

In total eight horizons from the Seabed down to the Base Cretaceous
Unconformity were interpreted across the 3D seismic data set (see Table 3-2
and Figure 3-6 and Figure 3-8). Six events were picked on a seed grid and then
autotracked. The Top and Base Captain Sandstone could not be autotracked
because of their variable and poor seismic response.

The area of missing seismic to the north west edge of the Captain fairway has
been interpolated using interpreted data around the edges to extrapolate over
the area of missing seismic. A polygon has been used to define the area of each
surface (Figure 3-2 light blue polygon) except for:

«  Top Beauly Coal which out crops at the seabed and is only present
in the eastern half of the area

« Top and Base Captain Sandstone which is limited to a narrow fairway
(Figure 3-2 black polygon)

The horizon values were then gridded at 50x50m grid increment and the
resultant time maps are shown in Figure 3-9 to Figure 3-20. The interpreted
seismic horizons are described below.
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Figure 3-8 SW NE Captain fairway seismic profile

Figure 3-9 Seabed two-way time map over the Captain fairway

Seabed — This event is a high-amplitude continuous peak, representing an
increase in acoustic impedance at the seabed. The horizon was manually picked
at a seed increment inline/crossline spacing of 128 enabling the event to be
accurately autotracked with a high level of confidence (Figure 3-9). There is a
prominent acquisition footprint to the south east of the Captain fairway causing
distinctive north-south lineaments which has affected the geometry of the sea
bed pick in areas. Smoothing of the final time grid has removed these seismic
acquisition artefacts.
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Figure 3-10 Semblance horizon at Top Beauly Coal

Top Beauly Coal — The Top Beauly Coal is a high-amplitude trough representing

a decrease in acoustic impedance. The event marks the top of a package of
very bright high amplitude reflectors. This package varies in thickness laterally
displaying a general thickening from west to east. A series of distinct channel
incisions can be identified trending in a north west to south east orientation,
south east of the Cromarty field. This proposed sub aerial channel and estuarine
complex which is visible on both reflectivity and semblance volumes at Top
Beauly Coal level (Figure 3-10), is indicative of a paleo shoreline environment

Figure 3-11 Top Beauly Coal two-way time structure map over the Captain fairway

regressing westwards (Shell, 2015). The coal package is present over the
Captain X site area but outcrops at the seabed to the north west of the Blake oil
field. The horizon was manually picked at a seed increment inline/crossline
spacing of 128 enabling the event to be accurately autotracked with a high level
of confidence (Figure 3-11).
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Figure 3-12 3D view of Top Chalk two-way time map

Top Chalk (Top Ekofisk) — The Top Chalk (Top Ekofisk) is a high amplitude peak
at the base of the Tertiary section representing an increase in acoustic
impedance. This strong reflector is continuous across the entire fairway area
and is highly rugose in nature mainly due to erosion and minor faulting (Figure
3-12). The rugosity also contributes to degradation of data quality of the
reflectors below due to scattering of the seismic energy.

Figure 3-13 Top Chalk two-way time structure map over the Fairway

Due to erosion the horizon is lithologically variable and in the Goldeneye area
the event merges with the underlying Top Tor event (intra Chalk). Along the
northern edge of the fairway, the Top Chalk is significantly offset across the
West Halibut Fault (Figure 3-8). The throw of this fault decreases to the south
east and eventually the fault dies out. At this point the chalk is no longer offset
by the fault and onlaps onto the South Halibut Shelf instead. The Top Chalk
horizon has been manually picked at a seed increment inline/crossline spacing
of 128 enabling the event to be accurately autotracked with a high level of
confidence (Figure 3-13).
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Figure 3-14 Top Plenus Marl two-way time map over the Captain fairway

Top Plenus Marl — The seismic response of the Top Plenus Marl is

predominately a moderately high amplitude trough, representing a decrease in
acoustic impedance. The event is continuous regionally across the entire
Captain fairway. The Top Plenus Marl acts as a reliable marker to hang the
synthetic seismograms from in the seismic to well tie process. The Plenus Marl
and Hidra Formation intervals are thinnest over the Blake Field area and thicken
towards the south east and north west (Figure 3-6). Like the Chalk above, the
Plenus Marl and Hidra Formations are also offset by the West Halibut Fault and
limited well control shows that it is absent across some areas of the Halibut
Horst.

Figure 3-15 Top Rodby two-way time structure map over the Captain fairway

The horizon was manually picked at a seed increment inline/crossline spacing
of 128 enabling the event to be accurately autotracked with a fair to good level
of confidence (Figure 3-14).

Top Rodby — The Top Rodby is a medium to high amplitude trough, representing
a decrease in acoustic impedance. The event is one full seismic loop below the
Top Plenus Marl and conforms to the same topography. The event is continuous
regionally across the entire fairway. The Top Rodby acts as a reliable marker
to hang the synthetic seismograms from in the seismic to well tie process. The
Top Rodby is a key event due to the high confidence of the pick and is used to
help constrain the Top Captain Sandstone interpretation. Limited well control
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shows that the Rodby interval is probably absent to the north of the West Halibut
fault on the Halibut horst.

The horizon was manually picked at a seed increment inline/crossline spacing
of 128 enabling the event to be accurately autotracked with a medium to high
level of confidence (Figure 3-15). The long wavelet period of the event does
cause horizon interpretation timing uncertainties when autotracking which
results in a noisy surface (Figure 3-15) when compared with the overlying Top
Plenus Marl (Figure 3-14).

Top Captain Sandstone — The Captain Sandstone fairway lies within the hanging

wall of the half graben (downfaulted) created by the West Halibut Fault. The top
of the Captain Sandstone has a variable seismic response and poor seismic
resolution making accurate interpretation of the event extremely difficult. The
seismic imaging of the reservoir is hindered by a lack of acoustic impedance
contrast across the interface between the Rodby/Carrack Shale and the Captain
Sandstone making delineation of the top sandstone very uncertain using
conventional seismic interpretation techniques (Argent, et al., 2005). To make
matters worse, there is peg leg multiple (a secondary seismic echo created
between two interfaces) caused by the overlying Chalk interval which often
arrives at a similar travel time to the Top Captain Sandstone, making
interpretation more prone to error (Law, et al., 2000).

Shell, as part of the Longannet CCS Project, document that a considerable
amount of time and effort was expended in interpreting Top and Base Captain
Sandstone events on reprocessed 3D seismic volumes. From published maps
(Shell, 2015), it is possible to define a polygon in Petrel to limit the lateral extent
of the north west-to south east trending Captain Sandstone fairway in the “pan
handle” area. In the same report Shell also notes that the position of the

northward pinchout of the Captain Sandstone could be recognised with some
confidence, however the delineation of the southward shale-out/pinchout is less
reliable, especially in Blocks 13/29 and 20/3b, even with re-processed data.

The north west extent of the Captain Sandstone Fairway is not covered by the
Shell polygon (Figure 3-16). In this area the West Halibut Fault intersects the
east-west trending Captain Field main boundary fault. North of this fault, Captain
Sandstone is present in numerous wells, but because only 25% of the area is
covered by the PGS 3D seismic, this large northern part of the Captain fairway
has not been specifically mapped in this study. It is however represented in the
dynamic modelling work by a representative numerical aquifer to account for this
extra brine filled pore space. To the south of the Captain and West Halibut Faults
there is considerable uncertainty on the exact location where the Captain
Sandstone pinches-out along the edge of the fairway. In the hanging wall (the
down faulted side) the Captain Sandstone probably extends up to the Captain
Field main boundary fault. In the middle section of the fairway (at the Blake oil
field and Tain oil discovery) the Captain Sandstone probably extends north-
eastwards up to the West Halibut Fault in places (Figure 3-17). To the south
west, drilling has confirmed that the sand is absent and must pinch-out before
reaching this fault (Figure 3-17). Captain Sandstone is not present on the Halibut
Horst. On the southern side of the fairway, away from well control, the Captain
Sandstone pinch-out edge is very uncertain and in this interpretation it is
controlled exclusively by the Shell fairway polygon and well control. Due to the
uncertainty in the pinch-out out the storage complex south west boundary has
been extended some 2 km beyond the currently mapped sandstone limit.

Well ties show that the seismic response of the Top Captain Sandstone varies
between a peak, trough and zero crossing. Due to this, the horizon has not been
interpreted on a specific event and a more model based approach has been
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taken using the Top Rodby horizon pick, Top Captain Sandstone well picks,
seismic character and Shell’s sand pinch out edge polygon to help guide the
interpretation. The horizon was manually interpreted at a seed increment of
inline/crossline spacing of 128. The resultant surface can be seen in Figure 3-16.
The variable nature of the seismic response meant that the horizon could not be
autotracked and the resultant time mapping is low confidence.

The north west extent of the Captain Sandstone Fairway is not covered by the
Shell polygon (Figure 3-16). In this area the West Halibut fault intersects the
east-west trending Captain Field main boundary fault. North of this fault, Captain
Sandstone is present in numerous wells, but because only 25% of the area is
covered by the PGS 3D seismic, this large northern part of the Captain fairway
has not been specifically mapped in this study. It is however represented in the
dynamic modelling work with a representative numerical aquifer to account for
this extra brine filled pore space. In the hanging wall (the down faulted side) the
Captain Sandstone probably extends up to the Captain Field main boundary
fault. In the middle section of the fairway (at the Blake oil field) it is possible that
the Captain Sandstone extends north-eastwards up to the West Halibut Fault
(Figure 3-17). To the south west, drilling has confirmed that the sand is absent
and must pinchout before reaching this fault (Figure 3-17). Captain Sandstone
is not present on the Halibut Horst.
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ﬂ]ure 3-16 Top Captain sandstone two-way time map
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Figure 3-17 Fairway cross sections from the 3D static overburden model

Base Captain Sandstone — The Base Captain Sandstone event is an erosive

surface and, like the Top Captain, has a highly variable seismic response. The
pick is predominantly a peak but can also be a trough or zero-crossing and this
together with poor seismic resolution makes reliable interpretation of the event
very difficult. The key purpose of interpreting this event was to attempt to define
the pinch-out edges of the Captain Sandstone fairway. A Captain Sandstone
isochore (depth thickness map) generated from well picks was converted from
depth to time to create a Captain Sandstone isochron (time thickness map). This
isochron was added to the Top Captain Sandstone time surface and the
resultant approximate Base Captain time surface was used to help guide the

Figure 3-18 Base Captain sandstone two-way time map

interpretation. The Base Captain Sandstone was manually interpreted at a seed
increment of inline/crossline spacing of 128. The resultant surface can be seen
in Figure 3-18. The variable nature of the seismic response meant that the
horizon could not be autotracked and is mapped with low confidence.
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Figure 3-20 shows a 3D view of Top Captain Sandstone two-way time structure
(yellow surface) sitting above the Base Cretaceous Unconformity two-way time
surface.

Figure 3-19 Base Cretaceous unconformity two-way time structure

Base Cretaceous Unconformity — The seismic response of the Base Cretaceous

Unconformity is a moderate to high amplitude trough, representing a decrease
in acoustic impedance. This pick defines the top of the Kimmeridge Clay
formation and also is the base of the Static Models. The Base Cretaceous
Unconformity is offset by the West Halibut and Captain Field Boundary Faults
and limited well control shows that in places Cretaceous sediments rest
unconformably on Granitic Basement (well 13/24a-2A in Figure 3-19). The
horizon was manually interpreted at a seed increment of inline/crossline spacing
of 128. Due the strong amplitude response of the event it was autotracked with
a medium to high level of confidence (Figure 3-19).
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Figure 3-20 3D view of Top Captain sandstone time interpretation
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3.4.4 Faulting

At the northern end of the Captain Sandstone fairway, The west to east trending
Captain Fault separates the “pan-handle” from the “pan” with the Captain
Sandstone extending across the fault to provide the reservoir for the Captain oil
field to the north of it. The West Halibut Fault appears to extend this to the south
east with the Captain Sandstone fairway lying to the downthrown south of the
fault ( Figure 3-16).

Due to the poor seismic imaging of the Captain Sandstone (section 3.4.3) there
is uncertainty on whether the Captain Sandstone extends right up to the West
Halibut Fault or pinches-out before it reaches it. Where the Captain and West
Halibut Faults meet there is a small oil discovery (Tain) in Captain Sandstones
in the hanging wall of the faults. To the south east of Tain the oil in the Blake
field is trapped in the Captain Sandstones which the operator believes extends
up to the West Halibut Fault. At Blake and probably at Tain, well control to the
north suggests that the Captain Sandstones are juxtaposed across the fault
against either granitic basement or Devonian claystone (with occasional very
tight sandstone) and at these two locations the fault is probably sealing as
shown by the presence of trapped oil. To the west of Tain the amount of offset
on the Captain Fault decreases and across the fault the Captain Sandstone is
probably juxtaposed against Triassic and Jurassic units which do contain
sandstones and there is an increased lateral containment risk across this fault.

Elsewhere, to the south east, the fairway contains a number of 4-way dip closed
and 3 way dip plus stratigraphic pinch out structures which provide the trapping
mechanisms for four significant Captain Sandstone hydrocarbon accumulations,
Blake, Cromarty, Atlantic and Goldeneye.

The West Halibut Fault extends upwards into the shallow Tertiary section but
not to the seabed. Between Atlantic and Tain the Lista secondary cap-rock is
offset by this fault (Figure 3-8). Further to the west it is not clear if the Captain
Fault extends to the seabed. Shallow seismic data quality is very poor due to
seismic noise at the join of two 3D surveys and a strong seabed multiple. This

seismic noise also masks the Lista event and it is not clear if there is any offset
of the Lista across the fault.

To the south east of Blake the offset on the West Halibut Fault decrease and the
fault ends some 20km from the Goldeneye field. Between Blake and Goldeneye
there are 9 wells on the southern side of the fault with no Captain Sandstone
which confirms that the sandstone is absent and must pinch-out before reaching
this fault Figure 3-17. Captain Sandstone is not present on the Halibut Horst.

Within the “pan-handle” part of the Captain Sandstone fairway, no other
significant faults have been identified at the Top Captain Sandstone using the
available seismic data. Due to the poor seismic imaging of the Captain
Sandstone (section 3.4.3) faulting may be more significant than currently
identified. However, the Top Rodby is a reliable seismic marker and this is the
top of the primary seal. A semblance horizon slice at Top Rodby (Figure 3-21)
reveals potential small scale features, running in a north west to south east
orientation. Some of these features may be seismic artefacts caused by the
merging of seismic volumes but several of these features do appear to be real
faults when displayed in seismic section. These are very minor faults and do not
breach the Rodby/Carrack primary seal.

There is some evidence of seismically resolvable small scale faulting within the
Captain Sandstone, particularly in the region of the Goldeneye field. Shell
document that the greatest fault density can be identified around the vicinity of
the Goldeneye14/29a-3 well (Shell, 2015). The faults extend in an approximately
East to West orientation, which is consistent with the regional trend of the Halibut
Horst and regional structural framework. Seismic resolution of the faulting is
poor making interpretation difficult. The faults are limited in vertical extent and
do not offset the overlying Rodby/Carrack sealing shale formation. Within the
Captain Sandstone fault throw appears to be small and are not expected to
create any significant barrier or baffle to the flow of CO2. This conclusion is
supported by the pressure depletion record of post production RFTs which
suggest excellent lateral hydraulic connectivity. As the minor faulting within the
Top Rodby does not breach the top seal or provide a barrier to CO2 within the
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Captain Sandstone it was not deemed necessary to include them when building
the Static Models.

Figure 3-22 shows the Top Chalk semblance horizon slice and numerous
lineaments can be seen, mainly orientated north west to south east. The majority
of the lineaments appear to be erosional in nature although some are probably
due to faulting. This faulting does not extend far into the overburden and they
do not appear to be connected with the small scale deeper faulting within the
Captain Sandstone and Top Rodby shale. In the shallower Tertiary section there
is little evidence of significant faulting. The subsurface formations are poorly
imaged with the seismic data due to seismic energy absorption within the thick,
laterally variable shallower coal layers. Shallower discontinuities visible in the
Tertiary section are not interpreted as faulting, and are more likely to be a
seismic artefact caused by “edge effects” due to velocity contrasts from the
overlying coals and shales (Shell, 2015). No faults have been included in the
Captain Fairway or Captain X site static models. The overburden model does
include the West Halibut Fault.

Figure 3-21 Top Rodby semblance slice
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Figure 3-22 Top Chalk semblance slice
3.4.5 Depth Conversion

Whilst the time interpretation of the Top and Base Captain sandstone has
proved challenging because of variable acoustic impedance, depth conversion
of these events has also been historically problematic. This challenge arises
due to the effect of rapid lateral velocity changes in the overburden, particularly
related to lithology variations within the Tertiary section and rugosity of the Top
Chalk surface (which is the top of a high velocity interval). Traditionally multi-
layer depth conversions have been used for hydrocarbon field development
projects (Shell, 2015). However, a multi-layer depth conversion was not
considered feasible to apply across the entire Captain Fairway for this project.

In this study a single layer depth conversion method has been used from Mean
Sea Level (MSL) down to Top Rodby using an average velocity map. This is
similar to the method Shell used for their Captain Sandstone fairway depth
conversion (Shell, 2015). The Top Rodby depth surface was then used as a
depth reference surface and the Rodby/Carrack isochore hung from this to
derive the Top Captain Sandstone depth surface. As a regional depth
conversion this somewhat simplified method was considered fit for purpose and
has the added advantage of not having a strong imprint of the heavily eroded
Top Chalk surface embedded in the Top Captain depth surface potentially
adding rugosity to the Top Captain surface where it in fact probably did not exist.

The depth conversion was undertaken in the industry standard interpretation
software PETREL. The depth conversion method for each interval or surface is
outlined below and the depth conversion steps are summarised in Figure 3-23;
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Figure 3-23 Depth conversion summary

Figure 3-24 Top Rodby TVDSS depth structure map over the Captain fairway

1.

Mean Sea Level (MSL) to Top Rodby Interval — This interval was depth

converted using an average “pseudo-velocity” map. At the well
locations the Top Rodby two-way time values from the gridded time
surface were extracted along with the drilled depths. These were
combined to create the average “pseudo velocity” at each well. The
average velocity map was then generated by gridding and contouring
the data points. The Top Rodby time surface was then multiplied by
the average velocity map in order to generate the Top Rodby depth
surface (Figure 3-24).
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Figure 3-25 Rodby and Carrack formation isochore map over the Captain fairway

2.

Top Rodby to Top Captain Sandstone Interval — The seismic

interpretation of the Top Captain Sandstone is uncertain, therefore in
the centre of the fairway an isochore based on gridded and contoured
well thicknesses has been used to define the Rodby/Carrack isochore
and this is added to the Top Rodby depth surface to give the Top
Captain Sandstone depth surface. However, due to lack of well control
around the fairway limits, this gave unrealistic results at the fairway
edges and an alternative approach was needed.

In these problematic areas at the edge of the fairway, an isochron
between the Top Rodby and Top Captain Sandstone seismic
interpretation was generated. The isochron was then depth converted

to an isochore using a constant velocity of 9510 feet per second
(derived from the time and depth values from available well data). This
isochore (derived from the seismic interpretation) was blanked so that
the surface was only present at the pinchout edges of the fairway. It
was then merged with the isochore that had been calculated from the
well tops to produce a final isochore (Figure 3-25). This was added to
the Top Rodby depth surface to give the Top Captain Sandstone depth
surface. The depth converted Top Captain surface required some hand
editing, in order to ensure the closures of the Blake, Cromarty, Atlantic
and Goldeneye fields match the Operator inferred size and spill point
locations. The final depth surface is shown in Figure 3-26 and as a 3D
image in Figure 3-27. The depth surface dips down to the south east
with dips varying between 0.5 and 6 degrees.
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Figure 3-26 Top Captain sandstone depth stucture map
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Figure 3-27 Top Captain sandstone depth structure surface 3D view
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more accommodation space for sediment to collect and could indicate
where the Captain Sandstones are present. However, south east of
Atlantic the isochron shows just a gradual thickening to the south and
gives no clue to where the Captain Sandstone might be present.
Therefore, a Top Captain to Base Captain Sandstone isochore was
generated by gridding well data points (Figure 3-28). This isochore map
was added to the Top Captain Sandstone depth surface to a produce
final Base Captain Sandstone depth surface (Figure 3-29) .

Figure 3-28 Captain sandstone isochore

3. Top Captain to Base Captain Sandstone Interval — The Top and Base
Captain Sandstone seismic interpretation is very uncertain. The
distribution and thickness of the Captain Sandstone is therefore only
poorly defined by seismic data. It is however reasonably well defined
by extensive well penetrations across the area. The isochore is
probably influenced by the structural framework and position of the
West Halibut Fault. A Lower Cretaceous isochron was produced from
the seismic interpretation (Figure 3-28) but was of only limited use. The
isochron does show the existence of a thicker section up against the Figure 3-29 Base Captain sandstone depth structure map

Captain Fault in the northern part of the fairway and another thick

between Atlantic and Blake. This thickening indicates there has been
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4. Base Cretaceous Unconformity — As the Captain Sandstone is not

present over the entire mapped area, to depth convert the Base
Cretaceous Unconformity, which is present throughout the area,
required the Top Rodby to Base Cretaceous Unconformity interval to

velocity of the interval at each well and then combining all of the values
to give an overall average constant velocity for the layer. This isochore
was then added to the Top Rodby depth interval to produce a Base
Cretaceous Unconformity depth surface (Figure 3-31).

be converted as a single unit. This was accomplished by creating an The remaining interpreted time surfaces were depth converted to provide

isochron of the Top Rodby to Base Cretaceous Unconformity time surfaces for the overburden 3D Static Model. The depth conversion method for

interpretation (Figure 3-30) and multiplying it by a constant velocity of each interval or surface is outlined below and the depth conversion steps are

10450 feet per second to produce an isochore. The constant velocity summarised in Figure 3-23;

of 10450 feet per second was derived by using time and depth values
taken from several wells across the fairway area and calculating the

Figure 3-31 Base Cretaceous unconformity depth structure map
Figure 3-30 Top Rodby to Base Cretaceous isochron
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Figure 3-32 Seabed depth structure map

5.

Sea Bed — The Seabed depth surface was generated by multiplying the
Seabed time surface by a velocity of 4900 feet per second (speed of
sound through the water column). The resulting depth surface is shown
in Figure 3-32.

Figure 3-33 Top Beauly Coal depth structure map

6.

Top Beauly Coal — This event was depth converted by multiplying the

isochron (Top Beauly Coal time surface minus Seabed time surface) by
a constant velocity. The constant velocity of 6200 feet per second was
derived by using time and depth values taken from several wells across
the fairway area and calculating the velocity of the interval at each well
and then combining all of the values to give an overall average constant
velocity for the layer. The resultant isochore was added to the Seabed
depth map to give the Top Beauly Coal depth surface. This surface was
blanked at the point the Top Beauly Coal out crops at the seabed. The
resulting surface is shown in Figure 3-33.
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Figure 3-34 Top Chalk depth structure map

7.

Top Chalk — Top Chalk event was depth converted by applying a linear
time-depth function derived from back interpolated time values at the
wells:

Depth = (3.5311*T) + 119.08  where T is the Top Chalk time surface.
The resulting depth surface is shown in Figure 3-34.

Figure 3-35 Plenus Marl and Hidra formation isochore map

8. Top Plenus Marl Formation — This event was depth converted by using

an interval velocity map calculated from back interpolated time values
and depth values between the Top Plenus Marl and Top Rodby at each
well. The resulting velocity data points were gridded to create an
interval velocity map across the area of interest. The Plenus Marl and
Hidra isochron (Top Rodby time surface minus Top Plenus Marl time
surface) was then multiplied by the interval velocity map in order to
generate the Top Rodby to Top Plenus Marl isochore. This isochore
(Figure 3-35) was subtracted from the Top Rodby depth interval to
produce the Top Plenus Marl depth surface (Figure 3-36).
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Figure 3-36 Top Plenus Marl depth structure map

3.4.6 Depth Conversion Uncertainty

Depth conversion uncertainty to the Lower Cretaceous target storage reservoir
is significant. Published literature relating to hydrocarbon exploration and
development in the Captain fairway shows that depth conversion is complex and
uncertain and was not resolved even during field development. Petroleum FIDs
having to be robust to the volumetric variance that depth conversion uncertainty
contributes. Unlike in petroleum development where depth conversion directly
influences the oil or gas volumetrics and therefore reserves, in CO:2 storage in
an open aquifer system, depth conversion is a second order control on pore
volume. Accurate depth definition is important to understanding the detailed
migration pathways of injected CO2 away from the injection site. Improved
seismic data which enables the Top Captain sandstone in particular to be
imaged and mapped with confidence is however a pre-requisite. Once in place,
further detailed work on depth conversion is recommended. However, in order
to understand the influence of the Top Captain depth surface on the CO:2
migration over time, the base-case depth surface was edited manually in the
area to the west of the two CO: injection wells (Figure 3-37) and a new
realisation of this depth map was developed which is also fully consistent with
the available data. A new 3D static and dynamic model was made from this
modified surface and deployed as a sensitivity within the dynamic reservoir
modelling work to understand its relative importance (Section 3.6).
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Figure 3-37 Top Captain sandstone depth stucture surface 3D view

3.4.7 Seismic Attributes

Seismic attribute displays have been generated and used for a range of
applications in this characterisation of Captain Fairway. The attributes fall into
two primary application groups:

Supporting structural definition - these include semblance attributes which
describe the degree to which a trace in the 3D volume resembles its adjacent
neighbouring traces. Where there is a strong and laterally continuous seismic
reflection across an area then the semblance measure will be high. Where such
a seismic reflection is broken or discontinuous then the semblance will be low.
Semblance can be calculated relative to a constant time value or it can be dip
adapted so that continuous, but sloping reflectors will also display high
semblance. Semblance can be used to quickly identify faults and structural
features in the subsurface detected by the seismic data as an important aid to
interpretation. Under certain circumstances the Semblance can also identify
stratigraphic features such as channel margins etc. Semblance has a similar
function to other attributes like Similarity, Continuity, Coherency. At the Captain
X site this attribute has been used to characterise structural detail at each
interpreted horizon, including the key search for small faults in the primary cap
rock (Rodby and Carrack Formations).

Supporting interval characterisation - these include seismic amplitude which
describe the magnitude of the signal peak or trough of the reflected seismic
wave. This is related to the acoustic impedance contrast between the layers in
the earth and can be used to infer some information about the properties of one
layer relative to an adjacent layer. In ideal conditions this can be used to quantify
lateral variation in overall reservoir quality.
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As already discussed in section 3.4.3 seismic imaging of the Captain Sandstone
is hindered by a lack of impedance contrast at the Top and Base of the Captain
Sandstone. Seismic attributes extracted from the full stack 3D seismic volume,
available to this project, produced no useful results.

3.4.8 Conclusions

The PGS Central North Sea MegaSurvey seismic volume (PGS, 2015) which
extends over the Captain Sandstone Fairway, has been interpreted. The key
horizons have been identified, interpreted and mapped. The “pan-handle” part
of the Captain Sandstone fairway is bounded along its northern and north
eastern edge by the Captain and West Halibut Faults respectively. Seismic data
quality is considered adequate for structural interpretation of the overburden
interval to the target reservoir of the Captain X site, but is not sufficient to
confidently map the depth of the target storage reservoir at Top or Base Captain
sandstone. The lack of acoustic impedance contrast for the interpretation of the
Top Captain Sandstone, coupled with an important, but second order depth
conversion challenge means that there is considerable pick and therefore depth
uncertainty away from well control. This challenge has been one of the primary
issues for the petroleum developments such as Cromarty, Atlantic and
Goldeneye. Even with an improved reprocessed seismic data set, Shell
concluded that “the Captain Sandstone cannot unambiguously be mapped
along the fairway due to its weak expression on the seismic data as a result of
the poor impedance contrast at top reservoir between the Captain Sandstones
and the overlying Rodby shales” (Shell, 2015).

The Base Captain seismic interpretation is considered very uncertain.
Therefore, a Top Captain to Base Captain Sandstone isochore map was
generated from well data points (independent of seismic data) and added to the
Top Captain Sandstone depth surface to a produce final Base Captain

Sandstone depth surface. A Lower Cretaceous isochron, generated to aid
isochore construction, was of only limited use.

Due to this poor seismic imaging there is uncertainty on whether the Captain
Sandstone extends up to the Captain and West Halibut Faults or pinches-out
before them. Along the fairway’s northern edge it appears likely that the
sandstone extends up to the Captain Fault. At Tain and Blake the sandstone
probably extends up to the West Halibut Fault. To the south east of Blake well
control confirms that there is an area on the downthrown side of the West Halibut
Fault where the Captain Sandstone is absent. It must therefore pinch-out before
reaching this fault. Captain Sandstone is not present on the Halibut Horst itself.
On the southern side of the fairway, away from well control, the Captain
Sandstone pinch-out edge is more uncertain and in this interpretation it is
controlled exclusively by the Shell fairway polygon.

At Blake and Tain the West Halibut Fault is probably sealing as evidenced by
the presence of trapped oil. However, there is an increased lateral containment
risk across the Captain fault with Captain Sandstone probably juxtaposed
against Triassic and Jurassic units which do contain sandstones. Small scale
faulting within the Top Rodby Shale and the Captain Sandstone are not
anticipated to provide a potential breach to the primary seal or a significant
barrier or baffle to flow of CO2. Therefore, it was not deemed necessary to
include this small scale internal faulting when building the static models.

The West Halibut Fault extends upwards into the shallow Tertiary section but
not to the seabed. Between Atlantic and Tain the Lista secondary cap-rock is
offset by this fault. However, due to seismic noise it is unclear if the Captain
Fault extends to the seabed and whether the Lista is offset by this fault.
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Due to the variable overburden geology and the pick uncertainty at Top and
Base Captain level, a complex multi-layer depth conversion could not be justified
across the entire Captain fairway. At Goldeneye, the Operator completed a 10
layer depth conversion and still experienced depth mapping residuals at the Top
of the Captain in the development wells of +/- 60ft. An alternative single layer
depth conversion method based upon other fairway work (Shell, 2015) was
adopted. This involved using an average velocity map from MSL down to Top
Rodby. The Top Rodby depth surface was then used as a depth reference
surface and a modified Rodby - Carrack isochore hung from this to derive the
Top Captain depth surface. As a regional depth conversion this somewhat
simplified depth conversion method was considered fit for purpose for CO2
dynamic modelling.

Seismic imaging of the Captain Sandstone is hindered by a lack of impedance
contrast at the top and base of the Captain Sandstone reservoir. Seismic
attributes extracted from the full stack 3D seismic volume, available to this
project, produced no useful results.

Depth converted structure grids have been taken forward and used as input data
for fairway, site and overburden 3D static models. The West Halibut Fault has
been used only in the overburden 3D static model as it is considered to be the
edge of the Captain Sandstone fairway with no Captain sandstone present on
the Halibut Horst.
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3.5 Geological Characterisation

3.5.1 Primary Store

3.5.1.1 Depositional Model

The primary storage unit is the Captain Sandstone Member of the Lower
Cretaceous Cromer Knoll Group. At the Captain X site the top of the sandstone
ranges from 1485 m tvdss (4870 ft tvdss) at the crest of the Blake oilfield down
to approximately 1980 m tvdss (6500 ft tvdss) at the target injection site between
Atlantic and Cromarty. The average Captain Sandstone thickness for the
Captain X site is approximately 54 m (178 ft) but can reach up to 143 m (470 ft)
thick in the central axis of the fairway.

The Captain Sandstone fairway is a sand rich deep water marine turbidite
system deposited as a 5-10 km wide ribbon of sand along the southern edge of
the Halibut Horst. Deposition occurred in response to a major fall in relative sea
level which resulted in large volumes of shelf sands being moved into deeper
water by submarine mass flow events. There are up to three phases of
deposition identified from biostratigraphy (Law, et al., 2000). Typically, these
were deposited as stacked amalgamated turbidite sandstones, 60 — 120 m (200
— 400 ft) thick in the centre of the fairway. Sands are generally clean, massive
and structureless. The rock quality is excellent with the net to gross ratio from
wells in excess of 75%, average porosity of 25 % (max 30%) and average
permeability of approximately 1400 mD with measured core permeability often
exceeding 2000 mD.

Deposition was controlled by the existing sea floor topography and two
depositional models have been proposed (Shell, 2015). Sands deposited axially,
from the emergent East Shetland High, along the northwest to southeast fairway

appear dominant in the north-western part of the fairway (around Blake). In the
southeast (around Goldeneye), more locally sourced sand prone turbidite fans,
feeding directly from the Halibut Horst, appear to dominate.

The Captain Sands have been subdivided into 4 lithostratigraphic zones A — E
(Shell, 2015). These zones have been correlated across the Captain Sand
fairway using the available well data. A well correlation section across the
Captain Fairway with cored wells is shown in Figure 3-38.

The basal Captain A is a massive medium grained sandstone, it is laterally
restricted and discontinuous across the full fairway. The depositional model
suggests localised deposition directly from the Halibut Horst. Captain A is
present at the Captain X injection site although well data interpretation shows
that it pinches out to the North before reaching the Blake Field, and to the South
at the Grampian arch.

The Captain C, often referred to as the mid-Captain shale, is a heterogeneous
sequence with significant mudstone and shale deposits. Thin interbedded
sandstones appear, but are discontinuous and chaotic. The top of the interval is
shaley and includes several shales, which appear to be laterally extensive and
can be correlated across the fairway. Based on the available well log data these
may prove to be significant horizontal barriers to vertical flow between the upper
(E & D) and lower sands (A). However, RFT pressure data from wells drilled
after production started from the fairway indicates that this interval is not
completely sealing everywhere, although the communication pathway is
uncertain. Nevertheless, the impact of a fully sealing Captain C is anticipated
to be minimal on the proposed development.
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Captain D is the main reservoir unit for the hydrocarbon fields within the Captain
Sand Fairway. It is a massive sandstone unit, which is laterally extensive and
present across the full length of the fairway.
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Figure 3-38 Fairway correlation
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Captain E is a thin discontinuous (intermittent over the fairway) heterolithic zone,
which forms the top most interval within the Captain Sands. It is shale
dominated, typically marked by a thin shale at its base.

3.5.1.2 Rock and Fluid Properties

The petrophysical database was outlined in Section 3.2.4 and was sourced from
the publically available CDA database. The data quality is very good.

Conventional core data were available for seven wells for which petrophysical
analysis was carried out. These core data include Grain Density, Helium
Porosity, Horizontal and Vertical Permeability.

A comprehensive petrophysics report for the Blake Field (Colley, 1999) was
available and provided a valuable reference in defining the petrophysical
parameters for the interpretation. The report focuses on 5 wells that are within
the Captain fairway: 13/24a-4, 13/24b-3, 13/29b-6, 13/24a-5, 13/24a6

Archie saturation exponents (a = 1.0, m = 1.8, n = 2.0) were estimated from the
limited SCAL data, cross referenced to the recommendations in the ‘Blake Field
Petrophysical Report’ and validated in the water zones with Pickett plots.

Rwa is calibrated in all the water zones from core and gives a fairly consistent
estimate of formation water resistivity (Rw). Based on measured core data Rw
is assumed to be 0.160 at 60°F. This is consistent with the values reported in
the Blake Field Petrophysics report .

For the purposes of quantitative evaluation of rock properties from wireline logs,
a standard oilfield approach has been adopted. This is outlined in Appendix 8
and Figure 3-39.

The results of the petrophysical analysis are summarised below across the wells
reviewed. Computer Processed Interpretation (CPI) plots for each analysed well

showing derived calculated information are also provided in Appendix 4. Note
that the input curves have been provided under CDA license and are not
reproduced in this report.

Table 3-3 is a summary of the Net Reservoir properties for the Captain
Sandstone fairway.

Permeability has not been estimated based on wireline data, but was computed
within the Primary static model using core based porosity versus permeability
relationships (Section 3.5.4).
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Woll | Zone Name | Gross [f] | Net [ | NTG | Porosity | Av Vel

All Wells All Zones 327.1 2490 0.76 0.26 0.06
All Wells Captain E 15.2 11.0 0.73 0.23 0.10
All Wells Captain D 166.6 1429 086 0.27 0.05
All Wells Captain C 94.3 36.9 0.39 0.23 0.16
All Wells Captain A 159.8 136.3 0.85 0.25 0.05
13/30-3 Captain E 7.6 7.6 1.00 0.23 0.02
13/30a-4  Captain E 11.3 10.6 0.93 0.28 0.13
14/26a-8  Captain E 5.8 5.8 1.00 0.25 0.00
14/29a-3  Captain E 22.0 12.8 0.58 0.18 0.17
14/29a-5  Captain E 224 19.8 0.89 0.25 0.02
20/04b-6  Captain E 21.8 9.6 0.44 0.17 0.27
13/23b-5  Captain D 85.0 16.0 0.19 0.23 0.33
13/24a-4  Captain D 277.0 273.0 099 0.29 0.01
13/24a-5  Captain D 208.5 32.0 0.15 0.20 0.14
13/24a-6  Captain D 246.5 237.8 097 0.30 0.03
13/24b-3  Captain D 70.0 18.5 0.26 0.27 0.27
13/29b-6  Captain D 193.0 188.3 0.98 0.28 0.06
13/30-3 Captain D 192.7 187.7 0.97 0.28 0.05
13/30a-4  Captain D 150.7 1447 096 0.28 0.08
14/26a-6  Captain D 177.8 168.8 095 0.28 0.01
14/26a-8  Captain D 166.6 161.1 0.97 0.28 0.00
14/26a-A7 Captain D 48.3 45.6 0.94 0.29 0.05
14/28b-2  Captain D 232.0 231.8 1.00 0.25 0.12
14/29a-3  Captain D 268.7 263.8 098 0.25 0.00
14/29a-5 Captain D 82.6 81.2 0.98 0.24 0.00
Figure 3-39 Summary of petrophysical workflow 20/04b-6  Captain D 139.6 122.1 0.88 0.23 0.09
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Wil | Zone Name | Gross [f] | Nt [f) | NTG | Porosity | Av Vel

20/04b-7  Captain D 127.0 113.8 0.90 0.25 0.04
13/24b-3  Captain C 42.0 4.5 0.11 0.19 0.38
13/29b-6  Captain C 180.0 93.3 0.52 0.23 0.22
13/30-3 Captain C 46.1 216 0.47 0.22 0.19
13/30a-4  Captain C 5883 38.8 0.73 0.24 0.19
14/26a-8  Captain C 57.1 51.1 0.90 0.31 0.12
14/26a-A7 Captain C 96.4 19.0 0.20 0.16 0.36
14/28b-2  Captain C 30.9 2.7 0.09 0.13 0.46
14/29a-3  Captain C 237.4 75.9 0.32 0.21 0.10
14/29a-5  Captain C 203.9 71.4 0.35 0.21 0.11
20/04b-6  Captain C 48.6 17.6 0.36 0.22 0.13
20/04b-7  Captain C 42.0 10.0 024 0.17 0.16
13/24b-3  Captain A 97.0 47.8 049 0.22 0.27
13/30-3 Captain A 125.8 125.6 1.00 0.29 0.04
13/30a-4  Captain A 252.8 210.8 0.83 0.26 0.11
14/26a-A7 Captain A 42.9 42.0 0.98 0.28 0.03
14/28b-2  Captain A 63.4 50.9 0.80 0.24 0.19
14/29a-3  Captain A 499.2 487.2 098 0.24 0.00
14/29a-5  Captain A 315.1 2259 072 0.23 0.05
20/04b-6  Captain A 19.0 16.3 0.86 0.23 0.03
20/04b-7  Captain A 23.0 20.0 0.87 0.24 0.01

Table 3-3 Captain sand fairway net reservoir summary

3.5.1.3 Relative Permeability and Capillary Pressure

There is no specific SCAL available from the Captain X storage site data set
within CDA. This is discussed further in Section 3.6.

3.5.1.4 Geomechanics

Geomechanical modelling of the primary store was conducted to clarify the
strength of the storage formation and its ability to withstand injection operations
without suffering mechanical failure at any point during those operations. No
significant issues of drillability, fracturing risk or sand failure risk were identified.
Further details are included in Section 3.6.6.

3.5.1.5 Geochemistry

Geochemical modelling of the subsurface materials is reported in Section
3.5.2.5 and 3.7. Modelling has been primarily focussed upon the caprock
reactivity and its potential degradation. Injection of CO: into the Captain X
storage site is not expected to lead to any significant risk of loss of strength or
significant change in reservoir quality.

3.5.2 Primary Caprock

3.5.2.1 Depositional Model

The top of the Captain Sandstone Member is recognised by the rapid transition

to the overlying shale of the Carrick and Rodby Formations (Law, et al., 2000).
These calcareous mudstones, and the Hidra of the Chalk Group above, provide
the Primary top seal for the Captain Sandstone.

The shale above the Captain reservoir from Top Rodby down to Top Captain is
laterally extensive and has an average thickness of 90 m (~290 ft) within the site
area. These formations represent the abandonment and burial of the Captain
turbidite fan system by basin shales.

The shales and mudstones of the Valhalll and Carrack Formations also provide
an effective seal along the sand fairway pinch-out edges to the North and South.
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3.5.2.2 Rock and Fluid Properties

Core measurements are not typically acquired in non-reservoir lithologies, there
are therefore no measured core data available for the Carrack, Rodby or Hidra
intervals at the site location. These intervals are effective seals in nearby
hydrocarbon fields and the effective permeability can reasonably assumed to be
exceptionally low or zero, and therefore impermeable.

3.5.2.3 Relative Permeability and Capillary Pressure

There are no direct capillary pressure measurements available for the cap rock
formations of the Captain Sandstone.

3.5.2.4 Geomechanics

No significant issues of drillability, or fracturing risk were identified. Further
details are included in Section 3.6.6.

3.56.2.5 Geochemistry

Geochemical modelling of the primary caprock for the Captain sandstone aquifer
was carried out to evaluate the likely impact of COz injection on the rock fabric
and mineralogy following the injection period and the long term post-closure
phase. The main objective was to gain a better understanding of the key
geochemical risks to injection site operation and security of storage.

The approach, methodology used and the results are described in more detail
in Appendix 8 but were focussed on one key question:

e Will increasing the amount (partial pressure) of COz in the
Captain sandstone aquifer lead to mineral reactions which
result in either increase or decrease of porosity and
permeability of the Rodby Formation aquiclude overlying the
aquifer?

A dataset of water and gas compositional data for the Captain sandstone and
the Rodby Formation and its mineralogy was compiled from both published data
and technical reports available in the CDA and the public domain. These data
were then used to establish the pre-CO2 geochemical conditions in the primary
reservoir and the assumption was then made that similar conditions existed in
the caprock.

A kinetic study of geochemical reactions in the caprock was then undertaken
with appropriate estimates of rock fabric and the selection of appropriate kinetic
constants for the identified reactants to evaluate the realistic impact of CO2
injection with regard to time, using 10,000 years as the target timeframe. No
equilibrium modelling was undertaken due to the pre-CO2 mineral composition
of the Rodby Formation which has a high proportion of metastable smectite clay
mineral.

Summary of Geochemical Impact of CO; Injection

The main changes modelled in the Rodby Formation caprock are the major
dissolution of smectite due to COz: influx and the relatively minor loss of calcite
over 10,000 years of addition of CO2. The products of these changes are an
increase in volume of the carbonate minerals (dawsonite, dolomite and siderite),
sequestering the COz into the carbonate mineral phase, and additional sulphate
mineral precipitation, such as anhydrite. In addition, the Fe, Mg, Si and Al-
bearing smectite is replaced by illite, kaolinite, quartz and dawsonite. Overall,
there is a solid mineral volume increase due to CO:2 interaction with the Rodby
Formation meaning that there is no increase in porosity and thus no increase in
permeability.
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In summary, by flooding the Captain sandstone with CO2, the overlying
calcareous, clay-rich Rodby Formation and equivalent caprocks are unlikely to
be affected in a way that increases permeability:

« The fastest reactions that occur lead to a very small net solid
volume increase due to the new replacement minerals having
relatively lower density and reaction with the fluxing COo.

« Smectite is the most reactive mineral present but it is likely,
upon contact with the acid water induced by CO:2 influx, to be
replaced by quartz, illite and kaolinite.

e Sodium, iron and magnesium are also released from smectite
thus leading to the growth of the carbonate minerals: dawsonite,
siderite and dolomite.

« Calcite undergoes partial replacement by dolomite instead of
wholesale dissolution.

«  Overall, the injection of CO2 will probably lead to a solid volume
increase of 3% in 10,000 years. This will lead to lower porosity
and lower permeability.

Rodby Formation seal failure is, therefore, unlikely to be induced by mineral
reactions with the COx.

3.5.3 Secondary Store

The reservoir quality sands of the Maureen and Mey Formations provide the
most likely secondary store above the injection site location. These are widely
distributed over the Moray Firth to Central Graben region. These are developed
as sand prone shelf and slope area within the Inner Moray Forth Basin, and in
the Outer Moray Firth and Central Graben as deep water turbidite fans systems.

Paleocene sandstones typically have excellent reservoir quality and good
regional connectivity with porosities up to 35% and Darcy permeabilities.

The overlying Lista Formation provides the secondary seal, this is a proven seal
for several Paleocene reservoirs (Andrew/ Mey Sandstone) in the CNS, and is
approximately 30 m (100 ft) thick over the site location.

3.5.3.1 Depositional Model

The heterogeneous Andrew Sand is laterally extensive and well known within
this part of the CNS. A full characterisation of the secondary store potential
would require further work.

3.5.4 Static Modelling

Three static models have been built as part of the characterisation effort of
Captain X COz storage site:

» Fairway Model - The primary static model is semi-regional in
nature and covers a large area (>800 km?) across the Captain
Sand Fairway. This model was built with the purpose of
selecting the final site and understanding connectivity to nearby
hydrocarbon fields and CO:2 storage sites.

« Injection Site Model - As the static model covered the full
Captain Sand Fairway, it was not required to build a specific site
model. The site model cut from primary fairway model as a
reduced section. The purpose of this model is to serve as a
basis for building an effective reservoir simulation model over
the Captain X site.

e Overburden Model - The third static model builds upon the
footprint of the Primary static model, but extends to describe the
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overburden geology all the way to the seafloor. This model was
primarily used for consideration of containment issues which
are detailed in Section 3.7.

3.5.4.1 Primary Static Model (Fairway)
Grid Definition

The static model described in this section focuses on the fairway geological
model for the Captain Sandstone. Maps of the input horizons for Top Captain
and Base Captain Sandstone within the site area are shown in Section 3.4.

The area selected for the site model covers a large area of approximately 808

km? (~95 km x ~10 km), the coordinates of the site model boundary are
X Min 216547.60 X Max 305442.48
Y Min 6429685.08 Y Max 6471727.75

Reservoir modelling has been carried out using Petrel v2014.
Reference system used ED50 (UTM31).

The stratigraphic interval for the site model is from the Top Rodby Formation
down to 30m (100 ft) below the Base Captain. The primary seal for this interval
is the overlying Carrack/ Rodby shale formations.

The model stratigraphy is shown in Table 3-4, and is based upon the zonation
scheme defined during the well correlation.

Number of
Layers

Too Rodb Carrack Direct seismic interpretation and

P Y and Rodby depth conversion
Top Top Built down from Top Rodby using 5
Captain Captain E  well derived isochore
Top Top Built down from Top Captain using 50
CaptainD Captain D  well derived isochore
Top Top Built down from Top Captain D 50
Captain C  Captain C  using well derived isochore
Top Top Built down from Top Captain C 50
Captain A Captain A using well derived isochore
Base Lwr Valhall Built down from Top Captain using 1
Captain Fm well derived isochore
Base
Captain
+100

Table 3-4 Stratigraphy, zonation and layering for site model

The Top Rodby depth horizon within the fairway model was created from the
depth surfaces interpreted from the seismic and time to depth converted
(Section 3.4).

The Top Captain was generated by building down from the Top Rodby using a
well derived isochore map, at the edge of the fairway where it pinches out the
seismic was used to help improve and control the pinch out edge and thickness.
(Section 3.4.5).

The Base Captain was created by building down from the Top Captain using
well derived isochore map, the isochore map was edited to better control the
pinch out edge.
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The remaining internal Captain horizons were generated by building down from
the Top Captain using well derived isochore maps.

The top of the model is the Top Rodby, as the interval above the Top Captain is
an impermeable zone it is represented in the model by a single layer.

The base of the model has been generated by adding 30m (100ft) to the Base
Captain, this represents the top of the underlying (Lower) Valhall Formation. The
Lower Valhall includes Punt or Burns Member sands, however these are not
connected to the overlying Captain sands. These sands are separated from the
Captain Sandstone by shale intervals of varying thicknesses, but it is interpreted
that they are not connected to the overlying Captain Sandstone Fairway. In
previous work (CO2Multistore) reference was made to the hydraulic significance
of the “underburden” as a means of dissipating injection pressure away from
CO:z injection sites and enable sustainable periods of high injection rates without
over pressuring the reservoir. Given the nature of the underlying shales and
their proven ability to be an effective seal for a range of deeper Jurassic oil and
gas fields, no evidence has been found to suggest that such an “underburden”
interval would provide an effective pressure dissipation mechanism.

One main major fault has been incorporated into the fairway model — the Halibut
Horst to the north of the Captain fairway. This may form the boundary of the
storage site along the north-west edge of the fairway in the region of the Blake
field.

A cross section through the structure showing the different zones and layering
within the model is shown in Figure 3-40.

The fairway model 3D grid was built with a rotation of 135° and grid cells of 200m
x 200m in the X, Y direction.

Proportional layering has been used for all zones. The number of layers has
been selected in order to effectively model the geological heterogeneity,
specifically capturing the thin shales and cemented layers observed in the well
data.

The resulting grid has approximately 16.1 million grid cells.

Figure 3-40 Cross section through the 3D grid at well

3.5.4.2 Property Modelling

The Captain Sandstone Fairway is a high quality, commonly massive
sandstone, deposited as stacked turbidite sands primarily from the northwest.
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The formation rock quality is excellent within the main Captain Sand with net to
gross ratio from wells in excess of 75%, average porosity of 25 % (max 30 %)
and average permeability of approximately 1400 mD.

Captain Sandstone

The deeper and younger Captain (A) mass flow deposits infilled a deep channel
incision, and the upper Captain sandstone (D) are the result of overlapping lobes
of sandstone sheets (Copestake, et al., 2003).

Within the site model the Captain D sands are thick and massive with little or no
shales or cemented sand layers which could act as barriers and baffles. The
lower Captain A sands are considerably more heterogeneous and are not
laterally extensive across the entire fairway. To allow for these shales and
cements to be explicitly captured within the static model a facies model has been
built.

The mid Captain shale (Zone C) varies in thickness across the fairway area,
containing thin sands, shales and tuffs representing a sub-sequence boundary
(Copestake, et al., 2003). This layer possibly represents a significant barrier to
flow between the Upper (D and E) and Lower Captain (A) reservoir zones in
some places, but does not represent a fully, hydraulically sealing layer.

Porosity within the Captain Sandstone has been modelled within the facies
model using the available interpreted PHIE log. Permeability has been modelled
within the 3D grid using the available measured core data and correlated to the
modelled porosity.

3.5.4.3 Facies Log Interpretation

A lithology log at the wells has been generated using a combination of wireline
cut-offs and manual interpretation.

Three Facies have been interpreted using Vshale, Density and Sonic logs: sand,
shale and calcite cemented sands. Full petrophysical analysis has been carried
out for 16 representative wells; however Vshale has been calculated for
additional 16 wells to help improve the facies modelling. This has been done
using a simple linear Gamma Ray method (VSh= (GR- GRIlow)/(GRhigh-
GRlow)).

The cut-offs used are shown in Table 3-5.

N R

Sand Vsh<=0.5
Shales Vsh>0.5

Clean sand (Vsh<=0.5) with density
and/or sonic spike

RHOB>2.4 and sonic <=70

Cemented Sands

Table 3-5 Cut offs used to determine lithology based facies log

Facies logs have been calculated for 32 wells, and these have been used to
control the facies modelling:

13/22b-19, 13/22b-20, 13/22b-4, 13/22c-30, 13/23a-4, 13/23b-5, 13/23b-6,
13/24a-4, 13/24a-5, 13/24a-6, 13/24b-3, 13/24b-9, 13/29b-5, 13/29b-6, 13/29b-
8, 13/29b-9, 13/30-1, 13/30-3, 13/30a-4, 13/30b-7, 14/26-1, 14/26a-6, 14/26a-
7A, 14/26a-8, 14/26a-9, 14/28b-2, 14/28b-4, 14/29a-3, 14/29a-5, 20/02b-10,
20/04b-6, 20/04b-7.

An example of the lithology facies log and final upscaled lithology log is shown
in Figure 3-41.
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Figure 3-41 Example of lithology log and final upscaled lithology log

3.5.4.4 Facies Modelling

Facies modelling was completed in all Captain zones using the facies log as

input. This was carried out using Sequential Indicator Simulation (SIS) across
the entire fairway (Figure 3-42). This is a standard oil industry modelling
technique. Sand, shale and cement proportions have been calculated from well
data. The orientation has been aligned with the depositional direction,
approximately NW — SE. Variogram ranges and settings are shown in Table 3-6.

i e

Sand and Shale 10,000 1,000 Trend
- Calcite 500 250 3

Sand and Shale 10,000 1,000 10 Trend
° Calcite 500 250 3

Sand 5,000 2,000 10
Cc Shale 5,000 1,000 10 0

Calcite 500 250 3

Sand and Shale 10,000 1,000 10 Trend
A Calcite 500 250 3

Table 3-6 Input properties used for SIS modelling in Captain facies model
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Figure 3-42 Facies modelling slice through each Captain D and Captain A

Net to gross trend maps, derived from well data, have been used to control the
lateral proportion of sands and shales within the model for Captain D and A
(Figure 3-44). Vertical proportion curves have also been used but as there are
no strong vertical trends within the regional well dataset, these have little impact.

A local varying azimuth trend map is used to orientate the Captain E, D and A
sands along the channel fairway and resulting modelled grid.

Well data suggests that the edges of the Captain fairway can sometimes be
areas of lower net to gross. This is not expected to have any material impact on
either the capacity or containment due to the thin nature of these sections.

The final modelled facies proportions are shown in Table 3-7.

Model Results Sand (%) Shale (%) Cement (%)
52.8 42.8 4.4

Captain E

Captain D 82.4 15.9 1.7
Captain C 28 68.18 3.83
Captain A 76.8 18.5 4.7

Table 3-7 Modelled facies proportions for depositional model and final facies model
A cross section through the Final Facies model is shown in Figure 3-44.

No facies modelling has been done within the Rodby or Lower Valhall zones.
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Figure 3-43 Trend maps used to control facies modelling and distribution
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Figure 3-44 Facies cross section through model
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Figure 3-45 Facies cross section through model
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3.5.4.5 Porosity Modelling

A total of 16 wells had porosity logs interpreted, which were used within the site
model for the modelling of porosity: 13/23b-5, 13/24a-4, 13/24a-5, 13/24a-6,
13/24b-3, 13/29b-6, 13/30-3, 13/30a-4, 14/26a-6, 14/26a-7A, 14/26a-8, 14/28b-
2, 14/29a-3, 14/29a-5, 20/04b-6, 20/04b-7.

The interpreted PHIE log was upscaled to the grid scale using arithmetic
averages, biased to the final facies logs. This ensures that the porosity
distribution (mean and standard deviation) for each facies is correct.

Porosity modelling is performed for each zone using Sequential Gaussian
Simulation, constrained to the wells and the facies model. This ensures that the
property distributions (mean and standard deviation) in the original log porosity
data are maintained in the final model. Cemented sands and shales are
assigned porosity values of 0%.

Settings for the modelling are shown in Table 3-8.

Type Major Axis | Minor Axis | Vertical Azimuth
[m] [m] [m] [deg]

E Spherical 10,000 1000 Trend
D Spherical 10,000 1000 10 Trend
Cc Spherical 10,000 1000 3 0

A Spherical 10,000 1000 10 Trend

Table 3-8 Input setting for porosity and permeability SGS modelling

A reduction in porosity with increasing depth, west to east along the fairway, is
evident in the log data. To account for this a trend map was created from well
data for the Captain D and A zones. The trend is better constrained within the

Captain D due to more well data being available; the Captain A has less well
penetrations due to it not being as laterally extensive. These trend maps were
used to ensure the depth trends were incorporated into the final porosity model,
and are shown in Figure 3-46.

The average modelled porosity within the main Captain D sand is 27%, the same
as the average from well logs for the Captain D. The average modelled within
the Captain A is 24%.

A histogram showing a comparison of the porosity well log input versus the
modelled porosity for the sand facies is shown in Figure 3-47.

Average modelled sand porosity values by zone are shown in Table 3-9.

m Average porosity (%)

E 21.9
D 26.6
C 214
A 241

Table 3-9 Average modelled porosity values by zone (sand facies only)

The porosity within the mudstone caprock (Rodby) is assumed to be zero and
has not been modelled further.

Whilst there are sands within the underlying Valhall formation, well data across
the fairway shows that these are separated from the Captain Sandstone by
thicknesses of claystones and mudstones significant enough to form barriers to
vertical flow. The layer below the Captain Sand within the model is therefore
assumed to have zero porosity and are not modelled further.
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Figure 3-46 Porosity trend maps Figure 3-47 Histogram of porosity within sand facies
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3.5.4.6 Permeability Modelling

As observed in core data, there is a strong positive correlation between the

measured core porosity and core permeability. A cross plot of porosity versus
permeability for the measure core data shown in Figure 3-49.

Within the Captain D zone horizontal permeability in the sand facies has been
modelled using a bivariate distribution method, allowing for this correlation and
distribution to be used directly and ensure that the final permeability distribution
matches that of the measured core data. The modelled porosity is used as a
secondary property input, ensuring that the resulting permeability model also
remains correlated with the modelled porosity, i.e. a cell with a high porosity will
have a high permeability.

Within the other zones, whilst there are core data available, there are not
sufficient samples to carry out bivariate modelling. Permeability modelling has
therefore been carried out by co-simulating the available core data with the
modelled porosity. This is a common oil industry approach and ensures that the
porosity and permeability correlations are captured.

The variogram settings used are the same as those used for the porosity
modelling. Shale and cemented sands are assigned permeability values of 0
mD.

A histogram showing the horizontal permeability for the sand facies is shown in
Figure 3-48. Average horizontal permeability values for the modelled sand
facies, by zone are shown in Table 3-10. The core measured Kv /Kh from wells
is high, with values in clean sands approaching 1 and an average Kv /Kh ratio
of 0.8. This has been used directly in the model to calculate the vertical
permeability within the sands. The permeability in the overlying Rodby

Formation and the Valhall Formation underlying the Captain Sands are assumed
to be zero, and are not modelled further.

Figure 3-48 Histogram comparison of core versus modelled permeability (horizontal)
- all zones

Average Average
Horizontal permeability (mD) Vertical permeability (mD)

E 274 219
D 1753 1402
C 634 507
A 704 563

Table 3-10 Average modelled permeability values by zone (sand facies only)
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Figure 3-49 Cross plot of core porosity versus permeability - Captain D

3.5.4.7 Rock and Pore Volumetrics

Volumes in the static model have been calculated for the entire Captain fairway

model and are shown in Table 3-11.

Bulk volume | Pore volume
[*10726 m3] [*1026 m3]

Captain E 2,081 295

Captain D 24,458 5,935
Captain A 12,204 2,527
Total 38,743 8,757

Table 3-11 Gross rock and pore volumes for Captain fairway model

3.5.4.8 Simulation Model Gridding and Upscaling

To enable dynamic simulation models to run within a reasonable time frame

several coarser simulation grids and models have been generated, and used
within the dynamic modelling for different purposes.

Model 1: Site Upscaled Model

The model area was reduced to the Captain X injection site area only, covering
the area between the Blake and Atlantic Fields. Figure 3-50 shows the Model 1
area.

The grid was vertically coarsened from 157 layers in the fairway model, to 58
layers in the dynamic model. The structure, zonation, X and Y cell increment
and grid orientation remain the same as the fairway model. This reduced the
number of defined cells from approximately 16.1 million to approximately
400,000.
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A comparison of the layering between the static and Model 1 3D grid is shown
in Figure 3-51. The layering scheme is summarised in Table 3-12.

Figure 3-50 Map showing site model area

Figure 3-51 Model 1: Comparison between static and simulation model vertical 3D
grid resolution
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m Static Model Layers Dynamic Model Layers

Rodby 1 1
Captain E & 1
Captain D 50 25
Captain C 50 5
Captain A 50 25
Lower Valhall 1 1

Table 3-12 Summary of static and dynamic model layer equivalences

This model was used for initial sensitivities and model calibration; however as
the runs times were significant a coarser site model was required and used for
subsequent simulation runs (Section 3.6.7).

Model 2: Site Coarse Upscaled Model

The grid covered the same area as Model 1, however both horizontal and
vertical upscaling of the grid has been carried out.

The 3D grid has been coarsened horizontally to 400m x 400m cells. It has also
been vertically coarsened from 157 layers in the fairway model, to 30 layers in
the coarse dynamic model. The structure, zonation, and grid orientation remain
the same as the Fairway model. This reduced the number of defined cells from
approximately 16.1 million to approximately 53,000.

A comparison of the layering between static and Model 2 3D grid is shown in
Figure 3-52. The layering scheme is summarised in Table 3-13.

Figure 3-52 Models 2&3: Comparison of static and simulation model vertical 3D grid
resolution
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m Static Model Layers Dynamic Model Layers

Rodby 1 1
Captain E & 1
Captain D 50 13
Captain C 50 1
Captain A 50 13
Lower Valhall 1 1

Table 3-13 Summary of static and dynamic model layer equivalences

This model has been used as the primary tool for dynamic sensitivity analysis
and development planning (Section 3.6.7).

Model 3: Fairway Coarse Upscaled Model

The grid covered the same area as the Fairway Static Model, however both
horizontal and vertical upscaling of the grid has been carried out.

The 3D grid has been coarsened horizontally to 400m x 400m cells. It has also
been vertically coarsened from 157 layers in the fairway model, to 30 layers in
the coarse dynamic model. The Structure, zonation, and grid orientation remain
the same as the Fairway model. This reduced the number of defined cells from
approximately 16.1 million to approximately 131,000.

A comparison of the layering between static and Model 3 3D grid is shown in
Figure 3-52. The layering scheme is summarised in Table 3-14.

m Static Model Layers Dynamic Model Layers

Rodby 1 1
Captain E & 1
Captain D 50 13
Captain C 50 1
Captain A 50 13
Lower Valhall 1 1

Table 3-14 Summary of static and dynamic model 3 layer equivalences

This model has been used to test the 1000 year plume migration and
containment which otherwise would require impractically long run times.
(Section 3.6.7).

Porosity, horizontal permeability and vertical permeability have been upscaled
(averaged) from the fine scale grid into the coarser scale simulation grids using
standard hydrocarbon industry upscaling methods.

A similar upscaling methodology has been applied for each of the different
upscaled grids.

Model 1

« Porosity: Volume weighted arithmetic average
e Horizontal Permeability: Volume weighted arithmetic average
» Vertical Permeability: Volume weighted harmonic average

Pale Blue Dot Energy | Axis Well Technology

Page 83 of 206



D13: WP5D - Captain X Site Storage Development Plan

Site Characterisation

Models 2 and 3

« Porosity: Volume weighted arithmetic average
e Horizontal and Vertical Permeability: Cardwell Parsons
directional averaging

Checks of static model versus dynamic model pore volumes were carried out
for each of the upscaled grids and the differences confirmed as less than 1%.

3.5.4.9 Primary Static Model Sensitivity Cases

Structural Uncertainty

There is poor seismic imaging of the Top Captain sandstone. Whilst there are a
large number of wells along the Captain Fairway these tend to be focussed in
and around existing hydrocarbon fields, several areas of the fairway have little
or no well control. These factors combine to give a large uncertainty associated
with the Top Captain Depth structure.

Due to the very high permeability within the Captain Sandstone, the dip and
relief of the Top Captain Depth structure has a big impact on the migration
pathway of the CO2. An alternative Top Captain Structure has been generated
and used to update the reference case model, in order to test the sensitivity of
CO2 migration to small changes in the structure.

Permeable Lower Valhall

Whist this study was unable to conclude that there was a porous and permeable
underburden of any significance, a sensitivity was carried out to test the impact
of a such a permeable Valhall “underburden”. To achieve this, a single average
porosity of 7% and a permeability of 33mD, was applied to the Lower Valhall
underlying the Captain Sandstone.

Captain C Transmissibility

Whilst well data, and published literature, suggest that the Captain C is an
effective horizontal barrier to vertical flow between the Captain D and Captain C
zones, RFT data indicates that there is some limited communication between
these zones. The reference case has been calibrated to this RFT data by
applying a low average porosity and permeability within the Captain C Shale
across the full extent of the site model.

A sensitivity has also been run which assumes that the Captain C is completely
sealing.

3.5.5 Fairway Static Model

The purpose of a fairway static model is to provide a characterisation which
could be used to track movement of CO2 from the injection site across the
fairway area towards and potentially into other nearby subsurface sites such as
oil and gas fields or other CO: storage sites.

A separate fairway model was not constructed, instead the primary static model
was built at the fairway level.

3.5.6 Probabilistic Volumetrics

The combination of static and dynamic modelling have through uncertainty and
sensitivity analysis provided a range of estimates of rock volume, pore volume
and dynamic CO: storage capacity. Whilst a wide range of scenarios are
explored in the dynamic modelling characterisation, a full exploration of this
uncertainty space using reservoir simulation impractical. A simple probabilistic
approach to estimation has been adopted to provide a context within which the
specific runs from the static and dynamic models can be considered.
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The approach used has been adopted from oil and gas industry practice for the
estimation of oil and gas volume estimates where:

STOIIP = GRV X NGR X PHI X (1 —SW) X Bo
Where:
STOIIP — Stock tank oil initially in place

GRV - Gross rock volume — the geometric volume of the gross reservoir internal
from its top surface to the deepest level that contains hydrocarbons

NGR — Net to gross ratio — The average vertical proportion of the gross reservoir
interval that can be considered to be effective (net) reservoir

PHI — Porosity — The average effective porosity of the net reservoir volume

SW — The average proportion of the net reservoir volume pore space that is
saturated with water

Bo — The shrinkage (oil)or expansion (gas) factor to convert the hydrocarbon
volumes from reservoir conditions to surface conditions

This equation has been modified to be:
Dynamic Capacity = GRV X NGR X PHI X CO, Density X E
Where:

CO:2 Density — The average density of COz in the store at the end of injection
period.

E — The dynamic storage efficiency — the volume proportion of pore space within
the target storage reservoir volume that can be filed with CO2 given the
development options considered.

To consider probabilistic estimates of capacity, a Monte Carlo model has been
developed around this equation. Each input parameter is described by a simple
probability distribution function and then each of these is sampled many times
to calculate a large range of possible dynamic capacity estimates.

The input to the calculation and the results are outlined below.

3.5.6.1 Gross Rock Volume

One key uncertainty in the Captain X rock volume is the inability to clearly
interpret the top and bottom of the Captain sandstone. The rock volume has
been determined using well data and available seismic and accounts for the
uncertainty in both structure mapping and reservoir thickness. The volume used
in the probabilistic analysis was 18724 MMCUM with high and low values of
14979 and 22469 MMCUM respectively. A relatively wide uncertainty range of
+/- 20% has been adopted to account for this.

3.5.6.2 Netto Gross Ratio

An average net to gross ratio of 76% for the aquifer was extracted from the static
model. This is derived from an interpolation of the petrophysics from well control
throughout the model and appropriately weighted to the aquifer. An upper and
lower value of 86% and 73% have been assigned from consideration of the well
data in the area and the well density.

3.56.6.3 Porosity

An average porosity of 26% has been extracted from the static model. This is
derived from an interpolation of the petrophysics from well control and
appropriately weighted to the aquifer. Triangular distribution has been assumed
with a small variance from 23% to 26.6% to reflect well observations.
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3.5.6.4 COy Density

A range of 0.61 to 0.69 and 0.75 was established after consideration of low and
high ranges of final temperature at the end of the injection cycle for the midpoint
of the storage reservoir using an equation of state to compute the CO2 density.
A simple triangular distribution had been used.

3.5.6.5 Dynamic Storage Efficiency

Since each dynamic model run is based upon the same model volume, the
results can be used to extract the estimates of E, the dynamic storage efficiency
factor. This accounts for the average CO2 saturation achieved in each dynamic
simulation together with the vertical and aerial sweep efficiency. It also fully
accounts for limiting factors such as the fracture pressure limit. In the Captain X
aquifer the storage efficiency is quite low with values between 1 and 5% with the
mid case being 2.5% in a triangular distribution. The low storage efficiency is a
result of the high mobility of COz in the Captain sandstone and the scarcity of
laterally persistent barriers to vertical flow across the Upper sand injection
target. A long thin plume can be observed moving towards the north west (see
section 3.7) and as a result the sweep efficiency of the CO: flood in the aquifer
is very low.

3.5.6.6 Probabilistic Volumetric Results

Figure 3-53 captures the input and outputs of the Monte Carlo assessment of
dynamic CO: storage capacity for the specified development plan of the Captain
X storage site. The P90 value (i.e. 90% chance of exceeding) is 43 MT, with P50
(50% chance of exceeding) of 69 MT and a P10 (10% chance of exceeding) of
102 MT. These numbers provide context for the “deterministic” estimates from
the dynamic modelling work for the “development of the base case” of 60 MT.

The results also show that upside and downside potential of the storage capacity
are fairly equally weighted due to the uncertainties in how values change across
the aquifer.

Since there is no formalised resource classification system currently in use by
the CCS industry for CO2 storage resources, a scheme has been adopted from
the SPE petroleum resource world (Society of Petroleum Engineers, 2000) and
is outlined in Figure 3-54.

There are no COz storage reserves currently assessed for the Captain X storage
site. The resource base cannot be considered to be commercial at this time as
FID has not been concluded and there is no commercial contract in place for its
development with an emitter. As a result, the assessed volumes all fall within
the sub-commercial contingent resources category. The pore space within the
storage site is of course proven and there is excellent evidence from wells and
seismic that the site could be developed. The key issue is the degree of control
regarding plume dispersal with higher injected inventories. This factor has
limited the capacity estimate for this specific development plan at this time.
Without a matched emissions point the resource has been characterised on the
basis of this probabilistic assessment as:

“Contingent Resources — Development unclarified”
1C — 43 MT - P90

2C - 69 MT - P50

3C -102 MT - P10

The full scope of the probabilistic dynamic CO: storage capacity ranges from a
P100 of 23 MT to a PO of 147 MT.
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Figure 3-53 Captain X probalistic volume capacity
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Figure 3-54 Adopted CO:2 storage resource classification
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3.6 Injection Performance Characterisation

3.6.1 PVT Characteristics

This study has deployed the Peng Robinson model as the equation of state. For
modelling COz injection, the CO2 density correction implemented by Petroleum
Experts was used. The injection fluid was modelled as 100% CO:2 in compliance
with project CO2 composition limits (Scottish Power CCS Consortium, 2011).
The PVT description used is shown in Table 3-15 below.

Critical Temperature °C 30.98
Critical Pressure bara 73.77
Critical Volume M3/kg.mole 0.0939
Acentric Factor None 0.239
Molecular Weight None 44.01
Specific Gravity None 1.53
Boiling Point °C -78.45

Table 3-15 PVT Definition

The COz2 physical properties that strongly affect tubing flow and hence transport
are density (p) and viscosity (u). To test the validity of the Prosper PVT model,
predicted in-situ CO:2 densities and viscosities were compared with pure
component CO2 properties calculated using the Thermophysical Properties of
Fluid Systems (National Institute of Standards and Technology, n.d.).

Comparisons were carried out for a range of temperatures and pressures
(temperatures of 4 °C to 100 °C and pressures of 5 bara to 450 bara), with the
following results:

« Density differs from the NIST calculated value by a maximum of
1.1% with an average of 0.3%.

« Viscosity differs from the NIST calculated value by a maximum of
14.3% with an average of 7.3%.

These results were considered adequate for the purposes of this study.

3.6.1.1 CO Impurity Sensitivity

The well and tubing design work has been carried out assuming that the CO: is
contaminant free. In practice, however, a small amount of other gases may be
present in the injection gas. The main effect of this is that the phase envelope,
which simplifies to a line in the case of pure CO2, has a two phase region and
the minimum injection pressures required to ensure single phase liquid injection
have to be raised (see the figure below). For small amounts of impurities this
shift is minor, but in order to simulate the effect of possible contamination a 10%
safety region has been defined around the pure CO2 phase envelope and this
region has been avoided during the well design work.

A further effect of the presence of contaminants is that the fluid viscosity and
density will change, which has an effect on the flow behaviour, which should be
minor if contaminant content is insignificant.
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Figure 3-55 Effect of impurities on the phase envelope
3.6.2 Well Placement Strategy

In order to model well injection performance, the well deviation profiles (route
from surface to reservoir) were determined following a well placement strategy
review.

The Captain well placement strategy has been driven by development strategy
(platform structure required for filtering and control) as well as reservoir
geometry, geology, reservoir engineering modelling and the economics of
development.

First pass reservoir engineering suggests that 2 wells (plus 1 well for back-up /
redundancy) are required over field life to inject target CO2 volumes.

Furthermore because of the exceptional quality of the reservoir, well spacing to
prevent well to well interference does not appear to be a critical factor. As a
result, and for the design rate, the injection wells can be drilled from the same
surface location.

For standard oil and gas developments, the most economical development
strategy for such a low well count is often a sub-sea development. However, in
any reservoir injection project, the removal of fine particulates from the injection
stream is considered critical. If this is not done, then it can lead to a rapid
degeneration of injectivity as the rock pore throats are plugged with fines. As
the Captain X site is a large distance from any CO:2 source, pipeline lengths are
considerable and the potential for particulate debris is high. Furthermore,
subsea wells need to be controlled, and the cost of conventional control
umbilicals from shore would be high. Whilst such a subsea development is
possible, a lower risk, conventional development using a single 3 well slot
platform (hosting filtering facilities and well controls) was selected as a base
case. As this study considers stand-alone development only, options to supply
any future subsea developments from existing (or future) third party platform
facilities has not been considered.

The platform development option dictates a single development centre for the
development wells. Reservoir engineering suggests that two injection wells will
be adequate to achieve target injection rates. A third well would be drilled to
provide redundancy should a well fall out of service. In common with the
operational injection wells, this additional well would also be used for routine
reservoir monitoring.

In order to maximise reservoir coverage and well separation, deviated wells are
proposed. The wells will kick-off at about 550ft TVD and have a sail angle of
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around 60° all the way to the reservoir. The 60° angle through the reservoir
should provide sufficient sand face to allow high injection rates in what is
expected to be a high permeability reservoir.

The base case development scenario suggests that the primary CO2 storage
target is the Upper Captain sand. As a result, there is an opportunity to consider
horizontal wells if more sandface is required for enhancing injectivity. Should the
Lower Captain sand (more limited in extent and potentially only limited
connectivity to the upper sand) be considered for future development, a
dedicated well to target this sand may be preferred, again opening the possibility
of a horizontal well profile, should it be required. Injecting into both sands from
the same wellbore, while simple to accomplish with a 60° deviated well, may
prove problematic due to:

« Potential for different ‘pressure charging’ rates, creating significant
crossflows during well shut-in periods. This could in turn lead to
significant sanding and corrosion issues.

« Charging of the lower sands to fracture pressure well before the
upper sand reaches this limit. In practice, this may not be an issue,
as fractures from the lower sand through the inter-sand shale would
not result in containment loss. However, the strategy adopted in this
work is to remain below fracture pressures at every point in the
reservoir in case of uncontrolled propagation.

3.6.2.1 Injection Well Spacing

Well spacing was initially limited to a minimum 1,000m in order to prevent
temperature interference and minimise pressure interference. Subsequent work
(near wellbore study from Bunter 36 and reservoir engineering study) have
suggested that this is a conservative limit with respect to temperature, but is

reasonable for pressure interference effects. Applying this limit to the Captain X
site with a single drill centre, results in a simple radial well pattern (see section
5.3).

3.6.2.2 Monitoring Well

A dedicated monitoring (observation) well is not thought necessary, or valuable,
for the Captain X injection site. As the plume migration area is large, choosing
a single relevant observation point would be challenging. As the injection site is
an open aquifer system and not structurally contained, injection pressure
(pressure above reservoir pressure) is expected to dissipate away from the wells
shortly after shut-in. This means that pressure observations at the injection wells
should be representative of the injection site as a whole. It is therefore
recommended that all injection wells are equipped with pressure and
temperature gauges (and DTS if possible) in order to observe injection
behaviour. Changes in COz2 / brine saturation can be observed at the ‘back-up’
well until such times as it is required as an injector well. Plume migration away
from the injector wells will be monitored by 4D seismic.

3.6.3 Well Performance Modelling

The purpose of the well performance modelling is to assist in the selection of a
suitable injection tubing size and to evaluate some of the factors that may limit
injection performance. The results of this modelling exercise are then made
available to reservoir engineering in the form of Vertical Lift Performance tables
(VLP), that are used to predict well performance in the reservoir simulation
models.

All modelling needs to respect the safe operating limits described in section
3.6.6.
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3.6.3.1 Methodology

Well modelling was carried out using Petroleum Experts’ Prosper software,
which is a leading software for this type of application. The field development
plan stipulates three CO:2 injection wells (two operational and one spare) for
Captain X with a single platform based injection facility. The primary injection
target is the Upper Captain Sandstone. Tubing selection, which uses the base
case, therefore only considers injection into this upper layer.

Well performance was investigated using a single prototype well, GI01. The well
model input data are described in the following sections.

3.6.3.2 Downhole Equipment

Since part of the purpose of this study was to determine the optimal tubing size
for the Captain X Site wells a set of sensitivity cases was defined on downhole
equipment (discussed later on in this section).

3.6.3.3 Wellbore Trajectory

The wellbore trajectory used for the Captain X Site well models were simplified
from the deviation surveys provided by the well design study (see section 5.3).

3.6.3.4 Temperature Model

Prosper offers three heat transfer models; rough approximation, improved
approximation and enthalpy balance.

The rough approximation model estimates heat transfer and hence fluid
temperatures from background temperature information, an overall heat transfer
coefficient and user-supplied values for the average heat capacity (Cp value) for
oil, gas and water. In an application in which accurate temperature prediction is
vital this model is considered too inaccurate, especially since it neglects Joule-

Thomson effects, which can be vital in predicting the behaviour of a COz: injector.
For this reason, this model was not considered.

The full enthalpy balance model performs more rigorous heat transfer
calculations (Petroleum Experts Ltd., 2015) (including capturing Joule-Thomson
effects) and estimates the heat transfer coefficients as a function of depth from
a full specification of drilling information, completion details and lithology.
However, at the current stage in the design cycle many of the input parameters
are still unknown (e.g. mud densities). For this reason, the improved
approximation model was chosen for this work. The sole difference between this
model and the full enthalpy balance model is that the user supplies reasonable
values for the heat transfer coefficient rather than having them estimated from
the completion information and lithology. In line with Petroleum Experts
recommendations, a uniform heat transfer coefficient of 3 BTU/h/ft2/F (17.04
W/m2/K) was chosen.

For the modelling a delivery and seabed temperature of 6°C (ICES; EuroGOOS,
2007) was assumed and the required background temperature gradient was
defined as 6°C at the seabed and reservoir temperature at top perforation depth.
Note that some slight seasonal variation in temperature may occur, but it is not
thought to be significant at this location.

3.6.3.5 Reservoir Data and Inflow Performance Relationship (IPR)

A full review of likely reservoir and field parameters was carried out and
estimates on which the IPR modelling was based are summarised in Table 3-16
and Table 3-17 below:
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Parameter Low Bes_t
Estimate

Formation Top Depth (Datum) flt'VDSS(m) 6200 (1890)
Formation NTG - 0.73 0.76 0.86
Reservoir Pressure at start of bara

injection (@ Datum) (psia) (i)
Reservoir Temperature °F (°C) 149 (65)
Permeability Anisotropy

(Ko/Kn) 0.40 0.65 0.90
Formation Water Salinity ppm 56,600

Table 3-16 Captain X site reservoir data

Water Depth m (ft) 115 (377)
Pressure Gradient psi /ft 0.451
Geothermal Gradient °F/100ft 1.87

Table 3-17 Captain X site field and well data

These parameters were derived primarily from well data from within the storage
site. The formation water salinity estimate comes from the Captain sand aquifer
at Blake, as per samples obtained from well 13/29b-8. A low case of 12,000ppm
could be derived from Pinnock & Clitheroe, updated by Rose (2003). However,
well data from well 13/30a-4 gives a high case of 62,730ppm.

Using these data three IPR models were defined in Prosper to represent high,
medium and low reservoir performance. These are summarised in Table 3 4

below.

C R T I )
IPR Model Jones
Permeability mD 700 1350 2500
Reservoir Thickness ft 60 70 85
Drainage Area per well acres 1213
Dietz Shape Factor (-) 31.6
Perforation Interval ft 60 70 85
Skin (-) +20 +10 0

Table 3-18 Captain X site IPR input data

3.6.3.6 Tubing Selection

Injection Limits

Some pressure and temperature limits on injection operations have been
defined and have been summarised in Table 3-19 below.
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Parameter m Value

.. . bara 257.4
Fracture Limit at Top Perforation Depth (psia) (3733)
Minimum Fluid Temperature at Perforation °C 0

Depth

Maximum Pipeline delivery pressure at bara

wellhead (psia) 160 (2321)

Table 3-19 Injection pressure limits

Please note:

« The fracture limit at top perforation depth has been derived using a
fracture gradient of 0.69 psi/ft and a top perforation depth of 6011 ft
TVDSS. An uncertainty factor of 0.9 was applied to the calculated
fracture pressure giving a limit of 0.62 psi/ft. (Appendix 9)

A maximum THP for fracture prevention can be derived to ensure
that pressure at top perforation depth stays below the fracture
pressure even if a rapid loss of injection occurs. This value is
calculated as the fracture limit at top perforation depth minus the
hydrostatic head imposed by a column of (liquid phase) CO: in the
wellbore. The hydrostatic head has been estimated in Prosper for
this well as 2342 psi. This estimate has been calculated at the lowest
pressure and rate at which no phase change occurs and liquid
injection is maintained throughout the wellbore. Liquid
compressibility is low but to allow for increases in density due to
operation at higher pressure a 5% safety margin has been added
giving a hydrostatic head of 2459 psi. This gives a maximum THP of

1274 psia (87.8 bara). The limitis, in effect, based on the assumption
that at the point of well shut-in, all frictional pressure is lost and the
full injection pressure is applied to the hydrostatic column. This is a
highly conservative assumption as, when a well is shut-in at surface,
the liquid column remains in motion and frictional pressure losses
continue until the hydrostatic balance is achieved. For the tubing
design the more generous limit imposed by the maximum pipeline
delivery pressure has been used and this fracture prevention THP
limit has been ignored.

«  The minimum fluid temperature at perforation depth exists to prevent
formation water from freezing during injection.

Sensitivity Cases

The sensitivity cases considered for maximum injection pressure are
summarised in Table 3-20 below. The injection temperature at the well head is
6°C for all cases.

The high, medium and low reservoir cases are as described earlier. The
minimum tubing head pressure (44.5 bara) is the minimum pressure required to
ensure single phase liquid injection throughout the tubing. The maximum tubing
head pressure (160 bara) represents the maximum pipeline delivery pressure.

Results

Table 3-20 summarises the rates achievable for the various sensitivity cases
and Figure 3-56 provides a graphical representation. Prosper uses volumetric
flow rates and the conversion to mass flowrate is based on a density of 1.8714
kg/m3 at standard conditions.
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Reservoir | Tubing
Case
Case Size

9

Table 3-20 Rates achievable by case for minimum and maximum tubing head

pressure

High
Medium
Low
High
Medium
Low
High
Medium

Low

45" (126
ppf)

45" (126
ppf)

45" (12.6
ppf)

5.5"

(17 ppf)
5.5"

(17 ppf)
5.5"

(17 ppf)

7

(29 ppf)

7

(29 ppf)

7

(29 ppf)

Max
THP
(EIE))]

160
44.5
160
44.5
160
44.5
160
44.5
160
44.5
160
44.5
160
44.5
160
44.5
160
44.5

114.2
38.6
112.5
37.0
106.5
32.9
197.7
69.5
191.9
64.0
175.2
51.4
360.6
127.0
340.0
110.6
284.5
741

Rate Rate
(MMscf/d) (MMtelyr)

2.208
0.747
2175
0.716
2.060
0.636
3.823
1.344
3.712
1.237
3.389
0.995
6.975
2.456
6.577
2.140
5.503
1.433

Figure 3-56 Rates achievable by case for minimum and maximum tubing head
pressure

Figure 3-57 shows the pressure and temperature behaviour along the tubing
plotted as pressure versus temperature for the various tubing sizes and well
head injection pressures. The graphs also show the phase boundary with an
upper and lower safety limit and the various pressure and temperature limits.
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Figure 3-57 Temperature and pressure completion modelling results
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The results can be summarised as follows:

« Acceptable injection rates can be achieved for all reservoir cases
and all tubing sizes considered.

» Fracture pressure limits are not approached in the near wellbore,
other than for a low reservoir property, high injection rate case.

»  Within the operating envelope no issues with phase changes in the
tubing should be encountered and the bottom hole temperature limit
should not be breached.

«  Choice of tubing size will depend on economic (number of wells) and
contractual (maximum and minimum delivery range) considerations.
Larger tubing gives a much higher maximum injection rate, but the
corresponding high minimum rate reduces operational flexibility (for
example, supply rates must be maintained at a minimum of 2.14
MMte/yr for the mid case 7” tubing).

« Based on a field injection target of about 3 MMte/yr, 5.5” tubing is
the most suitable choice as target can be achieved by two wells
(optimum development case) while reducing THP requirements and
reducing minimum injection rates to 1.237 MMte/yr in the mid
reservoir case. 5.5” has therefore been adopted as base case.

« Should greater flexibility in operating range be required, a mixture of
4.5” and 5.5” wells could be considered. Given that full redundancy
is required, this would increase well count to 4 (2 x 5.5” and 2 x 4.5”)
as opposed to the base case 3 (2 x 5.5” plus 1 x 5.5” spare).

The minimum wellhead injection pressure is dictated by the phase envelope as
44.5 bara; the maximum THP is given by the assumed pipeline delivery limit of
160 bara. For reduced individual well target rates, there is an opportunity to
reduce pipeline delivery specifications.

Figure 3-58 shows a typical plot of pressure and temperature versus depth,
plotted for the maximum injection rate in 5.5” tubing (mid reservoir properties
case).

Figure 3-58 Case 5 (Maximum THP) - Pressure and Temerature v Depth Plot
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3.6.3.7 Vertical Lift Performance Curve Generation

Vertical lift performance (VLP) curves were generated for the Captain X injection
wells. To allow sensitivities to injection pressure limits and other quantities to be
run in Eclipse without extrapolation, the curves were generated for pressures
and rates that were adjusted to Eclipse requirements rather than reflecting limits
to these values discussed above.

Input parameters were as follows:

e Tubing Head Pressures: 645 psia (44.5 bara) to 2500 psia (172.4
bara) in 10 steps
« Gas Rates: 16 MMscf/d to 280 MMscf/d in 20 steps

The performance envelope of the well is shown in Figure 3-59. It was ensured
that for all points shown on the curves dense phase injection was maintained
throughout the tubing and that the temperature limit of 0°C was not broken.

Figure 3-59 Performance envelope - 5 1/2" tubing
3.6.4 Injectivity and Near Wellbore Issues

The effects of long term COz injection into a sandstone reservoir are not yet fully
defined. Despite some experience of the process gained in the industry, each
reservoir rock, each injection profile and each development scenario is different.
The reservoir rock is subject to pressure and thermally induced stresses, applied
in sometimes random patterns (cyclic stressing from variations in supply
conditions). These stresses can lead to rock failure or damage to the rock fabric
and therefore permeability changes. Interaction of CO2 with in-place reservoir
rock and fluids may also alter the ability of the rock to conduct fluids.

Some of the more recognised issues are discussed below, along with their effect
on the Captain X site storage potential.
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3.6.4.1 Halite

When CO:z is injected into formations containing saline brine, the majority of the
brine will be pushed away from the wellbore by the injected CO2. However, some
brine will remain in pores and adhering to rock matrix. As CO2 and water are
miscible, CO2 will absorb the water. However, the salt in the brine is not soluble
in CO2, thus precipitating the salt out of solution as halite. In other words, the
near wellbore is dehydrated (water removed), leaving the salts behind. If this
effect is significant, it can reduce both porosity and permeability over time
(Mathias, Gluyas, & Gonzalez, 2011) .

The Captain Sandstone formation water is a saline brine. There is some
uncertainty in the composition of this brine, but a nearby well (13/29b-8) reported
salinity measurements of 56,600ppm, and this has been taken to be the best
estimate. A lower estimate of 12,000ppm was suggested by Pinnock &
Clitheroe, updated by Rose (2003), while a high estimate of 62,730ppm was
obtained from sampling in well 13/30a-4. While higher than seawater salinity,
these values are still considered to be relatively low. The range of available data
would appear to indicate some variability across the Captain fairway, possibly
where variations in local diagenesis has occurred. This creates a moderate
uncertainty with respect to the actual brine salinity, and this should be
investigated further.

However, on the assumption that the Captain brine is relatively low salinity, there
is a possibility that near wellbore permeability will remain unchanged by
dehydration, or possibly enhanced. Even if all halite (salt) was precipitated, less
than 2% of the pore volume would be occupied with halite.

The effect of halite precipitation can be mitigated by ‘washing’ the near wellbore
with fresh water. The wash water dissolves the salt and carries it away from the

near wellbore region, where the effects of permeability reduction have most
impact. However, as the halite risk for Captain X is currently considered to be
low, the addition of wash water facilities for these operations is not considered
cost effective. Should problems arise, temporary well intervention operations
can be planned and implemented on the platform.

3.6.4.2 Thermal Fracturing

The COz2 stream injected into the Captain Sandstone member is colder than the

modelled ambient reservoir temperature (around 20°C vs 62°C). This reduction
in temperature will be limited to a region close to the wellbore (thermal modelling
in Eclipse 100 for on other reservoirs (Bunter Sandstone from Southern North
Sea) have suggested a cooling radius of 12m before geothermal gradient was
re-established. As Captain Sandstone is hotter, a smaller effect is expected. A
drop in temperature will have an effect on the near wellbore stresses, and will
make rock more liable to fracture through tensile failure. The effect of this
thermal effect on the fracture pressure has not been investigated in this report.
However, as the magnitude of temperature drop is low and restricted in extent,
itis not expected to be problematic in the Captain Sandstone. The applied safety
margin (10%) on fracture pressure and the 20ft stand-off from injection point to
cap rock provides some security with respect to cap rock fracturing and
containment issues. Furthermore, the effect of increasing fracture pressure with
increased pore pressure (pore pressure increases throughout the injection
period) has not been taken into consideration when defining fracture limits, and
this is likely to have a countering effect to the potential for thermal effects on
fracture pressure. It is recommended that these issues be reconciled in the
FEED stage.

Pale Blue Dot Energy | Axis Well Technology

Page 99 of 206



D13: WP5D - Captain X Site Storage Development Plan

Site Characterisation

3.6.4.3 Sand Failure
As with water injection wells, there is a potential for sand failure in COz injection
wells. The principal causes of this are similar:

»  Flow back (unlikely to occur in COz injection wells without some form
of pre-flow pad)

e Hammer effects during shut-in

«  Downhole crossflow during shut-in (from and to formation zones with
different charging profiles)

«  Well to well crossflow during shut-in (if individual wells are charged
to different pressures and surface vales are left open, allowing cross-
flow via injection manifold)

The effects of sand failure are that near wellbore injectivity can be reduced
(failed sand packs the perforation tunnels or plugs the formation) or the well can
be filled with sand (reducing injectivity and potentially plugging the well
completely).

The pre-requisite for sand failure is that the effective near wellbore stresses, as
a result of depletion and drawdown, exceed the strength of the formation.

The in-situ stresses at the wellbore wall, while predominantly a function of the
overburden and tectonic forces, will vary dependent on the trajectory (deviation
and azimuth) of the proposed wellbore. So, while field wide values can be
generalised, the specifics of the well can impact on the required conditions for
failure of the formation.

These notes apply a generic critical drawdown process to selected well strength
logs to provide a guide for the pressure drops required for failure in a CO:2

injector. More detailed work would be required once the well trajectory and
injection scheme parameters are better defined.

301 — 02 — Oyjeld — ptA

Pw(crit) = 27— A
Where:
1-2
A — Ja
1-w

The cumulative uncalibrated rock strength (UCS) in the Captain Sandstone as
calculated from logs for the wells 13/29b-6, 13/30-3, 13/30a-4 and 13/30b-7 are
shown in Figure 3-60, where the average range is between 2800 psi to 3300 psi.

Two cases were considered in this analysis of the critical total drawdown (CTD)
for sanding: a) at original reservoir pressure condition; and b) at depleted
reservoir conditions. The following figures indicate the CTD for the four wells
evaluated in the Captain Sandstone, including original and depleted reservoir
pressure conditions.

As can be seen, the CTD at original and depleted reservoir condition for wells
13/29b-6, 13/30-3, 13/30a-4 and 13/30b-7 are all above 2000 psi, indicating a
low risk for sanding. However, it is worth mentioning that this is based on an
uncalibrated rock strength so uncertainty remains.
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Figure 3-60 Captain Sandstone UCS cumulative distributions
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