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Abstract:

The objective of the project is to provide insights into four specific areas highlighted as having potential to reduce
costs and or risk for CCS. This report and associated appendices summarises the results of that work and
provides some additional options for future developers of CO2 storage sites to consider.

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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1.0 Executive Summary

Four pieces of work have been completed which
address key issues identified during the SSAP work.

Options to develop depleted gas fields without
heating are identified and assessed.

SSAP costing methodology is validated with the
CCS Commercialisation Programme outputs.

Minimum Viable Development options have been
identified for each site.

Motivations for storage clusters are defined and
used to outline potential cluster developments in UK
waters.

This Energy Technologies Institute (ETI) project has been commissioned as an
adjunct to the Strategic UK CCS Storage Appraisal Project (SSAP) that was
completed in May 2016.

The objective of the current project is to provide additional insight into four
specific areas highlighted in the original project as having potential to reduce
costs and or risk. This report and associated appendices summarises the results
of that work and provides some additional options for future developers of CO:2
storage sites to consider.

Typically, the operating philosophy for CO: injection into depleted gas fields
requires the CO2 to be transported offshore in liquid phase and then heated so
that it can be injected in gas phase until the reservoir pressure has increased
sufficiently that CO2 can be injected in liquid phase. This philosophy is to
manage the low temperature risks and ensure single phase conditions in the
wells. For the Hamilton field, 10MW of heating were estimated to be required to
inject 5SMT/y of CO2 during the initial 7-year operating phase, adding £128m
(15%) to the life-cycle cost.

This current project identified five options to develop the Hamilton depleted gas-
field without heating. The most promising was to restrict the development to gas
phase operations which in turn limits the amount of CO2 that can be injected to
approximately 14 MT (11% of previous 125MT inventory). This approach is
unlikely to be economically attractive but might prove an initial stage to a phased
development of the site by deferring expenditure on heating until a later date.

The final report of SSAP was prepared in April 2016 and included an
assessment of the development costs for CO2 storage at the Goldeneye and
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Endurance sites. Shortly after this time DECC published high level cost
estimates for these two sites as part of the Key Knowledge Deliverables (KKD)
from the CCS Commercialisation Programme.

This current project completed a like-for-like comparison of development costs
for each of the sites and concluded that although differences exist, overall the
estimates were in agreement and the absence of detail in the KKD means that
it is not possible to fully understand the reasons for similarities or difference
between the estimates.

A major part of the SSAP work was to design and prepare detailed CO2 Storage
Development Plans for five sites to accommodate a defined CO2 supply profile.
Storage capacity is highly dependent on the way in which a particular store is
developed and the SSAP plans were optimised to exploit the available
subsurface space as efficiently as possible.

The current work sought to identify and describe a minimum viable development
(MVD) scenario for each of these five sites, together with the three sites
evaluated under various DECC programmes, collectively the anchor sites.
These MVDs essentially provide alternatives to phase developments such that
the initial phase is less costly, whilst retaining the optionality for a fuller
development at a later stage.

The SSAP work included various scenarios describing how CO2 storage might
be rolled out across the UK and territorial waters. However, it did not specifically
investigate options for cluster developments of CO: storage sites.

This current project has identified and assessed the cluster options and potential
motivations around each of the eight anchor sites studied in SSAP (the 5 studied
and the 3 sites evaluated through the CCS Demonstration programme) to outline

a cluster development scenario for each anchor site. The most likely driver for
clustering is risk mitigation. Three aspects are identified.

« Low capacity or storage efficiency. The anchor site is too small or its
storage efficiency is very low such that large step outs are required
such as outlined with the Forties 5 Site 1 development.

« Site underperformance. The anchor site underperforms and cluster
sites are developed to manage or mitigate risk.

« EOR ready. The cluster is specifically designed such that injection
into a storage site can be halted when CO: is required by an adjacent
oilfield for enhanced oil recovery.

Several suggestions for further work are identified. These primarily relate to
developing depleted gas fields or clustering. In particular;

Few, if any, tools exist to confidently model the behaviour of two phase CO2 flow
and development of such tools could be an important step in being able to
develop depleted gas fields economically.

Investigation into the consequences of two phase COz2 flow in wellbores and an
objective risk analysis of the potential impacts.

Storage clusters will be required in sites where storage efficiencies are low such
as in open saline aquifers. Here more work is required around optimising
storage efficiency through reservoir development as this will control the timing
and requirement of cluster developments from these sites.

With so much discussion in CCS centred around the benefits of clustering, some
outreach work is required to clarify the role and challenges of clusters for
offshore storage.
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2.0 T1 - Storage Without Heating

2.1 Background

The Strategic UK Storage Appraisal Project (SSAP) appraised the Hamilton site
as a possible store for Carbon Dioxide (CO;). The depleted gas reservoir in the
East Irish Sea was identified as a strategic development in terms of its locality,
injectivity, storage capacity, and its reservoir characteristics. However, due to its
low initial pressure conditions in the depleted gas reservoir, a solution which
required offshore heating was proposed. This enabled the site to achieve the 5
Mtpa CO, supply requirement and maximise the storage capacity, but there was
a CAPEX and OPEX impact associated with the provision of the heating.

The operating philosophy for the CO: injection changes as the reservoir
pressure increases is as follows:

1. Gas Phase

At the initial reservoir pressure CO2 can be injected in gas phase both in the
pipeline and the wellbore. Under these conditions heating is not required as no
CO2 phase change occurs within the pipeline or wellbore systems with the
resulting low temperatures this phase change causes. The CO2 can operate in
the pipeline in gas phase at up to 40 barg at ambient seabed conditions.

2. Transition Phase

As reservoir pressure increases the pressure required to inject the COz2 into the
reservoir increases such that the pressure required in the pipeline exceeds 40
barg. At this stage the pipeline must switch to liquid phase operation. Typically,
the CO:2 will be cooled prior to entering the pipeline to around 25°C and at this
temperature the CO2 pressure must be kept above 62 barg to ensure the CO:2

remains in liquid phase. As the wellhead injection pressure is still well below 62
barg, heating is required to prevent low temperatures and two phase CO:2 flow
profile in the wellbore. Assuming the CO2 has cooled to seabed ambient
conditions of 6°C at the wellhead choke the CO2 must be heated to above the
critical temperature of 31°C prior to injection into the wellbore to ensure single
phase CO; in the injector wellbore. The transition period of injection requires the
highest heating duty typically 10MW for 5Mtpa of COz2. The heating duty would
decline gradually as the reservoir pressure rises, and pressure drop across the
choke declines.

3. Dense Phase

As the reservoir pressure increases further, the wellhead injection pressure will
exceed the critical pressure of CO2 at 72 barg. At this point both the wellbore
and pipeline would operate in dense phase. Heating is now only required during
restarts when the wellhead pressure would fall below the critical pressure due
to the hydrostatic head of COz2 (typically around 40 barg). The heating duty
during restarts would only be around 10% of peak heating demand at around 1
MW, and for a short duration until the wellhead injection pressure increases
above the critical pressure of 72 barg.

2.2 Potential Non- Heating CO: Injection Options

The following development options have been considered which potentially
could inject the CO2 without heating:

» Gaseous CO2 phase only
« Onshore heating with insulated offshore pipeline

Pale Blue Dot Energy | Axis Well Technology

Page 11 of 72



D17: WP8 - Strategic UK CO2 Storage Appraisal Project - Addendum

T1 - Storage Without Heating

«  Offshore warming spool

« Modification of phase envelope using Natural Gas (Methane) or
Nitrogen

«  Two-phase CO: operation of pipeline and wells

Each of these methods have been considered to determine feasibility, and any
injection constraints. The detailed technical report completed by Costain is
attached in Appendix 1.

2.2.1 Gaseous Phase Transport and Injection

CO:z2 can be injected in gas phase conditions only until the volume injected into
the reservoir results in phase change occurring in the pipeline and well tubing.
Figure 2-1 shows how the reservoir bottom hole pressure (BHP) changes with
the CO2 volume injected. The injection rate assumes two wells each injecting
2.5 Mtpa. The dashed green horizontal lines in the above chart represent the
vapour-liquid equilibrium (VLE) pressure at the minimum ambient sea-bed
temperature, 6 °C (light green) and at the critical temperature of CO,, ~31 °C

(dark green), above which the CO, will only operate in single (dense) phase.

At seabed temperature, the bottom hole pressure exceeds the saturation
pressure at 6°C at approximately 6 — 7 million tonnes of CO, per well, or circa
12 — 14 million tonnes of total CO, injected. This compares to the capacity of
Hamilton using heating of 125 million tonnes.

Figure 2-1 Hamilton Reservoir Pressure with Cumulative CO2 Injection

Modelling has been completed to determine the CO: injection flow rate in
gaseous phase only through:

e The existing 43.7km 20” pipeline
* Anew direct 26km 16” pipeline to Hamilton

The existing pipeline route from Hamilton to the terminal at Point of Ayr is via the
Douglas platform to the Southwest of Hamilton. The proposed new pipeline
route is a more direct route between Point of Ayr and Hamilton.

The limiting factor in these cases is avoidance of a phase change / two-phase
flow in the subsea pipeline. To achieve this, the maximum pressure for the
subsea flowline is limited to 40 barg. The results of the modelling are shown in
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Figure 2-2. The basis for the pressure drop constraint was the minimum
injection wellhead pressure of 35 barg calculated during the SSAP study for a
flowrate per injection well of 2.5 Mtpa, assuming a 9 5/8” tubing during gas phase
injection. The 3.5 bar pressure drop limit for the pipeline allows around a 1.5 bar
margin over the 6 bar allowable pressure drop to keep below the CO2 dew point
limit of 40 barg at the Point of Ayr pipeline inlet.

Figure 2-2 Gaseous CO: Capacity and New Pipelines

With an initial bottom hole reservoir pressure of 10 barg and a limit of 40 barg
as shown in Figure 2-1 the equivalent wellhead pressure has been calculated at
flowrates varying from zero to 2.5 Mtpa. The results are shown in Table 2-1. At
zero flowrate the wellhead pressure is below the bottom hole pressure due to
the hydrostatic head of the CO2 column. As the reservoir pressure increases

the hydrostatic head also increases with density, so at 40 barg reservoir
pressure the wellhead pressure would be only 33.7 barg.

The results show that the wellhead pressure remains below the 35 barg
wellhead limit (to prevent pipeline two phase flow) at flowrates of up to 0.5 Mtpa
per well or a total of 1 Mtpa. At initial bottom hole pressures the wells could
each handle up to 2.5 Mtpa without exceeding the 35 barg wellhead limit. This
would decline gradually as the reservoir pressure increases.

Injection Well Flowrate | Bottom Hole Pressure | Wellhead Pressure
Mtpa bara bara

0 10 8.42
0.5 10 15.4
1 10 20.5
2.5 10 32.1
0 40 33.7
0.5 40 35.8
1 40 37.9
2.5 40 43.7

Table 2-1 Predicted Wellhead Pressure versus Bottom Hole Pressure and Flowrate

Figure 2-2 shows the capacity of the existing 43km 20” pipeline would be around
1.5 Mtpa and a new direct 26km 16” pipeline 1.0 Mtpa. With a reservoir capacity
of 12 to 14 million tonnes before switch to dense phase in the reservoir this
would provide around 10 to 15 years of COz injection at these reduced rates.

Flow modelling was also completed to determine the pipeline size required to
meet the SSAP CO: injection requirement of 5 Mtpa. Figure 2-3 shows a new
direct 26km 28” pipeline is required to flow 5Mtpa within the pressure drop
constraints of the system. This compares to only 1.5 Mtpa for the existing 20”
pipeline. It is important to note that less than 2 years of injection would be
possible at 5Mtpa before the wellhead pressure constraint of 35 barg was
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reached for gaseous only flow. The existing 20” pipeline could be used in
parallel with a new pipeline. This would marginally reduce the size required for
the new pipeline to a 24” pipeline (by interpolation from the existing 20” capacity
of 1.5 Mtpa and 22" new direct pipeline capacity of 2.5 Mtpa — see Figure 2-3).

Figure 2-3 New Pipeline Size Required to Inject 5Mtpa in Gaseous Phase
2.2.2 Pipe in pipe Insulated pipeline

An alternative to providing offshore heating, and the associated costs of
providing a heat source offshore, is to heat the CO2 onshore, or use the free
heat of compression of the CO:2 at source. The pipeline would be thermally
insulating to keep the CO2 warm. A common technique is to use a pipe-in-pipe
(P-i-P) solution, which consists of an inner pipe, or “flowline”, through which the
fluid flows, and an outer pipe, or “carrier”, which provides mechanical protection

from the subsea environment. Encased between the flowline and the carrier is
the thermal insulation of very low thermal conductivity, such as an Aerogel. This
enables very low overall heat transfer coefficients (U values) to be achieved.

Modelling was completed to determine the inlet conditions required to achieve
an arrival temperature of 30 °C and pressure of 35 barg. A new 26 km, 16 inch
NB, pipe-in-pipe flowline, with an overall heat transfer coefficient (U value) of 1
W/m2K was assumed. These arrival conditions would prevent two-phase flow
as the COz: is above the critical temperature. If the temperature of the COz2 is
kept above the critical temperature no phase change will occur both in pipeline
or wellbore regardless of operating pressure. Modelling results showed the
following inlet conditions would be required:

Pressure = 93.7 barg
Temperature = 87.2 °C

The system is shown in Figure 2-4.
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Figure 2-4 New Insulated Pipeline Operatinf Conditions to Avoid Offshore Heating

The heat capacity of gas is relatively low and therefore, even with highly efficient
insulation, the inlet temperature at the onshore terminal (Point of Ayr) is high
resulting in pipeline mechanical design issues. Typically, most long distance
pipelines do not exceed 30°C inlet design temperature.

During shutdowns however, the CO, temperature would cool to ambient
conditions, making restarts problematic unless heating was available offshore.
It may be possible to operate the wells in two-phase flow for a short duration,

until the pipeline warms, but this would require thorough analysis and testing.
The alternative would be to vent the CO: offshore until the warm CO:z reaches
the platform and injection can then commence. The internal volume of the
pipeline is around 600 tonnes of CO2 which would need to be vented each time
the injection pipeline shutdown for significant duration. The option is therefore
feasible but substantial operational and design issues exist.

An alternative option is to install dual pipe in pipe insulated pipelines which
facilitate circulation of the COz2 to keep it warm during shutdowns. Heating would
be required onshore during shutdowns, either from re-compression, or electric
heaters. This would substantially increase the project CAPEX but could
potentially reduce offshore OPEX. The existing Hamilton 20” pipeline could not
be used for recirculation as the design pressure is too low and it is uninsulated.

2.2.3 Offshore Warming Spool

An offshore warming spool uses ambient sea temperature to warm the CO: to
minimise low temperatures downstream of the choke. The CO:2 would pass
through a choke remote from the wellhead and then flow through a finned tube
pipe or coil which would allow the sea to warm the CO: prior to injection. The
scheme works on the same principal as a water source heat pump.

The system has the advantage of allowing the pipeline to operate in liquid phase
thereby avoiding two-phase pipeline operation and increasing pipeline capacity
during the gas phase injection period. A warming spool will not remove the
requirement for heating during the transition injection phase when the wellhead
pressure has increased to above 35 barg unless two phase CO: flow in the well
tubing is demonstrated to be acceptable. Present modelling tools cannot
accurately determine if well instability will occur with two -phase COz: injection.
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A warming spool can only heat the CO:2 to around seabed temperature of 6°C
and therefore two phase CO2 would still occur in the well tubing.

A model was developed to determine the length of warming spool required to
heat the CO:2 to 6 °C following a flash of liquid CO, from 70 barg to 35 barg
which cools the CO2 to 1.6°C. A schematic of the conditions is shown in Figure
2-5.

Figure 2-5 Warming Spool Schematic with Pipeline Operating Conditions

At the operating conditions of the pipeline minimal temperature drop occurs
across the choke. This can be seen from the phase envelope shown in Figure
2-6. With the pipeline operating in liquid phase the temperature contours on the
phase envelope are almost vertical resulting in only a 4°C temperature drop
occurring during the isenthalpic flash from 70 to 35 barg across the choke. At 35
barg the CO2 only just enters the two-phase region with 97% of the CO:2
remaining in the liquid phase at 1.6°C. With so little vaporisation occurring
through pressure drop, the warming spool heat input must overcome the latent
heat of vaporisation of almost all the CO2. The latent heat required to change

CO:2 phase to vapour is 76 times greater than the specific heat to change the
temperature of the same mass of liquid CO2 by 1°C. Figure 2-6 shows the large
change in enthalpy (energy) required to change all the COz to vapour. Given
the temperature difference between CO2 and sea is only 4°C the heat input is
very small compared to the energy required. The warming spool would need to
be greater than 50km in length to provide the necessary heat transfer. A
warming spool is therefore not thermodynamically feasible at the CO: pipeline
operating conditions.

Figure 2-6 Phase Envelope Schematic of Warming Spool Operation
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2.2.4 Modification of the Phase Envelope

The phase envelope of the CO2 can be modified by blending the CO2 with a
lighter gas. This has the effect of keeping the CO2 mixture in gas phase at higher
pressure, compared to pure CO2, and therefore avoiding the issue with liquid
dropout in the pipeline and wells.

Two cases were considered, using either nitrogen or methane, to investigate the
effect of varying concentrations of nitrogen and methane on the phase envelope.
It is assumed that the N, or methane would be injected onshore, at the terminal
or at the capture plant.

The effect of nitrogen and methane on the CO2 phase envelope are broadly
similar. The methane phase envelope is shown in Figure 2-7. 25 mol% methane
will keep the pipeline in gas phase at up to 70 barg and 6°C. This allows CO:2
injection to continue in gas phase for much longer than pure COs-.

The concentration of methane (or nitrogen added) would be gradually increased
with time to match the required inlet pressure to the pipeline onshore to keep
the CO:2 blend in gas phase. Figure 2-8 shows gas phase operation can be
sustained for approximately 2 %z years without any CH, blending (i.e. injecting
pure CO,). Over the following 2 % years, the CH, injection rate is stepped up in
increments of circa 13 MMscfd, approximately every 6 months, until a total CH,
injection rate of circa 65 MMscfd is reached (representing 25 mol% of the total
injected gas). The source of this gas is assumed to be from the existing Hamilton
gas wells, which would re-commence hydrocarbon gas production facilitated by
the increasing reservoir pressure from COz2 injection.

Figure 2-7 Effect of Blended Methane on CO2 Phase Envelope

This hydrocarbon gas rate required exceeds the present production from the
entire Liverpool bay fields, so it is highly unlikely the Hamilton wells would
produce at such rates at the end of their design life. A more likely operating
philosophy would be to limit CO, injection in proportion to the available rate of
natural gas for blending. This would extend the length of time that gas phase
operations could continue, but would not increase the total capacity of the store.

Figure 2-9 presents the injection rate of pure CO,, blended with CH,, to adjust
the phase envelope to allow operation at higher injection pressures whilst still in
the gaseous phase (without heating). These assume sufficient supply of CH,

and don’t account for utilization of CH, for power and compression purposes.
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Figure 2-8 Required Methane Rates Blended with CO2 to Maintain Gas Phase
Injection

The total capacity of the store reduces by approximately 3.5 million tonnes due
to hydrocarbon gas injection, although production of the hydrocarbon gas would
offset some of this loss. Reservoir modelling is required to confirm the balance.
At 5 Mtpa, gas phase operation without heating could not be sustained for a long
period (circa 2 — 3 years if injecting pure CO,). This period can be extended to
circa 6 years by blending with CH,. However, the switchover to liquid phase
injection will still be required much sooner than in the heated case (circa 13.5
years).

The complexity and cost of blending methane or nitrogen is considerable.

Figure 2-9 Impact of Methane Blending on CO: Injection Rates

Methane operation would require the production from gas wells to be
compressed, dehydrated and routed back to shore through the existing
pipelines. A new pipeline would be required for the CO2 / methane injection
blend.

Nitrogen generation is highly energy intensive using liquefaction and at present
a storage of nitrogen in reservoirs would require a change in regulations. One
possible option would be to capture the CO2 from flue gas using a less selective
method than amine, which removed only oxygen, and some of the nitrogen.
Membrane technology could potentially be considered although it is largely
untested for carbon capture at large scale.
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2.2.5 Two-Phase Operation

Operation of the wells and pipeline in two phase would present by far the
simplest operational solution to COz: injection. Effectively the system would
operate under a single pressure system from reservoir back to the onshore
compression. This minimises compression energy requirements and low
temperature issues. As reservoir pressure increases the phases in well and
pipeline would transition from gas phase to two phase and finally to dense/liquid
phase.

The main issue is uncertainty in how the system will operate during the two-
phase operating period. Existing modelling tools cannot model two-phase
systems particularly downward vertical CO: flow in the wellbore accurately. The
effect of impurities in the CO2 are also difficult to model. There are concerns a
single component system changing phase rapidly will cause severe operational
difficulties such as liquid holdup and slugging. There are also potential pipeline
and well mechanical risks associated with pressure surges, hammer, vibration
and dynamic loading in pipeline and wellbore.

2.2.6 Conclusions

Table 2-2 shows the conclusions of the designs considered to inject COz into
Hamilton without heating:

Non- Heating
Operational

Conclusion
Method

Feasible but reservoir capacity limited to 12 — 14 Mt in
gas phase and flow rate limited to 1 Mtpa without

Gas Phase
Operation

investment in an over-sized pipeline

Insulated pipeline  Feasible but high pipeline cost and potential high
temperature mechanical. Also, operational issues on
start-up would require venting or circulation through a
second insulated pipeline

Warm up spool Not feasible

Phase envelope Feasible but high cost and complex operations, issues

modification with methane and nitrogen supply. Membrane
technology for CO2 capture could provide a CO2/ N2
supply

2-phase flow Unknown feasibility due to modelling uncertainty

Table 2-2 Key Conclusions of Hamilton CO: Injection Without Heating
Future work to develop the above operations could include:

« Experimental work and modelling to better understand two phase
CO2 behaviour could unlock lower cost offshore storage solution
which are less complex designs and without heating.

« Feasibility study design and cost estimate of gaseous phase
injection insulated pipeline development options.

« Investigation of membrane technology capture techniques to allow a
blend of CO2 and nitrogen to be injected.
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3.0 T2 — Benchmark of SSAP and Commercialisation Programme Cost
Estimates

3.1 Introduction

This section compares the cost estimates prepared as part of the UK CCS
Commercialisation Programme (UCCP) for the development of CO: stores at
Endurance and Goldeneye with those generated through the Strategic UK CO:
Storage Appraisal Project (SSAP).

The Association for the Advancement of Cost Estimators provides industry
guidelines for the various classes of cost estimate as summarised in Table 3-1.
The bases of the estimates from the two studies are fundamentally different,

reflecting the differing levels of project definition — UCCP estimates are Class
1/2 (FEED-grade) whereas the SSAP estimates are Class 3/4 (Feasibility-
grade). Each class has a different uncertainty range as shown in Figure 3-1.

Project
Class Deflnltlon Purpose

Concent Capacity factored,
- s P Judgement, parametric
creening models
4 1-15  Feasbiity 0Pl s oo
3 10 — 40 Budget Semi-detailed unit costs

Major equipment list

2 30-75 Control Detailed unit cost and Figure 3-1 Uncertainty in Cost Estimate Classes (after AACE 18R-97)
material take-off

Detailed unit cost and

material take-off

Table 3-1 Cost Estimate Class Definitions (AACE 18R-97)

1 65 -100 Check
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3.2 Endurance / White Rose

During the SSAP a development plan and cost estimate was prepared for the
full development of the Endurance CO: storage site. Subsequently, as part of
the current work, a development plan and cost estimate was created that reflects
the plan outlined in the Key Knowledge from the UCCP. A summary of each of
these three development scenarios is provided in Table 3-2 to demonstrate the
similarity between the UCCP scenario and the SSAP scenario amended for this
project and provide confidence in the comparison of the cost estimates. Cost
estimates are provided on a 1/1/16 basis unless specified otherwise.

tem ______[SSAP ] UCCP EE

CO; Stored 520MT 54MT+ 280MT
Appraisal Seismic Seismic
Pipeline 90km 24" 90km 24" 90km 24~
21.4mm wall 25.4mm wall 25.4mm wall
Landfall Yes Yes Yes
Infield Pipelines  20Km  406mm 0
(16")
2* 4-slot, 4-leg 1* 6-slotd-leg 1* 4-slot, 4-leg
Platform jackets jacket jackets
3300Te 3000 3300Te
8 wells for each
Wells g:_illlled in 2 3 wells 3 wells
phases

Decommissioning 10 wells, 2 NUIs 3 wells, 1 NUI 3 wells, 1 NUI

Table 3-2 Comaprison of Development Plans for Endurance

3.2.1 Endurance UCCP Capital Cost Estimate

The Key Knowledge White Rose deliverables for the commercialisation
programme provides a limited breakdown of the project costs as illustrated in
Table 3-3 (DECC, 2016).

Cost Element S0 Value

(£m|II|on)
External Utilities -3% +3%
Oxyfuel boiler, air separation unit & gas

. . 455 -2% +3%
processing unit
Power generation plant & balance of plant 471 -3% +4%
Ons.hore CO; pipeline & associated 358 6% +6%
equipment

Offshore CO; Pipeline & associated
equipment (includes pipeline, landfall
metering and monitoring and, NGC business
costs)

Storage facilities (includes the platform, the
wells and any monitoring/ metering and NGC 344 17%  +21%
business costs)

225 1% +11%

Total 1,902 -6% +7%
Table 3-3 White Rose CCS Project Captial Cost (Real 30/11/15 Basis)

3.2.2 Endurance SSAP* Capital Cost Estimate

The changes to the SSAP development plan to create a scenario very like the
one documented in the UCCP are outlined in Table 3-2. The cost impacts of
these changes are summarised in Table 3-4 and Table 3-5.
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Adjustment Factor Cos_t _Impact Comment
(Emillion)

SSAP Transportation 177
SSAP included an infield pipeline
loop and associated umbilicals.
-11 White Rose FEED included only
platform wells  for initial
development
SSAP pipeline design pressure
based on 170 barg. White Rose

Removal of infield
pipeline cost

Pipeline wall thickness +20 FEED used 235 barg to allow for
future transportation of CO: to
other aquifers.

SSAP* Transportation 186

Table 3-4 SSAP* Transportation Cost Adjustments

Cost Impact
Adjustment Factor £million Comment

SSAPSSAP  Storage

(Facilities plus

Transportation & EE S

Licenses)
SSAP included 2 platforms for a

) phased development of the store,

Removal 1 Platform 45 WR FEED assumed only 1
platform in total
SSAP included 16 wells over the
life of the store, 8 at each

el al ik el i platform. WR FEED assumed
only 3 wells in total

SSAP* Storage 273

Table 3-5 SSAP* Storage Cost Adjustments

3.2.3 Comparison of Endurance Capital Cost Estimates

The costs relating to offshore activity on the Endurance store from the UCCP
and SSAP amended are shown in Table 3-6. The original SSAP cost estimate
for is provided for reference.

SSAP UCCP SSAP*
£million £million £million
0 0 0

Pre-FID 3

Transportation 177 225 186
Facilities 134 89
Wells 464 SH5 184
Other (licences) 2 0 0
Total 807 569 459

Table 3-6 Comparison of Endurance Capital Cost Estimates

ucceP SSAP* Delta
Cost Element | (gmillion) | (Emillion £million

Transportation 225 186 (39)
Storage 344 273 (71)
Total 569 459 (110)

Table 3-7 Transportation and Storage Cost Differences

The summary level of detail available for the UCCP cost estimate means that is
only possible to speculate on the reasons for differences between the cost
estimates.

The £39 million lower cost estimate for Transportation in the SSAP* case
compared to the UCCP case could be due to a combination of the following
factors.

« Nature. The UCCP estimate is for the price that the White Rose
consortium would charge to execute the work. By contrast, the
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SSAP* estimate is for the cost that the storage developer would incur
to build and install the assets.

« Estimating Basis. The UCCP estimate is based on market enquiry
for over 90% of the project costs which necessarily means that the
size, duty and specification for major pieces of equipment and
ancillaries had been defined and that the amount of piping, wiring,
bulks etc. had also been estimated. The SSAP* estimate is based
on the industry standard Que$tor (IHS Markit, 2015) cost estimating
software suite. The SSAP* estimate is based on estimates for the
identified major equipment items and factors (estimating norms) to
calculate the cost for other items.

- Steel price. The steel index dropped by almost 70% in the period
2014/2015 so the different timing of the two estimates could account
for a significant part of the difference, depending on the assumptions
in use by the supply chain for UCCP and the Que$tor for SSAP*

« Installation vessels price. The slow-down in the oil and gas sector
has led to a reduction in the rates vessel owners can charge for
offshore operations.

« NGC Business costs. An allowance was made of Owners costs and
on average this amounts to 0.5% of CAPEX. NGC business costs
are unknown.

The £71 million lower cost estimate for Storage in the SSAP* case compared to
the UCCP case could be due to a combination of the following factors mentioned
above as well as the following items.

« Rig and vessel prices. Well costs account for ~ 58% of storage
costs. The reduction in demand drilling rigs and other offshore

vessels has caused the rates to fall and could account for some of
the difference.

o Future provision. The platform design for WR seems to include an
allowance for future modules and this may contribute to the
difference in cost estimates.

3.2.4 Treatment of Contingency and Uncertainty

The White Rose team used a probabilistic approach to estimating CAPEX
(DECC, 2016) and the numbers reported are the P10, P50 and P90 outputs of
that analysis. No contingency was included in the estimates because no
agreement had been reached regarding risk allocation between White Rose and
DECC. The P10 and P90 values therefore reflect only the uncertainty of each of
the cost components and provide an assessment of the accuracy of the
estimate.

The SSAP cost estimates were prepared in a deterministic manner and also
exclude any costs associated risk contingency. The estimates include an
allowance of 30% as contingency for scope growth or change as the project
definition increases. Estimating accuracy has been set at between the Class 3
and Class 4 levels.

A comparison of assumptions relating to estimating accuracy and contingency
is provided in Table 3-8.

. |SSAP ____lUCCP

Upper level of accuracy range +40% +21%
Lower level of accuracy range -25% -17%
Risk contingency Excluded Excluded
Growth contingency 30% Zero

Table 3-8 Cost Estimate Accuracy and Contingency
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The different levels of accuracy and approach to contingency are entirely in line
with the project development process and are appropriate for the maturity of
project definition in each case.

Figure 3-2 Endurance Cost Accuracy and Cost Estimates

Figure 3-2 illustrates the central estimates and notional accuracy of CAPEX from
the SSAP* and UCCP processes. The lower maturity of the SSAP* estimate is
evident in the larger uncertainty range. However, the difference is less than
would be expected given that the UCCP estimate is based on the output of a
comprehensive FEED programme. The SSAP* assessment is considered a
reasonable estimate of the Endurance development at the feasibility stage
because the majority of the UCCP estimating outcomes are within the SSAP*
uncertainty range. The upper bound of the UCCP estimate is outside the SSAP*

range indicating, perhaps, that use of a larger growth contingency factor might
have been justifiable in SSAP*.

3.2.5 Operating Cost Estimate

The SSAP annual OPEX was calculated from the CAPEX estimate based on
the following factors:

Transportation 0.95% of CAPEX

Facilities 5.5% of CAPEX

This equates to an annual OPEX of £20 million for transportation and storage.

The White Rose FEED (DECC, 2016) specifies the estimate for OPEX in the
first year to be £47 million. The uncertainty is stated as +/-27%, no further
breakdown is available. annual OPEX on NPVO basis with an accuracy of +/-
27%.

The SSAP estimate of annual OPEX is £27 million less than the UCCP estimate.
Differences are likely to be due to a combination of the following factors.

« Greater level of definition of the operations and maintenance in the
UCCP estimate.

« Budgetary cost estimates, or even quoted prices for services and
equipment included within the UCCP estimate.

*  SSAP use of estimating norms for the factors.
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3.3 Goldeneye

During the SSAP a development plan and cost estimate was prepared for the
development of the Goldeneye CO:2 storage site. This estimate was based on
the same development scenario as the UCCP estimate and so no change was
required to derive a SSAP* scenario and estimate.

3.3.1 Goldeneye UCCP Capital Cost Estimate

The Key Knowledge Goldeneye deliverables for the commercialisation
programme also provided only limited breakdown of the project costs showing
only transportation and storage as illustrated in Table 3-9 (Shell, 2016).

Cost Element Cos_t : Uncertainty
£million

Transport - Offshore pipeline and associated

: L 73 -11%/+12%
costs (includes pipeline, landfall subsea)
Transport - Goldeneye platform modifications 61 1%/ +12%
Storage - Wells 88 1%/ +12%
Total 222

Table 3-9 UCCP Goldeneye CAPEX

3.3.2 Goldeneye SSAP* Capital Cost Estimate

The cost estimate for SSAP* is identical to the estimate for SSAP, as explained
earlier. The SSAP estimate was derived from the cost information provided in
the knowledge deliverables from the 15t CCS Demonstration Programme (Shell,
2011) and is summarised in Table 3-10.

Cost Element C_os_t
£million

Pre FID 38
Transport 65
Facilities 137
Wells 76
Total 315

Table 3-10 SSAP* Goldeneye CAPEX
3.3.3 Comparison of Goldeneye Capital Cost Estimates

A comparison of the costs allocated to transportation and storage for the two
estimates is provided in Table 3-11. It is evident from this analysis that whilst the
estimates are similar the SSAP* estimate 25% higher than the UCCP estimate.

Cost Element uccep SSAP* Delta
£m|II|on £m|II|on £m|II|on

Transportation
Storage 1 49 21 3
Total 222 278 56

Table 3-11 Comaprision of UCCP and SSAP* CAPEX Estimates for Goldeneye

It is not possible to be certain about the reasons for the difference. However, it
is clear from Table 3-9 and Table 3-10 that the biggest difference relates to the
Facilities themselves rather than the pipeline or wells. The most likely
explanation is that the UCCP process led to a greater understanding on the type,
degree and cost of the required platform modification than was the case at the
end of the Demo 1 programme.

3.3.4 Treatment of Contingency and Uncertainty

The Peterhead team used a probabilistic approach to estimating CAPEX (Shell,
2016) and the numbers reported are the P10, P50 and P90 outputs of that
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analysis. Risk contingency was included in the estimates but the quantity is
unspecified. The P10 and P90 values therefore reflect both the uncertainty of
each of the cost components and an assumed risk allocation.

The SSAP cost estimates were prepared in a deterministic manner and exclude
any costs associated risk contingency. The estimates include an allowance of
21% as contingency for scope growth or change as the project definition
increases (Shell, 2011). Estimating accuracy is as specified in the 18t CCS
Demonstration material.

A comparison of assumptions relating to estimating accuracy and contingency
is provided in Table 3-12.

. |SSAP_____lUCCP

Upper level of accuracy range +30% +12%
Lower level of accuracy range -15% -11%
Risk contingency Excluded Excluded
Growth contingency 21% Zero

Table 3-12 Cost Estimate Accuracy and Contingency

Figure 3-3 Goldeneye Cost Accuracy and Cost Estimates

Figure 3-3 illustrates the central estimates of the CAPEX from the SSAP* and
UCCP processes. The lower maturity of the SSAP* estimate is evident in the
larger uncertainty range. The SSAP* assessment is considered a reasonable
estimate of the Goldeneye development at the feasibility stage because the
majority of the UCCP estimating outcomes are within the SSAP* uncertainty
range. The lower bound of the UCCP estimate is outside the SSAP* range
indicating, perhaps, that use of a smaller growth contingency factor might have
been justifiable in SSAP*.

3.3.5 Operating Cost Estimate

The SSAP OPEX was taken from the Demo 1 Shell OPEX costs for Goldeneye
injection from St Fergus with an adjustment made a simple percentage of
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CAPEX based calculation. The total was £170 million (+/-40%) broken down as

follows:
Transportation £7.5 million (£0.5 million/year x 15 years)
Storage £162 million (£10.8 million x 15 years)

The commercialisation OPEX developed by Shell gave a total of £128 million
(+24%/-15%) broken down as follows:

Transportation £89 million
Storage £1.8 million

Monitoring £37.4 million

Note that the Shell report included a Year 7 workover of all the Goldeneye wells
(approximately £40 million) to the transportation category. The SSAP estimate
includes well and monitoring OPEX within the Storage category. The total
estimates for OPEX differ by approximately £40million over the 15 year project
life. It is not possible to be certain about the reasons behind the differences but
the following factors are likely contributors.

« Assumptions about frequency and cost of well workovers.
« Operating and maintenance plans and costs for the infrastructure.

3.4 Conclusions

The cost estimating approach adopted during SSAP follows industry recognised
recommended practise and tools for feasibility stage projects. The technical
work upon which these estimates are based cost approximately £400k each.

The cost estimates generated during the UCCP FEED programmes also
followed best-practise for those more detailed studies. The White Rose FEED
programme cost approximately £47 million.

The capital cost estimates for the Endurance and Goldeneye sites prepared
during the latter stages of SSAP differ but do compare quite well to those
generated during the UCCP FEED studies. However, the absence of detail in
the UCCP estimates mean that it is not possible to fully understand why.

Future studies could consider adopting a probabilistic approach to the cost
estimates, however this would take considerably more time to ensure valid and
credible data ranges were being used.

For similar studies in future, consideration should be given to the
appropriateness of using a larger growth contingency factor.
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