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Suzanne Ferguson, Amec FW
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Gammer/Andrew Green, ETI

10:45 Break
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Chair: Jeff Hoffmann

a. Petra Nova, David Greeson, NRG

b. Quest, Wilfried Maas, Shell Global

12:30 Lunch

1:45 Session 3: Cost of Emerging
Processes

Chair: George Booras

a. Update on NET Power: Demonstration
and Commercial Activities, Mike
McGroddy, 8 Rivers Capital

b. Demonstrating CO2 capture <$40/ton:
Experience from Industrial Projects,
Prateek Bumb, Carbon Clean Solutions

3:15 Break

3:45 Session 4: CCS in Energy-
Economic Models
Chair: Keith Burnard
a. Areview of CCS techno-economic
representation in Integrated
Assessment Models James Glynn
University College Cork

b. Whatis the role of CCS in determining
costs and climate outcomes of scenario
analysis in Integrated Assessment
Models?, Richard Millar, Oxford
University

5:00 Networking reception (Imperial)
7:30 Dinner, Coco Momo
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9:00 Session 5: CCS Flexibility
Chair: Howard Herzog

a. Quantifying and qualifying the role and
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decarbonisation of national electricity
systems, Clara Heuberger, Imperial
College

b. Decarbonising the Australian National
Electricity Market - Implications for CCS,
Andy Boston, Red Vector
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A. Energy-Economic Models: Is CCS being
represented appropriately? (co-chairs:
Howard Herzog, Niall MacDowell)

B. Learnings from demonstration projects:
what will the next plant cost? (co-chairs:
Jeff Hoffmann, George Booras)

C. Beyond demonstrations: CCS projects
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4:00 Adjourn
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INTRODUCTION

The fifth meeting of the CCS Cost Workshop
was held on September 13-14, 2017 at Imperial
College London (South Kensington Campus)
under the auspices of the IEA Greenhouse Gas
R&D Programme.

The meeting was organized by a Steering
Committee chaired by Howard Herzog
(Massachusetts Institute of Technology), along
with representatives from: Carnegie Mellon
University (Ed Rubin), Electric Power Research
Institute (George Booras), IEA Greenhouse Gas
R&D Programme (Keith Burnard), Lawrence
Livermore National Laboratory (Sean McCoy),
USDOE National Energy Technology Laboratory
(Jeff Hoffmann), NaturalGas Fenosa (John
Chamberlain), Shell Global (Wilfried Maas) and
the University of Sheffield (Jon Gibbins). In
addition, the participation of the UK CCS
Research Centre and Imperial College London
were critical to the planning and success of this
meeting.

The purpose of the CCS Cost Workshops is to
share and discuss the most currently available
information on the cost of carbon capture and
storage (CCS) in electric utility and industrial
process applications, as well as the outlook for
future CCS costs and deployment.

The workshop also seeks to identify other key
issues or topics related to CCS costs that
merit further discussion and study.

As in past workshops, Day 1 was devoted to a
plenary session addressing four general
topics. Each session included two invited
presentations, followed by a discussion
among workshop participants. The second
day began with a fifth plenary session topic,
followed by three parallel breakout sessions
pursuing selected topics in more detail
Reports of the breakout groups were
presented in a concluding a plenary session,
followed by general discussion and planning
for future events.

This document presents brief summaries of
the five plenary session topics, together with
the full set of presentations by invited
speakers. The proceedings of this and all
previous CCS Cost Workshop are available at:

www.ieaghg.org/networks/costs-
network/125-networks/costs-network-

members-area/423-costs-network-members-
area.
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PRESENTATION SUMMARIES

Session 1: Learnings from Recent UK
Studies

Rapporteur: . Gibbins

Two studies on the cost of full-scale CCS
deployment in the UK market were presented
in this session. Following its previously
unsuccessful approach to fund a small-scale
demonstration project based on
‘competitions’, the UK Government is now
considering a more holistic approach to CCUS
in its Clean Growth Strategy
(https://www.gov.uk/government/publicati
ons/clean-growth-strategy), which
emphasizes the importance of CCUS being
cost-competitive with alternative options if it
is to achieve widespread deployment.

In this context there is significant UK interest
in both the general, longer-term prospects for
CCUS costs. A review of expected costs is
being undertaken by Amec Foster Wheeler
(FW) for the UK Department for Business,
Energy & Industrial Strategy (BEIS). Viable
projects for initial deployment are also being
examined, as in a study by the ETI on natural
gas combined cycle plants with post-
combustion capture.

UK Costs for a Range of CCS Technologies

Suzanne Ferguson is the Carbon Capture
Technical Lead of the Business Solutions
Group, Oil, Gas & Chemicals at Amec Foster
Wheeler. In her presentation she
summarised work done for a forthcoming
report, “Benchmarking State-of-the-art and
Next Generation Technologies” as part of a
BEIS study “Assessing the Cost Reduction
Potential and Competitiveness of Novel (Next
Generation) UK Carbon Capture Technology”.
This will eventually be issued into the public
domain on the BEIS website. Based on the
assumptions used, and within the uncertainty
range of the study’s cost estimates, this study
concluded that the lowest levelised cost of
electricity (LCOE) with carbon capture is still
natural gas CCGT with a proprietary solvent
for CO, capture. This result is due to the high
efficiency and low capital cost of the base
plant, and the fact that natural gas

combustion produces CO; conditions less
challenging than e.g, coal, resulting in less
carbon to be captured and compressed per
unit of electricity generated.

For capture from natural gas power plants
post-combustion  routes appear most
attractive (with oxy not far behind), but it
was noted that this was for baseload
operation. The flexibility advantages of pre-
combustion routes (e.g. hydrogen
production) were not, therefore, quantified.
Two of the leading novel technologies, the
Allam Cycle and molten carbonate fuel cells,
appear well positioned to compete with
proprietary solvents for base load power
generation if they can reduce their capital
costs or improve efficiencies further.

Natural Gas Post-combustion Capture

Den Gammer and Andrew Green reported
on work undertaken as part of an Energy
Technology Institute (ETI) study performed
by SNC-Lavalin, AEOCOM and the
University of Sheffield. For a five-train
NGCC power plant (each train being an H-
class GT, HRSG and steam plant, with a CO>
capture and compression system) the
estimated levelised cost of electricity was in
the range of 63 to 93 £/MWh. A conceptual
layout for the five train plant, capturing 10
million tonnes/year of CO; from a single
site, is shown below.

Interestingly, it was noted that even with a
“conservative“ configuration, the capture
energy penalty has dropped by more than
two percentage points since their 2010
estimates while the base plant generation
efficiency has increased by about two
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percentage points. Offsetting  this
improvement, however, the post-Brexit fall
in the £/US$ exchange rate has raised the
capital cost by 3% to 4%, so overall
levelised costs have not changed
significantly since earlier ETI estimates.

Session 2: Cost of Large-scale CCS
Projects

Rapporteur: . Hoffmann

Two studies on the cost of full-scale CCS
projects were presented in this session.

Petra Nova Carbon Capture

David Greeson from NRG gave an overview of
the 240 MW, carbon capture project
operating at NRG’s 640 MW coal-fired Petra
Nova - WA Parish generating station in Texas.
This is a commercial venture between NRG
and JX Nippon 0Oil & Gas Exploration that uses
a post-combustion CO; capture process
developed by Mitsubishi Heavy Industries
(MHI) and the Kansai Electric Power Co. It
captures 1.6 million tons CO; per year which
is used for enhanced oil recovery (EOR) at the
West Ranch oil field.

Greeson reported that the total project cost
was approximately one billion dollars, about
half of which was for power plant
installations and half for the CO; pipeline and
oil field development. He expressed the total
cost of CCS in units of dollars per thousand
cubic feet (mcf) of CO;. Current cost is about
$3.50/mcf, compared to a maximum value for
EOR of $2.00/mcf. That gap could be closed
in a decade with gradual cost reductions of
4%/year, or much faster with proposed
policy incentives.

A unique feature of the Petra Nova project is
the commercial structure which includes oil
sales. Greeson said that oil revenues pay for
the entire project.

Overall, he saw the CCUS industry as
progressing and beginning to emerge
commercially, but still facing a number of
“headwinds” including cost, competition,
scale, development, reputation, and time for
constructing new projects.

Quest CCS Project Costs

Wilfried Maas from Shell Global summarized
Shell’s current involvement in CCS projects
worldwide, then focused on the Quest CCS
project in Alberta, Canada, where CO; is being
captured at the Scotford Upgrader industrial
facility, then stored in a deep saline aquifer
(the Basal Cambrian Sands). This project is a
joint venture between Shell, Chevron and
Marathon Oil. Since startup in August 2015,
Quest has captured, transported and safely
stored 2 million tonnes of CO; as of June
2017.

In terms of cost, the project CAPEX (including
the FEED study) was 929.7 million Canadian
dollars (CAD), or about 744 million USD.
Actual 2016 OPEX was 30.2 million CAD
(~24.2 million USD). On a normalized basis
the reported costs per tonne of CO, avoided
were 77.4 CAD/t (62 USD/t) in 2015,
increasing to 92.7 CAD/t (74 USD/t) in 2016.
The reported costs per tonne captured were
15%—16% lower than the cost per tonne
avoided.

Session 3: Cost of Emerging
Processes

Rapporteur: G. Booras

This session focused on the cost of new and
innovative technologies that include CO;
capture. Special emphasis was placed on the
methodology for estimating capital costs of
novel equipment components and systems,
and how costs are expected to improve as the
technology moves from First-of-a-Kind
(FOAK) to Nth-of-a-Kind (NOAK) projects.
The session included speakers from NET
Power and Carbon Clean Solutions.

Update on NET Power: Demonstration
and Commercial Activities

Mike McGroddy from 8 Rivers Capital gave an
overview of the NET Power supercritical CO;
power cycle (Allam Cycle) technology and its
development and commercialization timeline.
The NET Power partners include 8 Rivers,
Excelon, and CB&I. The power cycle is very
efficient and captures CO;as an inherent part
of the process. 8 Rivers believes the process
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will be economically competitive with NGCC
plants that do not include CCS. The novel
components are the combustor and turbine,
which are being developed by Toshiba.
McGroddy noted that the turbine, which has
an inlet pressure of 300 bar, looks like a gas
turbine in a steam turbine shell. He gave a
status update on their 50 MWt demonstration
plant in La Porte, Texas. They are also
developing a design and cost estimate for a
commercial-scale plant.

Learnings from the design and construction
of the demo plant are being incorporated in
the FOAK commercial plant design. McGroddy
noted that cost-efficiency trade-offs are
helping reduce the capital cost with only
minimal efficiency loss. He concluded by
describing some of the future cost reductions
that may apply to the Nth-of-a-kind plant. The
inventor of this supercritical CO; power cycle,
Rodney Allam, was also present for this
session and helped respond to some of the
questions.

Demonstrating CO, Capture at <$40/ton:
Experience from Industrial Projects

Aniruddha Sharma, CEO of Clean Carbon
Solutions Limited, talked about their process
for capture of CO; from industrial sources.
Their process, known as CDRMax, uses
advanced amine chemistry to remove CO;
from a variety of gas streams. Sharma
reviewed their process flow diagram, which
looks like a conventional amine-based
absorber-stripper configuration. Some of the
advantages of their advanced amine are that
it has very low solvent-aerosol emissions and
can be used in a carbon steel absorber. The
process has been tested at the Technology
Centre Mongstad (TCM) in Norway. They
have a commercial-scale (174 tpd) CO2
capture-to-chemicals  plant that was
commissioned in India in late 2016. It
captures CO2 from a 10 MW coal boiler flue
gas stream. The capture cost is claimed to be
less than $40/ metric tonne, including capex
and opex.

Clean Carbon Solutions’ plan for cost
reductions in future plants is based on a
“standardize and replicate” philosophy. They
are also investigating stacking of equipment
to reduce the overall footprint. Sharma

foresees many CO; capture plants being built
at smaller industrial scale facilities, referred
to as iCCUS. They plan to deliver three
industrial-scale CO; capture projects in 2017,
and are conducting two conceptual studies in
Norway for 1500 tons/day (75MW) CO;
capture plants.

Session 4: CCS in Energy-Economic
Models

Rapporteur: K. Burnard

This session focused on the treatment of CCS
in energy-economic models. In the Paris
Agreement developed at COP21 in December
2015, governments signed up to a stringent
“well below 2°C” target and a more ambitious
pursuit to limit the global average
temperature increase to 1.5°C above pre-
industrial levels.

Energy-economic models are a key
methodological tool for investigating long-
term trade-offs among the energy system, the
climate system and the broader economic
system. Such models play an important role
in underpinning the scientific debate on
climate change mitigation and adaptation.
They are developed and operated by a wide
range of international, national, academic and
industrial organisations. Outputs from these
models are important because their results
inform assessments by bodies such as the
IPCC, and directly or indirectly influence the
advice and decisions of national and
international policy makers and regulators.
Two presentations informed the workshop on
recent modeling developments related to CCS.

A Review of CCS Techno-Economic
Representation in Integrated Assessment
Models

James Glynn, a Postdoctoral Researcher and
member of the Energy Policy and Modelling
Research Group at University College Cork,
discussed the findings of a new IEAGHG-
sponsored study on the representation of CCS
in  techno-economic models. CCS is
represented in most of these models and
plays a role in many climate scenarios
consistent with a 2°C temperature limit.
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While the models often align on high-level
messaging about the value and need for CCS,
the actual role, impact and applications of CCS
vary considerably.For example, there are
differences in terms of CCS applications in the
power sector versus the industry sector, the
extent to which it is applied to coal or gas,
and the degree of biomass energy with CCS
(BECCS).

Glynn’s  presentation provided some
transparency on the input data, calibration
and cost assumptions for a range of
approaches used to represent CCS in energy-
economic models for climate scenario
analysis. The work represented a broad
collaborative review of the technical and
economic calibration of CCS technology
options in influential models, and outlined a
best-practice calibration of CCS costs in
energy-economic models.

The Role of CCS in Determining Costs and
Climate Outcomes of Scenario Analysis in
Integrated Assessment Models

This presentation was given by Richard
Millar, a Postdoctoral Research Assistant in
the Environmental Change Institute at the
University of Oxford. As recognised in the
previous presentation, energy-economic
models have regularly shown CCS to be a key
technology in scenarios that meet the long-
term goals of the Paris Agreement to limit
global warming to “well below 2°C. However,
the reasons underlying its importance in
determining the total costs of mitigation are
often not well understood.

Millar investigated the impact of assumptions
regarding CCS calibration by technology type,
model type and the level of granularity on
cost curves for capture, transport and
storage, as well as the time evolution of
mitigation technology portfolios deployed to
meet climate goals. Using a review of
intermodal comparison projects databases,
he explored the key determinants of CCS cost
learning curves as well as their implications
on cost-effective mitigation frames. Finally,
Millar discussed his results on the
effectiveness of supporting near-term
deployment of CCS as a way to bring down
the overall cost of meeting climate goals.

Session 5: CCS Flexibility
Rapporteur: H.J. Herzog

The levelized cost of electricity (LCOE) is
often used to characterize and compare the
cost of differing electricity generating
technologies. However, there is a growing
realization that LCOE alone is inadequate for
this task, especially as more intermittent
energy supply technologies get deployed.
Characteristics such as flexibility can add
value to a generating technology. The two
presentations in this session explore this
question. Using models, they quantify the
value of flexibility and other services required
to provide grid stability. Both presentations
show that the value of CCS as a low-carbon
supply technology is significantly greater
when these system characteristics are taken
into account compared to simply using LCOE.

Quantifying and Qualifying the Role and
Value of Flexible CCS to the
Decarbonisation of National Electricity
Systems

This presentation by Clara Heuberger of
Imperial College used the concept of “system
value metric” to help quantify the value of
flexibility in electricity supply technologies.
This is defined as the difference in total
system cost resulting from the deployment of
a power generation or storage technology.
Models based on this Electricity System
Optimization = (ESO) framework  were
developed. Key features are described as
including bottom-up engineering model of a
wide range of technologies, features, and
learning (technology-agnostic); cost-optimal
capacity planning considering adequacy,
security, and carbon (transition planning);
and granular representation of time and
space with long-term foresight (operational
detail).

Model results show significantly greater value
for CCS than simple modeling using only
LCOE. Conclusions of the presentation, based
on modeling results for the UK, were that “the
value of a power technology changes as a
function of the penetration level and is
dependent on the incumbent system
conditions; flexible CCS technologies provide
an additional value in being able to
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accommodate higher levels of intermittent
renewable capacity and power generation;
and total system cost by mid-century can be
reduced when investments into low-carbon

technologies are made now.”

Keeping the Lights on Whilst
Decarbonising Electricity

This presentation by Andy Boston of Red
Vector was based on a study looking at
decarbonization in Australia. The project
used a model called MEGS (Modelling
Energy & Grid Services). This is medium
resolution model validated using historical
data . It allows for simulating 100s of
scenarios and includes interconnect
capabilities, economics, and system
stability.

Boston’s overall messages are that, (1) it is
important to consider the whole system
across all time scales to 2050 and beyond;
(2) a secure grid requires a range of
essential services; (3) the solution will be
diverse; and (4) providing reliable low
emissions electricity comes at a cost
Regarding the technology options, the study
concludes: “The effectiveness of a
technology depends on how much exists
already (costs increase in a non-linear
fashion as they are added and simple metric
like LCOE can’t explain or represent that
behavior); renewables appears to be
cheapest for initial steps, but not for deeper
decarbonisation  (diminishing returns);
building gas is cheaper for mid-levels of
decarbonization, around 50%; only CCS can
get to deep (>60%) decarbonisation levels;
and the cost of gas CCS and coal CCS are
similar at $12/G]J".

BREAKOUT SESSIONS

Day 2 of the workshop included three
parallel breakout sessions to discuss
selected topics in greater detail. Issues and
discussion points arising in these sessions
are outlined below.

Energy-Economic Models: Is CCS being
represented appropriately?

Rapporteur: H. Herzog

This session was a far-ranging discussion
and commentary on topics raised in Session
4 of the first day plenary, centered around
the findings of a recent workshop on the
representation of CCS in large-scale energy-
economic models. The results and findings
of that workshop are summarized in an
IEAGHG report entitled: Proceedings of
USDOE Workshop: Energy-Economic
Modeling Review, IEAGHG Technical Report
2017-06, June 2017, 20p.

Learnings from demonstration projects:
what will the next plant cost?

Rapporteur: G. Booras

Topics and comments discussed in this
session included the following:

Learnings from failures
Learnings from DOE demos
Execution risk

Demo vs. commercial
Procurement

e Commercial guides demo scale, then
feeds back to commercial

e Up front cost? 5-8%, 20% including
detailed engineering

e Danger of moving too quickly from
design to construction

e Don Valley project moved too fast

e Modularization, engineering,
contingency

e New vs retrofit? (Petra Nova less
risk - no cutting into steam system)

e Nthis 5 to 10 plants (no technology
changes to get to N)

e Istplant reduces technical risk
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e 2nd plant reduces execution risk

¢ C(lose in design and close in time to
get to 2nd plant

e How do we learn?

e Power companies do not
understand technology risk

e Riskallocation is key

e Knowledge transfer from
proprietary processes?

e Execution learning

e Next plant = 1st commercial plant
following demo

e Need to add cost of commercial
wrap

e TRL 8 =full scale. Can you go from
TRL 7 to 9?

e [s LSTK the right way to go? Pay
extra for risk vs. cost reimbursable
or EPCM approach

e Loan guarantee better for plant 2

e Open book structure for plant 1

e 1stto 2nd cost reductions are outside
of kit cost

e [P inhibits learning and tech
transfer

e Location of 2nd plant is important

e Licensor has to see market potential

e Commercial plant - full guarantees
(plant 1)

e Plant 1 to plant 2: cost2 =
(scale2/scale1)”0.5, then less 30%

e IEAreports: Lessons learned from
BD3 and other projects

Beyond demonstrations: CCS projects
with multiple repeat units

Rapporteur: J. Gibbins

Notes and comments from this session are
summarised in the following outline.

1. RISKS AND WHO CONTROLS THEM OR
HAS TO TAKE THEM
1.1 Industry controls:

¢ Construction risk - industry can handle
this, but not just turnkey contracts

 Get a specialist in chemical plant,
electricity generator supply land, steam,
electricity

1.2 Government controls/takes:
Long term storage risk:

» The province of Alberta dealt with it,
abandon the well according to the
regulations

¢ EOR - storage has to be done properly
CCS as a waste disposal business:
¢ Regulated return on investment

e Fees for CO, T&S regulated - could be
passed through to first project and they
pass on to market (e.g. 20 year CFD), no
system yet for industrial CCS

Market risk:

* Power station goes bust or CCS not built
because government supported renewables

2. REWARDS

¢ Oil companies supply the gas and store the
resulting CO;

* Regulated asset model (new regulator
probably for transport & storage)

» Assets privately owned with regulated
return

¢ Operator - fee for operating

3. BREAKING UP THE CCS CHAIN
(different from BD3, PetraNova, Peterhead)

Hard to find a company that could take on
the whole chain, especially at the large scale
for offshore storage.

3.1 Generator

 Capture (could be over the fence for post-
com, over the fence oxygen)

 Separate control room?
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« Over the fence - pass through risk for
power, gas etc.

3.2 Transport: « Open access
3.3 Storage
¢ Must have somewhere for the CO; to go

¢ CCS systems with EOR different from
systems with storage, no value to drive the
project, also with offshore storage the
system is much larger (BUT need to be able
to accommodate EOR)

¢ Limited value in existing infrastructure
(pipelines/wells, not in the right place, right
conditions)

4. RECIPE FOR A CLUSTER WITH A POWER
ANCHOR PROJECT IN THE UK

4.1 PART 1
¢ Anchor project needed for CCS cluster

e Multiple units required to get >5Mt
COz/yF

¢ Only power can be an anchor project - it
cannot move away

Ingredient #1: T&S is available as regulated
utility

Ingredient #2:'‘CFD’ to guarantee the
investment is recovered, alternatively ‘base
facility charge’ separate from operating
costs, incentives for efficiency etc. in
industrial gases, analogue in power market
is capacity payment

4.2 PART 2

¢ Anchor is 3+ units (for gas, less for
biomass)

¢ Not too few as average costs too high

* Not too many as reduces future options -
technology will improve

o Benefits of scale reduce after about 3
units, zero by 5, difficult to find sites for
larger numbers of units

¢ Characteristics of sites set by legacy
infrastructure, enough brownfield sites
available in the UK.

¢ Bigger than 24 inch CO; pipeline a bit
difficult - around 15Mt CO2/yr

10

» Design first pipeline, compressor
stations etc. to add a second

¢ Maybe a third where large storage
available, need strategy for storage capacity
development

¢ Storage hub required, first store or two
stores or backup wells. Would depend on
what is there, the geology. Appraisal
requirements different for old hydrocarbon
reservoirs vs aquifers. Full derisking of
storage will be required at this scale but
complete assessment not feasible until
injection has progressed (due to injectivity,
salt buildup, compartmentalization).

¢ EOR may come in once CO; is available;
leave it as a future option if possible.

* Key is getting Treasury on board - jobs,
growth prospects better than alternatives.

¢ Oil companies getting more motivated,
power needs confidence rebuilt.

5. ADDITIONAL NOTES ON BUILDING SITES
WITH MULTIPLE UNITS

E.g., 3-10 units, power

» Can construction be staged to get
learning?

¢ Pipe sized for maximum flow 10 years
ahead, pressure drop increases over time

» Storage sites can be developed in stages
provided necessary lead time is noted

* How long to operate to get learning - 2
years?

¢ Get some learning once construction is
finished (i.e. before running)?

 Test facilities may be able to get info in
parallel, 3000 hrs plus operation required
to verify satisfactory solvent management
approach for amines

CLOSING PLENARY

Participants affirmed the continuing value
of this workshop series. The next meeting
will be planned by the Steering Committee,
with a tentative date of March 2019 at a
location to be determined.
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Photo credits: ]. Gibbins/ETI
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PRESENTATIONS

Session 1: Learnings from Recent UK Studies

1a. UK costs for a range of CCS technologies
Suzanne Ferguson, Amec Foster Wheeler

12
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UK Costs for a Range of whecler
CCS Technologies :
13t September 2017

Imperial College
London

By Suzie Ferguson, Amec Foster Wheeler,
Business Solutions Group

13
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Agenda

\
amec is

foster
wheeler

Introduction

BEIS 2017 CCS Study Overview
Methodology

Key Assumptions

State of the Art Technology Results

Novel Technology Potential — 2 examples
Conclusions

S P e N
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Introduction s

» Amec Foster Wheeler has performed over 50 CCS studies since the mid-1990s.
» Comparing state of the art technologies (benchmarking)
» Assessing new technologies

» Performed several CCS FEEDs
» DF-1 Peterhead
» Hydrogen Power Abu Dhabi
» E.ON Kingsnorth
» Don Valley Power Project

» Various pre-FEEDs including:
» Statoil Snovhit Train Il
» Cameroon LNG

15
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Introduction s

» Amec Foster Wheeler work has covered CCS from power generation, LNG
liquefaction, refining, hydrogen production, CTL/GTL, natural gas treating,
cement and steel production.

» All work incorporates equipment, construction and commissioning cost data
from real projects built around the world.

» In 2017 we have been performing studies for several clients.

» This presentation will share results from a study in progress for UK
Department for Business, Energy & Industrial Strategy (BEIS) with input
from IEAGHG, ETI and others.

16
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» Key aims of the study included:
» Technology performance & cost update of state of the art CCS technologies
> Assessment of selected novel technologies, biomass & hydrogen schemes with CCS

» State of the Art CCS Technologies included:
Natural gas CCGT with proprietary amine-based post combustion capture

v

Natural gas reforming combined cycle with pre-combustion capture

Supercritical pulverised coal with proprietary amine-based post combustion capture
Superecritical pulverised coal with oxy-combustion capture

Coal gasification combined cycle with pre-combustion capture

¥yY¥%7vY

» 2017 study aims to incorporate latest cost & technical performance:
» improvements in the base power plants
» further development & operational experience from CCS schemes in operation.

17
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BEIS 2017 CCS StUdy Overview foster

wheeler

» Novel technologies, biomass & hydrogen CCS schemes:

>

¥y¥ ¥XrE®E<y

Allam cycle natural gas oxy-combustion

Molten carbonate fuel cells for post combustion capture

Biomass CFB with post combustion capture*

Biomass CFB with oxy-combustion capture*

Biomass gasification combined cycle with pre-combustion capture*
Natural gas SMR hydrogen unit with post combustion capture*

*Results not included in this presentation

» Final report is not yet published, thus the results presented today are not yet
set in stone.

18
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» Source data for costs and plant performance:
» Base power plant:
» Simulation (Gatecycle & Hysys)
» Published data from operating plants and vendors
» CO, capture processes:
» Developed from vendor data for similar projects or published data
» Cansolv provided cost & performance data for all post combustion cases
» CO, compression & dehydration
» Developed from simulation & vendor data for similar projects
» CO, transportation & storage
» Applied as a cost penalty per tonne of CO, captured, not considered in detail.

» Material & energy balances provide basis for thermal efficiency
calculation & high level equipment sizing.

» Capital & operating costs provide basis for levelised cost of electricity
(LCOE).

19
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Key Assumptions e

» Greenfield site, coastal location in the North East of England.
» 9°C, 80% humidity, 400 ppmv CO, in air.

» UK grid natural gas, internationally traded bituminous coal.

» CO, compression to 110 bar (abs).

» Baseload power generation at:
» 90% availability for post & oxy combustion cases
> 85% availability for pre-combustion cases

» 1Q2017 cost figures in GBP

» Nth of a kind cost build up basis

» Equity financed

» 25 year life

» 8.9% discount rate

» Prices of feedstocks & CO, emissions based upon BEIS profiles

8
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i'¢
State of the Art Technology Results ?%té

» Natural Gas CCGT with Cansolv CO, Capture
» 2 x GE SHA.01 gas turbines in combined cycle, scale 1,200 MWe nominal

» Single train of CO, capture using combined concrete structure for direct
contact cooler & absorber
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» Natural Gas reforming combined cycle with pre-combustion CO, capture
» 40 bar auto-thermal reformer

» 2 x GE 9F syngas variant gas turbines in combined cycle, scale 950 MWe
nominal

» Two trains of full system including Selexol process for CO, capture.

10
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» Supercritical pulverised coal with Cansolv CO, capture

» Steam generator at 620°C & 270 bar with MP reheat and a steam turbine at a
1000 MWe nominal scale.

» Single train of CO, capture using combined concrete structure for pre-
scrubber & absorber.

"

23
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» Supercritical pulverised coal with oxy-combustion CO, capture

» Steam generator at 620°C & 270 bar with MP reheat and a steam turbine at a
1000 MWe nominal scale.

» CO, purification & compression based upon Air Products process.
» Cryogenic ASU.

O Air 2 rand L
LTERON § S0 Prmary Recycls Eﬁ:\;ﬂ: ﬂ:“
Iy \; )

12
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» Integrated gasification combined cycle with pre-combustion CO, capture
» 40 barg Shell gasification process

» 2 x GE 9F syngas variant gas turbines in combined cycle, scale 1050 MWe
nominal

» Two trains of full system including Selexol process for CO, capture.

.....

13
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Please refer to the final report “Benchmarking
State-of-the-art and Next Generation Technologies”
from the BEIS study “Assessing the Cost Reduction

Potential and Competitiveness of Novel (Next

Generation) UK Carbon Capture Technology”,

expected to be issued into the public domain in
November 2017.

14

26



Proceedings of the CCS Cost Network 2017 Workshop

4’#
JITIEL ;

State of the Art Technology Results et
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» Modelled from public domain data
» Higher degree of technical risk

» Modelled as Nth of a kind to assess future potential once commercialised
» Allam cycle natural gas oxy-combustion
» Natural gas is combusted with oxygen at high pressure & temperature
» Hot combustion products drive a turbine
» Integrated heat recovery systems
» Cryogenic ASU & CO, purification
» Molten carbonate fuel cells for post combustion capture
» Natural gas combined cycle power plant (2 x GE 9HA.O1s)
» Flue gas used as oxidant stream in natural gas fed MCFCs
» MCFCs generate power while capturing CO, from the flue gas
» Unconverted fuel returned to MCFC fuel inlet
» Cryogenic CO, purification

7
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Novel Technology Results foster

wheeler

Please refer to the final report “Benchmarking
State-of-the-art and Next Generation Technologies”
from the BEIS study “Assessing the Cost Reduction

Potential and Competitiveness of Novel (Next

Generation) UK Carbon Capture Technology”,

expected to be issued into the public domain in
November 2017.

18
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» Lowest cost LCOE with carbon capture is still CCGT with proprietary solvent
by a significant margin, results suggest this is due to;

» high efficiency & low capital cost of base plant
» clean fuel results in CO, capture conditions less challenging than some
» less carbon to be captured and compressed per unit of electricity generated

» Post combustion routes appear most attractive (with oxy not far behind)

» For baseload operation producing power, flexibility advantages of pre-combustion
routes (e.g. hydrogen production) cannot be quantified.

» Two of the leading novel technologies appear well positioned to compete
with proprietary solvents for base load power generation if they can reduce
their capital costs or improve efficiencies further.

» LCOE with carbon capture could be achieved at:
» EXX/MWh on gas at a carbon footprint of 34 kg CO,/MWh
» EXX/MWh on coal at a carbon footprint of 95 kg CO,/MWh

21
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Thank you!

Questions?

Suzie Ferguson
Suzanne.Ferguson@amecfw.com

34
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1b. Natural Gas Post-combustion

Den Gammer and Andrew Green, ETI
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energy
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institute

www.eti.co.uk

IEAGHG CCS Cost Workshop, 13" Sept 2017

Session 1 : Learnings from Recent Studies
Den Gammer

% TENYEARS
b OF INNOVATION
2007—2017

C2017 Energy Technologies Institute LLP

The irformation in this document is the property of Energy Technologies Institute LLP and may not be copied or communicated to a third party, or used for any purpes & other than thatfor
which it & supplied without the express written consent of Energy Technolagies Institute LLF

This infermation is given in good faith based upon the latest information available to Enargy T Institate LLP, is given cencerningsuch information,
wmhich must not be taken as establishing any contractual or other commitment binding upon Eneigy Teshnologies Institute LLP or any Uf its s ubsidiary or associated companies.
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Purpose

»  Obtain the most credible costs possible for CCGT with CCS in UK
Lower risk technology selection — “where we are”.

- full scale plant (not demonstration/competition scale) , advantageous locations
- use latest costs and performance (BEIS KKD, DECC Strategic UK Appraisal Project)
- use latest GTs (size, efficiency)
* Capital Estimate Class
- AACE Class IV (-15% to — 30% and +20% to +50%)
+  Scope
- from 1 to 5 trains of GTs (ie to 3GWe), in 5 different regions

- locational work includes bespoke connection costs, feasibility study level pipeline routes
- include all contingencies, risk allowances, profits

The
Q)) A =CO M University
SNC+LAVALIN < g{l&fﬁﬂld.

CR017 Energy Technelogies Institute LLP - Subject to notes on page 1
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ok 7 Scope in Pictures t&hnﬁe&gg

Store Trains |Trains [Trains [Trains [Trains
1 2 3 4 5
Power,
GWe 0.6 1.2 1.9 2.5 3.2
CcO2,
MTe/a 2 4 6 8 10

Scofland  |Gold/Capt. X | £00¢ | 0% XXX XKX XXX

Teesside [Endurance XXX XXX XXX XXX XX
North
Humber |[Endurance XXX XXX XXX XXX XX
South
Humber |Endurance XXX 00X XXX XXX XXX
North
est Hamilton XXX XXX XXX XXX | £xxX

CR017 Energy Technelogies Institute LLP - Subject to notes on page 1
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Design and Estimation Method tejngog,gg
Thermoflex GT PRO Peterhead KKD (scaled)
Vendor Quotes and Peace (bulks) Peterhead Bid (scaled)

Carbon

A Capture

Steam
Turbine

Wells cost from KKD

Platform |
& Store

Routine Design
SNC Cost Database

cO2
Compressor

HV Gas Water
Connections

72% of Equipment Costs were from Vendor Quotes for UK ,or scale adjusted vendor quotes

CR017 Energy Technelogies Institute LLP - Subject to notes on page 1
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g4 Build up of Estimates for Different Sizes and .

&l L ocations e
Carbon Multlple
Turbi I |dentical
urbine Piu Trains
500MWV « Regional
Adjustment
e Steam
Turbine
Customised
HV,Gas, Water Platform cO2 for :
Connections & CO2 Compressor « Location
Store « Sijze

KKDS can be found on the BEIS website :
(https:/fvrvv.gov.uk/guidance/uk-carbon-capture-and-storage-governmentfunding-and-support).

CR017 Energy Technelogies Institute LLP - Subject to notes on page 1
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Breakdown of Investment
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Investment breakdown, £M/KW vs. No. of Trains

Power Capture Transport Storage

1,200
1,000
80
60
40
20

o o O O

EQOne Train B2 Trains B3 Trains B4 Trains W5 Trains

TRAIN OVERALL
CAPEX

u Power Generation (CCGT)
u Carbon Capture

u CO2 Transportation

u Offshore Storage

5 TRAINS
OVERALL CAPEX

mPower Generation (CCGT)
mCarbon Capture

mCO2 Transportation

= Offshore Storage

CR017 Energy Technelogies Institute LLP - Subject to notes on page 1
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1 TRAIN -CCGT CAPITAL SPLIT 1 TRAIN CAPTURE & COMPRESSION
(EQUIPMENT)

B Gas Turbine Package

B CO2 Stripper - Column,Reboiler and Internals
B CO2 Absorber - Column and Internals

m Steam Turbine Package m Direct Contact Cooler - Column and Internals
mHeat Recovery Boiler W Amine Recovery

m Transmission Voltage W Booster Fans

Equipment ® Lean/Rich Amine Exch
B Generating Voltage Equipment Pan/ieAming Cechanger

m Compression Package

m Other Equipment

B Other Equipment

CR017 Energy Technelogies Institute LLP - Subject to notes on page 1
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1 Multiple trains - cost curve example
Bl Vuitio P B

" institute

Base Cost per Kilowatt Output

3,200

3,000 g T o5SIdR

\ ==North Humber
2,800
\ South Humber
2,600 === Northwest
\ et Scotland

~n
'y
(=]
[}

N
[*]
[=]
[=]

Cost per kilowatt (£)

2,000

1,800

|

1,600

1,400

One Train 2 Trains 3 Trains 4 Trains 5 Trains

CR017 Energy Technelogies Institute LLP - Subject to notes on page 1
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+ The post Brexit fall in the £/US$ caused an escalation of 3% - 4% alone

+ Even with a “conservative” configuration, the capture energy penalty has dropped by more
than ~ 2% points since 2010 estimates. Generation efficiency has gained 2% points.

+ Overall, levelised costs have not changed significantly since earlier ETI estimates and are in

the range :
SIMPLIFIED ASSUMPTIONS
+ Discount Factor - 10%
+ (Gas Prices, p/therm : Lo- 30 Med-50 Hi- 70
LEVELISED COST of ELECTRICITY * 5 Train capex
+ 25 yearlife
Range : £/MWh 63 to £/MWh 93 * Costs, Q12016

+ Load Factor 90%
+ LHV Efficiency 52.7% ( by calculation)
«  100% equity

“Conservative™ No 2+1 for Steam Turbines, Absorbers, ARU’s etc , 316 SS in capture unit , multishaft,
HRSG/ST etc sized for full GT flow, energy penalty 7.9% ( 2.99GJ/te reboiler)

CR017 Energy Technelogies Institute LLP - Subject to notes on page 1
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Next Steps Heroray

technologies

" institute

* Engage any interested third parties (under confidentiality if requested)
»  Build in refreshed power station opex
»  Sensitivity on train configurations ( “2+1"s)

» Publish formatted estimate and summary to community end Q4

*  Conclusion

- Most realistic cost estimate yet in UK
at full scale

- CCGT/CCS a highly competitive option

CR017 Energy Technelogies Institute LLP - Subject to notes on page 1
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Registered Office (] ™
Energy Technologies Institute O

s For all general enquiries For the latest ETI news
HonweII BU|Id|ng telephone the ETI on and announcements
HonweII Park 01509 202020 email info@eti.co.uk
Loughborough
LE11 3UZ ] L 4
For more information The ETI can also be
about the ETI visit followed on Twitter
www eti.co.uk @the_ETI

" TENYEARS
l) OF INNOVATION
20072017

CR017 Energy Technelogies Institute LLP - Subject to notes on page 1
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Session 2: Cost of Large-scale CCS Projects

2a. Petra Nova Carbon Capture
David Greeson, NRG
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PETRA NOVA Carbon Capture
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Carbon capture at commercial scale

« 240MW equivalent CO,
scrubber on a 640MW coal-
fired power plant

+ Captures approximately 1.6
million tons per year of CO,

« To date, over 800,000
tons have been captured

« CO, is used to enhance oil
production at the West Ranch

Oilfield

« To date, over 500,000
barrels of oil have been
produced

Achieved COD on Dec. 29, 2016

+ Sequestering 5,200 tons of

CO d -
ON TIME AND ON BUDGET 2 PEEEY nrg.  &x
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Carbon capture at commercial scale

+ 240MW equivalent CO,
scrubber on a 640MW coal-
fired power plant

« Captures approximately 1.6

Oil revenues pay for ‘ million tons per year of CO,
the entire project p * To date, over 800,000

tons have been captured

No impact on power
plant or its costs

Achieved COD on Dec. 2 _
c

ON TIME AND ON BUDGET
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Carbon Capture System Site Layout

= R

- » = Cogeneration
Regenerator . . ;- . {steam & pawe=r]

Absorber

CO, Pipeline

Petra Nova
Carbon Capture
Site

Compressor

Quencher

Flue Duct

&x

FETRAMNCAS Carbon Gz oturs
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Enhanced Oil Recovery Project

: 5 - _
PATTERNS ON COZ2 98-A e ¥
e \ /£ West Ranch Field
oo Development
|_2020
AN & » Field is being flooded using a “5-spot”
» ? x A " ¥ pattern {each injector surrounded by 4
oM *Ys i producers)
@ (s X ENE
ot dadmgsof BT %*ﬁ * A comprehensive monitoring, verification,
ANl Sl o . .
T e w’,g' % and accounting planis in place to track the
& j/""\ B gy ¥ f&‘ﬁﬁ"‘ flow of CO2 and to insure that it is
Pl B "l 6 L. i i
“:": o .r': A% :f’ ': L sequestered in the reservoir.
z PRS2 FIEE
AEusgs REZE N * University of Texas Bureau of Economic
Mgy (AENE LE 2t BR vy ¥ 7 .
e %;\l PED BB LA _ Geology developed the plan to sync with
; AN > \\ / ~ g . e i ”
: :-\ ’)\f" 5 Oy % oilfield operations.
Nz w im o
™ x w R ) *

nrg'J,'f' &

PLTREA NOVA Carbon Capiue
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Oilfield Facilities Recapture and Inject CO,

West Ranch Field
Central Facilities

* QOver 300 new wells to
be drilled

* 2 central processing
facilities to separate oil-
CO,-water

* All produced CO, and
water is re-injected into
the formation

nrg:_E: &x

PETRA NGWA Carbon Capture
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Commercial Structure

QOur Partners

-.-
-.-
L]
n rg # £ == JX Holdings is a leading integrated energy,
spe—— _— rescurces, and materials company
. i -.-
- N.ova fetizh 4 m =5= -== NRG Energy, Inc. is the largest independent
Holdings LLC 2 NEXI 2
DOE JBIC n rg power company in the US
Petra Nova Petra Nova == Hilcorp Energy is one of the largest privately-held
(cg%\gﬁrf;h%y) (C((::cssf;l-ill-iiy) oil and natural gas E&P companies in the US

Parish fence line

Petra Nova LLC
NEXI

== JBIC and NEXI are wholly-owned by
the Japanese government. ;
_—/

% e

== US DOE awarded $190 MM grant funded through
Clean Coal Power Initiative

Texas Coastal
Ventures, LLC

| | &
TCV Pipeline, LLC west Rl nrg ‘@(

Qil Field
PETRA NOVA Carbon Capture
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nrg::' CCS industry is progressing

CO, Capture

co,
Utilization

Amine technology progressing. Incentives ROR

Next unit must be cheaper

Well-understood and mature

technology

Membrane technologies seem to be Bulk materials (cement or plastics) Markets
the best hope for natural gas are relatively small.
capture. First movers only

Solid adsorbents may not be far
behind and will work on
coal and natural gas.

Continue to be Liqmd fuels (methanol or diesell) New oil
refined finds depresses prices

CCUS is beginning to emerge commercially
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nrg. Some headwinds moving forward é
1. Cost % Commercially available technologies are capital intensive

o

» o
2. Competition AN More options and technologies are needed

%
3. Scale --IIII Technologies need to be proven at a sufficient scale
FRWLURE 5‘““555

4. Development | Approaches and incentives need to be re-evaluated
5. Reputation E@ Confidence in this space has eroded

6. Time Need to start now. Projects can take years to develop and build
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Path to success —improving economics

Cost improvement P.A.

Probably the earliest
Today? ’

| the next CCS project
CCS with 4% I / can come on line

Max EOR Value

3.00

L 2,50

2200 -

” 1.50 | N S
. ' ith new pipeline an
1.00 ~§ | / infrastructure
y 7 L
0.50 -+ CCSw/New45Q l ~

Oil company “wish”

N\

17

18 19 20 21 22 23 24 25 26 27

Year
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PETRA NOWVA Carbon Capture

Affects Prospeses®

Niceogrids: 0l Concept;
New Enthustasm

[/ o
&Y nielligence
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Interest is high right now

- . S B S S B S BN B S B B B B B B B B B B S B B B B S . ey,

'
( 2017
I
N I
mﬂﬂNlNUﬁmvSlNCﬁ 1882 I Numerous tours
I
I
: Several speaking
I engagements
|
I
: 30+ articles
I written
I
\ L

When Petra Nova is operating, Parish Unit 8 has the

same carbon intensity as a combined cycle.

10
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nrg:,E: )4

PETRA NGVA Carbon Capture

Thank You!

i1
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2b. Quest CCS Project Costs
Wilfried Maas, Shell Global
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Quest CCS Project Costs

IEAGHG CCS Cost Network Workshop
13-14 September 2017, London

Wilfried Maas
General Manager CCS & CO,
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Definitions & cautionary note

The companies in which Royal Dutch Shell ple directly and indirectly awns investments are separate |egc:| entifies. In this presentation “Shell”, “Shell group” and *Royal Dutch Shell” are somefimes used for convenience where
references are made fo Royal Dutch Shell plc and its subsidiaries in general. likewise, the words “we”, “us” and “our” are also used to refer to subsidiaries in general or to those who work for them, These expressions are also used
where no useful purpose is served by identifying the particular compeny or companies. “Subsidiaries”, “Shell subsidiaries” and “Shell companies” as used in this p tetion refer to companies over which Royal Dutch Shell ple
either diredly or indirectly hos contral. Enfities and unincorporated arrangements over which Shell has jeint control are generally referred to as “joint ventures” and “joint operations” respedtively. Entities over which Shell has

significant influence but neither control nor jeint contrel are referred to as “assodates”, The term “Shell interest” is used for convenience to indicate the direct and/or indirect ownership interest held by Shell in a venture, partnership
or company, after exclusion of all third-party interest.

This presentation contains forward-locking statements concearning the finandial condifion, results of operations and businesses of Royal Dutch Shell. All statements other than statements of historical fadt are, or may be deemed to be,
forward-locking statements. Forward-locking statements are statements of future expedtations that are based on management’s current expedations and assumptions and invalve known and unknown risks and uncertainties that could
cause actual results, performance or events to differ materially from those expressed or implied in these statements. Forward-locking statements include, ameong other things, stafements concerning the potential exposure of Rayal
Dutch Shell to market risks and statements expressing management's expectations, beliefs, estimates, forecasts, projections and assumptions. These forward-looking statements are identified by their use of terms and phrases such as
“antidpate”, “believe”, “could”, “estimate”, “exped”, “goals”, “intend”, “may’”, “cbiedives”, “outlook”, “plan”, “probably”, “projed”, “risks”, “schedule”, “seek”, “should”, “target”, “will” and similar terms and phrases.
There are a number of factors that could affact the future operations of Royal Dutch Shell and could cause those results to differ materially from those expressed in the farward-locking statements included in this presentation, including
(witheut limitation): (a) price fluduations in crude il and natural gas; (k) cl'!ungas in demand for Shell’s produds; (¢} currency Aududtions; (d) drilling and produdtion results; (e) reserves estimates; (f) loss of market share end indush‘y
competition; {g) environmental and physical risks; (h] risks associated with the identification of suitable petential acquisition properties and targets, and successful negefiation and completion of such transadieons; (i) the risk of deing
business in developing countries and countries subjedt to infernational sandtions; (j) kegislative, fiscal and regulatory developments including regulatory measures addressing climate changs; (k) economic and finandial market
condifions in varicus countries and regions; (I} pelifical risks, including the risks of expropriation and renegetiation of the terms of confracts with gevernmental entities, delays or advancements in the approval of prejeds and delays in
the reimbursement for shared costs; and [m) changes in trading conditions. No assurance is provided that future dividend payments will match or exceed previous dividend payments. All forward-looking statements contained in this
presentation are expressly qualified in their entirety by the coufionary statements contained or referred to in this sediion. Readers should net place undue reliance on forward:locking statements. Additional risk facters that may affect
future results are contained in Royal Dutch Shell's Form 20-F for the year ended December 31, 2016 (available ot www.shell.com finvestor and www.sec.gov]. These risk factors also expressly qualify all forward-locking statements
contained in this presentation and should be considered by the reader. Each forward-locking statement speaks only as of the date of this presentction, September 13th, 2017. Neither Royal Dutch Shell ple nor any of its subsidiaries
undertake any obligation to publicly update or revise any farward-locking statement as a result of new information, future events or other information, In light of these risks, results could differ materially from those stated, implied or
inferred from the forward-locking statements contained in this presentation.

We may have used certain terms, such as resources, in this presenfation that United States Securifies and Exchange Commission (SEC) strictly prohibits us from including in our filings with the SEC. U.S. invesfors are urged fo consider
closely the disclosure in cur Form 20-F, File No 1-32575, available on the SEC wabsite www.sac.gov. You can also obtain this form from the SEC by calling 1-800-SEC-0330.

Copyright of Shell Canada August 2017 2
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The energy challenge

There is more demand for energy g|obc1|]y as the world's popufcfion and |iving standards increase

M

Growing population
Global population is expected to

increase from around 7 billion
today to nearly 10 billion by
2050, with 67% living in cities.

Copyright of Shell Canada

Rising demand

Global energy demand will likely
be almost 60% higher in 2060
than today, with 2 billion vehicles
on the road (800 million today).

63

Ongoing supply
Renewable energy could triple by
2050, but we will still need large
amounts of oil and gas to provide
the full range of energy products

that the world needs.

o

Mitigating
climate change
Net-zero emissions is

a potentially achievable
societal ambition.

August 2017
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Towards a lower-carbon future

Shell is worl(ing to meet the energy c]'m"enge in many different ways.

Bringing lower- Industry leader in
carbon natural gas carbon capture
m to a wider market “ and storage ’
Investment in Continued Advocating
lower-carbon investment in oil government-led
technologies, such and gas to meet _h carbon-pricing
as hydrogen and growing demand &/ mechanisms

wind power

Cepyright of Shell Canada

64

A biofuels
business

€»

August 2017
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Shell Involvement

in CCUS projects - Rl o5

LJ
Boundary Dam Peterhead

Industry leader
ﬁ in carbon capture
and storage

M Industrial scale projects in operation

Peterhead €CS Boundary Dam

W Industrial scale projects in consfruction Quest CCS Lula CCUS TCM test centre (| Gorgon CCS ccus

. P|C|nnec| bUi mHCEIIEd IndUSh'IU[ scu|e 1 mtpa 0.7 mipa upte 100 l(rpu 10-15 Fni”ioq lonnes over between 3-4 mitpa upto 1 mtpa
project Caplure: amine Capture: membrane Capture: various the propecr’s_llkllme. Capture: amine Capture: amine

W |nvolvement quough Shell Cansolv Shell operated Petrobras operated, technologies Capture: amine Chevron operated, SaskPower projed, uses
tsehnol = Shell . Shell is @ V partner Shell is a JV pariner Shell project developed Shell is @ JV partner Shell licensed technology
echnology — no ohell equify and teats ot TCM vih S throgh FEED

inpiany
Copyright of Shell International PrORECLcon Octobar 2016 5
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Quest Project at a Glance

* What - fully integrated, commercial scale CCS

project at an industrial Faci|i1'y

* Where — capture at Scotford Upgrader; storage in
a deep saline aquifer: the Basal Cambrian Sands

(at a depth of 2000m)

* Who - joint venture between Shell, Chevron and
Marathon

* Impact — potentially 25 million tonnes of CO,
captured over a 25 year period (1/3 of CO, from
the Upgrader) — equivalent to the emissions of

about 250,000 cars each year

* Technology — syngas capture using amines

Cepyright of Shell Canada August 2017 &
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Performance up to now

Capture:

00 . o 2.500,000
s s

* As of June 2017, Quest has captured, transported, 180
and safely stored 2 million tonnes of CO,.

1.000.000

O
c
3
=2
— o
* Quest has the global CCS record for total injection £ =
volumes in a one-year period — 1.2 Mipa CO,. © 1,500,000 g-
* Operating costs lower than expecfed due to % T‘?,.
operating efficiencies -% ———e
Y —_—
MMV: 2 500,000 g
4 =
* MMV systems working well — no triggers §
* Multiple technologies indicate that the CO, is where 0 =
it is expected to be
Wells:
* Only 2 wells active — contributing fo significant wells and MMV savings
Reservoir:
* Excellent injectivity — comparable to high case scenarios
* After 25 years, we only expect to use 5-7% of the available pore space
Copyright of Shell Canada Auvgust 2017 7
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Knowledge Sharing

http: / /www.energy.alberta.ca/CCS/3848.asp

~ Carbon Capture and

-

-

-

-

-

"

‘A/[b{’/l’bﬂ\_- Energy

Storage Knowledge Sharing Reports
» About CCS
» CCS Projects in Alberta These reports require agreement of the Terms and Conditions prior to access.
w Alberta’s CCS

Knowledge Sharing The following reports are being saved in web versions and posted on this website, some of the documents are large and may reguire

Program a littie extra time to load. All documents are posted as they have been provided by the companies. Contact us if you have any

- questions about these documents

Legisiation and Policy

CCS Contacts 2015
Coal 5 "

Alberta Carbon Trunk Line Project
Electricity
Minerals Enhance Energy Inc. and North West Redwater Partnership
Natural Gas
5 summary Report 2} - 2015 Detailed Reports
e ——
Cal -~

08 Sands C  Quest Project )
Renewable and AlteMative esmw oo o ==
Energy Shell Canada Energy, Chevron Canada Limited, Marathon Oil Canada Corporation
Tenure

Summary Report 2 - 2015 Detailed Reports

I Inrnnuantinnal Bacnurrac

Copyright of Shell Canada
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Project Costs (Min CAD)

FEED 139.4 ~112
CAPEX
Labor and commissioning 147.9 ~118
Tie-ins 37.1 ~30
Capture 437.5 ~350
Transport 127 .4 ~102
Storage 40.4 ~32
Total CAPEX 790.3 ~632
Total for CAPEX + FEED 929.7 ~744
Annual OPEX
2016 Actudl 30.2 ~24.2
2017 Estimate 35 ~28

Sources: 2015 report for CAPEX (available at hh‘p:.{zwww.energx.a|bef1a.ca/CCS/CCSQues_fRepor120'l5,pd|:], 2016 report for OPEX (o be pub|ished online soon).

Cepyright of Shell Canada August 2017
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Project revenues (in Min CAD)

= Funding and Grant

Alberta Innovates Grant
NRCan Funding
GoA Funding

Total funding

Cumulative on Total Project

Spend (%)

m CO, Reduction Credits
a 2016 - 3.3 MCAD

Sources: 2015 report (available at http: //www.energy.alberta.ca/CCS/CCSQuestReport2015. pdf].

Cepyright of Shell Canada

6.6

108

298
412.6

30.2%

70

12
149 298
161 298
42.0% 63.9%

August 2017
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Cost per Tonne CO,

Estimate of the Cost per Tonne of CO, for the Alberta’s CCS Funding Program
Annualized CAPEX S million 21.20 21.20 | ‘ ;
Capture Annual OPEX $ million 82| 2622 . Hera; Annuity CAPEX/
Total $ million 3932 67.42 Non-discounted tonnes CO,
Annualized CAPEX S million 8.97 8.97 |
Transport Annual OPEX $ million 0.01 0.35
Total $ million 8.98 9.32
Annualized CAPEX S million 7.42 7.42
Storage Annual OPEX $ million 1.78 3.62
Total $ million 5.21 11.04 74 USD/t CO,
— avoided
[ Total CAPEX + OPEX S millon [ 67511 87.79] (at 0.8 USD/CAD)
Rlostss Thcasts i this tablaars i Annual CO, Cap‘tured m!ll?on tonnes 1.03 1.1
Canadian:-curren o. Annual CO- Avoided million tonnes 0.87 0.95
Reported Cost/Tonne Captured S/tonne 65.31 79.24
Reported Cost/Tonne Avoided $/tonne 77.35 92.70
n Repcrfed $/t cost is lower than forecasted $/t cost due to lower actual OPEX.
B The calculafion is performed using methodology specific for the projects under the Funding Agreement (funding by Canadian government).
m  The discount rate is weighted 75% towards the Alberta’s 10 year term bond rate and 25% fowards the industry standard discount rate.
®  Use of a different me1hodo|ogy inc|uding d'rsoounﬁng of co, (PV/RT, PV/PV, ...) and value of discount rate may result in a different $/t outcome.
Copyright of Shell Canada August 2017 1
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Metrics count

® Calculation is performed using methodology specific for the projects under the Funding Agreement (funding by Canadian
government).

Reported Cost per Tonne - Formulas

CAREX R #CF +:(OPEX), (Cost per tonne Avoided), = CAECE N FOE s (OERR)¢

Cost per tonne Capture), =
( P P )t (mcﬂz LCaptured )t (mCO;_Amided):

(Cost per tonne) , $/tonne Cost per tonne reported and calculated for year £

Uses the value calculated from worksheet Forecast. Based on actual numbers, the Annnalized CAPEX can be slightly different than the

Annhualiged CAPEX. Calculated Annualized Capex

(OPEX), $ Reported OPEX in year /

(M coz caprured) ¢ tonnes Mass of CQ, Captured reported in year 7

(m €02 _voided) ¢ tonnes Mass of CO, Avoided reported in year ¢

r(149)7
FCF = ———
aQ+nT-1
r fraction The nominal annual rate used to discount values, usually taken to be a pre-defined rate of return required to cover equity and debt costs
T year Economic life of the plant relative to the base year of the analysis (star of injection)
Copyright of Shell Canada August 2017
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Session 3: Cost of Emerging Processes

3a. Update on NET Power: Demonstration and Commercial Activities,
Mike McGroddy, 8 Rivers Capital
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NET Power

Truly Clean, Cheaper Energy

5th CCS Cost Network Workshop
Imperial College, London

September 2017
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“NET Power does not make natural gas a

) .“‘* v \ bridge—or a pier.

Q‘» It makes it a destination.”

B a a8 1 -Senior DOE official
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7w

World Class Partners

@

~ Exelon

RIVERS

In the press
S oA Forbes Science Bloomberg gyeNewijorkTimes Jygar I

L\EVEYS Procedia
ELSEVIER

The information contained in this material is confidential and contains

September 2017
3 intellectual property of 8 Rivers Capital, LLC and its affiliates.
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I W} NETPOWER
—

e M |

The supercritical CO, Allam Cycle is simple

@ Historically, CO; capture has been
expensive, whether using air to
combust or oxy-combustion

= Air combustion

< 8N2 + 202 + CHy = 8N» + COz + 2H,0
e e’ e
air expensive to
separale

= Oxy-combustion

20, +CH,— CO,+2H,0

expensive
to produce

¢ The Allam Cycle makes oxy-
combustion economic by:

= Relying on a more efficient core

power cycle
= Recycling heat within the system to
reduce 02 and CH4 consumption, Line Width Proportional to Mass Choan Watsr
2.75% of Maxs

and associated costs of the ASU  fmmgsaiuc

August 2017 The infermation contained in this material is confidential and contains
4 intellectual property of 8 Rivers Capital, LLC and its affiliates.
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I W- NETPOWER

Overview of NET Power Commercialization Schedule

MNET Power 4-way ‘$14lJM
agreement signed inwestinent
for demo
Demo pre-FEED program Start demo
est. complete construction
Start detailed
Allam Cycle Start Demo engineering 99% Complete
IP Filed combustor turbine engineering demo testing
testing ordered complete
Demonstration-scale Combustor Complete :
Timeli Demo FEED testing Turbine SOMWE Process da.ta
imeline . complete onsite combustor test * Controls/simulator
+ Turbine performance
* HX design life
Validation of Pre-FEED Phase 1:
commercial revised design
design complete
Complete Commercial Internal est. Pre-FEED Phase 2: Detailed Target online
conceptual pre-FEED est. update based Cost update design date
design complete on learnings complete complete
Commercial-scale Basic design
. . (FEED)
Timeline complete
[ | l | | | l l l l l l |
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
September 2017 5 Thelnforn?ation contained in this rnalterialis tonﬁdentialalnd conltalns
intellectual property of 8 Rivers Capital, LLC and its affiliates.
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7w

Status Update on Demonstration

{ : w ¥
_-‘ !:h.u. f

i\ f

‘ Wf“‘” A
LE \

\ \
La Porte Demonstration Facility — April 2017

The information contained in this material is confidential and contain

September 2017
6 intellectual property of 8 Rivers Capital, LLC and its affiliates.
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NG

Status Update on Commercial

+Develop baseli
Pre-FEED d:;::p seeine

» Engaging several first

potential customers Conceptual [iensiteni i
. . Desi estimate on 2™ design
» Site down-selection for eSigN Mt

first project underway «Select design and develop

detailed cost estimate to
support commercial plant
proposal to customers

» Revised costing effort
underway to support

first commercial online NP 2018 T Detailed [Py
by 2021 Design [

Commercial

coD

The infermation contained in this material is confidential and contains

September 2017
4 7 intellectual property of 8 Rivers Capital, LLC and its affiliates.
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1 G roroe

NET Power Estimating History

FOAK Estimate History

2013 Pre-FEED Interim Updates / 2017 Pre-FEED
* Class 4 estimate * Updated process design, * Class 3/4* estimate
*  Gulf Coast basis efficiency improvement * Updated process design
*  HX/turbine estimate scaled * Updated equipment specs * Revised, modularized layout
from demo *  Updated layout for * Competitive bidding for equip
* ROM bids from single suppliers reduced piping/labor *  MTOs for bulk quantities
for primary equip * Revised cooler designs * Initial ISOs for HE pipe
* No design optimization * Detailed review of EPC rates
= Use of internal scaling factors =  Minimized use of

parameterized estimating

In Progress...

September 2017 The infermation contained in this material is confidential and contains
8 intellectual property of 8 Rivers Capital, LLC and its affiliates.
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7w

Overview of Revised Design Effort

+ Design philosophy
= Minimize pipe runs and maximize spool lengths
= QOptimize use of upgraded alloys (HE or corrosion-resistant piping)
= Consolidate heat exchanger arrays into common header solutions
= Adopt O&M equipment access favoring “petro-chem” facility layout
= Embrace modularization in order to minimize field labor
= Minimize non-critical redundancy for target availability
+ Updates from small-scale demonstration design
= Employ proven refractory lined pipe solutions in place of large-diameter 740H for plant #1
= Evaluate high temperature S&T HX technology for temperatures above 550 C

= Simplify low-grade heat integration by performing preheating outside the main recuperative heat
exchanger train

+ Biggest cost drivers in current design
= Contingency and first of a kind home office engineering
= Bulk quantities
= Turnkey ASU pricing

The information contained in this material is confidential and contains

September 2017
4 9 intellectual property of 8 Rivers Capital, LLC and its affiliates.
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7w

Cost Optimization on FOAK Design

« At the limit, small changes in efficiency have large impact on plant
CAPEX.

« Previous designs were on the wrong side of a “cost asymptote”
regarding main recuperator design.

« Current design efforts will optimize for cost/efficiency trade-offs.

The information contained in this material is confidential and contains

September 2017 . . - .
10 intellectual property of 8 Rivers Capital, LLC and its affiliates.
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7w

Cost Reductions to Nth

«» Significant reduction in EPC, contingency and labor hours expected with experience from
FOAK to NOAK

« Preferred vendor pricing expected with near-term contractual commitments and multiple
orders (estimated 10% reduction in equipment bids)

» HX/Turbine package maturation

= All HX technology alternatives being evaluated. S&T design presents CAPEX savings due to
available size.

= Working with vendors to optimize block size and modularization of headers.
= Future HX cost reductions could mirror that of HRSG designs with optimized factory production.
= Turbine cost reductions vs. one-off FOAK turbine supply.
* Work with vendors on modularized ASU design
o Significantly drops costs vs. “stick build”
» Foreign equipment suppliers and in-house construction will also be explored
= |TM a possible future development, pending successful R&D efforts
+ “Next-gen” to compete directly with advanced class GTs

= NET Power is more akin to “simple cycle” design. Adding a second expansion turbine achieves
additional ~30% reduction in S/kW.

September 2017 The information contained in this material is confidential and contains
11 intellectual property of 8 Rivers Capital, LLC and its affiliates.
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NG

Q&A

The information contained in this material iz confidential and contains

August 2017 ¥ . E a
intellectual property of 8 Rivers Capital, LLC and its affiliates.
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3b. Demonstrating CO: capture <$40/ton: Experience from Industrial Projects
Prateek Bumb, Carbon Clean Solution
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L=, |Carbon

= Clean
CCS Solutions

Demonstrating CO,, capture <$40/ton: Experience

from Industrial Project

Presentation at IEAGHG 5% CCS Cost Network Workshop | London | 13/09/17

Aniruddha Sharma
CEO
Carbon Clean Solutions Limited
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Agenda

Carbon Clean Solutions

Industrial CO, capture

Cost Reduction Potential

Next Steps

Presentation at IEAGHG CCS Cost Network Warkshop | 13/09/17
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Company

Global leader in CO, capture from flue gas & natural gas

CO, capture at <$40/ton (capex & opex included)

Headquartered in the UK, with offices in USA, Germany and India

Offer: design license, patented solvent & services

Delivering 3+ industrial CO, capture projects in 2017

2 concept studies in Norway for 1500 tons/day (76MW) CO, capture
plant: KEA & Yara

i WORLD
OVEOLIA APPLY &1 M A“M@_b i ECONOMIC
ThyssenKrupp .‘\._./

Industrial Soluti 5
ndustrial Solutions Technology Pioneer

3

Presentation at IEAGHG CCS Cost Network Workshop | 13/09/17
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CO, Capture for Industrial Sites

Price is defined by customer’s alternative i.e. commodity

$$ savings the only incentive to switch (there are no grants!)

Space is a big constraint .... and so is water!

Understanding steam cycle / integration is a challenge!

Utilities are expensive

However, process engineers and HSE are well trained on issues like
COMAMH / chemical waste

>resentation at IEAGHG CCS Cost Network Workshop | 13/09/17
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Factors Driving Cost

Environmental permits / emissions norms

* Solvent / Aerosols emissions

Capital Costs

* Type of steel used

Operating Costs
« Utilities

Solvent Make-up / Disposal

* No special disposal procedures

Presentation at IEAGHG CCS Cost Network Warkshop | 13/09/17
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CDRMax Technology

CHEMICALS: e SALTS:
Fast reaction, >« 3 4, Slow Reaction,
High energy Low energy
Our advanced chemistry remove CO, from a variety \ /

of gas streams — for use in new and existing
industrial facilities. Performance Chemistry

Process flow diagram of CDRMax ™

Chearid gas 10
stmosphene

Our CDRMax® process technology
generates transformational results
for the capture and recovery of CO,.

Presentation at IEAGHG CCS Cost Network Workshop | 13/09/17
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Plant PFD

FG washing Stripper
with Water Condenser

Lean Solvent
Tank for Makeup

Lean Solvent Cooling da
W

co2 and Filtration

Absorptio
-~ m\
CO2 Stripping
1 ] Section =
i I
SOx T T |
remaval 1
| TEe l ipper Rehoiler
i -
F B Sl
C = Nl i [=] FET——
Solvents Heat
Exchange

Solvent Recovery

-
e

Presentation at IEAGHG CCS Cost Network Workshop | 13/09/17
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Our Industrial Experience

Greenfield 174 TPD CO, Use Facility Brownfield: TCM Demonstration, 240TPD

i A I
=M=

"SR G
I

e

i
g

|
a2
1l

JUwi=s SRR IR SR

8
Presentation at IEAGHG CCS Cost Network Workshop | 13/09/117
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Commercial CO, Capture to Chemicals Project

« 174TPD CO, capture from 10MW coal boiler flue gas

Commissioning October, 2016
FEED completed 2015
Absorber: H=27m , D= 3.8m (carbon steel)

Outcome:
» <$40/metric tonne CO2 capture cost
« “PPB” solvent emissions; lon exchange re-claimer

Presenlalion al |[EAGHG CCS Cosl Nelwork Workshaop | 13/0917
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Flue Gas Composition & Major Costs for FOAK

Composition At blower
(Wet Basis, mole%) inlet

co, 8

SOy 350 (mg/Nm?)
0o
Sii
(mg/Nm?)

0

Main cost

blocks?

-

CO2 Capture

$

Pre-treatment

©

‘Packages e.g.

ZLD, cooling
water etc.

Presentation at IEAGHG CCS Cost Network Warkshop | 13/09/17
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Cost Reduction due to MoC change

OAbsorber M Stripper

1.00E+00 ¢ 0.50 - 1.00 Fair
E 0.10 - 0.50 Good
£ 1.00E01
“%' 0.02 — 0.10 Excellent
[-4
8 1.00E-02 < 0.02 Qutstanding Welded Stainless
§ Steels
S Carbon Steel
§ 1.00E-03
I
1.00E-04 T T T T
5t35.8 304L 304LW 316L 316lwW

Conclusion from demo:

1. Absorber on Carbon Steel
2. Desorber on 304L

3. Piping?

4. Packages?

Presentation at IEAGHG GGS Cost Network Workshop | 13/09/17
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Cost Reduction due to Negligible Emissions

7000 Permissible Limit

—

6000

A 5000
&
. 4000
w
[ =
S 3000
% 2000
w
- 1000
2 0 , , __ , MEA aerosols emissions
3 0 20 40 60 80 100 120 1587 mg/Nm?
Operating Days

Conclusion from demo:

1. Feedstock change will impact emission

2. No acid wash or multiple stage wash will dramatically
reduce costs

3. Water is expensive on industrial sites...use as little as
possible!

CDRMax aerosols emissions
28 mg/Nm?

Presentation at IEAGHG CCS Cost Network Workshop | 13/09/17
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Where do we go next?

Price of . Er watt Globa , stallations
v b

$120 $101.05 64,892 MW 70,000
56 60,000
. 50,000
- 40,000
60
30,000
40 2 MEGAWATTS 20,000
20 10,000
0 i TEERE R LR 0

1T E EENRRNE AR |
1975 1980 1985 1990 1995 2000 2005 2010 2015*

*Estimate. Sources: Bloomberg, Earth Policy Institute, www.earth-policy.org

Down to $0.447 in August 2016

1. Standardise & replicate
2. Standardise & replicate

3. Standardise & replicate

Presentation at IEAGHG CCS Cost Network Workshop | 13/08/17
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Can we replicate same for iCCUS?

Carbon Clean’s SOAK (2" Of A Kind):

1.

2.
3.
4

40% area reduction due to equipment stacking / better design
15% cost reduction due to equipment standardisation

5% - 10% reduction in water footprint

More MoC change? Choose a geography with govt. grants?

But is there an evidence of cost reduction from other industry?

= 160 4%*a Ewvery doubling of solar reduces new PPA prices by ~16%
iy LT Via: Lower module costs, lower soft costs, lower O&M costs, higher capacity factors
LY
5 e,
a |
< | s L]
- I R ..
= B0 tra,
v = 1 T e -
@ | | | ] e
r L™ R? = 0.9702
z IR T
E L T .., 0
5 e
o 40 te
v
£
_g Graph & Calculations: Ramez Maam (2015)
a

20 Data: http://femp.Ibl.gov/publications/50mwh-solar-real-falling
r T T T T T

™ T |
100 200 400 800 1,600 3,200 6,400 12,800 25,600
US Cumulative Installed Solar PV Capacity - MW

14

Presentation at IEAGHG CCS Cost Network Waorkshop | 13/09/17
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iICCUS : Costs are coming down but policy support is required

(-, Industrial CCUS is very new but fast developing
space, support in the form of match funding /others
desired to move first projects

Policy support via appropriate mechanisms
required to develop the FOAK / SOAK

“Standardize & Replicate” probably better way to
approach industrial decarbonisation approach rather
than $1bn project

| AR i iCCUS could also be supported by policy
EEREEHE 14 S0 | IE D incentives for CarbonClean industrial production

15
Presentation at IEAGHG CCS Cost Network Workshop | 13/09/17
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Questions?

Aniruddha Sharma, CEO
aniruddha@carboncleansolutions.com

Tel: +44 20 3865 0639

47 Castle Street, Reading RG1 7SR,
Berkshire, United Kingdom
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Session 4: CCS in Energy-Economic Models

4a. CCS techno-economic representation in Integrated Assessment Models
James Glynn University College Cork
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“MaREl

Centre for Marine and
Renewable Energy

Science Sfl
Foundation

A World Leading SFI Research Centre .« g e . lreland For what's next
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A review of CCS techno-economic
representation in Integrated Assessment
Models

James Glynn, ’
Richard Millar, Paul Deane, Niall MacDowell, Myles Allen, Brian O Gallachoir

5t CCS in Costs Network Workshop
Roderic Hill Building, Imperial College London

Session 4 - CCS in Energy-Economic Models

% ‘ °*
o e
© @ee

EPMG [MEINGRE B

ENERGY POLICY &
MODELLING GROUP

Environmental Research Institute
University College Cork
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Project Consortium 3

EPMG

?\ ’I ]

y (& Imperial College

b:g 124 I'l MaREI London
Ot OXFORD

Contracting Party: MaREI Centre Environmental Change Imperial College London,

IEA GHG Ltd Environmental Research Institute, UK
Institutue, University of Oxford, UK

Keith Burnard University College Cork Dr Niall Mac Dowell

Prof Myles Allen
Tim Dixon (TBC) Dr James Glynn
James.glynn@ucc.ie Dr Richard Millar
Project contact point

Dr Paul Deane

Prof Brian O Gallachdir
(Apologies, cannot attend) @UCC
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Outline

+ [EAGHG CCS in |AMs project introduction

* A review of the US DoE workshop, Washington DC, April 2017.
» Workshop outcomes and lessons

* A review of the techno-economic input into influential Integrated
Assessment Models (IAMs)
+ Metrics to decide which IAMS are the most influential.
» Data gathering on CCS parameterisation in |AMs.

* CCS techno-economic representation in influential Integrated
Assessment Models (IAMs)
« QOverview of the IPCC AR5 scenario results and emissions trajectories
* Focus on 27t Energy Modelling Forum (EMF27) sensitivity analysis to CCS
e Update on more recent CCS in IAMs Literature
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High level aims of the study

* Provide transparency on the data inputs and calibration of CCS in
|AMS

* Document the range of outcomes for CCS in the most influential
IAMS

» Provide insights into the important drivers of the range of outcomes
INn these |IAMs

* Provide an assessment of best practice and review up-to-date data
for configuring CCS by technology type and region in |AMs.

110
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US DoE Workshop on CCS in techno- o
economic models EPMG

« The US Department of Energy’s Office of Fossil Energy hosted an energy-
economy modelling review workshop on 3-4 April, in Washington DC. The
aim of the workshop was to review the representation of carbon capture
and storage (CCS) and advanced fossil technologies in integrated
assessment models (IAMs).

* |AMs are computer models and can range in the mathematical methods that
underpin them, but largely they incorporate representations of the energy
sys’éer;n, the economy and earth systems into one integrated assessment
model.

» These computational models are then used at global, national and city scales
to gain insights into energy and economic system dynamics under various
constraints, e.g. from government policy, from socio-economics and from
the environment. |AMs are widely used in climate change mitigation scenario
analysis to develop technology roadmaps and inform policy pathways.

» The workshop brought CCS technology experts, CCS data providers, CCS
process engineers and relevant stakeholders, together with IAM modellers
from policy, industry and academia

8 UCC
= UCC
“oldiste na hOliscolle f_'arr; ah

Univeruity College Cork. ireland
©
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|IAM modelling Teams Present at Workshop

EPMG
Model Institution Speaker
GCAM PNNL Leon Clarke i Sﬁ
IPM EPA Misha Adamantiades P ratand Foruh
CTUS-NEMS NETL Chqu Zele.k J}MBRH
NEMS EIA David Daniels <
EPPA MIT Sergey Paltsev
ESIM ANL Don Hanson
Phoenix/ADAGE EPA Jim McFarland
ReEDS NREL Stuart Cohen
MARKAL/EPAUS9r EPA Dan Loughlin
MARKAL NETL Chris Nichols
REGEN EPRI John Bistline
MERGE EPRI Steven Rose
IEA-TIMES IEA-ETP Uwe Remme "-50."
ESO Clara Heuberger E_E_I_'_
MSh TIM S/ETEE focus = fromC8| AMS to Nat?gaggl Ig%ogr system
models E UCC

Ul!l“l'!ll! ED.QQI Curl Il-llﬂ
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Break out discussion session conclusions

* Regional differences are important at local and national level models, but
at the global level CCS cost modelling becomes represented by an
aggregated portfolio of CCS options across a region with a distribution
of costs. The range of uncertainty within this distribution of costs should
be explored and understood to reduce any biases.

* |AMs should have at least 3 factor CCS cost curves including T)capture,
2)transport, 3)storage & 4)learning.
« Transportation costs vary significantly by region/country

* There is insufficient good quality data on geological storage sites, their
Injection rates and dynamics over time.

* Modellers need a cost curve on how capture rates (30%-90%+) impact
on capture investment costs.

* |IAMs need to ensure consistent/smart CO, market representation and
not simply link CO, sources directly to sinks.

* |AMs focus on broad systemic interactions, and as such CCS has not
historically been a priority research area in |1AMs.
« More single model sensitivity analyses are reqguired.

* |AM modellers need more information on first of a kind (FOAK) and N of a kind (NOAK)
cost curves and learning rates from industry and demonstration projections.
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Workshop & Report OQutcomes

* Many |IAMs employed a simplistic representation of CCS transport and
storage costs, with a variation in capture costs depending on the CCS
technologies represented. Where data is available, IAMs should aim to
have cost curves (and, potentially, learning rates) for capture, transport
and storage.

» US National Energy Technology Laboratory (NETL) have gathered and
estimated baseline CCS datasets critical to developing detailed state-of-
the-art cost curves for capture, storage and transport that could be used
for CCS calibration in l[AMs. The data has not yet been widely distributed
among |AM teams.

* Communication between CCS technology experts and |AM modellers
needs to be enhanced. Such communication should include a regular
meeting, with accessible, open and transparent data-sharing essential.
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Review CCS data input and assumptions

Source
INETL
NETL
NETL
DECC

DECC

DECC

DECC

DECC

DECC
DECC

DECC
DECC

DECC
DECC

DECC

DECC

DECC

Fuel
Coal
Coal
Gas

Gas

Coal

Coal

Coal

Coal

Coal

Coal

Biomass

Capture Type
Post Combustion
Post Combustion
Post Combustion

Post Combustion

Retro Post
Combustion

Pre Combustion
Oy
Oxy

Pre Combustion

Post Combustion

Partial post
combustion

With ammonia

Retro Post
Combustion

Oxy

Partial Pre combustion

Retro Pre Combustion

Post Combustion

Plant type
Suberitical
Supercritical
Combined Cycle

Combined Cycle

Combined Cycle
Combined Cycle
Combined Cycle
Supercritical
[cla'e

Supercritical

Supercritical

Supercritical

Supercritical

Supercritical

IGCC

[clas

Conventional Boiler

(%)
312
315
45.7
44

44
38
42
32
30
32

38
32

32
32

35

27

15
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HHY  Overnight
Efficiency Full CAPEX

$2015/kW
4,523
4,593
1912

1,540

1,027
1,466
1,540
2,493
2,860

3,061

1,906

3,080

1,760

2,493

2,053

3,080

6,379

Range
Min

1,802
1,166

1,246

1,246
2,126
2,420
2,493
1,540

2,493

1,393

2,126

1,833

2,640

5,279

1,540

1,246

Range
Max

2,862
1,208

1,980

1,980
3,153
3,666
4,033
2,493

4,033

2,200

3,226

2,640

3,959

8,359

1,980

1,613

FOM

($/kW/year) ($/kW/year)

23

23
22
61
50
48
58

11
58

58
50

38

60

Range FOM
MAX

18
18

18

43
40
49

35
50

51
43

2
51

87

115

Range FOM
MIN
(S/kW fyear
)

2%

26
26
71
57

55

48
&7

57

44

117

$/MWh

246

246
279
2,65
418
0.00

223

223

223

2.24
4.18

3.67

471

Range Range
VoM MIN VOM MAX VOM

$/MWh $/MWh
213 2.93
213 0
242 3.30
227 3.15
359 4.77
3.67 -
191 257
191 2.57
191 257
191 257
3.59 4.77
315 4.18
4.03 5.50
491 6.60

576

Build
date
of
Plant

2025

2025
2025
2025
2025
2025
2025

2025
2025

2025
2025

2025

2025

2025

Capture

rate
0%
0%
0%

90%

0%
93%
100%
B9%
0%
B9%

33%
£9%

89%
9%

30%

89%

B9%

EPMG

coz
Transport CO2 Storage
Cost Range COZ Costs
($/Tonne Transport Cost  ($/Tonne
coz2) {$/Tonne CO2) €o2)
2.3744 - 9.2114
2.3744 - 9.2114
2.3744 - 9.2114

Range MIN CO2
Storage Costs
{$/Tonne CO2)
8.42
9.42
8.42

5.89

5.89
5.89
5.89
5.89
5.89

5.89

589

5.89

5.89
5.89

5.89

5.89

5.89



Proceedings of the CCS Cost Network 2017 Workshop

Investment Cost input assumptions review
EPMG

CCS Overnight Investment Costs ($2015/kW)

Fuel / Capture Type
Biomass Coal Gas ail

Source
Kriegler et al
DECC
ETSAP-IEA
IEA
Imperizl College
JRC
Muratori et al
METL
MREL
NREL-ATD
: Rubin et al

9K

+ o o

|
[
®

8K

o
=
0O v A 4B & *

4K Source
Kriegler et al
3K N = N I  DECC
ETSAP-IEA

2K s ¢ e %= IEA

|
f
&
1
|

|

f
|

Imperial College
1K | = = JRC

® Murztorietal
-] NETL

= NREL
NREL-ATD
Rubinetal

Median Overnight Full CAPEX $2015/kW
u
=
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|
|
|

t
2

Pre
Oxy
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on
Pre
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on
Post
on
=

Combus

Post
Pre

Combustion
Oxy
Post
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tial post
-
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Partial Pre
combustion
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Retro Pre
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Combus

Col
Combustior
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Scenario Data Sources

« |[PCC AR5 WG3 Scenario Database

« Compile database of scenario projected sequestration rates, volumes, by
technology, scenario, and IAM type
« LIMITS
« AMPERE
« AR5
« MILES
* Enable Identification of key outlier scenarios and models and projections

* Focus on EMF27 - CCS scenarios to isolate the CCS influence on IAM
scenarios

« Published before 2015

« Add recent SSP Marker Model Scenario Database
» 5 Shared Socioeconomic Pathways
* Published Early 2017

* Literature Review of Academic and Industry Sources
* NETL, IEA, MIPs
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IPCC AR5 WGIII - Energy System Scenarios

Data: CDIAC/GCP/IPCC/Fuss et al 2014

100 - Scenario categories
+— >1000 ppm CO.eq

- 720-1000 ppm
580-720 ppm
480-580 ppm

4 == 430-480 ppm

@
o

5
o

2016 Estimate —

7

and cement (GtCO,/yr)
o))
o

Emissions from fossil fuels
[y}
o

Historical emissions

O \\\——- L RCP4.5
. —— 1.7-3.2°C

4

=20

net-negative global emissions

1980 2000 2020 2040

2060 2080 2100
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ldentify Influential IAMS

Model GCAM IMAGE MESSAGE REMIND WITCH AlM
MIPs 9 6 6 6 6 5
AR5 139 79 140 158 132 41

Scenarios

» Most influential models currently and into the future for IPCC 6th
Assessment Report (AR6) are likely to be the SSP marker models.
» SSP1 - Sustainability- IMAGE (PBL) - Hybrid systems dynamics and GE
« SSP2 - Middle of the Road - MESSAGE-GLOBIOM (IIASA) - Hybrid
« SSP3 - Regional Rivalry - AIM/CGE (NIES) - General Equilibrium (GE)
* SSP4 - Inequality - GCAM4 (PNNL) - Partial Equilibrium (PE)
« SSP5 - Fossil fuelled Development - REMIND-MAGPIE (PIK) - GE

* Others
e WITCH-GLOBIOM (FEEM) - General Equilibrium
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EMFE 27 - Low Temperature CO2 Pathways
EPMG

EMF27 Low COZ Emis
Model / Date Scanakio

E 2 G E
AIM-Enduse 12.1 GCAM 3.0 IMAGE 2.4 MESSAGE V.4 REMIND 1.5 WITCH EMF27 & EIT 7 450:Cony

40,000 = EMF27-450-EERE
= EMF27-450-FullTech
35,000 < = EMF27-450-LimBio
= EMF27-450-LimSW
30,000 = EMF27-450-LowE|
= EMF27-450-NoCCS
25,000 = EMF27-450-NucCff
B ® EMF27-550-Conv
S 20,000 ® EMF27-550-EERE
] ® EMF27-550-FuliTach
-
,000
% 15,0 ' EMF27-550-LimBio
§ 10,000 ™ EMF27-550-LimSW
i = EMF27-550-LimTech
;E: 5,000 ® EMF27-550-LowE|
o = EMF27-550-NoCCS
S 0 & EMF27-550-NucOff
-5,000
-10,000
-15,000
: & UCC
SR 3R8 I R AR8E 2 WAIRE I ABRE IRBRE =R &GRS
o 8 o o - O O 9o o 91 O 9 9 Ood 2 P O © o 9 9 0 O g b= Q o o 3 mm‘m
NN (3% NN ™~ ~ ~n oo™ ~ (3] ™~ NN ™ () ~N NN o~ NN NN 2] 131 NN N
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CO2 Capture in EMF27 550-450ppm cases

EMFE27 450-550 CO2 CCS

EPMG

Model / Date Scenario
AlM-Encuse 12.1 GCAM 3.0 IMAGE 2.4 MESSAGE V.4 REMIND 1.5 WITCH_EMF27 ® EMF27-450-FullTech
EMF27-450-LimSW
50,000 ® EMF27-450-NoCCS
® EMF27-550-FuliTech
45,000 ® EMF27-550-LimSw
" EMF27-550-NoCCS
40,000
- 35,000
(=]
=]
= 30,000
s
c
2 25,000
20
&
@ 50,000
o
()
15,000
10,000
5,000
0 = A
= M own ~ O — M un ~ O = M wun K~ O o 0 wn M~ O = M W P~ O = M un I~ O University College Cork, irsland
o O O o o o o o o o o o o o o o O O c o o O o o o o O Coldiste na hOliscolle Corcaigh
™~ o~ ™~ N NN ~ o~ ™~ N N o 0~ o~ NN o~ o o~ ™~ ™~ ™ o~ ~otd ~ ™~ (] ™
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EME27 - Primary Energy Requirement (EJ)

EMF27 450 PE
g = 1,400
2 S 1200
3 g 1,000
S £ 800
3 e 600
o £ 400
= & 200
. = 1,400
vgg ~"‘-;: 1,200
° = 2 1,000
2 8 £ 800
3 N e 600
i E 400
& & 200
0 5 1400
g S 1200
= 2 1,000
2 & 00
N & 600
g E 400
- a 200

AlM-Enduse 1..

o
~
=]
™~

GCAM 3.0

2070

2010
2030
2050

Model
IMAGE 2.4

2070

/ Date
MESSAGE V.4 REMIND 1.5 WITCH_EMF2
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7 Variable

® Primary Energy|Ocean

Primary Energy|Geothermal

Primary Energy|Solar

Primary Energy|Wind

Primary Energy|Non-Biomass Renewables
Primary Energy|Hydro

“ Primary Energy|Nuclear

Primary Energy|Biomass|w,/o CCS
Primary Energy|Biomass|w/ CCS
Primary Energy|Gas|w/o CCS
Primary Energy|Gas|w/ CCS
Primary Energy|Oil|w/o CCS
Primary Energy|Oil|w/ CCS
Primary Energy|Coal|w/ CCS
Primary Energy|Coal|w/o CTS
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EME27 - Primary Energy Requirement (EJ)

GCAM 3.0

—

-

Model
IMAGE 2.4

<44
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/ Date
MESSAGE V.4 REMIND1.5 WITCH_EMF2

EPMG

> Variable
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" 2 8 B " " B A EmR S8 8

Primary Energy|Geothermal
Primary Energy|Solar

Primary Energy|Wind

Primary Energy|Non-Biomass Renewables
Primary Energy|Hydro

Primary Energy|Nuclear

Primary Energy|Biomass|w/o CCS
Primary Energy|Biomass|w/ CCS
Primary Energy|Gas|w/ CCS
Primary Energy|Oil|w/ CCS
Primary Energy|Coal|w/ CCS
Primary Energy|Gas|w/o CCS
Primary Energy|Oil|w/o CCS
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Uncertainty in CCS deployment Projections

* Exploring the EMF 27 model

models.

Table 2 Model assumptions about CO; storage and transport

database for the chosen influential core

EPMG

r

—

Model name

(1) Is there a
maximum
sll!!’:l:._!‘.' rae

(3) Possibility of
mternational ‘trade

of CO; storage space

(4) Regional differentiation
of transport and/or storage ¢os

7

(5) _‘1s'l‘umuc and transport \
cost” in SUSsg05/1CO5

(6) Number of
storage types

(7) Storage cost
differ per reservoir
type

(8) Storage
capacity in
GiCO,

BET

FARM
GCAM
GRAPE
IMACLIM
IMAGE
MERGE
MESSAGE
POLES
REMIND
TIAM-WORLD
WITCH

No
No
No
No
No
No
No
No
No
Yes
No
No

Yes
Yes
Yes

Yes'

No
No
Yes®
No
Yes'
No

No
Yes”
Yes
Yes
Yes
Yes
No
No
Yes
NU

Yes®

Yes®

\ S 510" (initial cost) — - l[}li

58

$138° -«
$ 0.1-596
$ 12.6-262

S -6-50
S10
$7-9'

S 10-300
5~6

S 857

No differentiation
No differentiation
Ad

4

No differentiation
1y

No differentiation
No differentiation
an

No differentiation
8P

No differentiation

No
No
Yes
Yes
No
Yes
No
No
Yes
No
Yes
No

3538
Unlimited®
7178
~20000
Unlimited®
5856
Unlimited
Unlimited™
Unlimited
3959
116008
Unlimited"

9LF-19t:€T1 (£107) 28ury) dnew|)

Personal communication with Bertram, C.; Bibas, R.: Blanford, G.; Calvin, K.; Carrara, S.;Yamamoto, H.; Kanudia, A.; Kitous A.G.; Krey, V.: Kurosawa, A.; Labriet, M.; Russ

Source: Koelbl, B. S., Broek, M. A. van den, Faaij, A. P. C. & Vuuren, D. P. van. Uncertainty in
Carbon Capture and Storage (CCS) deployment projections: a cross-model comparison
exercise. Climatic Change 123, 461-476 (2014).
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The Shared Socio Economic Pathways of the
Energy SeCtor - Bauer et al http://dx.doi.org/10.1016/j.gloenvcha.2016.07.006
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Income Countries, respectively. The Shared Climate Policy Assumptions {5PAs ). colored in yellow, are not used in the baseline scenarios. but only in the mitigation scenarios
introduced in Sec. 2.2, (For interpretation of the references to colour in this figure legend, the reader Is referred to the web version of this article.)
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SSP - Low Temperature CO2 Pathways ‘°
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Primary Energy-Low Temperature Scenarios °
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Carbon Price in Low Temperature Scenario °
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Conclusion & Discussion points

* There appears to be an reliance upon the IPCC (2005) SR on CCS for
calibration of CCS in IAMs, in the absence of other data sources.

* There is not a general awareness of the NETL baseline data sets
within the |AM community.

* When considering the EMF27 study, the strong variation of CCS deployment
projection rates could not be related to the reported differences in the
assumptions of the models by means of a cross model comparison.

* Source: Koelbl, B. S, Broek, M. A. van den, Faaij, A. P. C. & Vuuren, D. P. van. Uncertainty in
Carbon Capture and Storage (CCS) deployment projections: a cross-model comparison
exercise. Climatic Change 123, 461-476 (2014).

* Investment costs were not included in the analysis that underpins this statement.
* Investment costs, and CCS technology specification input assumptions need to be published
as standard with CCS sensitivity analysis within IAM runs for cross model comparison.
» Model specific sensitivity runs on CCS calibration are required for further insights
to go beyond the general statements from the EMF27 MIP type studies.

+ Muratori, M. et al. Carbon capture and storage across fuels and sectors in energy system
transformation pathways. International Journal of Greenhouse Gas Control 57, 34-41(2017).
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Thank you
QUESTIONS?
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Primary Energy Across All SSPs
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EPMG
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Final Energy - Low Temperature Scenarios
EPMG
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Primary Energy-High Temperature Scenarios °
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PE by Fuel w&w/0o CCS Low Temp Scenarios o

PE CCS by Fuel by Model
o Made
Variable sseL2s 559134 ssenas ss82:34 £5P3-34 $5R4.25 sspa3a sso525 sses34 R
"
| |

MESSAGE-GLOZIOM

\
t;
\
\
N\
R\
1
N\

‘%l
;H
\:
h
“a

> 5 g S —
_&_ﬁﬂﬁjﬁﬂ o /‘“ ,ﬁﬂ

)

(€)

(€)

1)

]

e

ergy Primary Energy  Primary Energy | Primary Energy  Primary Energy  Primary Enesgy  Primary Energy  Primary Energy
J| ]

ia o M /ﬁ\'

139



Proceedings of the CCS Cost Network 2017 Workshop

PE by Fuel w&w/o CCS Low Temp Scenarios °
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OXFORD
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Are these scenarios achievable?
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How to avoid mitigation costs >60 TS/year
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Another way of looking at IPCC WG3 “well below 2°C”
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4b. What is the role of CCS in determining costs and climate outcomes of scenario
analysis in Integrated Assessment Models?

Richard Millar, Oxford University
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|. The climate context
2. High-level insights into the role of CCS in climate scenarios

3. CCS deployment as a driver of cost in climate scenarios
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Limiting warming to Paris goals is still possible
but requires net-zero CO, emissions SCHOOL
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Peak warming depends on cumulative carbon
emissions, but budgets are uncertain
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Peak warming depends on cumulative carbon
emissions, but budgets are uncertain
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Peak warming depends on cumulative carbon

emissions, but budgets are uncertain
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Peak warming depends on cumulative carbon
emissions, but budgets are uncertain
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Peak warming depends on cumulative carbon G5
MARTIN

emissions, but budgets are uncertain SCHOOL
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Peak warming depends on cumulative carbon G5
MARTIN

emissions, but budgets are uncertain SCHOOL
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Overview
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In scenarios with large emissions reductions
demand for carbon remains high
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The fraction of extracted carbon that is

sequestered via CCS rises steadily over time
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CCS deployment is a well-constrained
function of future warming in scenarios
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with delayed deployment of CCS

Cost of staying “well below 2°C” tend to go up Oxmj
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Representations of learning effects can drive OXFORD
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deployment profiles of CCS
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Using toy cost curves, with a very basic CCS/CDR learning effect
model inbuilt, early deployment of CCS can be cost-optimal solution

to meet a given carbon budget for relatively weak discounting of the
future...
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BECCS cost-curves can also be an important
driver of carbon price and mitigation costs

OXFORD
MARTIN
SCHOOL

CDR deployment in ReMIND and current air capture cost estimates
3000 . .
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“air capiure cost Lackner 2010
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Cumulative sequestration by BECCS (GtC)

Source: Kriegler et al, Climatic Change (2013)
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Session 5: CCS Flexibility

5a. Quantifying and qualifying the role and value of flexible CCS to the
decarbonisation of national electricity systems

Clara Heuberger, Imperial College
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Quantifying and qualifying the role and
value of flexible CCS to the decarbonisation
of national electricity systems

Contribution to the 5™ IEAGHG CCS Cost Network Workshop

Clara F. Heubergera?

and lain Staffell?, Nilay Shah®¢, Niall Mac Dowell®°
a Centre for Environmental Policy (CEP)
bCentre for Process Systems Engineering (CPSE)

¢ Department of Chemical Engineering, Imperial College London London, 145t September 2017
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Valuation metrics of power technologies

In a 20t century power system...

LCOE

- Centre for
AN, WK Process < .
Impenal COIlege ce 5-_);' :&'A 2 Systemic Technology Valuation — C. Heuberger 2/24
ondon gl /’\ Systems
Engineering
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Valuation metrics of power technologies

Today... + Widely used
+ Easily calculated

- No account of system

LCOE
|

integration effects

‘ ‘ + Explicitly accounts for

system integration

System Value

- Requires full/sectoral

[Z) cF Heuberger, | Staffell, N Shah, N Mac Dowell, Grantham Briefing Note 7, 2017 en el’gy SySte ms m0d9|

Centre for

:l’:‘;ﬁﬁl;;?]l College C % 4};{* :::::::s Systemic Technology Valuation — C. Heuberger 3/24

Engineering
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The system value metric

The system value can be quantified as the difference in total system cost
caused upon the deployment of a power generation or storage

technology.

Energy/power

system

A
1

Power
technology

Energy/power system model

Imperial College ‘[_}

London

Total System Cost
with technology

Total System Cost
without technology

Difference in
Total System Cost

‘/ Centre for
Process

’t\ Systems

Engineering

System Value:
ATSC normalised
per capacity/
power generated
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The Electricity Systems Optimisation framework

complexity (size/non-convexity of model)

Characteristic

single node,

Model Name

° clustered time *Y ESO
s and full hourly,
: one year
Ny . .
.32 AL 35 185 fime (years) .
single node, full
space (zones) Hourly, 35 yaars ESO-X
single node, 35 ESOVEL
years, tech. LR ® g
multi-zone,
I Completed eliistared Bre Q’ ESONE-X, ESONE-XEL
1 ingle node, 35+
planned g *
years, market o ESO-XEQ
competition
{!’ggﬁl‘(l)?: College C% ,,_}”{_, E&z{{im Systemic Technology Valuation — C. Heuberger
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Power systems modelling - techniques

complexity (size/non-convexity of model)

' A
iel L e
ESONE-XEL
me M -
= @ ESO-XEL
A O, S
: - @ E i
endogenous tech. learning Q . g @ BO-X
MIP, dispatchable, =~ @ ® e o @ ESONE
intermittent, storage - . ; -

LP, dispatchable | © ESO
i BUEE I g
i3 1. 35 85 time (years)
Evf_'l_lj. ________________________________i_,"/ t e T

space (zones) o
ol "0-0
z € Z y
%oé Clustering
v.
{!’ggﬁl‘(l)?: College C% 7’{_., E&z{{im Systemic Technology Valuation — C. Heuberger 6/24
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Mathematical model formulation

Viel
Va € A KT EWIARSICERNGT
Vze Z

System-wide
constraints

Vee C
Vze Z

Tech.-wise o

VteT constraints .

Veez Integer scheduling |8

Endogenous Cost .
Learning .

L1778 Objective

Vie L

Initial installed capacity

Build rate constraints

Life time constraints

Maximum resource constraints

Electricity demand

Reserve, inertia requirements
Emission target

Transmission between zones

Power, reserve, inertia provision
Flexibility of generation/storage units
Carbon emissions by technology
Uptime and downtime

Line segment on cumulative cost curve
Cumulative CAPEX at cumulative capacity

min { CAPEX + mode-specific OPEX }

[Z) CF Heuberger, E Rubin, | Staffell, N Shah, N Mac Dowell, Applied Energy, 2017, 204: 831-845

Centre for

Imperial Colle Process
|JDﬁ30r\ 28 535?52) :z::;m

Systemic Technology Valuation — C. Heuberger
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Mathematical model formulation

Viel d; o = DIni; Vi,a=1
v AR it : bi« < BR; A, Vi,a > 1
il C2Pacity expansion xR A W RSy
VzeZ dia < DMaz;  Vi,a
YigP2igaict + Xip 82is,0,ct = SDep0 (1+TL) — slaka,ct V...
VC - C System'Wide Z,ﬁg Tig,a.ct RPig + Zis s2r... > SDc,t,a RM + Zir pgdir,a,c,t WRY..
Vze Z constraints Dig Nig.act DesigIPig > ST Va,c,t
Ziy,c,t €ig,act WF. < SE, Ya, ...cap const.., VoLL constr.
TECh,-Wise Nig,a.c.t < d:’g,a Vzg, a.c,t
VteT constraints Uigaet 2 Bigact ~ Mgact-1  Vig,0,6:¢
Ve Z Integer scheduling switch, min/max, reserve, storage charging/discharging..
Endogenous Cost PRIZEIER Vil, a
Vie L Learning T8il,a1 = X1oj g pitad Yil,a,l, .lin. interpol. constr.
sum Objective min{tsc};tsc = Eie!\s’l,a CAPEXb; ..+ OPEX ;i gct + -

[Z) CF Heuberger, E Rubin, | Staffell, N Shah, N Mac Dowell, Applied Energy, 2017, 204: 831-845

Centre for

Em College QQ_Q ﬁ Systemic Technology Valuation — C. Heuberger 8/24
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The ESO framework — key features

1

Bottom-up engineering model of a wide

range of technologies, features, learning > Technology agnostic

2

Cost-optimal capacity planning

considering adequacy, security, carbon xS liEnsiticniplanning

3

Granular representation of time and

space with long-term foresight » Operational detail

Centre for
Imperial College N, \J/ Process
London CQ_‘O/ 7‘T§

il Systemic Technology Valuation — C. Heuberger 9/24
ngineering
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The ESO framework — key applications

—8— UKERCRef
® UKERCLC
—3— NatGridGG
—8— DECC
—— |EA
NatGridLC
#— NatGridNP
@— ESOXEL

1

» Systemic technology
valuation

2

» Optimal generation
expansion planning

Model validation: The ESO-XEL
trajectories fall well within the branch
of other UK power system models.

Centre for
Imperial College \’/ Process ; ;
TS CE[)/ *7’"- :mfm, Systemic Technology Valuation — C. Heuberger 10/24
ngineering
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System impact of onshore wind in 2035

@ 40 160 == Interconnection
@ 2351 - 140 S =Solar
:’c; 0 30 A - 120 Q; == Wind-Offshore
c 25 - - 100 ‘§ == Wind-Onshore
~3,i 20 - - 80 § C=ICCGT-PostCCS
g 15 4 - 60 E —Coal-PostCCS
5 104 40 @  =mOCGT
)
5 20 @ =CCGT
0 . N : 0 ==INuclear
16 20 30 40 90 120 ~=TSC

Available Onshore Wind Capacity (GW)

The value of onshore wind changes as a function of the
available amount of capacity.

[Z) CF Heuberger, | Staffell, N Shah, N Mac Dowell, Computers and Chemical Engineering, 2017, ISSN: 0098-1354

Centre for
Imperial College \’/ Process ; ;
TS CE[)/ *7’"- :mfm, Systemic Technology Valuation — C. Heuberger 11/24
ngineering
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System impact of CCGT post-combustion CCS
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Available CCGT-CCS Capacity (GW)

" The deployment of CCS capacity can reduce total capacity
requirements and TSC.
B CCS utilisation increases as unabated and intermittent

capacity is replaced.

Centre for

Imperial College i, Process Systemic Technology Valuation — C. Heuberger 12/24
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Flexible CCGT post-combustion CCS

SV Flexible CCGT Post-combustion CCS

=3JInstalled Capacity

20 { =o—Total System Cost
15 4 —&—System Value
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oxy, |IGCC-pre,

CCGT-post CCS Start-up cost -2 % (CCGT)

No Load/fuel -0.4% (CCS, OCGT)

CAPEX + 0.2% (CCS)
flexible coal-post,
coal-oxy, IGCC- 63% +11 %
pre, CCGT-post
CCS

[Z) CF Heuberger, | Staffell, N Shah, N Mac Dowell, Valuing Flexibility in CCS Power Plants — FlexEVAL project for the [EAGHG, 2016

Imperial College

London
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B
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Engineering
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System Value — Summary for CCS options

CCGT-CCS technologies provide the highest relative
system value in the UK power system.

Relative System Value of CCS Technologies
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System Value — Summary for CCS options

CCGT-CCS technologies provide the highest relative
system value in the UK power system.

Relative System Value of CCS Technologies
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Value of flexible CCS options

Flexible CCS technologies provide an additional value by
accommodating higher levels of intermittent renewable
capacity and power generation.

Relative System Value of CCS Technologies
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SV is sensitive to the system conditions
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System value — CCS, wind, energy storage

5000

§ | —s— Storage (limited wind)

é 4500 4 —+— CCS (no storage)

e 1 —+— Wind (no storage)
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Capacity Installed (GW)

Initially energy storage capacity reduce total system cost
most. CCS and Wind capacity are valuable to the system.

[Z) cF Heuberger, | staffell, N Shah, N Mac Dowell, Computers and Chemical Engineering, 2017, ISSN: 0098-1354
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Optimal generation expansion for the UK
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Carbon reduction policies are essential
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Hourly operation profiles
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Pathways without CCS

Overbuilt and

Far from decarbonised

underutilised system. by 2050.
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Compromising security of supply
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Conclusions

The value of a power technology changes as a function of the
penetration level and is dependent on the incumbent system
conditions.

Flexible CCS technologies provide an additional value in being able
to accommodate higher levels of intermittent renewable capacity
and power generation.

Total system cost by mid-century can be reduced when
investments into low-carbon technologies are made now.

Thank you. Feel free to ask any questions.

Clara F. Heuberger, lain Staffell, Nilay Shah, Niall Mac Dowell
Contact: c.heubergerl4@imperial.ac.uk
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LCOE, System LCOE, System Value

LCOE System LCOE System Value
Integration cost - -
Other power
cmlex OIEX CAPEX | OPEX  cApEX —> plants
: Total
Power plant Power plant < Power plant > System
- Cost
l \L OPEX —> v
Energy
Revenues Revenues .
L storages, gird .

Economic calculation over power
plant lifetime

Mathematical model considering power
plant under long-term system conditions
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System Value — Summary for CCS Options

Flexible CCS technologies provide an additional value by
accommodating higher levels of intermittent renewable

capacity and power generation.
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Power systems modelling - dimensions

complexity (size/non-convexity of model)
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Modelling — Representation of Time
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[Z) CF Heuberger, E Rubin, | Staffell, N Shah, N Mac Dowell, Applied Energy, 2017, 204: 831-845
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Learning curves in the ESO-XEL model
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Nominal cost reductions
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[2) E Rubin, IML Azevedo, P Jaramillo, S Yeh, Energy Policy, 2015, 86: p. 198-218
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UK’s power system — with technology learning
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Offshore wind capacity benefits most significantly.
Investment timing moves to earlier planning years.
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Share of power generation changes
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Total system cost reduce if learning is fostered
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Investment cost and total system cost (2015-2050) can be
reduced if technology learning encouraged.
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Modelling technology learning

Exogenous VS. Endogenous
Cost reduction over Cost reduction upon
time deployment
= Input parameter —> Model constraints
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Perfect foresight vs. myopic planning

+—e Foresight and decision =-= Foresight only
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foresight limited foresight

= Myopic decision making as rolling horizon optimisation
= Foresight horizon # decision horizon
= Disruptive event can be assessed as part of the optimisation
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Build rate parameter sensitivity
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Build-rate parameter has the most
significant effect on optimal capacity
mix and system cost.
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Super technology
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5b. Decarbonising the Australian National Electricity Market—Implications for CCS

Andy Boston, Red Vector
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Context

The National Electricity Market has
embarked upon a pathway to a gradual
decarbonisation, driven at State and
Federal Governments and some by

commitments made in Paris.

Key questions for existing generation

fleet and new technologies:

Maintaining grid stability
Is there a silver bullet!?
State vs NEM
Comparing tech cost
Cost to consumer
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Gamma Energy Technology

EXPERIENCE THINKING NRCWATION

Meeting 2 degrees r\ Adtor

Figure 5  Emissions intensity of electricity generation, 2 degree pathways
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Policy Options for Australia’s Electricity Supply Sector, By Climate Change Authority, Aug 2016
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.....

Overall Messages -r\Actor

It is important to consider the A secure grid requires a range of
whole system across all essential services
timescales to 2050 and beyond — Traditional grid service
— The value of a technology suppliers are disappearing
depends on existing grid — Services need valuing to
— Chasing intermediate reward existing providers
targets whilst ignoring the and attract new suppliers
long term can be — Existing plant can provide
suboptimal many services if flexible
— Energy supply is only one — Inflexible plant will struggle

of several grid services to survive
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Overall Messages -\ Act

.....

PERENCE THINKING  (NRCWATION

The solution will be diverse

— To resolve the trilemma, a
range of technologies will
be required

— Each technology brings a
different range of services

— Each state has unique
problems and
opportunities

210

Providing reliable low emissions
electricity comes at a cost

— All low carbon energy
forms are more expensive
than existing assets

— Total system optimisation
will lead to the lowest cost
highest reliability outcomes
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Modelling
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MEGS: Modelling Energy & @ smumem
Grid Services REDVACtor

MEGS balances several
services essential to grid
operation:

— Energy must balance. Conservation of Energy

— There is sufficient

SUPP'Y of reserve and Managing imbalances

response services.

— There is sufficient
; . Stability: time to react
Inertia

— There is sufficient

reliable capacity to Keeping the lights on!

meet peak demand
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MEGS REDVECtor
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economic solutions. Includes engineering
models Includes economics and excellently:
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Validation - QLD REDVECOr

State by state comparison of modelled results and market data. Solar

MEGS needed some adjustments for non-market behaviour {(e.g. low
priced gas contracts and running to support long grid lines)

Agreement for Queensland was good:
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Validation — TAS, SA rEDVECOr
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REDVECtor

Weather
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Renewables Ninja! o A4

Ninja takes historic weather
records and simulates what wind
and PV would've generated in
those years.

Has been validated against market
data for NEM

Known locations marked on map

This project has 10 years of
coincidental market and Ninja data
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@) e e
Anatomy of a Drought-r A+

This is | in 5 year wind .
drought for NEM. eom.
All states went down wsom (AL
together for a week. m.com R N
Assume system is OK with & " ¥/
"2 of normal wind level. G | osomt
Rest is made from storage g m——————"
S [msom
Would have to hold = I
|4MWh per MW of wind &
for 5 years (red area). Storagel
So a |GW windfarm . AR
would need 108 of
Tesla’s biggest batteries '
to “flrm It up”° Eml[ﬂl "al'lfﬂl 5I|:ﬂI %Eﬂl 9IIEI 1I1|:é 1I3|:ﬂf 15Eﬂ ITIE 1I9|:ﬂleil.lfﬂIZI3|];2lﬁllj ZIT|£2I9|£ 310

Date in May 2010
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Anatomy of a Drought-r A+
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This is | in 5 year wind
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REDVECtor

Decarbonisation
Pathways
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Technology Options - Ao
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Technology Options - Ao
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Technology Options - Ao
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Tech Option Conclusions oo Ao

The effectiveness of a technology depends on how much exists
already

— Costs increase in a non-linear fashion as they are added

— Simple metric like LCOE can’t explain or represent that
behaviour

Renewables appears to be cheapest for initial steps

— But not for deeper decarbonisation (diminishing returns)
Building gas is cheaper for mid levels of decarbonisation around
50%

Only CCS can get to deep (>60%) decarbonisation levels
The cost of gas CCS and coal CCS are similar at $12/G]
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Finkel's Pathways
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Load Duration Curves REDVECOr

Each line on the curve is compiled by sorting from highest on the
left to lowest on the right. It neatly demonstrates the running
pattern of different plant over the entire year, and shows the effect
of renewable generation on the demand profile.
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Finkel's Pathway
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REDVECtor
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The solution here is technically feasible but not without difficulties:

* The baseload market has virtually disappeared
* Black Coal has to run very flexibly, often shutting down daily
* Some renewable output is lost through insufficient demand

228



Proceedings of the CCS Cost Network 2017 Workshop

L S) Gamma Energy Technology

EXPSRIENCE THINKING  (NNCWATION

LEUMNM -
O KewEolard
1 Sok@
Windm
=}
LOMMMA —
g‘ W storaged
=
K 2 L1 ™ iydro@
] 5’ 00000 —
3 & B oCamm
2 E
g S O NewXCGTR
2 LCaTR
Z
& —— Eglomassn
WM |
H NewlElackeall
M Blackiboa R
T - HErowneal
lﬂ -
5090
P 1o portho rid i Innefd - rteRn T

The solution here is costly:

» Curtailment (loss of renewable output) is huge

» Abatement cost of last step is 234 $/t

* This does not seem the best decarbonisation solution

229



Proceedings of the CCS Cost Network 2017 Workshop

Gamma Energy Technology

EXPSRENCE THINKING NNCWATION

Cost Curve Comparisopr A+tor
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Retrofitted CCS plant occupies the near-baseload market, but needs to be
flexible, and new gas has a high load factor. There is only a small curtailment of
renewables. The remaining coal occupies the mid-merit position working flexibly
with OCGT, hydro and storage at peaks.

The cost of abatement is $107/t for the final stages of this approach...
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State by State
2030 Stories
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Queensland REDVECtOr

S MEGSEeneratlorET irs (AW eekEViayR0 15T

Imports  The Sunshine State
* Best place for PV

* PV can almost
completely meet
demand at noon
most days

Coal is night only
running

Exports Solar,
Imports wind

* Likely to need significant work to prepare it for
extra ongoing costs + lifetime consumption
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South Australia REDVECOr

30008
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Imports  The Windy State
solar « SA has best resource

for wind

2
2
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* But end of line grid
.~ needs support from
gas plant
Exports half of wind

| .
| Biomass
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Annuamgpgr_aﬂorm
when windy
’h. A ‘ * Reliant onVictoria
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» There’s not a great role for PV in SA

* Gas plant provides inertia and reserve in support of wind

234



Proceedings of the CCS Cost Network 2017 Workshop

() Gamma Energy Technology

EXPSRENCE THINKING NNCWATION

REDVECtor

Conclusions
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Overall Messages -r\Actor

It is important to consider the A secure grid requires a range of
whole system across all essential services
timescales to 2050 and beyond — Traditional grid service
— The value of a technology suppliers are disappearing
depends on existing grid — Services need valuing to
— Chasing intermediate reward existing providers
targets whilst ignoring the and attract new suppliers
long term can be — Existing plant can provide
suboptimal many services if flexible
— Energy supply is only one — Inflexible plant will struggle
of several grid services to survive

LCOE is helpful X Baseload Rules OK! X
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.....

Overall Messages -r\Actor

The solution will be diverse Providing reliable low emissions
— To resolve the trilemma, a electricity comes at a cost
range of technologies will — All low carbon energy
be required forms are more expensive
— Each technology brings a than existing assets
different range of services — Total system optimisation
— Each state has unique will lead to the lowest cost
problems and highest reliability outcomes

opportunities

Reliable & clean

One size fits all X energy is cheap. X
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“gap in the story” oo Ador
Wind Droughts, MEGS and Renewables Ninja

Long No of .. MWh of storage,
Length of “I _
term  droughts > ,,  per MW of wind,
State _ _ in 5 year _ _
capacity | week in e to survive | in 5
factor  2006-2015 & year drought
QLD | 6% 70 2| days 48 hours
NSW 31% |5 |2 days 27 hours
VIC 31% 6 |0 days 28 hours
AS 38% 4 2 days 37 hours
SA 33% 5 9 days 23 hours
I

30% 6 days |4 hours
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International
Experience
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