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Executive Summary

In the 2008 Climate Change Act, the United Kingdom government committed to reduce the
country’s Greenhouse Gas (GHG) emissions to 20% of 1990 levels, by 2050. To help meet
this target, the single largest abatement technology identified in the electricity and industrial
sectors is Carbon Capture and Storage (CCS). The requirements are that over the same
timeframe between 2 and 5 billion tonnes, or giga tonnes (Gt), of CO, would have to be safely
and permanently stored, increasing to perhaps 15 Gt by the end of the century. The question
asked is whether or not the UK has sufficient storage capacity to meet this demand, and if
such capacity may be exploited in an economic manner.

Previous estimates of UK storage capacity have produced conflicting results. At the low end
of the range, storage is insufficient to meet UK national requirements; at the other extreme,
there is abundant storage not only for UK emissions but also for those from other parts of
Europe.

The United Kingdom Storage Appraisal Project (UKSAP) was therefore commissioned and
funded by the Energy Technologies Institute to provide the first comprehensive, auditable and
defensible estimate of CO, storage capacity, using a standardised methodology around the
entire UK. To limit conflicts of use with potable and agricultural water sources and centres of
population, only storage in geological formations beneath the offshore UK Continental Shelf
(UKCS) was to be considered. The project was executed by a consortium of ten public and
private sector organisations, took two years to complete and cost £3.9 million.

The study assessed CO, storage potential in the Southern, Central and Northern North Sea,
East Irish Sea Basin and Western English Channel. West of Shetland was not included
because of its remoteness from CO, emissions sources. Publicly available information from
boreholes and seismic surveys and data provided by DECC, PGS and IHS were used. A
bespoke web-enabled data-loading application (“CarbonStore”) was constructed, with
embedded computational algorithms and Geographical Information System (GIS), in order to
provide storage capacity estimates and allow interaction with results.

Close to six hundred potential storage units were identified and characterised during the
course of study. These typically comprise porous layers of sandstone, carbonate or chalk
some 10 — 200m thick. Such porous rocks are today filled with oil or gas (hydrocarbons), or
more commonly, with brine (saline aquifers). To further distinguish between different storage
unit types and accommodate the diversity of sub-surface situations encountered on the
UKCS, a simple 3-fold division was adopted: 1) units forming sealed compartments where
fluid cannot escape (pressure compartments); 2) units overlain by impermeable seals, but
where there is no tangible barrier to prevent lateral migration of aqueous fluids or CO, (open
aquifers); 3) units where aqueous fluid can potentially escape laterally, but where injected
CO, is physically confined within a ‘trap’ by virtue of its relative buoyancy (structural/
stratigraphic traps).

In order to assess the storage capacity of each type, account must be taken of where injected
CO, might move to, or accumulate, in the sub-surface. The pressure response accompanying
storage must also be considered. Since the large number of units meant that these effects
could not be investigated for each unit in turn, a few simplified, representative models were
constructed. Using methods derived from hydrocarbon reservoir engineering, these simplified
models were then used in many flow simulations to investigate the impact of a wide range of
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reservoir and fluid parameters, which either have not, or can not, be measured accurately.
Two detailed reservoir simulation models were also built encompassing geological structure,
and reservoir architecture and quality, as indicated by available 3-D seismic and borehole
data. These detailed models were used to corroborate conclusions drawn from the earlier
simplified models. Understanding of the range and key controls of dynamic performance thus
obtained was then applied back to all storage units identified, in order to derive final storage
capacity estimates.

In parallel with this effort, the security of storage for each unit was also assessed using a
Features, Events and Processes (FEP) approach. Saline aquifer storage units were the main
focus, given the limited information available on them relative to hydrocarbon fields. Sixteen
mechanisms affecting storage containment, and seven affecting operational aspects, were
identified. Definitions were then provided to support consistent assessment of the likelihood of
occurrence and severity of impact of each mechanism. Thus a matrix was developed for each
storage unit, allowing easy identification of the key issues that might impact its suitability for
CO, storage.

The cost of CO, transport and storage was evaluated using a model incorporating (as
applicable) the anticipated capital and operating costs of storage site appraisal, shoreline
compression of CO,, construction of transmission and distribution pipelines, injection facilities
and injection wells. The marginal costs of individual units span two orders of magnitude
implying site selection could play a key role in optimising costs. Average undiscounted costs
for aquifers are in the region of £15/t for storage, and £18/t when offshore transmission is
additionally included. For hydrocarbon fields the average costs are £8/t (storage) and £12/t
(transmission and storage).

A cost sensitivity analysis was carried out. A major component of storage costs for both
aquifers and hydrocarbon fields is associated with the required number of injection wells and
related facilities. Other key factors affecting cost are the level of remediation of old wells to
ensure no leakage, and injection rate and duration. Cost of financing will be particularly
important. For example, a Weighted Average Cost of Capital (discount rate) of 15% results
typically in a threefold increase in costs.

As a result of the study, it is concluded that with 90% confidence on the assessment of overall
accessible pore volume, the UK has at least 70 Gt of CO, storage capacity; 61 Gt exist in
saline aquifer stores and 9 Gt in depleted oil and gas fields. However, based on currently
available information, particular concern exists regarding ability to inject CO, in some units,
because of poor reservoir quality (for example chalk formations) or proximity of reservoir
pressure to fracture pressure. Excluding such units reduces overall Py, storage capacity to
some 60 Gt. In either case though, it would appear with a high degree of confidence that
physically, the UK has sufficient storage capacity to meet its CCS needs of up to 15 Gt over
the next 100 years.

The fact that there is sufficient pore volume at the required depths to store CO, however,
does not mean that the storage resource is understood well enough for storage permits to be
granted. Indeed in terms of the classification system proposed by Gorecki et al (2009), the
overall resource estimate may at best be considered at the lower bounds of “contingent”, in
that consideration has been given to geological heterogeneity, trapping mechanisms and
project economics.
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that consideration has been given to geological heterogeneity, trapping mechanisms and
project economics.

At present, most is known about the hydrocarbon fields, but in their entirety they offer only
12% of the overall storage resource. It is also unlikely that all will be converted to CO,
storage, or be available at the time required. Consequently, in order to unlock the UK’s
storage potential, further appraisal of saline aquifer stores is required. These often extend
over large areas. Key factors governing the secure storage of CO, within them that require
further investigation are: leakage via natural faults, geological variability in seal quality, and
unconstrained migration of CO, in open aquifers.

Ultimately, physical injection of CO, (or perhaps other fluids such as water or nitrogen) is
likely to be one of the requirements to demonstrate storage site viability. Such injection tests
could be prolonged and expensive. Strategic planning is thus needed to ascertain how saline
aquifer appraisal programmes might be funded and conducted.

As additional appraisal information is acquired, it is expected that certain storage units will
ultimately be deemed unsuitable. This is not unlike the experience of the hydrocarbon
industry, where many prospects never make it to development. Equally however, others will
prove to offer greater storage than initially thought, perhaps because of better quality, more
extensive reservoirs or as a result of advances in technology.

In addition to a comprehensive estimate of CO, storage capacity around the UK, this study
has developed a leading database — or atlas — that provides a model for other national CO,
storage assessments. The database, GIS and calculation engine will be maintained beyond
the life of the project, and can be developed further. Increased resolution in areas of sparse
data, or geographical remoteness may be accommodated; or ability to evaluate favoured
target areas for storage in much greater detail, provided. The database also contains much of
the information required to compile assessment reports of selected storage units.

The UKSAP did not consider development engineering techniques that could be used to
substantially increase storage capacity, for example brine extraction as a means of providing
additional pore space for CO, storage; alternating water and CO, injection to influence the
pathway taken by each fluid; chase brine to accelerate near wellbore trapping of injected COy;
use of CO, as a ‘solvent’ to enhance recovery of oil and/ or gas (CO, EOR/ EGR). These are
areas that are recommended for further phases of study.
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1 Introduction

The United Kingdom Storage Appraisal Project (UKSAP) was initiated by the Energy
Technologies Institute (ETI) to provide a comprehensive, auditable and defensible estimate of
UK CO, storage capacity.

The ETI is a limited liability partnership between international energy sector companies and
the UK government. Its mission is to address the challenges of climate change and low
carbon energy by bridging the gulf between Ilaboratory technologies and full-scale
commercially tested systems. When the project commenced in October 2009, the ETI's
members were:

@ Rolls-Royce

h‘-b
i

€DF

ENERGY

e'on ' | ETI

Programme
A § - energy)
CATERPILLAR Jte hnqloglgg

Associates
IﬂSTltU Le

~FTN

ETI Project
Partners

Public Sector

Technology Strategy Board

Representatives from each were invited by the ETI to sit on the Project Advisory Group, and
thus assist with project governance.
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The project was executed by a consortium of academic, public and private sector
organisations, comprising:

The British Geological Survey (BGS)

Durham University

Element Energy Limited

GeoPressure Technology Limited (GPT, an lkon Science company)

Geospatial Research Limited (GRL)

Heriot Watt University

Imperial College London (ICL)

RPS Energy Limited

Senergy Limited

University of Edinburgh (UoE)
Primary suppliers of data to the project were

Department of Energy and Climate Change (DECC)

IHS Energy Limited

Petroleum Geo-Services (PGS)
The project ran for almost two years and cost £3.9million. The result is the UK’s first
comprehensive, auditable and defensible estimate of CO, storage capacity in offshore
geological formations.

This report summarises the background to the project; methodologies applied in order to
estimate storage capacity, security of containment and economics on a single source to
single sink basis; and discusses results in terms of how understanding of the UK’s storage
resource has been advanced, and what is still required in order to move the deployment of
CCS forward.

A glossary of terms is provided at the end of the report. The report is further supported by
detailed technical appendices and the resultant project database and GIS, “CarbonStore”
(www.carbonstore.org.uk).
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2 High-level Philosophy

Under the 1997 Kyoto Protocol to the United Nations Framework Convention on Climate
Change (UNFCCC), the United Kingdom committed to reduce its Greenhouse Gas (GHG)
emissions by 12.5% from 1990 levels in the period 2008 — 2012, implying an 8% reduction in
CO, emissions. Further, in June 2007, the 33™ G8 Summit agreed that G8 nations would aim
to at least halve global CO, emissions by 2050. The UK government has gone significantly
further than this, setting an ambitious long-term target of reducing GHG emissions (including
those from international aviation and shipping) by 80% by 2050 compared to 1990 levels. This
target is enshrined as a formal legal obligation in the 2008 Climate Change Act (Skea, Ekins
& Winskel 2011).

Analysis by the Princeton Environmental Institute (Pacala and Socolow, 2004) proposed
reducing global CO, emissions by 1 billion (109) tonnes per year, using any seven of fifteen
different, existing technologies. Of these, Carbon Capture and Storage (CCS) has been
estimated as having the potential to contribute some 20% of the overall target, larger than any
other single abatement method. For the UK, such contribution would translate to CO, being
stored at rates increasing from ~ 11 Mt/ annum in 2020 to ~ 180 Mt/ annum by 2050, and
around 15 billion tonnes of CO, being stored over the next 100 years.

Methodologies by which regional CO, storage capacity may be estimated have been
proposed by the Carbon Sequestration Leadership Forum (CSLF), US Department of Energy
(US DOE) and others. These generally rely upon a storage coefficient, or efficiency factor (E)
that is applied to the assessed pore volume of the storage site. The storage potential of UK
geological formations had been the focus of various studies (Holloway et al 2006, Bentham
2006, SCCS 2009), based broadly on the CSLF/ US DOE approaches. Nonetheless,
remaining uncertainty was such that at one extreme capacity might be limited such that CCS
presented only a niche opportunity for a few developers; at the other, ample capacity might in
fact offer a strategic UK business to additionally store CO, from elsewhere in Europe.

The Energy Technologies Institute (ETI) therefore commissioned the UK Storage Appraisal
Project to provide the first comprehensive assessment of UK storage capacity, with a
defensible and auditable methodology consistently applied. Following previous
recommendations, onshore storage was deemed impractical because of potential conflict with
aquifers used for potable water extraction. Deep water basins West of Shetland were also
considered too remote from large industrial CO, emitters and likely to be very expensive to
develop. The study was therefore to consider the UK Sectors of the Southern, Central and
Northern North Sea, the Irish Sea/ Bristol Channel and English Channel. The primary goal
was to identify whether or not the UK had sufficient offshore geological storage capacity to
meet its needs, indicate the level of confidence that could be placed in the results and provide
an indication of the economic viability.

2.1 Project Scope

Results of previous studies suggested that the potential storage capacity of offshore UK
saline water bearing formations (“saline aquifers”) was at least an order of magnitude greater
than that in depleted hydrocarbon accumulations. The UK’s oil and gas fields are also
relatively well characterised, with generally an abundance of static data — well logs, core
analyses, seismic surveys etc — as well as dynamic information from production, injection and
pressure monitoring activities. The focus of the project was therefore biased towards
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assessing the storage capacity of saline aquifers. Incremental storage associated with CO,
Enhanced Oil or Gas Recovery (EOR/ EGR) was specifically excluded.

The project was structured to first identify, map and characterise potential storage formations,
and provide an initial overall estimate of capacity after approximately six months; this would
be based merely on the static description of storage units. In parallel, a process for assessing
security of containment and features that might impact storage operations was developed and
applied. A Stage Gate meeting would then be held to decide whether or not preliminary
assessment of overall capacity warranted further work. If so, reservoir simulation studies
would follow to investigate dynamic effects, and thus provide enhanced capacity estimates.
Economic analyses would also indicate the potential commercial viability of each storage unit
identified.

In order to support the requirement for auditable estimates and enable interested parties to
subsequently interrogate and use the results, a web-based database with embedded
calculation routines (including Monte Carlo simulation) and Geographical Information System
(GIS) was to be built as part of the project. It was originally intended that, with appropriate
permissions, users would be able to modify input parameters and recompute results
immediately. This turned out to be impractical however, due to a combination of
computational time restrictions for a web-served rather than desk-top application, and
utilisation of certain proprietary algorithms that were to remain external to the database. The
final product thus provides a ‘snap-shot’ of overall UK storage capacity that may be
periodically updated as new or additional information becomes available.

The extent of information collected and stored in the database allows UK storage resource
estimates to be provided that are directly comparable to those of other nations, such as the
USGS’s technically-accessible storage resource; the German estimate of CO, storage
capacity in closed structures; and the Netherlands pressure limited resource estimate. It
represents a significant advance in industry understanding of the UK’s CO, storage potential.

2.2 Outline Methodology
A simplified schematic of the workflow is shown below.

Each identified storage unit was categorised in terms of the nature of its boundaries (‘closed’
pressure cells, or ‘open’), and the fluids it contained (saline water or hydrocarbons). Factors
likely to control the amount of CO, that could be stored in each — pressure increase, structural
confinement, CO, migration — were identified, in order that the most appropriate estimate of
capacity be applied.

An assessment of well injectivity was made, allowing estimation of the number of wells
required to satisfy various injection scenarios.

Security of containment was also assessed using a Features, Events and Processes
approach, to understand mechanisms that might adversely impact CO, storage.

Finally, an infrastructure design and economics model was used to evaluate the costs of
offshore CO, transport and storage, and investigate economic viability of the capacity

identified.

The detail of the individual elements of this workflow is described in subsequent chapters.
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Figure 2.1: UKSAP Simplified Workflow

2.3 Project Structure

To assist project management and governance a Work Package (WP) based structure was
adopted, with a project Steering Group formed from the work package leaders and additional
advisors. This then provided the interface between project consortium, the ETI and its Project
Advisory Group. The individual work packages and primary participants were as follows:
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WP Title Purpose Primary Participants
1 Geosciences Storage unit characterisation BGS, GPT, UoE
2 Security of Storage Storage unit risk assessment Durham, GRL, Senergy
3 Economics Economic modelling Element Energy
4 Dynamic Modelling Reservoir simulation ICL, Heriot-Watt, RPS
5 Database/ GIS Software development Senergy
6 Final Capacity Estimates  Integration of all WP results All
7 Project Management Project Management Senergy

The project structure is depicted below:

Project Advisory

Group

Steering Group &
WP 7
(Project Management)
WP 1 WP 2 WP 3 WP 4
(Geosciences) (Security of hilg g (Economics) (Dynamic
l«»| Storage) le«»| Modelling)
T T T e o < (Wi Y)VP ?ol d
Final C ity Estimat - ebzenabie
Data Providers (Final Capacity Estimates) Database and GIS)
DECC, IHS, PGS \ 4

Project Deliverables

Figure 2.2: UKSAP Structure
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3 Storage Unit Mapping
3.1 Background

The goal of the UK Storage Appraisal Project is to provide a fully defensible, auditable
assessment of overall UK CO, storage capacity in offshore geological formations.

In order for CO, to be injected into and retained in a geological formation, the formation must
have reservoir properties, i.e. it must be both porous (having space within its solid matrix that
can be filled with fluids) and permeable (being able to transmit fluids through a connected
network of pore spaces and/ or fractures within its solid matrix). CO, can be retained in a
formation through a variety of trapping mechanisms (Section 3.6.2). Porous and permeable
rocks are commonly sedimentary in origin and are generally described as reservoir rocks.
Geological formations that are potentially of significance for CO, storage are generally large
mappable bodies of reservoir rock, described here as reservoir formations.

3.2 Defining and Mapping Reservoir Formations

The reservoir formations of the UK Continental Shelf (UKCS) were identified from the UKOOA
lithostratigraphic nomenclature volumes (Knox & Cordey 1992 - 1994). All formations
consisting dominantly of sandstone or porous and permeable carbonates were considered to
be potential reservoir formations. Other formations were included or excluded according to
professional judgement of the assessors. The great majority of excluded formations consist
overwhelmingly of shales, mudstones and other fine-grained rocks, or carbonate or evaporite
formations with little permeability.

Limit polygons, provided by BGS, showing the distribution of each reservoir formation were
made available to the project in ArcGIS format. Parts of reservoir formations outside the UK
Exclusive Economic Zone (EEZ) were excluded from the analysis, i.e. limit polygons were
trimmed to the UK median lines.

A database of geological formation tops (IHS’s EDIN GIS database) was used to determine
the depth, thickness and strata overlying each reservoir formation. This database was also
used to check and edit the limit polygons that define the distribution of each reservoir
formation.

Detailed top surfaces of various formations interpreted from the PGS 3D seismic megamerge
were also available to assist with mapping of reservoir formations.

3.3 Subdividing the Reservoir Formations into Storage Units

In many cases the location, structure and reservoir properties of individual reservoir
formations indicated a need to subdivide them into volumes with common characteristics that
could be treated as a single unit of assessment known as a storage unit. Storage units form
the basis of the resource and capacity assessment within UKSAP. A storage unit is a
mappable subsurface body of reservoir rock that is at depths greater than 800 m below sea
level, has similar geological characteristics and which has the potential to retain CO,. The
basis for the subdivision of reservoir formations into storage units is described below:
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The conditions of temperature and pressure that pertain in the UKCS subsurface mean
that CO, stored at depths shallower than about 800 m below sea level is likely to be in the
gaseous, rather than dense, phase. Thus CO, would occupy far greater volumes per unit
of mass, storage would be significantly less efficient and the unit would not contribute
significantly to the total storage capacity. Furthermore, as a result of the much lower
density (and lower viscosity) of the gaseous phase, there is also considerably greater risk
that CO, stored at less than 800 m below sea level could exploit a potential leakage
pathway. Consequently, those parts of reservoir formations which are consistently at
depths shallower than 800 m were excluded from the analysis (Figure 3.1). This involved
a degree of judgement by the assessor, since certain storage units that are dominantly at
depths greater than 800 m contain small areas that are above this depth, e.g. above salt
domes in underlying strata. These storage units were included in the analysis.

—aoo — contours (m b.s.l)

limit of UK Exclusive Economic Zone (UK EEZ) —_

-

0 m below sea level (msl)

= part of reservoir \
formation considered —— \

too shallow for CO, storage N\\

¥~ Sea bed

200
400
600

& ‘ZZZ?"'

vin

1400

800
1000

1200 part of reservoir formation
— outside UK EEZ

Figure 3.1: top surface and cross section of a simple reservoir formation on the UK
Continental Shelf (UKCS) showing the part that comprises a ‘storage unit’

(Boundaries of the reservoir formation are surrounding strata without reservoir
properties on its north, south and east sides, and the seabed on its west side.
Boundaries of the ‘storage unit’ are the same, except that its western side is limited by
the 800 m below sea level depth contour and its eastern side by the limit of the UK

EEZ)

2. All onshore parts of reservoir formations were excluded from analysis irrespective of

depth. The project was limited geographically to offshore geological formations because
of: (a) potential conflicts of use of the subsurface, e.g. with potable groundwater supply,
natural gas storage and (b) the firm focus on offshore storage in the UK, (e.g.
http://www.decc.gov.uk/assets/decc/What%20we%20do/UK%20energy%20supply/Energ
y%20mix/Carbon%20capture%20and%20storage/1075-uk-ccs-commercialscale-
demonstration-programme-fu.pdf).

Parts of reservoir formations may be:
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a  Sealed by an immediately overlying caprock

b  Overlain by another reservoir formation or formations that are sealed by an overlying
caprock

c Not sealed

4. Those parts of reservoir formations that are not sealed by an immediately overlying
caprock or not overlain by other sealed reservoir formations were excluded from the
analysis.

5. Many reservoir formations contain internal permeability barriers that may prevent or
severely limit fluid flow and divide them into compartments. In some cases, predominantly
in the deeper, overpressured parts of the Northern and Central North Sea Basin, such
compartments can be recognised because they are overpressured to a greater or lesser
degree than surrounding parts of the reservoir formation (Figure 3.2). Reservoir pore fluid
pressure data were provided and used by GeoPressure Technology to define pressure
compartments within these reservoir formations.

Figure 3.2: a reservoir formation that is divided into three storage units considered to
be pressure cells on the basis that at a given depth their pore fluid pressures would
vary. In this example, the pressure cells are assumed to be bounded by faults

Certain other reservoir formations (e.g. the Leman Sandstone Formation in the Southern
North Sea) are compartmentalised, but compartmentalisation only becomes apparent
when hydrocarbon fields that occur within the reservoir formation are produced. In these
cases an assumption was made that the entire formation is likely to be divided into
compartments of a range of sizes comparable to that of the compartments that can be
identified within the producing hydrocarbon fields themselves. Where these
compartments have a capacity of less than 50Mt CO,, they were excluded from the
analysis.
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