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Abstract:

This report contains data sheets on all the UK storage options considered by the Storage Apraisal Project.

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.

Disclaimer:

The Energy Technologies Institute is making this document available to use under the Energy Technologies Institute Open Licence for
Materials. Please refer to the Energy Technologies Institute website for the terms and conditions of this licence. The Information is licensed
‘as is’ and the Energy Technologies Institute excludes all representations, warranties, obligations and liabilities in relation to the Information
to the maximum extent permitted by law. The Energy Technologies Institute is not liable for any errors or omissions in the Information and
shall not be liable for any loss, injury or damage of any kind caused by its use. This exclusion of liability includes, but is not limited to, any
direct, indirect, special, incidental, consequential, punitive, or exemplary damages in each case such as loss of revenue, data, anticipated
profits, and lost business. The Energy Technologies Institute does not guarantee the continued supply of the Information. Notwithstanding
any statement to the contrary contained on the face of this document, the Energy Technologies Institute confirms that the authors of the
document have consented to its publication by the Energy Technologies Institute.
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Image source: courtesy of CDA through an open licence agreement

Axis generated Bunter Sst Isochore (ft), generated from well data

Image source: Original interpretation from Axis Well Technology, 2015

Data

Bunter Closure 9 is covered by the 3D seismic from the SNS PGS MegaSurvey. The data quality is generally moderate
due to low fold of coverage in the shallow section. The acquisition foot-print can clearly be seen in shallow time
slices. The well ties confirm the time interpretation.

CDA well data is available over the Leman field and surrounding exploration wells. E&A well data has been
downloaded from CDA. Log coverage over the Bunter interval is variable.

Axis generated Top Bunter Sandstone depth map (ft)
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Capacity

The calculated storage capacity is 1977MT compared to the reported capacity
in CO2Stored of 1691MT. Whilst the gross rock volume (GRV) calculated as a
part of the DD is lower, nearby analogue Bunter Sst data show higher average
porosity than those on CO2Stored resulting in a 20% higher calculated capacity.

Whilst there are uncertainties associated with the inputs to the capacity
calculation, there is a high degree of confidence in the storage capacity which
has been calculated.
Whilst faulting within the Bunter can developed due to post depositional
halokenisis, compartmentalisation due to faulting is not thought to be a risk for
this storage site, and the volume should be well connected.

Bunter 9 Dip and Strike seismic lines from PGS MegaSurvey
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Image source: Seismic data provided by PGS under Licence Agreement. Original interpretation from Axis Well Technology, 2015.
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Key Risk Summary
Capacit L.
Bunter Injectivity ) . )
Engineered Containment Geo Containment
Closure 9 (mDm) .
(MT) Injectivity
Wells Leakage | Containment
/sq.km risk risk The selection criteria used for injectivity is the permeability thickness (Kh) value calculated using the mid case reservoir data from CO2Stored. For the Bunter Closure 9 this was calculated as 33,380 mDm.
Selection 1691 33,380 0.57 n/a n/a 9 The permeability thickness calculated during the validation process is 94,500 mDm. This is considerably higher than the estimate based on the CO2stored data, and is due to a difference in the assumed average permeability. CO2Stored
Criteria assumes an average permeability of 100mD. This is very low when compared to nearby SNS analogue Bunter Sst reservoirs. The Hewett Gas Field has average permeabilites in excess of 500 mD. The nearby Little Dotty Gas Field (a part of
Due 1977 94,500 0.07 0.12 0.008 9 Hewett), with average Bunter Sst permeabilities of 350 mD, is used as an analogue for this storage site.
Diligence . . . ) I . - . . . ) . ) T
With no permeability data available for the Bunter Sst at the storage site, permeability, its regional lateral variation and heterogeneity remain an uncertainty. Bunter Sst reservoir quality at this depth and initial CO2 injectivity within the
SNS is considered to be good. Neither reservoir quality or injectivity are considered to be a high risk.
Ca pacity ca|cu|ation A dynamic model was constructed to test the injectivity performance, at initial conditions and over time. A simple model was built in Eclipse (flat structure). CO2 will be injected in critical or dense phase as the reservoir pressure is
expected to be high in saline aquifer. Injection pressure of 1900 psi is required to achieve the injectivity threshold of 1MT/year per well.
. ) Pore Theoretical
Thickness? GRV . CO2 Density? Pore Space )
NTG? Porosity? . Volume Capacity
[m] [MMm3] [Tonnes/ m3] Utilisation3
[MMm3] [MT]
300 106,534 0.9 0.21 0.75 0.13 20,135 1977
NB. 1: Analogue field data Little Dotty (Ref 6) 2: Estimated from CDA composite logs 3: CO2Stored
Injectivity Validation
Depositional Gross ] Perm? Kh Containment
Zone . . NTG? Porosity?
Environment Thickness? [m] [mD] [mDm]
Bunter Sst Fluvial/ Lacustrine 300 0.9 0.21 350 94 500 An overburden assessment has been conducted above and adjacent to the Bunter Sandstone to identify secondary containment horizons and potential migration pathways out of the storage complex, in the unlikely event of a seal or
: : : fault leakage of the sequestered CO2.
NB. 1: Analogue field data Little Dotty (Ref6)  2: Estimated from CDA composite logs 3: CO2Stored The site is an elongate 4-way dip closure with some faulting. The Bunter sandstone reservoir is overlain by over 2500ft of Triassic halites and claystones extending to the seabed and forming an excellent cap rock, however it is penetrated
by faulting. There are less than 10 faults with throws of less than 50m.
The Georisk factor has been calculated as 9. This is the same as the previous calculated factor in WP3 based on CO2Stored data. Due to poor shallow seismic data quality the vertical extent of the faults above the Bunter Sandstone is
. . . difficult to resolve.
Containment Validation
- Engineering Risk
Geo Containment
Risk code Fault Characterisation Seal Characterisation Georisk Factor The engineering containment risk is moderate to low, with 226 wells in total, but only 28 considered at risk of leakage. From CDA data there appears to be a large number of current producing wells, suggesting that they might not be
Throw & | Fault abandoned until near COP, estimated to be 2030 by Wood Mac. This seems unlikely given the age of the wells and requires further investigation. From data available, 28 wells were plugged and abandoned, 13 of which were before 1986,
Fault | Verical | Fracture Pressure |Seal Chemical Seal representing the highest risk. The 100yr probability of a leakage on the field is a moderate 0.12, and the well density factor is 0.07 wells/km2, resulting in a low containment risk assessment score of 0.008.
Density Seal Extent Capacity Reactivity |Degradation
Bunter Closure 9 226.011 2 2 2 1 1 1 9
2 2 2 1 1 1
Low=1 Medium=2 High=3 2 values in CO2Stored

1 no additional data to qc, values taken from CO2Stored

Development Concept

CO2 volumes cf ETI Scenarios

12Mt/yr by 2030.

Build out potential

opportunities.

Comparative Development Concept

Site growth potential; theoretical Ultimate Development Concept

be controlled from the beach with the NUI including power generation and controls relay. Monitoring will include downhole pressure and distributed temperature sensors.

The site has a theoretical storage capacity of ~1977MT; The capacity is constrained to 1000MT for this prospect evaluation stage.

controls relay will be provided from a single primary NUI. Platforms are connected by 10km infield pipelines and umbilical's.

Commercial Issues

Bunter C9 is in the vicinity of the Leman gas field which is not expected to cease production until
2030. There is likely to be some risk of operational interaction between gas extraction and CO2
storage activity which would compromise CO2 storage at this site prior to COP on Leman.

Well Design

Costs
: Site
Site Reference: 1 o Bunter Closure 9
Description
: Water Depth
Capacity: 1977 P 30
(m)
Comparative Ultimate I
Concept Cost (Em) P Description
Development Development
The ETI Concentrated Scenario shows 29MT/yr by 2030 into the SNS via Barmston. It is possible that the first 17Mt/yr could be stored at 5/42. On the basis of this Scenario, additional SNS storage would be needed by 2027 and need to be capable of storing Tonnes Injected (MT) 100 1000 Total Stored COZ2 for proposed scheme
. Appraisal Wells + Seismic Data Acquisition &
Appraisal Cost: £54m £54m PP . a
Interpretation

Development Well . .
Bunter Closure 9 is reasonably close to the two Hewett Reservoirs (600MT combined), Viking (310MT) and Bunter Closure 3 (232MT). The Barque depleted gas field (91MT) is on the likely pipeline route from Barmston. These all represent potential regional growth Cost: £80.3m £802.7m Drilling & Completion Costs of wells.

Facilities Cost: £329.7m £1009.6m Landfall, Pipeline, NUI, Templates, ties-Ins,

PM & Eng: £33m £101m 10% of Facilities Costs
A new Normally Unmanned Installation (NUI) comprising a jacket and topsides with 5 deviated wells, each injecting 1MT/yr; totalling 100MT over 20 years. CO2 would be delivered via a new 20” 194km pipeline from Barmston with 10MT/yr capacity. Facilities will S £10m per NUI, £4m per dry well, £8m per subsea

Decommissioning: £112.5m £552.4m well

Subtotal £609.3m £2519.6m -

Contingency £121.9m £504m 20% of Development & Facilities Costs

OPEX (20years) £395.6m £1211.5m OPEX Cost for 20 years (6% of facilities costs)
10 new NUI Platforms, each with 5 wells injecting a total of 50Mt/yr; totalling 1000MT over 20 years. CO2 would be delivered via a new 36” 194km pipeline from Barmston with a 50Mt/yr capacity. Facilities will be controlled from the beach. Power generation and Total £1126.7m £4235m

£/T CO2 11.27 4.23

*These costs are not the full cost of storage as they omit MMV, security instruments, handover to DECC and profit.

Site 1 —226.011 — Bunter Closure 9 — SNS

Site Summary

Capacity (Due Diligence): 1977 MT UKCS Block: 49/26, 49/27
Unit Designation: Saline Aquifer Beachhead: Barmston
Formation: Water Depth:

Triassic Bunter Sst 30m

The generic well design is discussed in the supporting document ‘Storage Site Due Diligence

Summary’. It is likely that this well design can be achieved in the Bunter C9. Containment Unit: Rot Halite Reservoir Depth: 840m TVDSS (2750 ft)
Availability/COP: n/a Region: SNS
Due to the shallow water depth (30m), wells can be drilled by a low cost class 1 Jack-Up Drilling
Unit. Platform well costs are assumed to be £16M per well, resulting in a 5 well development Client The Energy Technologies Institute Title DO06: Prospect Summary Sheets Date of Issue 7t August 2015
cost of £80.3M. Project Title DECC Strategic UK CCS Storage Appraisal Project Classification Client Confidential Version V00

References

1. Vincent, C.J. 2005 “Porosity of the Bunter SST in the SNS Basin based on selected Borehole Neutron Logs” BGS Internal Report IR/05/074.
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Disclaimer:

Strategic UK CCS Storage Appraisal Project

While the authors consider that the data and opinions contained in this report are sound, all parties must rely upon their own skill and judgement when using it. The authors do not
make any representation or warranty, expressed or implied, as to the accuracy or completeness of the report. There is considerable uncertainty around the development of CO,
stores and the available data are extremely limited. The authors assume no liability for any loss or damage arising from decisions made on the basis of this report. The views and
judgements expressed here are the opinions of the authors and do not reflect those of the ETI or any of the stakeholders consulted during the course of this project.
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http://www.sciencedirect.com/science/journal/18766102/37/supp/C

Geo Containment Risk code Fault Characterisation Seal Characterisation Georisk Factor
Fault
Throw & | Verical Fracture Pressure Seal Chemical Seal
Density | Fault Seal | Extent Capacity Reactivity Degradation
Forties 5 372.000 3 3 2 3 2 16
3 3 2 3 2 16
Low=1 Medium=2 High=3 2 values in CO2Stored
1 no additional data to qc, values taken from CO2Stored
References
1. Carter, A. and Heale, J. (2003) “The Forties and Brimmond Fields, Blocks 21/10, 22/6a, UK North Sea”, in Gluyas, J. G. & Hichens, H. M. (eds) 2003. United Kingdom Oil and Gas Fields, Commemorative Millennium
Volume. Geological Society, London, Memoir, 20, 557-561.
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Data

Approximately 95% of Forties 5 aquifer
sandstone is covered by 3D seismic
within the CNS PGS MegaSurvey. Data
coverage in the northern part of the site
is not as extensive as it is to the south.
The data quality is generally good. The
well ties confirm the seismic time
interpretation, however for WP4 the top
Forties sandstone member had not been
mapped.

2,106 wells have been drilled in this area
and a range of digital and non-digital
data are available.

There are no engineering data available
for aquifer sands. Analogue data and
correlations will be used. Some data may
be available from Forties reservoir fields.

Development Concept

CO2 volumes cf ETI Scenarios
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Build out potential

potential should it be required.

Comparative Development Concept

pressure and distributed temperature sensors.

prospect evaluation stage.

infield pipelines and umbilical's.

Random Dip seismic line across the Forties 5 Saline Aquifer

Forties Member

\

BI

Image source: Seismic data provided by PGS under Licence Agreement. Original interpretation from Axis Well Technology, 2015.

Near Top Palaeocene

Near Base Tertiary

Near Top Lower Cretaceous

Base Cretaceous Unconformity

Near Top Middle Jurassic

Near Top Permian

C

Key Risk Summary
. Capacity Injectivity . . .
Forties 5 Engineered Containment Geo Containment
(MT) (mDm)
Wells Leakage Containment
/sq.km risk risk
Selection 1,388 19,012 0.13 n/a n/a 16
Criteria
Due Diligence 1,021 22,871 0.14 0.98 0.14 16
Capacity Calculation
. . Pore Theoretical
Thickness? GRV . CO2 Density? Pore Space .
NTG? Porosity?! o Volume Capacity
[m] [MMm3] [Tonnes/ m3] Utilisation3
[MMm3] [MT]
134 1,849,682 0.68 0.23 0.63 0.006 289290 1021

NB. 1: Analogue field data and literature 2: Estimated from CDA composite logs 3: CO2Stored

Injectivity Validation

Depositional Gross . Perm Kh
Zone . . NTG Porosity
Environment Thickness [m] [mD] [mDm]
Forties Submarine Fan 134 0.68 0.23 251 22,871

Containment Validation

Forties Member

Image source: Seismic data provided by PGS under Licence Agreement. Original interpretation from Axis Well Technology, 2015.

S.J. O'CONNOR and D. WALKER (1993) “Paleocene reservoirs of the Everest trend” From Petroleum Geology of Northwest Europe: Proceedings of the 4th Conference (edited by J. R. Parker). 1993 Petroleum Geology '86

Ltd. Published by The Geological Society, London, pp. 145-160.

Near Top Palaeocene Base Cretaceous Unconformity

Near Base Tertiary Near Top Middle Jurassic

Near Top Lower Cretaceous

Near Top Permian

Capacity

The calculated storage capacity is 1021MT compared to the reported capacity in CO2Stored of 1388MT.

The capacity has decreased due to an decrease in the assumed average thickness.

GRYV for the Forties sandstone is calculated within the polygon area shown on the map (13,804 sq km). A

simple calculation of area times thickness has been made.

Thickness and NTG are highly variable across the large Forties aquifer area. It should be possible to reduce
some of this uncertainty range during any subsequent work phases both through more detailed modelling

and analysis of data.
Injectivity

The WP3 selection criteria used for injectivity is the permeability thickness (Kh) value calculated using the
mid case reservoir data from CO2Stored. For the Forties 5 saline aquifer this was calculated as 19,012

mDm.

Field data and published literature have been reviewed in order to confirm the reservoir properties which
have then been used to validate the permeability thickness and expected injectivity.

Forties 5 aquifer consists of sandstones of Upper Paleocene Forties Sandstone member of the Sele Fm.
and Moray Group '. The aquifer extends over 7 quads, multiple blocks and fields — including the Forties
Field (CDA Map). These Paleocene Forties reservoirs are found in Montrose, Arbroath, Everest, Nelson and
Arkwright fields 2.

Overall the variety of bed thickness ranges from the thicker central fan sequences in Forties, Montrose,
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Axis generated Palaeocene Isochore (ft) Axis generated Near Top Palaeocene depth map (ft)
The ETI Concentrated Scenario shows 11MT/yr by 2030 into the CNS via St Fergus. 1MT goes to
Goldeneye. 10MT/yr of additional storage may be required by 2030.
Forties 5 aquifer is en-route to the Maureen 1 and May 1 aquifers, which represent additional build out
B’ B’
A new subsea development with 5 deviated wells each injecting 1MT/yr; totalling 100MT over 20 years.
CO2 would be delivered via a new 20” 186km pipeline from St Fergus with 10MT/yr capacity. Power and X c
controls will be supplied from an existing neighbouring platform. Monitoring will include downhole B~ c B
Site growth potential; theoretical Ultimate Development Concept - C
The site has a theoretical storage capacity of ~1400MT; The capacity is constrained to 1000MT for this C
A A
A new subsea development comprising of 10 subsea manifolds each with 5 wells injecting a total of
SQMt/yr; totalling 1OQOMT oygr 20 Years. CO2 would be delivered via a 36” 186km plpellng from St Fgrgus — . . Image source: Original interpretation from Axis Well Technology, 2015
with a 50Mt/yr capacity. Facilities will be controlled from the beach. Power and controls will be supplied Image source: Original interpretation from Axis Well Technology, 2015
from an existing neighbouring platform or a dedicated facility. Subsea centres are connected by 10km . . .
g neig &P Y Y (Y Forties 5 CO2Stored outline . Forties 5 CO2Stored outline Ci: 250ft
Maureen 1 CO2Stored outline Ci: 250ft Maureen 1 CO2Stored outline
Random Dip seismic line across the Forties 5 Saline Aquifer Random Strike seismic line across the Forties 5 Saline Aquifer
c’ A A’

Forties Member

Image source: Seismic data provided by PGS under Licence Agreement. Original interpretation from Axis Well Technology, 2015.
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Image source: Seismic data provided by PGS under Licence Agreement. Original interpretation from Axis Well Technology, 2015.

Arbroath and Arkwright, to the thinner Nelson field Forties sand. Porosity generally is good for the fan

sequences with the distal Forties facies in the Everest field showing diagenesis. Permeabilities reflect this
with a large range over the Forties sand distribution.

Containment

An overburden assessment has been conducted above and adjacent to the Forties 5 saline aquifer storage
site to identify secondary containment horizons and potential migration pathways out of the storage
complex, in the unlikely event of a seal or fault leakage of the sequestered CO?2.

The primary seal for the Forties Sandstones are the overlying Sele Formation shales. These form the top
seal for the Forties Sandstone hydrocarbon fields.

Fault density is variable; there are large areas with no faulting. Containment risk would be dependent on the
top seal and faulting within the local area of interest.

The Georisk factor has been calculated as 16, this is the same as the previously calculated factor in WP3
based on CO2Stored data.

Well Design

Costs
Site Reference: 2 Site . Forties 5
Description

. Water Depth

Capacity: 1021 80
(m)
, "
Concept Cost (Em) Comparative Ultimate Description
Development Development
Tonnes Injected (MT) 100 1000 Total Stored CO2 for proposed scheme
Appraisal Cost: £86m £86m Appraisal Wells + Seismic Data Acquisition &
Interpretation

Devel t Well
CE\S opment ¥ve £215.4m £2153.5m Drilling & Completion Costs of wells.
Facilities Cost: £247.9m £119.8m Landfall, Pipeline, NUI, Templates, ties-Ins,
PM & Eng: £24.8m £12m 10% of Facilities Costs
Decommissioning: £102m £430m £10m per NUI, £4m per dry well, £8m per subsea well
Subtotal £676m £2801.2m _
Contingency £135.2m £560.3m 20% of Development & Facilities Costs
OPEX (20years) £297.4m £143.8m OPEX Cost for 20 years (6% of facilities costs)
Total: £1108.5m £3505.2m
£/T CO2 11.08 3.51

*These costs are not the full cost of storage as they omit MMV, security instruments, handover to DECC and profit.

The generic well design is discussed in the supporting
document ‘Storage Site Due Diligence Summary’. It is
likely that this well design can be achieved in the
Forties 5.

Site 2 —372.000 — Forties 5 - CNS

Due to the moderate average water depth (80m), wells

have been assumed as drilled by a class 2 (Heavy Duty) Site Summary

Jack-Up Drilling Unit. Subsea well costs are assumed to

be £43M per well, resulting in a 5 well development
cost of £215.3M.

Capacity (Due Diligence): |1,021 MT UKCS Block: Quads 15-16; 21-22; 28-30
Unit Designation: Saline Aquifer Beachhead: St Fergus
Formation: Water Depth: 80 m

Sele Fm. (Forties Sst)

Commercial Issues

Containment Unit:

Sele Fm Shale Reservoir Depth: 1,500 m TVDSS (5,000 ft)

The Forties aquifer covers a large area and therefore

the centre of the development has some flexibility.

Many of the blocks in the area are licensed for oil and

gas, but site flexibility would suggest that access should
not be an issue.

Availability/COP: n/a Region: CNS
Client The Energy Technologies Institute Title D06: Prospect Summary Sheets Date of Issue 7t August 2015
Project Title DECC Strategic UK CCS Storage Appraisal Project Classification Client Confidential Version V0o

Disclaimer:

While the authors consider that the data and opinions contained in this report are sound, all parties must rely upon their own skill and judgement when using it. The authors do not
make any representation or warranty, expressed or implied, as to the accuracy or completeness of the report. There is considerable uncertainty around the development of CO,
stores and the available data are extremely limited. The authors assume no liability for any loss or damage arising from decisions made on the basis of this report. The views and
judgements expressed here are the opinions of the authors and do not reflect those of the ETI or any of the stakeholders consulted during the course of this project.
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Site 3 — 248.005 — South Morecambe Gas Field — EIS

Development Scenarios

CO2 volumes cf ETI Scenarios
The ETI Balanced Scenario shows 5MT/y into the EIS by 2030, with initial injection circa 2026. S Morecambe does not become available until 2028. (Concentrated and
EOR scenarios show no CO2 being stored in the EIS before 2030).

North __—>

Build out potential

Morecambe Build out of CO2 storage would be facilitated by the nearby N Morecambe field and Hamilton.
SOUth Comparative Development Concept
Moreca mbe A new Normally Unmanned Installation (NUI) comprising a jacket and topsides with 5 deviated wells each injecting 1MT/yr; totalling 100MT over 20 years. CO2 would

be delivered via a 20” 83km pipeline from Point of Ayr with 10MT/yr capacity. Facilities will be controlled from the beach with the NUI providing its own power and
controls. Monitoring will include downhole pressure and distributed temperature sensors.

Site growth potential; theoretical Ultimate Development Concept

\ The site has a theoretical storage capacity of ~855MT.

ennox

Ha m”ton (OI| d nd A new development comprising 9 new NUI platforms, with a total of 43 wells injecting a total of 43Mt/yr; totalling 855MT. CO2 would be delivered via a 36” 83 km
Gas) pipeline from Point of Ayr with a 50Mt/yr capacity. Facilities will be controlled from the beach. Power generation and controls relay will be provided from a single

primary NUI. Platforms are connected by 10km infield pipelines and umbilical's.

Major offshore areas covered by Image source: courtesy of CDA through an open licence agreement
CO2Stored (© Energy Technologies
Institute)
110/2-6
STRATIGRAPHY LITHOLOGY NW
. SW fk NE SE
QUATERNARY
DOWBRIDGE MUDSTONE AXIS Depth Structure Map: South Morecambe Field: A AN B B’
MBR
5 | precsaL naterm Top Sherwood Sst Fm (ft tvdss)
=
o]
2 | CLEVELEYSMUDSTONE
2 MBR B A’ Data
MYTHOP HALITE MER
% [ BLACKPOOL MUDSTONE % South Morecambe Gas field is densely
= MER 1 . L
= —— covered by 2D seismic of varying vintages
o = and one large 3D survey acquired in 1994.
ANSDELL MUDSTONE MBR . .
2 Much of early data has poor reflection quality
1.
T | o |oRumsKR gzii ﬂgi . 4 and high background noise2. 3D Survey
é KSSTRM 0S1MBR covers 700 km2 and undershoots 6
g CALDER SSTMBR A platforms. Although footprints of the
. .
@ E% . platforms are visible on the data, the deeper
§ ﬁg GWC 3750ft tvd reflectors can be discerned *. Current
L
; o Romgﬁg%r; S5 . ) evaluation for WP4 is based on 2D seismic
L
@ e R B’ interpretation. The 3D seismic volume is
released data and a copy can be obtained
z MANCHESTER MARL FM from the operator (at a significant cost).
=
o
o COLLYHURST SSTFM Data is available in CDA but digital log and
& Seal- gm0 . core data is limited. Well 110/2a-12 has log
0 600 1200 1800 2400 3000 m ‘ . .
3 . data available in DLIS and LIS format.
NN}
= HOLLYWELL SHALE FM
= . Origi i i i
§ Image source: Original interpretation from Axis Well Technology, 2015 South Morecambe Field
(%]

q — -
” . — South Morecambe Field
Image source: modified from Yaliz, A. and Taylor, P The

Hamilton and Hamilton North Gas Fields, Block 110/13a,
East Irish Sea United Kingdom Oil and Gas Fields

Commemorative Millennium Volume, The Geological

Society of London 2003 Ke
. Rossal Halite
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Capacity Injectivity ) . Geo
Morecambe Engineered Containment .
. (MT) (mDm) Containment
Gas Field
Wells Leakage | Containment
/sq.km risk risk
Selection 776.2 90,753 0.44 n/a n/a 10 Capacity
Criteria The calculated storage capacity is 855MT compared to the reported capacity in CO2Stored of 776.2MT. These are in reasonable agreement.
Due 855 31,240 0.05 0.012 0.0006 12
Diligence For the South Morecambe field, the due diligence involves a recalculation of the capacity equivalent to the net reservoir volume of fluids removed at February 2015. In addition, the net reservoir volume of fluids removed at COP
was estimated and the capacity calculated at this time to confirm the full capacity estimate. The COP date for South Morecambe in the supplied Woodmac data is 2028.
Ca paCIty Calculatlon South Morecambe produces a dry gas with condensate and small volumes of water production. DECC reports no gas and no water injection volumes. All produced fluids were accounted for in the material balance calculation to
check potential storage capacity.
Gas Production 146555 MCM
Condensate Production 2.15 MCM Current gas rates are “4000Ksm3/d (~142mmscf/d). The additional storage capacity associated with continued production to COP is estimated to be 64MT (~8%).
Water Production *Based on production to date 0.026 MCM
Net Reservoir Volume Produced 1000.4 MCM s
Injectivity
Storage capacity 855 MT The selection criteria used for injectivity is the permeability thickness (Kh) value calculated using the mid case reservoir data from CO2Stored. For the South Morecambe Field this was calculated as 90,753 mDm.

NB. Volumes refer to production volumes at February 2015. Field data and published literature have been reviewed in order to confirm the reservoir properties which have then been used to validate the permeability thickness and expected injectivity.

The field comprises moderate average net to gross, low-moderate quality dune and stacked fluvial sandstones of the Sherwood Sandstone (Ormskirk and St. Bees Fm.). Permeability decreases due to illite precipitation below the

Injectivity Va"dation palaeo GWC (Ref 2) which limits the capacity for CO2 storage 3.
7 Depositional Gross NTG b it Perm Kh The sandstone can be subdivided into four Ormskirk zones — RL1, RL2, RL3 and RL4. The reservoir properties are summarised in the Injectivity Validation table.
one orosi
Environment Thickness [m] y [mD] [mDm]
RLI Stacked fluvial 26 0.79 0.14 150 3,034 The permeability thickne'ss calculated during th.e validation procc.ess ils 31,240 mDm. This is approximately 66% lower than the estimate based on the CO2stored data. The gross thickness of the St Bees reservoir is uncertain, and
RL2 Fluvial/aeolian/sabkha 93 0.79 0.14 150 11,016 could be up to 1200m thicker below the Ormskirk (200-260m thick)?* .
RL3 Sand.flat SST /1 0.75 0.14 150 8,416 The gross thickness is obtained from well 110/02-12 comp log and confirmed by Ref erence 1. Available well log data does not cover the entire St. Bees formation; therefore the NTG of this formation is also uncertain. Only
RL4 Aeolian . 4 0.79 0.14 150 6,357 110/8a-12 has a full section of the St. Bees Formation and a FWL of the reservoir is only calculated by RFT pressure data. Reservoir quality is extremely variable due to the presence of illite, with average porosity and permeability
St.Bees Stacked fluvial 20 0.79 0.14 150 2,417 values taken from the literature.
All Zones 264 0.79 0.14 150 31,240

Additional Injectivity checks

Two additional injectivity checks were carried out as part of the due diligence.

Containment Validation

1. The initial production performance per well was converted to an equivalent CO2 injection rate to gain some confidence that that the 1MT/year/well target could be met.

Geo Containment Risk| code Fault Characterisation Seal Characterisation Georisk Factor Early life production data from a selection of wells is available on the DECC website. CO2 injection at the initial field pressure mostly meets the injectivity requirement per well. At low (current) field pressures, the injectivity is
Fault much smaller due to CO2 being in the gas phase. A much larger difference between well and formation pressure would be required to meet the required Final production pressure is based on depletion of approximately 10% of
Throw & | Verical Fracture Pressure | Seal Chemical Seal initial pressure.

Density | Fault Seal | Extent Capacity Reactivity Degradation 2. A dynamic model was constructed to test the injectivity performance, at initial conditions and over time. A simple model was built in Eclipse (flat structure). CO2 will be injected in the gas phase initially as the reservoir pressure
South Morecambe gas field 248.005 3 2 1 1 1 2 10 is expected to be too low for dense phase injection. A DP (well-formation pressure) range of 150psi to 650psi was tested and the corresponding injectivity per well is 0.08 MT/year and 0.41 MT/year. However required target of 1

3 2 3 1 1 ) 12 MT /year is achieved for higher DP of 770 psi. Injection pressure required to achieve 1 MT/ year is 950 psi which is less than the fracture pressure of 3265 psi. The required DP cannot be determined accurately with this simple

model but the results indicate that the injectivity can be achieved with higher DP of 770 psi for this site.
Low=1 Medium=2 High=3 2 values in CO2Stored
1 no additional data to qc, values taken from CO2Stored

Containment Costs

Well Design . ) Site )
An overburden assessment has been conducted above and adjacent to the Ormskirk Sandstone to identify secondary containment horizons and potential migration Site Reference: 3 Description South Morecambe gas field
pathways out of the storage complex, in the unlikely event of a seal or fault leakage of the sequestered CO2. The generic well design is discussed in the supporting ] Water Depth

document ‘Storage Site Due Diligence Summary’. However, the Capacity: 855 (m) 25
Field data and published literature were reviewed to establish the effectiveness of trap and seal. Depth to crest of the reservoir is 914 m! . Broad domal horst- South Morecambe Bay injection wells may depart from the Comparative Ultimate o
structure passing southward to tilted fault blocks forms the trap South Morecambe, fault bounded on the western margin with closure on the eastern margin formed generic' design Fjue to the shallow resgrvoir depth. This suggests Concept Cost (Em) Development Development Description
by an easterly dip 1-2. Extensional faults which displace the reservoir trending E-W were identified using the 1997 3D seismic datal. The Ormskirk sandstone reservoir thit' W't: }:eSt.r'Ctidl l_)u:: a:gle ::nd k|ck-<?ffé>0|nt, Ihe V‘::le“ may Tonnes Injected (MT) 100 855 Total Stored CO2 for proposed scheme
. . . . . . . . not reach horizontal in the target reservoir. Current producing
is overlain by 975m (3200ft) of Mercia mudstones a.nd h.alltes for.mlng an e.xcellent continuous cap rock. CO2 is not expected to leak through the top seal which has wells include high angle wells (~60deg), but these have been Appraisal Cost: com com Appraisal Wells + Seismic Data Acquisition &
already trapped South Morecambe gas over geological time, or via reservoir level faults. drilled at an angle from surface in order to achieve the step out ' Interpretation
The Georisk factor has been calculated as 12. This has increased from 10 (calculated in WP3). The increase is due to the Fault vertical extent factor being increased required. Further detailed well design work is required, and the Development Well — .
from 1 to 3 (as the faults extend above 800m and possibly to the seabed). South Morecambe Bay target should not be discounted on this Cost: £111.5m £958.5m Drilling & Completion Costs of wells.

basis ?t this stage. Of further concern 1s the ab'th to drill new Facilities Cost: £148.9m £606.7m Landfall, Pipeline, NUI, Templates, ties-Ins,
Engineering Risk wells in the depleted gas field, particularly at a high angle, due ~ —

to wellbore stability issues. This may limit the achievable PM & Eng: £14.9m £60.7m 10% of Facilities Costs
The calculated engineering containment risk is low, with forty four wells in the field and only 4 considered at risk of leakage (other wells are suspended or still deviation in the reservoir section. Decommissioning: £67.3m £413.7m £1(ﬁm per NUI, £4m per dry well, £8m per subsea

. . . . . L . we

producing and are assumed to be abandoned at COP, which being after 2025, is expected to result in a negligible leak risk). Three wells were plugged and abandoned Due to the shallow water depth (25m), wells can be drilled by a Subtotal £342.4m £2039.5m
before 1986, representing the highest assessed risk. However, there is concern over future well abandonments as a number of the producing wells have been drilled _ i ; == i . =

low cost class 1 Jack-Up Drilling Unit. Platform well costs are - 68 £407.9 50% of Devel & Facilities C
at a 30deg slant from surface (i.e. their production trees are also at a slant). There is no drilling rig that can access these slant wells currently operating in the UK. It is assumed to be £22M per well, including a contingency cost for Contingency -om 7.9m 7 of Development acilities Costs
likely that coiled tubing abandonment will be used. Furthermore, as the wells are slant from surface, the top section of the well represents multiple point leak paths to managing CO2 phase change, resulting in a 5 well development OPEX (20years) £178.7m £728.1m OPEX Cost for 20 years (6% of facilities costs)
surface (rather than parallel to the wellbore as with conventional wells). This will require a bespoke abandonment practice to be developed in the future, which will cost of £111.4M. Total: £589.6m £3175.5m
need to be risk assessed at that time. Assuming slant wells have been abandoned to the same standards as conventional wells, the total storage target leakage risk is £/T CO2 5.90 3.71
0.012 and the well density factor is 0.05 wells/km2, resulting in a very low leakage risk assessment score of 0.0006. This figure is subject to future review.

*These costs are not the full cost of storage as they omit MMV, security instruments, handover to DECC and profit.

Site 3 — 248.005 — South Morecambe Gas Field - EIS

Commercial Issues
Centrica hold the Petroleum Licence for S Morecambe Site Summary
. . . o

(but .WlthOUt CQZ .storage rights). Centrlca? hold 100% of. Capacity (Due Diligence): | 855 MT UKCS Block: 110/2a, 3a, 8a

the licence. Seismic and well log data available. Production - - - tof

data may be available from Centrica. Current oil and gas Unit Designation: Gas Field Beachhead: Point of Ayr

activity has precluded any other local activity, such as Formation: Ormskirk Sandstone Water Depth: 25 m

offshore wind. Centrica have previously done a study into

CO2 storage for Morecambe. Containment Unit: Mythop Halite Member Reservoir Depth: 914 m TVDSS (2998 ft)

Availability/COP: 2028 Region: EIS

Client The Energy Technologies Institute Title D06: Prospect Summary Sheets Date of Issue 7t August 2015
Project Title DECC Strategic UK CCS Storage Appraisal Project Classification Client Confidential Version V0o

Disclaimer:

While the authors consider that the data and opinions contained in this report are sound, all parties must rely upon their own skill and judgement when using it. The authors do not

References make any representation or warranty, expressed or implied, as to the accuracy or completeness of the report. There is considerable uncertainty around the development of CO,
: _ : % . . » . stores and the available data are extremely limited. The authors assume no liability for any loss or damage arising from decisions made on the basis of this report. The views and

1. Bastin, J.C., Boycott-Brown, T., Sims, A., and Woodhouse, R. (2003) “The South Morecambe Gas Field, Blocks 110/2a, 110/3a, 110/7a and 110/8a, East Irish Sea” GLUYAS, J. G. & HICHENS, H. M. (eds) 2003. United judgements expressed here are the opinions of the authors and do not reflect those of the ETI or any of the stakeholders consulted during the course of this project.
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Geological Society Memoir No. 14, pp. 527-541
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Site 4 — 227.007 — Bunter Closure 3 —SNS

Major

offshore

areas

covered by

CO2Stored (© Energy Technologies

Institute)

Image source: modified from Cooke-

Yarborough (1991) “The Hewett Field, Blocks
48/28-29-30, 52/4a-5a, UK North Sea”, In
Abbotts, I. L. (ed.), 1991, United Kingdom Oil
and Gas Fields, 25 Years Commemorative
Volume, Geological Society Memoir No. 14,

Image source: courtesy of CDA through an open licence agreement
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Image source: Original interpretation from Axis Well Technology, 2015
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Image source: Original interpretation from Axis Well Technology, 2015

Ci: 200ft closing contour: -4500ft tvdss

Bunter Closure 3: Strike and Dip seismic lines from PGS MegaSurvey

Development Concept

CO2 volumes cf ETI Scenarios

Build out potential

Comparative Development Concept

Site growth potential; theoretical Ultimate Development Concept

The site has a theoretical storage capacity of ~232MT.

The ETI Concentrated Scenario shows 29MT/yr by 2030 into the SNS via Barmston. It is possible that the first 17Mt/yr could be stored at 5/42. On the basis of
this Scenario, additional SNS storage would be needed by 2027 and need to be capable of storing 12Mt/yr by 2030.

Bunter Closure 3 is reasonably close to the two Hewett Reservoirs (600MT), Viking (310MT) and Bunter Closure 9 (1977MT). The Barque depleted gas field
(91MT) is on the likely pipeline route from Barmston. These all represent potential regional growth opportunities

A new Normally Unmanned Installation (NUI) comprising a jacket and topsides with 5 deviated wells each injecting 1MT/yr; totalling 100MT over 20 years. CO2
would be delivered via a 20” 238 km pipeline from Barmston with 10MT/yr capacity. Facilities will be controlled from the beach with the NUI providing its own
power and controls. Monitoring will include downhole pressure and distributed temperature sensors.

A new development comprising 3 new NUI platforms, with a total of 12 wells, injecting a total of 12Mt/yr; 232MT. CO2 would be delivered via a 26” 238 km
pipeline from Barmston with a 20Mt/yr capacity. Facilities will be controlled from the beach. Power generation and controls relay will be provided from a single
primary NUI. Platforms are connected by 10km infield pipelines and umbilical's.

Data

Bunter Closure 3 is covered by the 3D seismic from the SNS PGS MegaSurvey. The data quality is generally good. The well ties confirm the time interpretation.

CDA well data is available for wells targeting the underlying Viking Field and surrounding areas. Log coverage for the Bunter interval is variable.

Dip Line Strike Line

Capacity

The calculated storage capacity is 232MT compared to the reported

capacity in CO2Stored of 409MT. The calculated capacity is significantly
smaller than that in CO2Stored, this is due to a large difference in the
calculated GRV. The GRV in CO2Stored appears to be overestimated due
to the simple Area x Thickness method used. This due diligence uses
depths derived from the 3D seismic to calculate the GRV.

The structure is elongate with a saddle in the middle. The relief in the

north of the structure is significantly lower than in the South. This is not
accounted for in the simple approach to GRV calculation used for
CO2Stored.

pp. 433-442
Key Risk Summary
Capacity Injectivity . . .
Bunter Closure 3 Engineered Containment Geo Containment
(MT) (mDm)
Wells Leakage risk | Containment risk
/sg.km
Selection Criteria 409 23,926 0.21 n/a n/a 9
Due Diligence 232 79,800 0.25 0.07 0.017 10
Capacity Calculation
. . Pore Theoretical
Thickness? GRV . CO2 Density? Pore Space .
NTG? Porosity? L Volume Capacity
[m] [MMm3] [Tonnes/ m3] Utilisation?
[MMm3] [MT]
240 9996 0.95 0.21 0.78 0.15 1994 232

The due diligence process is based on a depth top structure map and

NB. 1: Analogue field data and literature 2: Estimated from CDA composite logs 3: CO2Stored

Injectivity Validation

Depositional Gross . Perm? Kh
Zone . . NTG2 | Porosity!
Environment Thickness? [m] [mD] [mDm)]
Bunter Sst Fluvial/ Lacustrine 240 0.95 350 79,800

NB. 1: Analogue field data and literature 2: Estimated from CDA composite logs 3: CO2Stored

Containment Validation

mapped sand thickness from wells, which takes into account these
variations in the structural elevation. This is a more robust methodology
than what has been applied in CO2Stored.

A storage capacity of 232MT still places this site in the top 10 sites when
ranked on capacity.

Whilst there are uncertainties associated with the inputs to the capacity
calculation, there is a high degree of confidence in the storage capacity
which has been calculated.

Whilst faulting within the Bunter can develop due to post depositional
halokenisis, compartmentalisation due to faulting is not thought to be a
risk for this storage site.

Image source: Seismic data provided by PGS under Licence Agreement. Original interpretation from Axis Well Technology, 2015.

Top Chalk Top Bunter Sandstone
Base Chalk Top Zechstein Near Top Carboniferous
Top Triassic Top Rotliegendes

Crestal Faults at the top of Closure 3 extend up to the base Chalk

A Top of fault A

at approx 600m

Closure 3 crestal collapse

Top Bunter Sandstone TWT surface

Image source: Seismic data provided by PGS under Licence Agreement. Original
interpretation from Axis Well Technology, 2015.

Image source: Seismic data provided by PGS under Licence Agreement. Original
interpretation from Axis Well Technology, 2015.

Geo Containment
) Base Chalk Top Bunter Sandstone
Risk code Fault Characterisation Seal Characterisation Georisk Factor
Fault Top Triassic Top Zechstein
Throw & | Verical | Fracture Pressure |Seal Chemical Seal
Density [Fault Seal| Extent Capacity Reactivity |Degradation
Injectivity
Bunter Closure 3 227.007 2 2 2 1 1 9
2 2 3 L L 10 The selection criteria used for injectivity is the permeability thickness (Kh) value calculated using the mid case Costs
reservoir data from CO2Stored. For the Bunter Closure 3 this was calculated as 33,380 mDm. Site Reference: 4 Site Bunter Closure 3
Llow=1 Medium=2 High=3 2 values in CO2Stored The permeability thickness calculated during the validation process is 79,800 mDm. This is considerably higher than ' Description
1 no additional data to qc, values taken from CO2Stored the estimate based on the CO2stored data, and is due to a difference in the assumed average permeability. Capacitv: 230 Water Depth 40
CO2Stored assumes an average permeability of 100mD. This is very low when compared to nearby SNS analogue P y (m)
Bunter Sst reservoirs. The Hewett Gas Field has average permeabilites in excess of 500 mD. The nearby Little Dotty Comparative Ultimate -
Containment ] . o . ] Concept Cost (Em) Description
Gas Field (a part of Hewett), with average Bunter Sst permeabilities of 350 mD, is used as an analogue for this Development Development
storage site. Tonnes Injected (MT) 100 232 Total Stored CO2 for proposed scheme
An overburden assessment has been conducted above and adjacent to the Bunter Sandstone to identify secondary containment horizons Appraisal Wells + Seismic Data Acquisition &
and potential migration pathways out of the storage complex, in the unlikely event of a seal or fault leakage of the sequestered CO2. With no permeability data available for the Bunter Sst at the storage site, permeability, its regional lateral variation Appraisal Cost: £60m £60m Interpretation
and heterogeneity remain an uncertainty. Bunter Sst reservoir quality at this depth and initial CO2 injectivity within Development Well o )
The site is an elongate 4-way dip closure with some faulting. The Bunter sandstone reservoir is overlain by 220m (730ft) of Triassic halites the SN is considered to be good. Neither reservoir quality nor injectivity are considered to be a high risk. Cost: £100.8m £241.9m Drilling & Completion Costs of wells.
and claystones forming an excellent cap rock however it is broken by faulting. There are less than 10 faults but some extend up to the Facilities Cost: £327 3m £494 9m Landfall, Pipeline, NUI, Templates, ties-Ins
Base Chalk at approximately 600m (1970ft) (ref 2), however the fault throws are less than 50m (160ft). A dynamic model was constructed to test the injectivity performance, at initial conditions and over time. A simple PM & Eng: £32 8m £49.5m 10% of Facilities Costs
model was built in Eclipse (flat structure). CO2 will be injected in critical or dense phase as the reservoir pressure is £10
- . . S . . . L m per NUI, £4m per dry well, £8m per subsea
Above the Triassic marker is a 10m (33ft) thick layer of sandstone which in turn is overlain by 150m (490ft) of Jurassic/Lower Cretaceous expected to be high in saline aquifer. Injection pressure of 2550 psi is required to achieve the injectivity threshold Decommissioning: £111.9m £201.8m well P P y P
claystone. Above this is over 300m (980ft) of Upper Cretaceous Chalk which is a potential reservoir with recent sediments on top which of 1IMT/year per well. This is below the calculated minimum fracture pressure of 3349 psi at the well depth.
- . Subtotal £632.6m £1047.9m .
may only have a limited seal capacity.
Contingency £126.6m £209.6m 20% of Development & Facilities Costs
The Georisk factor has been calculated as 10, this is higher than previous calculated factor in WP3 based on CO2Stored data. This is due to OPEX (20years) £392.7m £593.8m OPEX Cost for 20 years (6% of facilities costs)
the Fault Vertical Extent being increase from 2 to 3 as it is clear from the seismic that faults extend above 800m. Total: £1151.7m £1851.2m
Well Design £/T CO2 11.52 7.98
Engineering Risk . - )
The generic well design is discussed in the supporting document ‘Storage Site Due Diligence Summary’. It is likely *These costs are not the full cost of storage as they omit MMV, security instruments, handover to DECC and profit.
The engineering containment risk is low to moderate, with 20 wells considered at risk of leakage. 11 wells were plugged and abandoned, 7 that this well design can be achieved in the Bunter 3.
of which were before 1986, representing the highest risk. The 100yr probability of a leakage on the field is 0.07, and the well density factor Due to the shallow water depth (40m), wells can be drilled by a low cost class 1 Jack-Up Drilling Unit. Platform well
is 0.25 wells/km2, resulting in a moderate containment risk assessment score of 0.017. costs are assumed to be £20.0M per well, resulting in a 5 well development cost of £100.8M.
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Commercial Issues
Bunter C3 is in the vicinity of Viking. Development probably needs to take place
after COP at Viking (2017)

Site 4 — 227.007 — Bunter Closure 3 - SNS

Site Summary

Capacity (Due Diligence): | 232 MT UKCS Block: Quad 49; blocks 11, 12, 16-18)
Unit Designation: Saline Aquifer Beachhead: Barmston
Formation: Triassic Bunter Sandstone | Water Depth: 40m

Containment Unit: Rot Halite Reservoir Depth: 1020 m TVDSS (3350 ft)

Availability/COP: n/a Region: SNS
Client The Energy Technologies Institute Title D06: Prospect Summary Sheets Date of Issue 7t August 2015
Project Title DECC Strategic UK CCS Storage Appraisal Project Classification Client Confidential Version V0o

Disclaimer:

While the authors consider that the data and opinions contained in this report are sound, all parties must rely upon their own skill and judgement when using it. The authors do not
make any representation or warranty, expressed or implied, as to the accuracy or completeness of the report. There is considerable uncertainty around the development of CO,
stores and the available data are extremely limited. The authors assume no liability for any loss or damage arising from decisions made on the basis of this report. The views and
judgements expressed here are the opinions of the authors and do not reflect those of the ETI or any of the stakeholders consulted during the course of this project.
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Site 5 —141.035 - Viking Gas Field — SNS
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Comparative Development Concept

The ETI Concentrated Scenario shows 29MT/yr by 2030 into the SNS via Barmston. It is possible that the first 17Mt/yr could be stored at 5/42.
On the basis of this Scenario, additional SNS storage would be needed by 2027 and need to be capable of storing 12Mt/yr by 2030.

Bunter closure 3 is in the vicinity of Viking and represents a low cost build out option. The Barque depleted gas field (120MT) is on the likely
pipeline route from Barmston. These represent potential regional growth opportunities.

Image source: courtesy of CDA through an open licence agreement
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A new development comprising 3 new NUI platforms each with 5 wells injecting a total of 15Mt/yr; totalling 300MT over 20 years. CO2 would
be delivered via a 26” 220 km pipeline from Barmston with a 20Mt/yr capacity. Facilities will be controlled from the beach. Power generation
and controls relay will be provided from a single primary NUI. Platforms are connected by 10km infield pipelines and umbilical's.
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Axis generated Top Rotliegendes depth map (ft tvdss)

B
Viking E\

AI

<— Viking A

A new Normally Unmanned Installation (NUI) comprising a jacket and topsides with 5 deviated wells each injecting 1MT/yr; totalling 100MT Viking B
over 20 years. CO2 would be delivered via a 20” 238 km pipeline from Barmston with 10MT/yr capacity. Facilities will be controlled from the /
beach with the NUI providing its own power and controls. Monitoring will include downhole pressure and distributed temperature sensors.
Viking C
Site growth potential; theoretical Ultimate Development Concept A
The site has a theoretical storage capacity of ~310MT.
Viking D B’

Image source: Original interpretation from Axis Well Technology, 2015
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Image source: Original interpretation from Axis Well Technology, 2015

Image source: modified from Cooke-Yarborough (1991) “The Hewett Field, Blocks 48/28-29-30, Ci: 300ft
52/4a-5a, UK North Sea”, In Abbotts, I. L. (ed.), 1991, United Kingdom Oil and Gas Fields, 25
Years Commemorative Volume, Geological Society Memoir No. 14, pp. 433-442.
Key Risk Summary . _ _ o
Viking Strike and Dip seismic lines from PGS MegaSurvey
Viking Gas Capacity Injectivity . . Geo Data
. Engineered Containment .
Field (MT) (mDm) Containment A A B B’
Wells Leakage Containment The Viking Gas Fields are covered by the 3D seismic from the SNS PGS MegaSurvey. The data quality is
/sq.km risk risk generally good, however there are reservoir imaging problems due to ray bending particularly in the
Selection 271 8,350 0.39 n/a n/a 11 areas of heavy Triassic/Jurassic faulting. The data quality is not good enough to pick the base
Criteria Rotliegendes reservoir, however well control shows that the Rotliegendes thickness is between 210 —
Due Diligence 310 5,599 154 0.12 0.18 11 240m (700 and 800ft). The well ties confirm the time interpretation.
Only limited digital logs are available in CDA.
Capacity
Capacity Calculation
The calculated storage capacity is 310MT compared to the reported capacity in CO2Stored of 271MT.
Gas Production 9246 MCM
Condensate Production 13 MCM The Viking gas complex comprises 11 separate gas accumulations. The production is not allocated to
Net Reservoir Volume Produced 423 MCM the individual accumulations in the available data and the capacity for each accumulation can
Storage Capacity @COP 310 MT therefore not be calculated. The CO2 storage development for this site might not access all
accumulations and will therefore not access the 310MT capacity.
NB. Volumes refer to production volumes  at February 2015. For the Viking gas field, the due diligence involved a recalculation of the capacity equivalent to the net
reservoir volume of fluids removed at February 2015. In addition, the net reservoir volume of fluids
removed at COP was estimated based on an assumption of maintaining the current production rate to
Injectivity Validation COP and the capacity was calculated at this time. The expected COP date for the Viking gas field, in
the supplied Woodmac data, is 2020.
Depositional Gross Perm Kh Viking gas field produces a dry gas with no water and small condensate production. The complete Image source: Seismic data provided by PGS under Licence Agreement. Original interpretation from Axis Well Technology, 2015. . .
Zone . . NTG | Porosity production history is not reported in DECC as it only reports production post 1983. However, .. Strike Line
Environment Thickness [m] [mD] [mDm] . . . ) Dip Line
- production up to December 1999 is reported in Ref 1. The complete production volume was
A Aeolian Dune 43 0.95 01 > 235 calculated by summing Ref 1 production and production post Dec. 1999 reported from DECC. Total
B Sabkha 29 0.44 0.1 > 64 production is 92.5 BCM and equates to a capacity of 308 MT. Top Chalk Top Zechstein
C Aeolian Dune 28 1 0.1 50 1,395 halk i q 4
D Sabkha 12 0.34 0.1 5 21 Current gas rates are low, ~330 Ksm3/d (~12 mmscf/d). Assuming this rate is sustained until COP, the Base Cha Top Rotliegendes Sandstone
E Aeolian Dune 68 0.91 0.2 50 3,106 additional production is estimated to be 547 MCM (19.3 Bscf). This equates to an additional capacity Top Triassic Near Top Carboniferous
F Fluvial Sands/silts/shales 33 0.94 0.1 50 1,554 of 1.9MT (+0.6%).
Top Bunter Sandstone
All Zones 220 0.92 0.12 27.5 5,599

Containment Validation

Geo Containment Risk | code Fault Characterisation Seal Characterisation Georisk Factor
Fault
Throw & | Verical Fracture Pressure Seal Chemical Seal
Density | Fault Seal | Extent Capacity Reactivity Degradation
Viking gas fields 141.035 3 2 1 1 2 11
3 2 1 1 2 11
Low=1 Medium=2 High=3 2 values in CO2Stored

1 no additional data to qc, values taken from CO2Stored

Injectivity

The selection criteria used for injectivity is the permeability thickness (Kh) value calculated using the mid case reservoir data from CO2Stored. For the Viking Fields this was calculated as 8,350 mDm.

Field data and published literature have been reviewed in order to confirm the reservoir properties which have then been used to validate the permeability thickness and expected injectivity.

The field comprises low to high net to gross, poor to moderate quality aeolian and fluvial sandstones of the Leman Sandstone Formation. Vertically there are permeability barriers, specifically in the sabkha silts in zones D and B. The reservoir is
subdivided into nine zones, which vary between the North and South areas, and show significant variation in reservoir quality. A summary of the six main reservoir zones properties are summarised in the Injectivity Validation table.

The permeability thickness calculated during the validation process is 5,599 mDm. This is approx. 33% lower than the estimate based on the CO2stored data. The Viking fields consist of multiple separate accumulations. Reservoir quality is
extremely variable both between these accumulations and within the 6 reservoir zones. The average porosity and permeability values are estimated from literature, and are highly uncertain. Well and core data would need to be more
extensively reviewed to reduce this uncertainty. The Gross thickness and resulting net to gross (taken from a Phoenix type log in the North Viking area) is also variable with an increase in thickness to the SW.

There is an encroaching aquifer in one of the southern compartments. The water flowing into the field may cause injection problems and reduce storage capacity.

It is believed that some of the later wells were hydraulically fractured to improve productivity. The impact of these fractures on containment needs to be assessed.

Two additional injectivity checks were carried out as part of the due diligence.

1. The initial production performance for a selection of representative wells in Viking was converted to an equivalent CO2 injection rate to gain some confidence that the 1MT/year/well target could be met. None of the wells meet the target
rate. The rates are shown in the table below.

2. A dynamic model was constructed to test the injectivity performance, at initial conditions and over time. A simple model was built in Eclipse (flat structure and average properties). CO2 will be injected in the gas phase initially as the
reservoir pressure is expected to be too low for dense phase injection. A reasonable pressure drop from well to formation is expected to range from 150psi to 650psi. Both cases were tested and the corresponding injectivity per well is
0.03MT/year and 0.13MT/year. The modelling indicates that the injectivity threshold of 1MT/year per well might not be achieved for this site.

Containment

Geocontainment Risk

leakage of the sequestered CO2.

Engineering Risk

permeable and the individual fault blocks are connected forming a stair of connected pools.

Sandstone (a potential secondary storage reservoir) which is overlain by over 610m (2000ft) of Triassic shales and Halites?.
The Georisk factor has been calculated as 11. This is the same as that calculated in WP3 selection criteria.

which is a concern, and with a high well density factor of 1.54 wells/km2, this results in a high containment risk assessment score of 0.18.
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The generic well design is discussed in the supporting document ‘Storage
Site Due Diligence Summary’. It is likely that this well design can be
achieved in the Viking fields, although there are concerns over the ability
to drill new wells in the depleted gas field, particularly at a high angle, due
to wellbore stability issues. This may limit the achievable deviation in the
reservoir section. Current producing wells are primarily deviated wells,
although 2 horizontals have been drilled in the late 90’s.

As the Viking field is a conglomerate of smaller fields, achieving access to
all of these from a single drill centre (assumed to be an unmanned
platform) would be technically challenging. This is more likely to result in

Costs
The traps consist of a series of tilted fault blocks separated by major normal faults trending E-W. Some of the faults act as permeability barriers and divide some of the pools into individual compartments. However, other faults in the north of the field are Site Reference: 5 Site Description Viking gas fields
. Water Depth
Capacity: 310 20
(m)
Comparative Ultimate L.
An overburden assessment has been conducted above and adjacent to the Viking Sandstone to identify secondary containment horizons and potential migration pathways out of the Viking field storage complex, in the unlikely event of a seal or fault Concept Cost (Em) Description
Development Development

Tonnes Injected (MT) 100 300 Total Stored CO2 for proposed scheme
The traps consist of a series of tilted fault blocks separated by major normal faults trending E-W. Some of the faults act as permeability barriers dividing the field into 11 individual compartments many with different GWCs. The Fields are overlain by Appraisal Wells + Seismic Data Acquisition &
Zechstein salt and anhydrites which vary in thickness from 182 — 1372m (600 to 4500ftY) . This forms an excellent and continuous seal. Above the Zechstein is a further 305m (1000ft) of Lower Bunter shale followed by 210- 245m (700-800ft) of Bunter Appraisal Cost: £0m £0m Inr?cerpretation g

Development Well Cost: £216.1m £648.1m Drilling & Completion Costs of wells.

Facilities Cost: £289.9m £649.6m Landfall, Pipeline, NUI, Templates, ties-Ins,

PM & Eng: £29m £65m 10% of Facilities Costs
The engineering containment risk is moderate to high, with 73 wells considered at risk of leakage. 27 wells were plugged and abandoned, most of which were before 1986, representing the highest risk. The 100yr probability of a leakage on the field is 0.12, Decommissioning: £102.5m £252.4m £10m per NUI, £4m per dry well, £8m per subsea well

Subtotal £637.4m £1615m ;

Contingency £127.5m £323m 20% of Development & Facilities Costs

OPEX (20years) £347.9m £779.5m OPEX Cost for 20 years (6% of facilities costs)

Well Design Total: £1112.7m £2717.4m
£/T CO2 11.13 9.06

*These costs are not the full cost of storage as they omit MMV, security instruments, handover to DECC and profit.

Site 5 —141.035 - Viking Gas Field - SNS

the adoption of a subsea development solution. Site Summary
Due to the shallow water depth (20 to 25m), wells can be drilled by a low Capacity (Due Diligence): | 310 MT UKCS Block: 49/12a, 49/16, 19/17
cost class 1 Jack-Up Drilling Unit. Platform well costs are assumed to be Unit Designation: Depleted gas Beachhead: Barmston
£43.0M per well, including a contingency cost for managing CO2 phase Formation: Leman sandstone Water Depth: 25m
change, resulting in a 5 well development cost of £216M. ) ) . )
Containment Unit: Zechstein Gp Reservoir Depth: 2,438 m TVDSS (8,000 ft)
Availability/COP: 2020 Region: SNS

2017.

Commercial Issues

Viking is a depleted gas field operated by ConocoPhillips. Viking A ceased

production in 1993. Other Viking fields are due to cease production in

Client The Energy Technologies Institute Title D06: Prospect Summary Sheets — Site 5 Date of Issue 7th August 2015

Classification Client Confidential Version V0o

Project Title DECC Strategic UK CCS Storage Appraisal Project

Disclaimer:

While the authors consider that the data and opinions contained in this report are sound, all parties must rely upon their own skill and judgement when using it. The authors do not
make any representation or warranty, expressed or implied, as to the accuracy or completeness of the report. There is considerable uncertainty around the development of CO,
stores and the available data are extremely limited. The authors assume no liability for any loss or damage arising from decisions made on the basis of this report. The views and
judgements expressed here are the opinions of the authors and do not reflect those of the ETI or any of the stakeholders consulted during the course of this project.
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