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AGENDA

Tuesday, March 22, 2016

8:00 Registration and Coffee:
Massachusetts of Institute Technology (MIT),
Silverman Skyline Room, Building E14, Room 648

8:30 Introduction

9:00 Session 1: Framing the Issue (Chair: Howard
Herzog, MIT)
— The Cost of CCS: A Review of Recent Studies
(Ed Rubin, CMU)
— Methodology of a Detailed CCS Cost Study
(Jeff Hoffmann, NETL)

10:30 Break

11:00 Session 2: Project Costs - Industrial
Applications (Chair: John Davison, IEAGHG)
— Quest (Wilfried Maas, Shell)
— Illinois Basin/Decatur (Sallie Greenberg, Univ. of
Illinois; Ray McKaskle, Trimeric)

12:30 Lunch

1:30 Session 3: Project Costs - Power Applications
(Chair: George Booras, EPRI)
— Boundary Dam (Max Ball and Peter Versteeg,
SaskPower, via teleconference)
— FutureGen 2.0 (Ken Humphreys, FutureGen 2.0)
— White Rose (Leigh Hackett, GE Power)

3:45 Break

4:15 Session 4: CCS in the context of changing
electricity markets (Chair: Sean McCoy, LLNL)

— The value of flexible, firm capacity on a
decarbonized grid (Andy Boston, Energy
Research Partnership)

— Initial Respondents: Neil Kern (Duke Energy),
Geoffrey Bongers (Gamma Energy Technology)

5:30 Adjourn

7:00 Dinner (sponsored by Shell),
EVO0O, 350 Third St, Cambridge, MA

Wednesday, March 23, 2016
8:30 Coffee
9:00 Three parallel breakout sessions:

A. Can we reconcile real project and N plant costs?
How should we present this information to policy
makers?

(Co-chairs: Ed Rubin, CMU; George Booras, EPRI)

B. What are the main challenges of industrial and
power CCS cost estimation and financing?
(Co-chairs: Jeff Hoffmann, NETL; Howard Herzog,
MIT)

C. What can be done to make CCS more competitive?
What are realistic expectations for CCS cost
reductions over next 10-20 years? By 20507
(Co-chairs: Wilfried Maas, Shell; Sean McCoy,
LLNL)

12:00 Lunch
1:00 Breakout Session Reports
2:00 General Discussion

o What have we learned?

o Where should we be going?

2:45 Next meeting - Topics, Location, Timing

3:00 Adjourn
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INTRODUCTION

The fourth meeting of the CCS Cost Workshop (also
known as the Expert Group on CCS Costs) was held
on March 23-24, 2016 at the Massachusetts Institute
of Technology (MIT) in Cambridge, Massachusetts.
This function is now designated as the CCS Cost
Network under the auspices of the International
Energy Agency Greenhouse Gas Programme.

The meeting was organized by a Steering Committee
including representatives from: Carnegie Mellon
University (Ed Rubin), Electric Power Research
Institute (George Booras and Richard Rhudy), IEA
Greenhouse Gas Programme (John Davison),
Lawrence Livermore National Laboratory (Sean
McCoy), Massachusetts Institute of Technology
(Howard Herzog), National Energy Technology
Laboratory (Lynn Brickett), NaturalGas Fenosa
(John Chamberlain) and Shell Global (Wilfried
Maas).

The purpose of the workshop is to share and discuss
the most currently available information on the cost

of carbon capture and storage (CCS) in electric
utility and other industrial applications, as well as
the current outlook for future CCS costs and
deployment. The workshop also seeks to identify
key issues or topics related to CCS costs that merit
further discussion and study.

As shown on the previous pages, the first day of the
workshop was a plenary session addressing four
general topics, each addressed by invited
presentations, followed by a discussion among
workshop participants. The second day pursued
three topics in more detail via parallel breakout
sessions, followed by a plenary session with group
reports and discussion.

This document presents brief summaries of each of
the four sessions from Day 1 and the three breakout
sessions from Day 2, together with the full set of
presentations by invited speakers on Day 1. The
proceedings of previous workshops are available at:
https://www.globalccsinstitute.com/publications/c

cs%2520cost%2520workshop




PRESENTATION SUMMARIES

Session 1: Framing the Issue

The purpose of this session was to frame the
issue of CCS cost estimates by providing
background on the current status of these
estimates. The first talk presented the results of
a review of recent cost studies found in the open
literature. The second presented the
methodology that goes into a detailed CCS cost
estimate. A brief description of each talk
follows.

The Cost of CCS: A Review of Recent Studies
Presented by Edward S. Rubin, Carnegie
Mellon University

This presentation was based on a paper written
for a special edition of the International Journal
of Greenhouse Gas Control! that celebrated the
tenth anniversary of the 2005 IPCC Special
Report on Carbon Dioxide Capture and Storage
(SRCCS).2 The paper included costs of four
capture technologies: Supercritical Pulverized
Coal (SCPC) with post-combustion capture, SCPC
with oxy-combustion capture, Integrated Coal
Gasification Combined Cycle with pre-
combustion capture, and Natural Gas Combined
Cycle with post-combustion capture. Costs for
CO; transport and storage were also included.
The current reported range of costs were
presented and compared to the costs found in
the SRCCS after adjusting all costs to a common
2013 cost basis. While current capital costs
were generally higher than adjusted SRCCS
costs, the cost of electricity comparison showed
little change primarily because of lower fuel
prices and higher assumed capacity factors in
recent studies. The ranges of CO, avoidance
costs also were similar to adjusted SRCCS values
after accounting for some changes in CO;
transport and storage costs. The talk concluded
with a discussion of the outlook for future cost
reductions.

1 Rubin, E.S., J.E. Davison, and H.J. Herzog, "The
Cost of CO, Capture and Storage," International
Journal of Greenhouse Gas Control, 40, pp 378-
400, September (2015).

2 IPCC, 2005: IPCC Special Report on Carbon
Dioxide Capture and Storage. Prepared by Working
Group I11 of the Intergovernmental Panel on
Climate Change [Metz, B., O. Davidson, H. C. de
Coninck, M. Loos, and L. A. Meyer (eds.)].
Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, 442 pp.

Methodology of a Detailed CCS Cost Study
Presented by Jeff Hoffmann, National Energy
Technology Laboratory (NETL)

NETL has produced a series of baseline studies
on the cost and performance of various state-of-
the-art CCS power plants.3 These studies are
very detailed and provide a valuable reference
for the CCS community. This presentation
reviewed the methodology that goes into
generating a baseline technology cost estimate
for the “next commercial offering.” The seven
key steps are:

1. Develop a technology analysis plan and
solicit feedback from stakeholders.

2. Create a performance model of each power
plant based on NETL process models.

3. Integrate carbon capture technology
models based on literature and developer
input.

4. Adjust balance of plant as needed per the
new technology demands.

5. Estimate the capital, operating and
maintenance cost of all plant components
using the method described in NETL’s
QGESS documents and elaborated in the
Baseline studies.

6. Apply plant financing and utilization
assumptions to develop a cost of
electricity.

7. Perform sensitivity analyses and provide
R&D guidance.

After describing each step in detail, a case study
was presented based on a SCPC plant with an
amine-based post-combustion CO; capture
system.

Session 2: Project Costs — Industrial
Applications

John Davison introduced the session on
industrial capture project costs. He highlighted
that there is increasing interest in industrial CCS
but cost estimation can be complex, for example
due to integration with existing sites and in
some cases multiple CO; sources. Also, many
industrial plants are located in developing
countries, where cost data are not easily
available. There are examples however some
successful industrial CCS projects and

3 http://www.netl.doe.gov/research/energy-
analysis/baseline-studies
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presentations were made on two of them: the
Quest and Illinois Basin/Decatur projects.
Wilfried Maas of Shell made a presentation
about the Quest CCS project and its costs. The
Quest project involves capture of CO; at a
hydrogen plant at the Scotford upgrader near
Edmonton, Canada, which processes
hydrocarbons from oil sands fields. The capture
plant uses Shell’'s ADIP-X amine process. The
captured CO; is compressed in a multistage
centrifugal compressor and is transported 65km
to a saline reservoir storage site. Modular
construction involving 69 modules was used for
the capture and compression plant, which
minimises site construction.

The plant has operated continuously for 6
months during which time 0.5Mt of CO; has
been injected, exceeding the target rate. The
FOAK facilities cost forecast is CAN$812M,
equivalent to 752 $/tpa captured. A substantial
part of the costs (CAN$137M) is venture costs
which could be reduced substantially in NOAK
plants. There is an extensive knowledge sharing
part of the programme, as described in the
presentation slides. Some key messages were:

e It was emphasised that adequate support is
needed to demonstrate CCS and reduce
costs from FOAK to NOAK to deliver a
competitive and viable technology in a
decarbonised world.

e For FOAK plants, capital grants (to support
build) and OPEX support (to ensure the
plant operates) are required, plus other
temporary measure (e.g. CCS certificates) if
the uptake rate continues to be
disappointing.

e Non-financial measures (enabling
regulations, liability agreements etc) are
also important.

e The main requirement for NOAK plants is
expected to be a robust CO; price.

Sallie Greenberg of the University of Illinois and
Ray McKaskle of Timeric Corporation presented
insights into costs of CCS gained from the Illinois
Basin - Decatur Project. This project involves
compression, dehydration, transmission and
storage of high purity CO, from a bio-ethanol
plant at a rate of 1,000t/d. The pipeline is
realtively short (1.9km) but it had to be above
ground and insulated. The Illinois project uses
reciprocating compressors. An important issue
in the selection of reciprocating compressors,
rather than the multi-stage centrifugal
compressor used at Quest, was greater
familiarity and proximity to a local supplier for
support and spares. The project costs were
presented in detail, showing a cost for
compression, dehydration and transmission of

$31/t. The capital cost was amortised over the 3
year injection period, costs for a commercial
project would be amortised over much longer
period, resulting in lower costs. The capital costs
were higher than the initial estimate but
operating costs were lower. Some significant
conclusions are:

e (CCS is a major undertaking involving many
types of industry, government and
financial professional, as well as many
industry trades.

e First mover projects can provide useful
benchmarks and lessons learned that will
benefit future projects.

e Incorporating CCS into existing operational
plants comes with additional case-specific
challenges and costs.

e Permitting timelines and general economic
conditions may impact costs of future
projects in ways that are difficult to
predict.

Session 3: Project Costs — Power
Applications

This session focused on cost estimates for CCS
applications in electric power generation
applications. The overall session objectives
were to learn about the cost of actual CCS
projects, including a summary of lessons learned
and opportunities for future cost reductions.
The projects included one operating post-
combustion capture project, and two large-scale
oxy-combustion projects that were in the
advanced stages of development at the time the
projects were cancelled.

Boundary Dam Carbon Capture Project

The first speakers were Max Ball and Peter
Versteeg who joined the workshop via
teleconference from SaskPower’s office in
Regina, Saskatchewan. Peter started with a
summary operating statistics for the first-of-a-
kind Boundary Dam Carbon Capture Project. In
2015 the net power output averaged 107 MW,
with the plant being down for maintenance
during the month of September. The daily
average amount of CO, captured was 1,739
tonnes in 2015, however that increased to 2,726
tonnes in February of 2016.

The major factors impacting the capital cost of
the project included site-specific, first-of-a-kind
(FOAK), and market factors, as well as specific
plant design features. The small size of the plant
resulted in dis-economies of scale relative to the
larger plant sizes assumed in most conceptual
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studies. Firing lignite also imposed a cost and
performance penalty relative to higher rank
coals. At the time the plant was constructed, an
abundance of other heavy industrial activity in
the Province resulted in higher hourly labor
costs and reduced productivity. A heavy
emphasis was placed on maximizing power
output, as opposed to minimizing capital cost.

FOAK issues included schedule extensions due
to conducting three parallel CO, capture plant
FEED studies, additional regulatory
requirements to be met, development of
operating and environmental health & safety
standards for a power plant integrated with a
CO; capture system. Contingency provisions
and design margins were impacted by an “it
must work” philosophy. And finally, some
components did not perform to their design
expectations. A chart showing the wide
fluctuations in the price of steel illustrated one
example of how market factors adversely
impacted the cost during the time period when
Boundary Dam plant was constructed.

Based on the learnings from construction, start-
up, and initial operation of the Boundary Dam
capture plant, SaskPower expects the cost of the
next capture plant to be substantially less. Max
also noted that their next plant would be
designed to reduce CO, emissions to essentially
natural gas equivalence to meet the Canadian
Federal requirements, as opposed to the
nominal 90% CO; capture capability at
Boundary Dam.

FutureGen 2.0

Ken Humphreys, CEO of the FutureGen Alliance
gave an overview of the project and the many
milestones that were achieved prior to the
project being terminated. Unit 4 of the
Meredosia Energy Center in Illinois was to be
repowered with oxy-combustion and CCS
technology. The net plant output was expected
to be 167 MW, while capturing 90+% of the CO;
(or about 1.1 MMT/yr). A 28 mile pipeline
would transport the CO, to a deep geologic
storage site. Some of the many milestones
achieved by the project team included:

e Power purchase agreement signed

e Final permits were issued for air, water,
pipeline and CO; storage

e Subsurface rights were acquired and CO;
liability management was addressed

e Mega-FEED was completed (70-90% of final
design, at a cost of $90 million)

e Projectlabor agreements were signed.

Unfortunately the federal co-funding expired
and the project had to be terminated. The EPC
costs were well known due to the fact they had
fixed price contracts. The total as-spent capital
cost of the power plant was estimated to be
$1,256 million, which excludes the over-the-
fence ASU and the $423 million cost for the CO;
pipeline and storage facilities. Ken presented
detailed breakdowns for the Owner, Financing
and Start-Up costs. Plant operating costs were
estimated to be $128/MWh on a 20-year
levelized basis. The major operating cost
drivers included oxygen, fuel, purchased power,
ash disposal & consumables, and CO;
transportation & storage. The total 20-year
levelized LCOE including capital recovery was
estimated to be $179/MWh. However, after the
MISO energy/capacity sales credit the net cost
to the ratepayers would have only been
$138/MWh, representing less than a 2%
average rate increase.

Lessons learned during the project included
how to deal with a very large number of
landowners for the CO, pipeline right-of-way,
and the CO; storage subsurface rights. They also
found that the EPC negotiations took much
longer, and the balance of plant (BOP) was more
complicated than originally planned. Future
oxy-combustion plants will have reduced capital
costs and improved efficiency due to retrofitting
newer, larger USC plants that will benefit from
economies of scale. CO; transportation and
storage costs will also benefit from economies of
scale.

White Rose CCS Project

The final speaker in this session was Dr. Leigh
Hackett from GE Power, who talked about the
White Rose CCS Project. The White Rose project
is a new ultra-supercritical oxy-combustion
plant with a gross output of 448 MW. The plant
was designed to capture 90% of the CO, or
about 2 million tonnes CO; per year. The plant
would have been the “anchor” project for
National Grid’s regional CO, transport &
offshore  storage network, where the
infrastructure was sized for 17 million tonnes
CO; per year to enable future projects. The
captured CO; was to be stored in a deep saline
formation offshore, beneath the North Sea.

The UK Department of Energy & Climate Change
(DECC) will publish 41 White Rose project key-
knowledge reports later in 2016, including the
full-chain FEED summary report, FEED lessons
learned, FEED risk report, and full-chain project
cost estimate report. The term “full-chain”
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refers to the oxy power plant, the onshore &
offshore pipeline networks, and the CO;
injection & storage systems. The full-chain
project cost estimate was classified as an AACE
Level 2 estimate for the majority of items, with
90% of the costs based on vendor quotes.

For the DECC reports, the actual White Rose
project cost estimates were adjusted and
normalized to take out project specific data and
allow comparison to other published data. For
example, the site was adjusted to US Gulf Coast
basis and site preparation costs were removed.
The normalized project cost estimate was
broken down into externally supplied utilities,
the oxy boiler/ASU/gas processing unit, power
generation equipment & BOP, onshore pipeline,
offshore pipeline, and storage facilities. Dr.
Hackett then showed a chart illustrating the
savings achievable for follow-on projects where
they can take advantage of the existing CO;
transportation and storage network.

The White Rose Project resulted in lessons
learned in the following four key areas:

e Full-chain commercial structuring and
management of cross-chain risks

e Non-EOR CO; storage business model

e  Oversizing and sharing CO;
transportation & storage infrastructure

e Potential insurance gaps

Key take-aways from the White Rose project
were that no significant technical barriers
remain to project implementation, full-chain
aspects were adequately defined and developed,
and the next step is a large-scale commercial
project. Dr. Hackett concluded by saying that the
UK Government’s decision to cancel the UK CCS
Competition has stalled commercialization in
the UK and Europe and “dented” confidence in
CCs.

Session 4: CCS in the Context of
Changing Electricity Markets

In the fourth session of the workshop, speakers
took a step back from the topic of CCS cost
estimation to look at the context for CCS in
future electrical systems, what this implies
about the value of CCS-equipped generation, and
some alternative metrics that might better
convey its value to decision makers. The session
began with a presentation from Andy Boston
(Energy Research Partnership), which was
followed by responses from Neil Kern (Duke

Energy) and Geoffrey Bongers (Gamma Energy
Technology), and then general discussion.

The presentation from Andy Boston captured
the lessons from an ERP analysis of future
United Kingdom electricity systems, and
highlighted three key messages:

e Azero- or very low-carbon electricity
system with variable renewables (e.g.,
solar, wind) needs dispatchable, low-
carbon technologies to provide firm
capacity

e Policy makers and system operators need
to value services that ensure grid stability
to establish a market for new providers

e A holistic approach that accounts for the
cost of balancing the system would better
recognize the importance of firm low
carbon technologies than conventional
measures of individual technology cost

To illustrate the final point, Andy presented
results from his analysis showing that, even
though gas-fired generation equipped with CCS
had a relatively high LCOE, addition of capacity
could result in a net reduction in system cost.
His results also clearly showed, however, that
the value of a technology is dependent on the
existing generation mix and the grid services it
provides, which makes these results difficult to
generalize. His provocative conclusion was that
this value cannot be captured by LCOE.

In the first invited response to the initial
presentation, Neil Kern highlighted that Duke
Energy sees a paradigm shift in the way
traditional utility planning takes place as a
result of the growing trend towards distributed
generation. The result is that Duke is placing an
increased emphasis on flexibility of centralized
generation, and seeking to identify non-
traditional markets for central stations. In the
second invited response, Geoffery Bongers
highlighted the multi-attribute comparisons of
generating technology in the recently published
Australian Power Generation Technology Study.
In that study, technologies were evaluated not
only on their LCOE, but also on their capital cost,
water requirements, CO; emissions, waste
products, availability and flexibility.

In the ensuing discussion, participants debated
whether LCOE is an inadequate metric or is
simply being used inappropriately, such as by
comparing baseload plants with intermittent
renewable that do not provide comparable
services (ignoring the additional integration and
backup system costs that would be required).
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Others felt the true value of dispatchable
generation, like fossil-fuels equipped with CCS,
can best be measured by the reductions in
system-level cost that results as such capacity is
added. Others noted that many decision makers
want simpler metrics like LCOE. While most
participants agreed on the need for ways to
make better technology comparisons, and to
more clearly quantify the value of CCS, there
was no consensus on how this should be done.

BREAK-OUT SESSION
SUMMARIES

Session A. Reconciling Real and
Estimated CCS Plant Costs

Questions: Can we reconcile real project and
Nth plant costs? How should we present this
information to policy makers?

Co-chairs: Ed Rubin, CMU; George Booras,
EPRI; assisted by Kristen Gerdes, NETL

This session focused on identifying the factors
that typically contribute to higher costs of initial
full-scale installations of CCS and other newly-
commercial technologies (often referred to as
FOAK, or “first-of-a-kind”) relative to the
longer-term (NOAK, or “N#-of-a-kind”) costs
commonly reported for mature technologies.
Additional thoughts on how this information

should be presented to policy makers follow the
presentation of the factors identified.

Reconciling Actual vs. Nt' Plant Costs

In general, the cost of a specific project is
affected by several classes of factors, including:

e Site Specific Factors
Market Factors
Design Basis Factors
Project Execution Factors
Financing/Contracting/Owner’s Costs
FOAK Factors (Planned & Unplanned)
Each of these categories can be further
expanded to identify more specific factors that
influence actual costs. Given the focus of this
workshop on CCS costs, the factors whose cost is
exacerbated by FOAK installations are highlight
with an asterisk (*).

e Site-Specific Factors

0 Labor Costs, Productivity,
Availability /Skill Requirements*

0 Materials cost

0 Seismic activity

O Ambient conditions (temperature,
etc.)

0 Water availability & quality

0 Fuel availability & quality

0 Proximity to CO; storage

e Design Basis Factors
0 Scope and battery limits: base plant,

capture, transport, storage
Fuel type
Plant size
Pipeline capacity
Storage capacity
Cooling system design
Ambient conditions
CO; capture rate
CO; purity requirements
Emission standards
Brownfield vs. greenfield vs. retrofit
Flexibility of operations *

— Load following*

— Start-up/shutdown*

— Flexible capture*

OO0O0O0OO0OO0OO0ODO0OO0OO0OO

e Market Factors

Commodity prices

Labor costs

Engineering costs

Competition and availability
Currency exchange rates
Construction equipment and services
availability

CO; value

Offtake agreements*

O0OO0OO0OO0O0

[o)lNe]
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0 Regulations and policies
0 Private sector incentives?
0 Public sector tolerance for R&D

e Project Execution Factors
0 Scheduling*
0 Re-design in mid-construction*
0 Modular vs. stick build (shop vs. field
fabrication)

e Financing and Other Factors
0 Financing (risk premiums)*
0 Permitting-related costs and delays*
0 Regulatory and legal issues
0 Plant availability, capacity factor, and
dispatch expected (when assessing
financial viability)*
Owner’s costs*
0 Contracting strategy (where is the
risk?)*

o

. FOAK Factors (Planned)

O Schedule length

o0 Contingency/over-design

0 Development of training, simulators,
maintenance protocols

0 Extended ramp-up

0 Chemical plant operation in a power
plant culture

0 Performance guarantee limitations

e FOAK Factors (Unplanned)
0 Performance shortfalls

Presenting to Policy and Decision Makers

Rather than showing how various factors add to
FOAK plant costs, our approach should be to
show how removing various cost escalation
factors that are unique to, or exacerbated by,
FOAK projects will reduce the cost of subsequent
projects. This could be illustrated, for example,
with a set of bar graphs like those presented by
SaskPower, but in the reverse order, starting
with the high cost of an FOAK installation, with
costs then coming down as various cost adders
are removed with increasing experience and
know-how.

Session B. Challenges of CCS Cost

Estimation and Financing

Question: What are the main challenges of
industrial and power CCS cost estimation and
financing?

(Co-chairs: Jeff Hoffmann, NETL; Howard
Herzog, MIT)

The breakout started by asking each participant
to respond to the question for this breakout

session. The responses and additional questions
generated follow:

e How do you capture the global market
competitiveness ~ for  internationally
traded industrial products made with
processes including CCS?

e For projects with government support,
how do you capture government subsidy
(and risk) as it relates to financing?

e How do you capture costs of real world
projects?

e How do you effectively estimate project
contingencies?

e How can we best assure cost estimates are
used in an appropriate manner?

e Since industrial processes are more
heterogeneous than fossil-fueled power
generation, how to develop a novel plant
for policy modeling and market
deployment studies that is widely
representative?

e The cycle times for industrial processes are
long. The developed world is not building
new plants and the typical business model
is to replace rather than refurbish and
retrofit.

o [t is difficult to estimate costs in non-OECD
countries.

e Policymakers view CCS and renewables as
interchangeable. Cost estimating using
LCOE support interchangeability.

e Time factor (permitting, etc.) can drive
costs higher.

e C(Credibility of publically available cost
estimates is difficult to assess because of
frequent lack of transparency in
assumptions. The lack of transparency
makes it very difficult to calibrate, compare
and validate individual published studies.

e Even studies that seem to be reasonably
transparent are complicated, and a primer
to methodology and intended purpose
would be helpful in addressing how to use
the studies.

e Studies are made in the context of
“something” (i.e., specific policy scenario,
fuel price scenario, anticipated future
capacity needs), but the “something” is
often changing.

After some discussion in trying to get a handle
on these many disparate issues, the group
focused on two areas to gain some insights.

Cost vs. economic analysis

A major issue for cost estimation is how to
develop costs to compare CCS to other
technologies. Right now there is an over-
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reliance on the levelized cost of electricity
(LCOE), which is not always a very good metric
for comparison. Therefore, there is a need to go
beyond the LCOE.

Cost estimates can generate what we term
“hard” numbers, as well as context specific
numbers. Examples of hard numbers include
capital costs and heat rates. While capital costs
can vary over time (e.g, inflation) and
geography, these variations can generally be
captured through sets of cost indices. Other
hard number metrics can include process inputs
(e.g., water), process effluents, and availability
for dispatch.

Doing an economic analysis, such as one that
produces an LCOE, requires context. The plant’s
capacity factor depends on dispatch, which can
only be known in the context of the utility
system in which the plant operates. There are
many project specific factors that depend on the
plant’s location, permitting requirements of that
location, labor environment, access to utilities,
etc. The monetizing of risk and the valuation of
ancillary services (e.g., capacity) will also vary
widely depending on the context.

For comparing CCS to other technologies,
developing methods based on the relatively
hard numbers involved in a cost estimate (both
cost and performance metrics) are preferred.
Much more care must be taken when comparing
technologies using context dependent numbers
like LCOE.

Industrial processes

A big challenge in trying to determine the costs
of Industrial CCS (ICCS) is the significant amount
of process heterogeneity, both between
industrial sectors and within industrial sectors.
The appropriate technological approaches for
CO; capture may vary greatly across industries.
While at first blush it may seem that post-
combustion capture with amines will always be
an option, this may not be so. Impurities
associated with exhaust streams may pose a
significant challenge to amines. An example is
the exhaust stream from the catalytic cracker at
the Mongstad refinery, where the SO3; in the
exhaust gas caused the amine process to fail.

A potential major issue with ICCS is maintaining
the integrity of the product. While this may not
be an issue for post-combustion capture, other
pathways that integrate CCS with the process
must make sure that they maintain product
integrity. As a result, there is a need for more
detailed engineering assessments for capture
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options for the various industrial sectors and a
need for more engagement with the industries.

An additional potential barrier to deployment of
CCS technologies in the industrial sector is the
approach that many industrial business take
regarding existing and new assets. Several of
the breakout participants suggested that it is
more common for industrial sector businesses
to run existing capacity to the end of its useful
life “as built” or replace with new state-of-the-
art infrastructure rather than modify (i.e.,
retrofit) existing (and potentially outdated)
capacity with new add-on processes. Therefore,
it is likely that any back-end CCS technologies
would compete against 1) alternative lower
carbon intensive industrial processes and 2)
location for replacement industrial facilities
(either regionally or globally). Ultimately, the
selection will be for the scenario that leads to
the least-cost production of the industrial
product and CCS is expected to play a role only if
a low-carbon “benefit” can be monetized.

Session C. Making CCS More

Competitive
Questions: What can be done to make CCS
more competitive? What are realistic

expectations for CCS cost reductions over next
10-20 years? By 2050?

(Co-chairs: Wilfried Maas, Shell; Sean McCoy,
LLNL)

Round-table comments

e  We know how much stuff costs; getting it
financed and built is the hard part.

e Real questions about accuracy of public
literature costs for capture (e.g., the US
government can’t even agree on a
number) and we're not sure how to add-
up the costs. But, from a practical industry
standpoint, this isn’t a big deal because
they’re in the right ballpark.

e Variability of costs is, however, a surprise;
also, surprised at the cost of compression
and injection.

e Worried about risks associated with
storage. Looking at risk separately is
convenient, but the whole chain matters;
what about injection and monitoring
costs? What are the costs when we have
surprises (e.g, OK seismicity from w/w
re-injection, BC seismicity from fracking)?

e The big issue facing CCS is getting the
whole thing together; system costs are
important.
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Commercial structures are key in getting
CCS built but...

...the commercial case for CCS isn’t there,
at least in global aggregate near- term;
creates an issue of timing, since we to
need to work technology development
today.

In a really tough place on the technology
development curve: need to de-risk
technologies and get policy support. Need
some data points.

Current  technologies not socially
acceptable, and learning-by-doing won’t
cutit

Nonetheless, there is a strong societal
case for CCS; but massive market failure
means there is no business case for
individual developers. Need policy to
address the failures.

Perhaps early projects were too
ambitious: they tried to solve both
capture and storage simultaneously.

What is the right scale for CCS: little with
high unit cost (and lower risk) or high
with low unit cost (and higher risk). Does
this argue for small-scale?

Busy talking about cost, rather than
revenue maximization. How can CCS have
value to those who are doing it?

Need to move towards system costs and
away from LCOE; however, as bad as
LCOE might be, but we don’t have a good
alternative.

Don’t be too negative on recent progress:
much in the technology space has
improved over the last decade.

What do we do?

Marginal value of additional paper cost
studies is very low.

UK CCS cost reduction taskforce found
that 25% reduction from technology
improvement, 50% economies of scale in
T&S, 25% from reduction in finance
costs; all that is needed are a handful of
plants in the UK to reach their cost
reduction targets...

Comments suggest main issue in risk is
not capture related: it's the transport
and storage that is the problem and
where focus needs to be. History is filled
with programs focused on capture/plant
side justified by technology
development, few (noteworthy)
successes; has this been the wrong
focus?

Need government action to handle T&S
problem or no real way to manage risk -
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fundamental difference between CCS and
other technologies in power generation.
Much of the past CCS focus was based on
the presumption that there was going to
be a rush to building coal that was going
to happen in US and Europe.

So, what is the state support package for
development of a CCS industry? One
answer is regulatory frameworks to push
deployment: accelerate learning-by-
doing and technology innovation. Create
a market pull.

Opposite commercial logic between US
and Europe: US wants cheap CO2 and
low-cost sources fill the need; Europe
want emissions reductions from
expensive sources, who are begging oil
and gas to play. For example, in the US
physical CO; has value, but in Europe it is
paper contracts that have the (uncertain)
value.

In the absence of EOR/CCUS, Europe has
no revenue in the transport and storage
chain.

US thinking is that the storage side is
well understood (from a technology
perspective) based on R&D and current
operations. Agreement that this is a
trans-Atlantic difference, where Europe
is more concerned with the transport
and storage risk.

With LCFS, issue is that there are
cheaper ways to meet the requirements
today via biofuels. Need to hit blend wall
before CCS comes into play. However,
LCFS in one jurisdiction that can drive
CCS somewhere else - opposite to
discussion with economic leakage.

What about carbon takeback obligations?
Thinking about this in Europe.

Energy systems analysis (e.g. IPCC) says
CCS is critical and lowest-cost. But
analysis is complicated, and question is
how to sell it to the public and to policy
makers.

China and SE Asia are wild cards
acknowledged by all - huge potential,
but capability gaps.

Another wild card is advanced nuclear
technologies; technology and resource
availability enables targets to be set (e.g.,
REGG]I, CPP).

Other drivers (e.g., reductions in water
use) may put us in a position to deliver
cheaper capture as a co-benefit - like
molten carbonate fuel cells.
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Question to the group: Will CCS be at 100
USD/MWh and commercially available by

20307

5 No - timing of needs and business case,
scale-up cannot be rapid enough; supply
chain collapsed and will need to be rebuilt;
competition from other technologies;
government not willing to acknowledge that
prices need to go up (or justify increased
prices) to make this all work

12 Yes - prices will rise, and CCS will be
marginal technology; Asia will do it, initial
regulations will spur a discussion of what
happens next that will lead to CCS; potential
for breakthrough technology; CCS with gas
will be where cost happens; cost might be
there, but not widely demonstrated; new
way of pricing energy in future enables CCS;
costs for capture on gas are already there.

1 Abstention - don’t know enough
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Report to Plenary Session:

1.

We asked the question: will CCS be
commercially  available for  power
generation in 2030 at a cost of $100-
120/MWh? 12 responded “yes”; 5 said
“no”; and 1 abstention. Disagreement on
whether it will actually be deployed,
though.

Difference  between EU and US
perspectives on where cost reductions are
going to come from: capture technology,
versus T&S infrastructure (particularly in
regards to risk).

Cost reduction requires learning-by-doing
which implies markets; need markets!
Market for CCS was going to be new coal,
but now, not much new coal—at least in
developed countries—so now there is a
gap before we get to gas.

Tension between small-scale with high unit
cost but low project cost, hence, lower risk;
or large-scale with low unit cost but high
project cost, hence higher risk.

Marginal benefit of additional cost studies
is low.

Need to come up with effective means
(messaging) to convey importance of CCS
in a system context.

In the meanwhile, industrial CCS—oil and
gas sector—will continue be a big driver.
Wild card: what China decides to do is a
huge deal.
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* Commissioned by IPCC in 2003: ON DIOXIDE
completed in December 2005 CAPTURE
AND STORAGE
First comprehensive look at CCS as
a climate change mitigation option
(9 chapters: ~100 authors)

Included a detailed review ol cost
estimates for CO, capture. transport
and storage options

Performance and Cost Measures

Emission rate wio capture (kg CO,/MWh) 344-379

Emission rate with capture (kg CO,/MWh) 40 -66

Percent CO, reduction per kWh (%) 83-88 - 85

Plant efficiency w/ capture, LHV basis (%) 47-50 33 31-40
Capture energy reqm't. (% more input/MWh) 1-22 14-25 19

otal capital reqm't. w/o capture (US$/kW) 515-724 568 1161-1486 1286 1169-1565 1326

otal capital reqm't. w/ capture (US$/kW) 909-1261 998 1B94-2578 2096 1414-2270 1825
Percent increase in capital cost w/ capture 84 -100 76 44-74 63 19-66 37
COE wio capture (US$/MWh) 31-50 37 43-52 46 41-61 47
COE wi/ capture only (US$/MWh) 43-72 54 62-86 Fic) 54-79 B2
Increase in COE w/ capture (US$/MWh) 12-24 17 18-34 27 9-22 16
Percent increase in COE w/ capture (%) 37 -69 46 42-66 57 20-55 33
Cost of CO, captured (US$/t CO,) 33-57 44 23-35 29 1-32 20
Cost of CO, avoided (US$/t CO,) 37-74 53 29-51 41 13-37 23




Levelized Cost of Electricity (constant 2002 US$/kWh)
Reference Plant Cost
(without capture) 0.03-0.05 0.04-0.05 0.04-0.06

Added cost of CCS with
geological storage 0.01-0.03 0.02-0.05 0.01-0.03

Added cost of CCS with
EOR storage 0.01-0.02 0.01-0.03 0.00-0.01

Cost of CO, Avoided (constant 2002 US$/tonne)

Same plant with CCS B}
(geological storage) 40-90 30-70

Same plant with CCS
(EOR storage) 20-70 10-45

Compiled data from recent CCS cost studies in the
U.S. and Lurope for new power plants with:

Post-combustion CO, capture (SCPC and NGCC)
Pre-combustion CO, capture (1GCC)
Oxy-combustion CO, capture (SCPC)
Adjusted all costs to constant 2013 US dollars
Adjusted SRCCS costs from 2002 to 2013 USD using:
Capital /O&M cost escalation factors

Fuel cost escalation factors (for COL)

Compared recent cost estimates to SRCCS values




IEAGHG. 2014 I.¢andri et al.. 2011
NETL., 2014 GCCSIL 2011
EPRIL 2013 NETL. 2011a, b, ¢
NETL. 2013a. b ZEP.2011a. b, ¢
ES&T, 2012 NETL.. 2010
IEAGHG. 2012

16 studies, each with multiple cases

Basic power plant design parameters such as net plant
efficiency. CO, emission rates. and CO, capture rates
have not changed appreciably since the SRCCS

Some assumptions affecting CCS costs have changed:
= Average power plant sizes without CCS are about 10% to
25% larger than in SRCCS studies

Assumed capacity lactors are higher (by 10 %-pts for PC,
plants, 2 %-pts for IGCC plants. and 8 %-pts for NGCC)

Fixed charge factor are lower (by about 10% for NGCC,
20% for 1GCC and 30% for SCPC)

Parameter values often differ for plants with and w/o CCS

Increased focus on potential for utilization via CO,-EOR




Significant real
escalation in
capital cost

2002 2003 2004 2005 2006 200/ 2008 2009 2010 2011 2012 2013

European trends show
bigger increases in 2013
for both coal (I= 227) and

natural gas (I= 377)

—4— Cozl- U5
i (535- US

Index Value

a 1
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013




Current Values Adjusted SRCCS Values lﬁtiémzc in Rﬁ‘- Vl::e
urrent —Adjust
vt iyl Range Rep. Range Ry | SRCCS)

Tow | High | Velue [“Low | High | Y@e [ AValue %
Plant Py Mi
SCPC reference plant net power output (MW) 550 | 1030 742 462 758 587 155 26
Emission rate wio capture (kg COyMWh) 0746 | 0840 | 0788 | 0.736 [ 0.811 | 0.762 0.03 El
Emission rate with capture (kg CO/MWh) 0.092 [ 0.120 | 0.104 [0.082 | 0.145 | 0,112 | -0.01 -7
Percent CO; reduction per MWh (%) 86 88 87 a1 48 85 2
Total CO; eaptured or stored (Muyr) 38 5.6 46 1.8 4.2 2.9 1.7 57
Plant efficiency wio capture, HHV basis (%1} 390 | 444 414 | 393 | 430 41.6 -0.2 -1
Plant efficiency w/ capture, HHV basis (%) 212 | 363 316 28.9 34.0 8 0.2 -1
Capture encrgy regm't. (% more mput/MWh) 21 44 32 24 40 3l 1.1 3
Plant Cost Measures
Total capital reqmt. wio capture (USD/EW} 2313 | 2990 | 2618 | 1862 | 2441 2040 578 28
Total capital reqm 't with capture (USDILW) 4001 | 5252 | 4580 | 2788 | 4236 3333 1247 37
Percent increase in capital cost wi capture (%) 58 91 75 44 73 63 13
LCOE wio capture (USDMWh) 6l 79 T0 64 87 76 -6 -8
LCOE wath capture enly (USD/MWh) 94 130 113 93 144 119 -6 -5
Increase in LCOE, capturc only (USD/MWh) 30 51 43 28 57 43 0 -1
Percent inerease in LCOE w/ capiurc only (%) 46 2] 62 42 a5 56 5
Cost of CO; captured {USDV CO;) 36 53 46 33 58 48 -3 -6
Cost of CO, avoided, exel T&S (USDA COy) 45 70 63 44 86 67 -4 -6

Compared to adjusted
SRCCS, recent plant-
level TCR is higher by:
+ 28% w/o capture

= 37% w/ capture

o Ref, Plant

w w/ Capture

2
£
g
8
g

Adjusted SRCCS, Recent Studies,
PCCI, 20138 20138




Significant increases in capital cost
| of all capture systems since SRCCS:
—{ + 52% more for SCPC
= 48% more for IGCC
«  50% more for NGCC

Adjusted SRCCS, 20133
¥ Recent Studies, 20135

Capital Cost for Capture (2013 $/kW)

1GCC
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Stage of Technology Development and Deployment




LCOE (constant $/MWh)

Inrease in LCOE for capture
(constant 2013 $/MWh)

« 17% more for IGCC
« 5% more for NGCC
W Adjusted SRCCS, 20135
mRecent Studies, 2013$
SCPC

Compared to adjusted
SRCCS, recent LCOE
(excl. T&S) is lower by:
7% wio capture
4% w/ capture

o Ref. Plant
mw/ Capture

The prevailing assumption in
SRCCS, 2002 Adjusted SRCCS,  NewStudie{  recent studies that capacity
0135 2013% | factor = plant availability masks
the likelihood that true LCOES
are higher than those reported

Small or no increases in A LCOE
(excl. T&S) relative fo SRCCS:
+ 0% for SCPC

IGCC NGCC




Onshore pipelines (250 km):

® Recent U.S. costs are similar to SRCCS: Fruropean
costs are significantly higher (esp. for 3 MtCO,/yr)

Geological storage (onshore):

* Low end of cost range is substantially higher:
high end of cost range is slightly higher

* LOR credits are substantially higher (-$15-40/tCO,)

- ]

1GCC with

Without EOR
SRCCS (adjusted) 94 - 163 92 - 150
Recent Studies 95-150 112 -148

With EOR credits

SRCCS (adjusted) 76 — 139 77 - 128
Recent Studies 61—121 83 -123

Mitigation costs ($/tCO, avoided) also are roughly similar
to adjusted SRCCS costs




* For new SCPC plants oxy-combustion capture
shows potential to be cost competitive with
post-combustion capture

* Based on current cost estimates for the
four CCS pathways analyzed, there are
no obvious winners or losers

The outlook for

future cost reductions
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Reduction in Cost
Bt of Electricity
y ($/MWh)

Reduction in
Mitigation Cost
($tCO, avoided)

SCPC -CCS 14% — 44%

19% — 62%

NGCC -CCS 12% — 40%

13% —60%

IGCC -CCS 22% - 52%

e Sustained R&D

19% — 68%

e Markets for CCS technology

(created by policy carrots and sticks)

* [earning from experience
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Presentation Overview

e Systems Engineering & Analysis (SEA)
— Emphasis on Energy Process Analysis Team (EPAT)

* QOverview of Techno-economic Analysis (TEA) Approach

* NETL Cost and Performance Baseline for Fossil Energy Plants

() ENERGY 1
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Systems Engineering and Analysis

Overview

*  Multi-disciplined engineering and economic analytical capabilities &"
supporting evaluation of:

— Process components and systems of components for conventional and advanced
energy technelogies
— Engineering tools and expertise to evaluate research and development progress,
assist in identifying and overcoming barriers.
— Expert capabilities to assess “full-chain” aspects of energy systems
+ Fossil and non-fossil competing assets

+ Energy markets, challenges to new
technology adoption

+ Life-cycle environmental aspects at
single plant, regional and broad
deployment scale

«  Analytical efforts and associated
work products inform:

— NETL R&D Efforts
— DOE-FE Program focus and planning

— Domestic and global energy and
environmental decision making

Systems Engineering and Analysis
Work Products and Tools of Note

=—-— NETL Cost and NETL €O; Capture, Transport,
Performance Baseline Utilization and Storage - National
- for Fossil Energy Plants NETL CO, Saline St Energy Modeling System (CTUS-NEMS)
* Detailed, transparent account of Cost Model * Adopted by EIA; used in AEO 2014
plant information : * Facilitates and encourages EPSA
* Key resource for government, Interactions

academia and industry

National Energy
Technolegy Laboratory

) ENERGY

5/24/2016



Techno-Economic Analysis (TEA) {E":i"-

Transparent, Consistent Approach

What does a TEA consist of?
1. Reference case: state-of-the-art (SOA) power plant should be similar to those
found in the Baseline studies
2. Advanced case(s): Novel technology replaces SOA technology in reference
plant

What to expect from a TEA?
— Defined approach allows for credible comparison within and across similar
studies
— The common metric derived and compared is Cost of Electricity (COE) and net
power plant efficiency (HHV & LHV)
— Comparison between cases can provide:
* Representation and quantification of the benefits of the novel technology.
= Identification and potential quantification of performance and cost goals for the
novel technology.
— Sensitivity studies change a parameter in the novel technology and the impact
it has on the technology and balance of plant.
* Identification of critical performance and cost parameters, inform R&D prioritization
decisions.

Techno-Economic Analysis (TEA)
Methodology

1. Develop technology analysis plan (TAP) and solicit feedback from
stakeholders.

2. Create a performance model based on models from the NETL
Baselines. 13

3. Integrated novel technology based on literature and developer
input replacing (where applicable) state-of-the-art technologies

4. Adjusted balance of plant as needed per the new technology
demands (steam demands, coal feed rates, etc.)

5. Cost the balance of plant and novel technology using the
methodology described in NETL's QGESS documents and used in
the Baseline studies.?

6. Apply economic assumptions to develop a cost of electricity
(COE).*

7. Perform sensitivity analyses and provide R&D guidance

Perfarming o Techna-economic Analysis for Power Generation Plants, DOE/NETL-2015/1726

Process Modeling Design Parameters, DOE/NETL-341/042514

d Performance Baseline for Fossil Energy Plants Velume 1: Bituminous Coal and Noturo! Gos to Electricity, DOE/NETL-2010/1397, Revised July 2015
Cost Estimation Methodology for NETI As: s of Power Plant Performance, DOE/NETL-2011/1455

National Energy

""_ 1‘ EN ERGY Technology Laboratory

5/24/2016
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Technology Analysis Plan

Purpose and Structure

What is a TAP?
* A TAP discusses the ap;?roach ot ks Aesintions
and methodology required to F
conduct the TEA Reason for reference case and
planned deviations

* Presented to stakeholders prior
to starting the TEA
— Document assumptions
— Ensure valuable product
TAP

High Level BFD's

Case Evaluation Table

* Updated as the TEA is - Performance Assumptions ]
and Basis
performed - changes should be [
noted in a final document Cost Assumptions and Basis ]

Proposed Sensitivity Analysis

e e O e 1 Technology Integration Plarj
CO; Removal Selexol Novel Capture Tech.

Enabling Tech. Std. Tech. | Enabled Tech.

C O, Purification| No [ ves

SEA Energy Process Analysis Team
Process Performance Modeling

Robust modeling utilizing thermo-physical process
software tools (e.g., ASPEN Plus, ChemCAD,
Thermoflow, etc.) - e

INPUTS (Detailed Design Basis)
+ Ambient conditions
+ Technology performance
« Feed and product specifications
* Environmental requirements

OUTPUTS (Major Process Unit Granularity)
= Heat and Material Balances

» Process Performance Characteristics
(i.e., efficiency, consumables, product and non-
product effluent streams)

¢ Facility Emissions
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Process Performance Modeling

Foundation Aspects

* Key Specifications

Site conditions

Feedstock and consumable specifications
Steam cycle conditions

Boiler/gasifier performance

Syngas processing

Integration with balance-of-plant

* Performance Basis

Technology supplier/vendor data

Laboratory (i.e., R&D) data

— Theoretical (i.e., thermophysical models, equations of state, etc.)

— Target (i.e., meeting program goals and objectives)

Process Performance Modeling
Primary Outputs

* Material Streams
Composition
Flows
Physical properties
Enthalpies
e Unit Operations
— Material flow rates
— Energy inputs and outputs -
* Major Equipment o i
— Count '

— Key specifications

— Critical Design Conditions (flow,
pressure, temperature, etc.)
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Process Economic Modeling {'E\%"‘

Equipment Costing Basis

* Vendor Quotes
— Significant process elements
= ASU
* Gasifier
 Turbine generators
* AGR (sulfur, CO,) processes
* Third-party EPC Databases
— Conditioning of vendor quotes
— Balance-of-plant including:
* Foundations
* Piping
* Instrumentation
* Ancillary equipment

* Program Targets

Process Economic Modeling
Process Capital Costing Elements

process equipment 5 w BBt
supporting facilities Engineering, Procurement
direct and indirect EPCC and Construction Cost
labor b T Total Plant Cost
. Pe Total Overnight Cost
EPC contractor services Total As-Spent Cost
process contingency o TOC
project contingenC\aJ } TASC / TCR
pre-production costs
inventory capital BEC, EPCC, TPC, TOC and TCR
Z : are all “overnight” costs
Prisacing costy expressed in base-year dollars.
other owner’s costs J

escalation during capital expenditure period TASC & expremindt in Ovinec-
year current dollars, spread

interest on debt during capital expenditure period y over the capital expenditure
period.

National Eneryy

{7 ENERGY 1echuoloay | aboratory




Process Economic Modeling

Estimate Classification

Concept Screening (-20% / +100% Accurac y)\
= 0to 2% project definition

*  Cost factored on system / major subsystem capacity

+  Based on technical analogs / engineering judgment

NETL Screening &
Pathway Studies

Feasibility Study (-15% / +50% Accuracy)
+  1to 15% project definition
*  Factored equipment costs

m _"“ﬂm ¢ Based on preliminary mass and energy balances )
Studies
Budget Estimate (-10% / +30% Accuracy)
* 10 to 40% project definition
*  Vendor guotes, third-party EPC estimates
*  Based on detailed process and economic modeling P,
Estimate classifications are consistent with AACE Int ional Recc fed Practice No, 18R-97 Cost Estimate Classification

System — As Applied in Engineering, Procurement, and Construction for the Process Industries, revised Movember 29, 2011

Process Economic Modeling
Cost of Electricity (COE)

* COE the most frequent metric of interest, used to represent
the required selling price of electricity generated
— Net of other product (for co-production) and byproduct revenues
Usually annualized over assumed economic life of facility (~30-35 years)
Long-term interest/investor return rolled into a capital charge factor (CCF)

Includes fixed and variable operating costs, with variable operating costs
calculated based on average annual capacity factor

i

Fixed Operating Costs Variable Operating Costs
Annual Operating Labor Cost Maintenance Material Cost
Maintenance Labor Cost Fuel
Administrative & Support Labor Other Consumables
Property Taxes and Insurance Waste Disposal
Emission Costs

° Transparent approach allowing for sensitivity analyses of key
performance and economic inputs

{Tat B naE=rayany Mational Energy
",ENERGY r-.-.mln‘n_-.mu_: ;“I:gi;h'nr:‘.llr'f

5/24/2016



Quality Guidelines for Energy System Studies
Comprehensive Documentation

N=TL

Description
Detailed Coal Provides detailed specifications for seven coals commonly used with detailed production information
Specifications
Specifications for Provides recommended specifications for natural gas and coal that are commonly found in NETL energy system
Selected Feedstocks studies.

|Process Modeling Design
Parameters

Documents the process modeli ptions mast ly used in systems analysis studies and the basis for
those assumptions, The large nnmberofassnmpuors required for a systems analysis makes it impractical to
document the entire set in each report. This document serves as a comprehensive reference for these

assumptions as well as their justification.

CO, Impurity Design the impurity | €O, stream compmem for use in carbon steel pipelines, enhanced oil
Parameters recovery (EOR), saline f i 1, and. : f CO; and H,5 in saline formations.

Cost - Provides a standard basis for scaling capital costs, with specifi hasis on scaling This
Caphtal Sr.almg contains a listing of frequentiy used pieces of equi and their o ponding scaling for various
Methodology plant types, along with their ranges of applicability,
:::;E::ommn the cost methodology employed by NETL in its of power plant performance.
Carbon Dioxide Transport Addresses the cost of CO, transport and storage {T&S) in a deep saline formation with respect to plant location
and Storage Costs and region-specific aquifers.

Fuel Prices for Selected

Provides an estimate of the market price delivered to specific end-use areas of four coals that are commonly used
as feedstocks in the energy system studies sponsored by NETL. Also includes the estimated market price for
natural gas delivered to three different regions.

NETL TEA Reporting
Publically Available Documents

*  Cost and Performance Baseline for Fossil Energy Plants

— ASeriesofd

that provide Basaline’s for comparison

—  http:/fwww.netl.doe.gov/ hy lysis/baseline-studie

*  Quality Guidelines for Energy System Studies (QGESS) Documents
— A series of documents that provide the details to performing TEAs
—  http:/fwww.netl.doe.gov/ h/energy-analysis/quality-guideli

ABSUR ANTRIY nnl ve

_http:ffwww netl.doe.gov ééearﬂc.h;’energy-.an.;}ylsl.s

5/24/2016
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TEA Use

Evaluate Progress and Inform Decisions

“wam NETL Current and Future

_ Technology Pathway Studies
IGCC, IGFC, Oxy-combustion,
Post-Combustion Capture

Adtvanesd GCC

i

§l I

8 ' l
i

TEA Use Example:
R&D Trajectories to Meet Program Goals

13
\§ /
o
of

12 &
w Base Plant” s
g 1.1 Supercritical PC
'-E 5 with CCS
=
3
e 10
8
T 09 A
5 Improvements in base
[} plant efficiency, energy
E 0.8 penaity for capture
g o i o

s |  R&D
0.7 reductions E Vectors
:
0.6
28 32 36 40 44 48 52 56
Net Plant Efficiency, % HHV
“State-of-the-Art Coal with Carbon Capture from NETL “Cost and Performance Boseline, Volume Ta: Bitumineus Coal (PC) and Motural Gas to Electricity” {luly 2015)
i it/ [ duetion in fized capital and non-fuel D&M cost fon o  fuel input basis) the Bose Plant.

(7 ENERGY i



Case Study

NETL Baseline Study Cases B12A and B12B
Bituminous-fired Supercritical Pulverized Coal (SCPC) Plant

NETL Baseline Studies
Overarching Objective

* Determine cost and performance estimates of near-term
commercial offerings for power plants, both with and
without current technology for CO, capture

— Consistent design requirements
~ Up-to-date performance and capital cost estimates
— Technologies built and deployed in the near-term
* Provides baseline cost and performance
~ Compare existing technologies

— Guide R&D for advancing technologies within the DOE Office of Fossil
Energy (FE), NETL Programs

Reports referenced:

us. D'DE, MNETL, hlly 1015 Cost and Performance Baseline for Fossil Energy Plants, Volume 1a: Bituminous Coal {PC} and Natural
Gas to ion 3, Pittsburgh, PA : Department of Energy, 2015. Report DOE/NETL- 2015}1?23

U.5. DOE, NETL, June 2015, Cost and Performance Baseline for Fossil Energy Plants A v to CO, capture rate in
r:oa-’fredpmrpfanh Pittsburgh, PA : Department of Energy, 2015. Report DOE,?NETL 2015/1720

5/24/2016
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Supercritical Pulverized Coal Power Plant ﬁ"‘

“Conventional” Coal without CO, Capture

ACTIVATED STAGKGAS

—J—- Fi 21—
SR— T1 13— BAGHOUSE| —uaD—nw G0
AR

FD Fans

PA Fans

Hete: Block Flow Diagram i ot intended ta
represent a complets maledal balanc@nly
major process streans and equipment ane
shown

Supercritical Pulverized Coal Power Plant {';'::’JL
Conventional Coal with CO, Capture «

MAEUP  CopaTion

CARBOH SomuE | St
l 18 19 2 3
12 P )
INFLTRATICN n 3 B —* 16— FGD |——2—# Caisowy 33
i }—1
i 14 1D Fani 11; :;In ¥
STac
SCR l i 8 RECiAMER
L !
I_ = FurAs Uméstone  Greson & L_smow
ey P | - | REcLAMER
COMDENSATE
FO Fars PuLverizED
i\l BOLER _D
/‘-‘ €0,
~r

Bl VN — all
\ TURBINE LP TURBINE -
s i
Cow FEED l DRveR
ar
Borrom DeveRr
conpENSER || | "‘__“";ﬂ [ﬂgf:.‘"
Proouct

Hots: Block Flow Diagram is not intendad 1o
rapresant 3 comiets matarial balshes. Only
maje: pocaas streams snd equipmant ars
ahavn,

(W ENERGY '
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Supercritical Pulverized Coal Power Plant N=TL

Environmental Controls

Criteria Pollutants — February 2013 New Source Performance Standards
+ PM
= Fabric filter
- Nox
— Low NO, burners with over fire air
—~ Selective Catalytic Removal (SCR} (83 — 85 % reduction)
¢ 50,
- Wetlir Flue Gas Desulfurization (FGD)
~  9B% removal '

Hazardous Air Pollutants - March 2013 Utility Mercury and Air Toxic Standards

Mercury, Hydrochloric Acid

—  Activated carbon injection {ACI) removed in fabric filter with direct sorbent injection {DSI} for 50, removal to improve
effectiveness of activated carbon injection

—  Co-benefit capture (remaoval of 90% for bituminous coal) of SCR, fabric filter and wet FGD combination

Polishing systems required in CO, capture cases (to meet performance requirements of the
capture systemj

drive model plant emissions even lower

Supercritical Pulverized Coal Power Plant {%n
CO, Capture and Compression «

¢ Pre-treatment
~ Lowers SO, to ~ 1 ppmv from ~40 ppmv out of FGD
* Cansolv CO, Capture Process

Aname
[T L
et

Clean Flue Ges
\Wash Water /J\ |

RICH AMINE—————
? LEAM AMNE | Lean/Rich Exchanger
r ?mmbr
\T/——mnm
PLE GAS VWATER VAPGR RECYELE
| WATER VinoR 3“'““'
BoosTED FLUE PRESCALEEER RECCMPRESTE 1™ LEAN AMINES
B D

BLowmonn ATER VAPOR

LEaN AMikE

{7 ENERGY '
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Supercritical Pulverized Coal Power Plant N=TL

CO, Capture and Compression (continued)

° Cansolv CO, Capture Process Details
— 90 % CO, capture

— Steam extraction from crossover pipe between IP and LP sections of
steam turbine

— Product CO,~ 30 psia
* CO, Compression System
— CO, compressed to 2,200 psig

8 stages (2.23 to 1.48 stage pressure ratios)
Intercooling in each stage
* Water knockout in first 3 stages

TEG dehydration unit between stages 4 and 5
* 300 ppmw H,0 in CO, product

Supercritical Pulverized Coal Power Plant {':b:“
Summary Performance and Cost Results «

o 8128 e B12A B12B
CO, Capture 0% 90%
) A U 90~
Total Plant Cost, in Millions 2011$2
Gross Power (MW) 580 642 Base Plant 947 1111
Auxiliary Power Summary Gas Cleanup 167 197
Bala of Plant 27 35 o e
nce an CO, Capture . 484
Flue Gas Cleanup 3 4 CO, Compression . a8
CO, Capture - 16 Total 1,114 1,890
€O, Compression _ 36 Cost of Electricity, SIMWh (20115)
= Capital 28 72
Total Aux. Power (MW) 30 91 Fixed e 15
Net Power (MW) 550 550 Variable 9 15
Heat Rate (BtufkWh) 8,400 10,500 Fuel 25 31
Efficiency (HHV) 41 33 CO, T&S - 10
Energy Penalty’ - 8 Totar® 52 143
GO, Gaptured (wio T&S), $itonne (20115)
160, Capture Eneray Penally = Percent points decrease in not power plant COMPATR L SUEE OF I 58
efficiency due to CO, Caplure Nece
“Total Plant Capital Cost (includ, [ ies and i ing fees but not owner's costs
‘5% Capacily Factor

) ENERGY -
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Supercritical Pulverized Coal Power Plant ﬁ__:n

Cost of Electricity Components

SCPC w/o CO, Capture SCPC with CO, Capture
(B124) cogTES (B128)
510
7%
Capital

Fuel $39 Capital
$25 47% $72
30% Fuel 50%

§31
22%

Variable

Variable $15

$9 10%
11%

Fined

510 $15

12% 1%

All costs $/MWh,,,, constant 20115

Supercritical Pulverized Coal Power Plant {1:1:='TL

CO, Transport and Storage Costs

= €O, Transportation and Storage (T&S) Costs! 0 = Ty
— €O, transported 100 km, stored in the lllinois § 8 . ;;?;'::;mﬂ.m
Basin due to Midwest plant location and i s sy
monitored for 80 years H 2 . Yaa
a4 " dghgy
i £ . Saua
— (0, T&S costs added on to the cost of electricity g 2 LT T
(COE) LT
o i
$1,000 . 0 5000 10000 15000 20000 25000
:o: : Masimum €O, Flaw in Pipe {tonne/day)
3,
$100 g Project Stage Cost as a % of Total Storage Costs I
g g .  Regional Evalation 522 per tonne €0, |
2 i u Site Characterization !
1:-: . o Permitting
3 alo ! —e-EastTexas & Clperations |
w I = lllinols o Post-injection Site Care |
| o Powder River |
" ! —ewilliston 59 per tonne CO, i
8 0 100 200 300 400 500 I
Cumulative Storage Potential - Billlon Tonnes (Gt) {
. o 5, & o and il |
_90” TE‘":U_;EC_" "l"“m"ﬂ'f'_"__ _inf T_:““_“ _‘mn__ 1 M. Siman L Madisen 1 '
Energy Tachnok b Quality lines for Energy System Nlinois Powder River |

Studles: Carbon Digxide Transport and Storage Costs in NETL Studies. Pitesburgh, L WSCS =T |
PA : Department of Energy, 2004, DOE/NETL-2014,1653

) ENERGY '
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Supercritical Pulverized Coal Power Plant {'E%TL

Cost of Capture Components

Storage
$9
13% -

Transportation

3%
Capture
P $51
Compression -~ 74%
s7
10%

Alf costs in S/tonne CO,, constant 20113

(1) ENERGY

NETL Cost and Performance Studies

Important Considerations

Capital Costs:
— Point estimates, consistent with AACE Class 4 {accuracy -15% to + 30%)!
— Intended to represent a “near-term” commercial offering {(not Nth plant)
— Designed using a specific design basis

Costs of mature technologies and designs, PC and NGCC Plants without co,
Capture
— Estimates reflect nth-of-a-kind
— Costs have comparatively low uncertainty resulting from serial deployments (i.e.,
“learning from previous efforts”) as well as continuing R&D

Costs of emerging technologies and designs, PC and NGCC Plants with co,
Capture, all IGCC Plants
— Use same fundamental cost estimating methodology as mature plant designs

— Does not fully account for the unique cost premiums associated with true first-of-a-kind
(FOAK) projects (“learning while executing current effort”) initial, complex integrations
of emerging technologies in a commercial application

— FOAK efforts are near certain to incur costs greater than those reflected in these reports

INational E hnology L Y. QGESS: Cost Estimation Methodology for NETL aof Power Plant Pecfarmance. Pittsburgh, Pa :

U 5. Department of Energy, April 2011. DOE/NETL-2011/145

(D) ENERGY  tatcnarnedy oy
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NETL Cost and Performance Studies ﬁ%‘"—

Important Considerations (continued)

Other Factors:

+ Actual reported project costs for all of the plant types are also expected
to deviate from the cost estimates in this report due to project- and site-
specific considerations

— i.e. contracting strategy, local labor costs, seismic conditions, water quality,
efc.

— Current work is evaluating the impact of site-specific factors

Future Cost Trends:

» Continuing research, development, and demonstration (RD&D) is
expected to result in designs that are more advanced than those
assessed by this report, leading to costs that are lower than those
estimated

NETL Cost and Performance Studies
COE Sensitivity to CCS Parameters

5140

5135 ‘ﬁé
’///———/”7"’751: :

~——Capture System Cost

——Compression & CPU Systemn Cost
3 £ 5110

——Compression System Power

Cost of Electricity w/o T&S (S/MWh)

Capture System Steam Heating Duty
$105

$100
-100 -80 -60 -40 -20 1} 20
Sensitivities perfarmed with constant coal feed % Change in parameter

(IENERGY  Tectnoiony | ahoratory

5/24/2016
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NETL Cost and Performance Studies

COE Sensitivity to Financial Assumptions

$230
5210
5180
$170
Independent Power Producer (IPF)
R NGCCw Caplure, Cost of Debt (nominal) - 8%
e e Cost of Equity [nominal) - 20%
Debt to Equity Ratio - 60/40
5130 Capital Expenditure Period - 5 years

B12B Assumptions;
5110 Investor Owned Utility (10U}
| Cost of Debt (nominal) - 5%
| Cost of Equity ([nominal) - 12%

Cost of Electricity w/o T&S ($/MWh)

90 | Debtto Equity Ratio - 45/55
Capital Expenditure Period - 5 years |
570
550
01 012 0.14 0,16 0.18 0.2 0.22 0.24 0.26

Capital Charge Factor

SCPC Partial CO, Capture Side-Case

Evaluate Across a Range of CO, Emission Rates

» Evaluate the cost and performance of a BB SCPC plant (Case B12B) that is modified
for partial CO, capture with all other design assumptions remaining constant

— An appropriate portion of the flue gas stream exiting the desulfurization step is
directed towards the Cansolv CO, capture system to evaluate systems with CO,
emissions ranging from ~ 1700 — 210 Ib/MWh-net

— The remaining flue gas stream is allowed to bypass the CO, capture system and is sent
to the stack without further treatment

— Cost and performance scaled from 90% capture Cansolv quote and accordingly sized
compression quote

N=TL

3
To Stack
CO; Capture System
Alr Partial Bypass A4 R
I—P Pulverized coal o Paﬁmm"u COy _ | CO: Compression .
Combustor -1 SONOXHC Capture i ] and Orying
Coal w— Flue Gas | Hg Clean-Up Captured

] CO; Stream

I W

A J ) Power

Steam

Steam G tor > Steam Turbing _®

Source: NETL

5/24/2016
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SCPC Partial CO2 Capture Side-Case

Efficiency vs CO, Emissions

0%
16%

a0 P Rl
90% CO, b 60%
35 Capture

Efficiency, % HHV
]

0 200 400 600 800 1000 1200 1400 1600 1800
CO, Emissions, Ib/MWhye;

U5, DOE, NETL, June 2015, Cost and Performance Baseline for Fossil Energy Plants Supplement: Sensitivity to CO; capture rate in coalfired
power plants, Report DOE/METL-2015/1720

SCPC Partial CO2 Capture Side-Case
Capital Cost vs CO, Emissions

Nati

() ENERGY 1

4500
4000
]
R
= 3500
8
4
L
@0
S 3000
£
8
o 2500
2000
1] 200 400 600 800 1000 1200 1400 1500 1800
€O, Emissions, lb/MWh,
LL5. DOE, NETL, June 2015, Cost and Performance Baseline for Fossil Energy Plants Supplement: Sensitivity to CO, capture rate in coal-fired
power plants, Report DOE/NETL-2015/1720
* Fully-loaded design rates; does not account for start-up, shutd i d dation b rt-load operation, etc.

5/24/2016
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SCPC Partial CO2 Capture Side-Case

COE Including T&S

Supercritical PC Plant " CO, T&S
= Fuel

\ » Variable

16— 443— 449+

214 570 786 857 1,100 1,151 1,201 1,302 1,400 14988 1,705
CO, Emissions (Ib/MWh-net)

183 500 700 900 1,000 4,050 1,100 1,200 1,300 1400 1,618
CO, Emissions (INMWh-qross]

90% 72% 60%  48% @ 42%  39% 35%  29% 22%  i16% 0%

CO, Capture Rate (%)

sal plant and capture coal plant cases use 37
different finonce structures

SCPC Partial CO2 Capture Side-Case
Cost of Capture, excluding T&S

= CO, Captured Cost (excl. T&S), $/tonne (SCPC reference)
180 -}|_=CO, Avoided Cost, $/tonne (SCPC reference)

Supercritical PC Plant

Varying Degrees of C

-

00 -

Cost of CO, Captured/Avoided Cost,
$/tonne (2011%)

214 570 786 997 1,100 1,151 1,201 1,302 1,400 1,498

COa Emissions (INMWhmetBo 1200 1,300 1,400

CO: Emissu‘.ms {IN‘IWh-groes)
90% 72% 3%% 35%  20% 22% 16%
0, C. Rate (%

183 500 700

5/24/2016

10



5/24/2016

NETL Cost and Performance Baseline

Summary Results

*  With state-of-the-art technology, e
adding 90% CO, capture and caa3
storage (CCS) significantly 1y
increases the cost of electricity 5
(COE)
—  45-65% for NGCC 100

—  ~75% for pulverized coal {PC)

* Lower capture rates for PC plants
decrease the COE penalty, but
result in a higher cost of capture

— e.g. $87/tonne versus $58/tonne for
35% and 90% capture, respectively
= Due in part to diseconomies of scale

COE, $/MWh (20115)
8

i I

*  RD&D is needed to T m T uperoNGiPCPEm
reduce the costs of CaptureRate| 0% 90% 16% 35%
€0, Emissions® o) 773 82 1,5:3 1,800 1,100 ma
advanced coal power E Eficloncy |  515%  457% | 40.7%  392%  37a4%  325%
with CCS Cost of Capture s/iomm) $71 $124  s87

Source: NETL Cost and Performance Baseline for Fossil Energy Plants: Volume 1a: Bituminows Coal {PC) and Natural Gas (NGCC) te Electricity {July 2015}
£ Supplement; Sensitivity to CO; Capture Rate in Coal-Fired Fower Plants {lune 2015)

&S = Ll and storage In a Midwast saline Le30%/-15% range; different far P d capture plants
SEylly-toaded does ot far start-up, shutd 4 rt-dosd ticn, st

Emd;ndl!wa" Ll d ! design for NGCE and PC capture designs, respectively

NETL Cost and Performance Baseline
COE Parity Map

14 -

23y
5C PC without CCS 3‘3Q:§
b fas loweest COF 3832 SCPCwith 90%
m%_& €CS has lowest
8239 < Ccoe

-
o
L

o

Latest revision assumed NG Price, $6,13/MMBtu

v

NGCC without CCS
has lowest COE

Matural Gas Price, $/MMBtu
o

Estimated 2016 NG based on EIA Industrial
NG price $3.34/thousand cubic feet

0 10 20 30 40

50 ] 70
€0, Plant Gate Sales Price, $/tonne

{1/ ENERGY -
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NETL Cost and Performance Baseline {':‘%”_

Additional Observations

* Lower capture rates result in lower COE
— Lower capital and operating costs
— Lower solvent regeneration energy steam use

e (O, capture cost ($/tonne CO,) higher at lower capture rates
— Economies of scale
— Less CO, available for sale

* Capture system (capital cost and solvent regeneration energy)} and
compression capital cost significantly impact CO, capture cost

— R&D needed to address all

¢ Bulk of the cost to capture, transport and store CO, is in the CO, capture
system

NETL Cost and Performance Baseline ﬁ%ﬂ
Most Recent Updates «

e Cost and Performance Baseline for Fossil Energy Plants,
Volume 1a: Bituminous Coal (PC) and Natural Gas to
Electricity, Revision 3 (DOE/NETL-2015/1723)

* Cost and Performance Baseline for Fossil Energy Plants
Supplement: Sensitivity to CO, Capture Rate in Coal-Fired
Power Plants (DOE/NETL-2015/1720)

— Includes PC and IGCC cases
e Cost and Performance Baseline for Fossil Energy Plants,

Volume 1b: Bituminous Coal (IGCC) to Electricity, Revision 2
— Year Dollar Update (DOE/NETL-2015/1727)

£ 3 peoastian = | pation s Evergy
. 7 ENERGY |l)r‘;llml.‘|¢_-gl;- [g:'n)rnnrv
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It’s All About a Clean, Affordable Energy Future N_=..TL

For More Information, Contact NETL

the ENERGY lab

Delivering Yesterday and Preparing for Tomorrow

U2 ENERGY  Technoiony L sborstory
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Quest Project and Its Costs

Wilfried Maas
General Manager Carbon Capture & Storage
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AGENDA

= Quest Project and Performance
® Funding & Knowledge sharing

® Project Costs

Shall Glebal Sebilions Intermational March 2016
h
_\ WORLD FIRST
~ Commercial-scale CCS project in the oil
& . sands
QUEST CCS

IMPACT
Capture and permanently store more than
one million tonnes of CO, annually -

i ql,iivaleni to 250,000 cars,

QUEST CCS




QUEST CCS PROJECT

Hydrogen Manufacturing Plant
SR H2/Process Gas _
PSA ey €O, free gas
B —<" ==
. . — ATINE
Reformer — Steam
t PSA Pressure Swing Adsorption
S
- y
1
Dense Phase
14 Stage 2 Stoge Onshare Fipeline
Compression Compression
Capture (ADIP-X) Compression and Conditioning Transport and
Three absorbers, two regenerators Storage
Shall Global Selusians Internatianal Mierch 2016

DESIGN - CAPTURE AND COMPRESSION

Shell ADIP-X Amine process (99%+ pure CO,),1.2 Mipa capacity
Multistage centrifugal compressor fo 8.5 - 14 MPa (supercritical state)
TEG dehydration unit, CO, with 4-6 lbs/MMscf

Modularisation based on Offshore Standards & Minimisation of onsite — 69 Modules
Amine

Absorbers Amine Stripper
(HMU 1 & 2)

Compressor &
Dehydration System

16/05/2016



Quest Compressor Ready for Shipment — August 2013

= 18 MW
= 8 stages
300 tonne crane

%

QUEST “HARDWARE”

u Capture plant in Fort Saskatchewan,
approx 50 km N.E. of Edmonton

= Capture at the Scotford Upgrader from
3 Hydrogen Manufacturing Units

m CO, transported by 12” pipeline fo

storage, with 6” laterals
® Pipeline to 65 km north of the Upgrader
m Route selected to meet stakeholder

requirements:
B 28 km follows existing ROW

m Drilled under North Saskatchewan River
m 30+ re-roules to accommodate
landowner wishes

w Base plan: 3 injection wells and
associated menitoring

A

Shell Global Sohitiars International

March 2018

16/05/2016
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h Prairie Evaporite - Additional Seal

N Upoc Lovborg Sali— Ultieme Secd

Lower Lotsberg Salt ~ Secondary Seal BCS
Storage
Upper Cambrian Shale - Primary Seal Complex
E:Er:-e-] Middle Cambrian Sand
— Basal Cambrian Sand - Storage Reservoir
| PreCambrian Shield
Shall Global Solutions Intemesional March 2018

CO, STORAGE

= CO, stored in porous rock containing natural brine
® Basal Cambrian Sands (BCS) selected
® 2,300 m, Prairies deepest sandstone

= Multiple cap rock and salt sedl layers, no significant
faulting visible from wells or seismic

 Well below hydrocarbon bearing formations and
potable water zones in the region

® Relatively few wells drilled into the BCS, none within
10km of the proposed storage site

= Wells and Drilling
u Three injection wells
m Conventional drilling methods

= Multiple steel casings for wells, 3 in freshwater

zone, all cemented fo surface
Shall Glabal Sehsans Internatioral Morch 2014




TIMELINE

Regulatory Hearing Mar 2012
= Approvals received Aug 2012
Final Investment Decision

(FID) Sep 2012
Well Program Q42012

= 2 additional injection wells

= Associated deep monitoring
and groundwater wells

= Baseline

Capture & Pipeline completed

s Pipeline construction Q42014
= Capture construction Q22015
Operations Handover Q2 2015
= Full production Q32015

= Continuous capture and storage since August 2015, exceeding farget rate

® Commercial tests complete — 3 months ahead of target

Shell Merch 20146

MEASUREMENT, MONITORING AND VERIFICATION PLAN

Pre-Injsction Injaction Cloture Fos Clowre
Atmeshere Lina-o - Siight 02 Flux Matwtanng
Biosphare Rervwie sem iy Bene & CO2 Tiaoe Mandonng

Grourstwnter Blornang Wets Wats Electacel Condustaity pH Baned CO2 Traces Mandurng

Hydrosphere Lartmanes Wittee Wikl Bire & CO7 Traser Montanng
Tienedagree 10 Wi
GEO"DI'\E'Q Tmel apae X Sarface Senmc
Ak
WHGE Otwersaton Wels Dawn-risle Prevsoe & Tempsisus
Wells: Monitors WPGS Wein [eantule
L Peavin &
et Aune Mitonng Traces Fyecion
" Fressin & Suning, i Aesvila
Weils: lnjedors Serming, Anmus Prevaurs Marorrg Westwad Farisue & Temperatue
Welhwad (017 sernar Mecharscs Wel integety Testing Operatonal inegndy Assumnoe
CBL UsIT
a0 s Joara mrs mm» nr 4o EoTLY a0 Flet)
» Comprehensive : Geosphere fo Amosphere and entire lifecycle
m Risk-based, site-specific
= Independently (DNV) certified MMV and storage plan
Shell Globed Selufions International Mharch 2016
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Public project disclosure
(booklet, news release and open house)

Monthly Community Advisory Panel Meetings
(CAP) on MMV program

Shell Glabal Sofutions Insernaticnnl March 2016

\
Stakeholder consultation program
i
Collaborative Open Houses
Regulation |
Development
Quest Cafés
‘ .
Bi-annual County and Town Council updates
{

Tenure Sequestration Lease
CO, Disposal Scheme

Environmental Assessment (Federal and Provincial)

N
= Emergency Response Plan
®

Well and pipeline licenses

shall Glabal Sohians Internatiznal Merch 20164
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6 MONTHS INJECTION

© Quest Performance (Feb 29, 2016)

§ 5

Dally Injection per Well [ig/hr

E

:

v :
2208 0509 1909 O3M0 1780 3MI0 G411 MU 1 ML 00 20 607 N

Date

L

= We prepared for issues related to start up and responded accordingly
= Successfully injected 500,000 tonnes in less than 6 months!

Shell

AGENDA

® Quest Project and Performance
= Funding & Knowledge sharing
® Project Costs

Shal Glabal Soktions Intermational March 2018
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FUNDING AGREEMENTS & REVENUES

= Government Funding Support - CAN$865 M

CAN$120 M Canadian Federal Government (Pre FID)

CAN$745 M Alberta Province (Construction, Startup and 10 years operation)
Extensive knowledge sharing

Stringent monitoring (Measurement, Monitoring & Verification) plan

NPV Zero commiiment

® Revenues — GHG offsets (credits)
= Net amount — stored CO,, less direct and indirect emissions (13-18% of
injected)
m Design Captured & Stored 1.08 mt/a, Avoided 0.94 mt/a
m Credits fo be used first by Shell's Alberta assets for regulatory compliance
m A second set of credits will be received as early developer

Shell Globea! Sekefions International Merch 2014

KNOWLEDGE SHARING

= Extensive knowledge sharing part of the program

= hitp://www.energy.alberta.ca/CCS/3845.asp

Facility Design

Construction Schedule

Geological Formation Selection

Facilities Operations :Capture, Transportation, Storage& Menitering, Maintenance and Repairs
Regulatory approvals

Public Engagement

Cost and Revenues

Timeline

General Project Assessment

Extensive Detailed reporting

Flow Diagram, H&M balance, Plot plan, Wark Breakdewn,, MMV, Closure Plan , Annual Status Reports, Screening reports ete., P&ID;s

= Analogous to Knowledge sharing in the (now cancelled) UK CCS
commercialisation program

h_ngs:g [wrww.gov. g!sg gﬂernmen?{ collections/ ng-cupture-ond-gmmgg_—knowlecige-shaj ng
Shell Global Salufions Inemncsiondl Mharch 2016

16/05/2016



AGENDA

# Quest Project and Performance
u Funding & Knowledge sharing
m Project Costs

Shal Globel Selutions Wriernosiancl Morch 2018

QUEST COSTS

First of a kind facilities cost forecast Overall Venhure Cosls

Venture: CANS137M =Tie-in/Brownfield Work

Tie-in work:  CANS$38M ~Cexlure Endiliy

Capture: CANS446M - i
*Fipeline {lrans

Pipeline: CAN$128M Be i

Subsurface: CAN$40M *Subsurface (Wells/MMV)

cy CAN $23M

Conling

Total CANS812M > 752 SXprI captured

“Total Contingency, Inflation &
Market Escalation

Asfidpend Frofect Oparkinng Soeh | Waitch the release of the 2015 reports
S44M per annum -> 41 $/ton captured - which will show actual performance
numbers from startup year
Under budget & under schedule

Potential savings for future projects
Reduced venture costs
Reduced capture costs

Reduced pipeline/subsurface costs
1 CDN =0.99 USD (2011)

16/05/2016
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Techinical demonstration Sector-specific deployment Wide-scale deployment
-‘-N"“'--. Caiban
3 \ price
4| mCapitalgrants CCS unit
5| mOperating subsidies ._mnswpm ® Carbon price costs
% m Loan guarantees
E ———————
w1
U
w]
First gateway Secondd gateway Time
m Technical feasibility u Further cost reductions
™ First cost threshold m Infrastructure development
= Avallability of required = Availability of required
storage capacity confirmed storage capacity confirmed SOURCE (EA,

® CO, emissions penalty generally too low currently to get CCS going

u CCS demo capital grants are too significant fo sustain for a long period
» Additional mechanisms will be required to get CCS demonstated at scale

Shell

Objective — adequate support is

needed fo demonstrate CCS and g‘ GRS
reduce costs from FOAK fo NOAK to g
i

deliver a competitive and viable

technology in a decarbonised world.

Tectrm ol G|

|
!
|
- ! . |
g |
wloanguaaniees |
i

SECTOr W (EDDyTIeTE

FIRST OF A KIND

II

:Z‘J';; Biainiey A . m:m:;,;. Twne
AT TR S
>  NhOF AKIND

16/05/2016
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Insights into Cost of CCS Gained from the Illinois Basin-Decatur Project

@| b o S TRIMERIC CORPORATION

Insights into Costs of CCS Gained from the lllinois Basin — Decatur Project

Sallie E. Greenberg, Ph.D. and the MGSC Project Team
Advanced Energy Technology Initiative
University of lllinois — lllinois State Geological Survey

Ray McKaskle, PE. and the Trimeric Project Team

22 March 2016 — IEAGHG CCS Cost Network Workshop at the Massachusetts Institute of Technology

lllinois Basin — Decatur Project Scope

A collaboration of the Midwest
Geological Sequestration
Consortium, the Archer Daniels
Midland Company (ADM),
Schlumberger Carbon Services,
and Trimeric Corporation and
other subcontractors to inject
one million metric tons of
anthropogenic carbon dioxide at
a depth of 7,000 +/- ft (2,000 +/-
m) to test geological carbon
sequestration in a saline
reservoir at a site in Decatur, IL

5/16/2016



MGSC Phase Il Team

Project Management
Near Surface MVA
Stakeholder Engagement

Brigham Young

Compression
/Dehydration

MGSC Program Goals

Prove Injectivity and Capacity

Demonstrate Security of Injection Zone

Contribute to Best Practices

5/16/2016
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IBDP Accomplishments
F—

e ———

IBDP is the first demonstration-scale (one million tonne) U.S. project to use
carbon dioxide (CO,) from an industrial/biofuel source within the DOE
Regional Carbon Sequestration Partnership (RCSP) program

IBDP is a fully integrated demonstration project comprised of compression -
dehydration facility, 1.9 km pipeline for delivery of supercritical CO, to
injection, and observation system on an intensely monitored site

IBDP injection is the result of nine years of Phase IlI effort from funding to
storing CO, in the reservoir, includes site characterization, permitting,

risk assessment, public engagement, drilling, injection operations, reservoir
geology, engineering, and geophysics, and
baseline, injection, and post-injection monitoring and analysis

lllinois Basin —

Decatur Project Site
(on ADM industrial site)

A Dehydration/ compression
facility location

B Pipeline route (1.9 km)
C Injection well site

D Verification/ monitoring
well site

E Geophone well




Operational Injection:
17 November 2011

* IBDP is the first one million
tonne carbon capture and
storage project from a biofuel
facility in the US

* Injection completed
November 2014

* Intensive post-injection

monitoring under MGSC
through 2017

Total Injection
(26 November 2014 ):
999,215 tonnes

Insights into Costs of CCS Gained from IBDP
P_

° IBDP Scope and Scale Definition:

Capture of low pressure, water-saturated, high purity CO, from
biofuels production

Compression, dehydration, transportation, storage, and MVA represent
what is done AFTER post-combustion flue gas capture at a power plant
or other industrial facility

Injection rate of 1,000 tonne / day represents about 50 MW, of CO,
or 10% scale of a 550 MW, power plant with $0% capture

Broader, overall project costs will be presented first, followed by a
detailed examination of the capital and operating costs for the
compression, dehydration, and transportation facilities

5/16/2016
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IBDP Overall Project Costs
F_ S

* Pre-injection

— Budget Period 3 (12/18/07 to 4/30/10): Cost $22,226,960
* [njection

— Budget Period 4 (5/1/10 to 1/15/15):  Cost $66,077,449
* Post-injection

— Budget Period 5 (1/16/15 to12/17/17): Cost $21,659,483

e DOE Share $ 87,318,798 79%
* Non-DOE Share $ 22,645,094 21%
* Total Value $109,963,892

Project Cost Breakdown (in progress)

Wells Infrastructure Geophysical Geologic MVA
(11/2013) (11/2013) (11/2013) (11/2013) (12/2015)

Injection Well site Prep & Two 3D seismic Well Logging Groundwater wells
$8,581,000 Utilities surveys $1,650,000 $282,000
$673,000 $6,800,000
Verification Data Acquisition Baseline 3D VsSP Coring Equipment
$6,377,00 System $280,000 $202,000 $324,000
$387,000
Geophone Office/training/ Three repeat 3D Core Analysis Chemical Analyses
$589,000 Computer Facility ~ V5Ps $409,000 $591,000
$73,000 $960,000
Microseismic and (Abowve applies to Risk Assessment
surface sensors injection and $170,000
$1,277,000 verification wells)
TOTALS

$15,547,000 41,133,000 $9,217,000 $2,261,000 $1,127,000

Compression/Dehydration not included here. Items in Purple based on BP4.
All totals subject to change by end of project




Facility Overview (| of 2)

Compression, Dehydration, Transmission Facilities

Water

.

el et co o, &3, o2,
1o e - o ing | K Py
nm_m* Mutistage i Rechrocaiing TEG Comprossors sl Goirtuge e
Wt [ S ahvdrati P g
Scrusher Blower Stages 1-3 Y Stage 4 Pump e

Facility Overview (2 of 2)

Compression, Dehydration, Transmission Facilities

5/16/2016



IBDP Capital Costs

for Compression, Dehydration, and Transmission Facilities

S e e

—
Costs, Actual Typical
(2009 - 2011 % of Range*
Cost Categories US § MM) TDIC (% of TDIC)
Purchased Equipment 6.1 30 15-40
Purchased-Equipment Installation 1.9 9 6-14
Instrumentation and Controls 1.0 5 2-12
Piping 5.1 25 417
Electrical Systems 3.0 15 2-10
Buildings and Yard Improvements 0.9 5 4-23
Total Direct Cost (TDC) 18.0
Engineering 1.9 9 4-20
Construction Expenses 0.4 2 4-17
Total Indirect Cost (TIC) 2.3
Total Direct and Indirect Cost (TDIC) 20.3

*Typical Ranges from Peters and Timmerhaus, 2003

IBDP Capital and Operating Costs / Tonne Injected

for Compression, Dehydration, and Transmission Facilities

P—

I

Costs,

(2009 - 2014)

Cost Categories US §$ / tonne
Capital Costs 20.34
Electrical Power 7.76
Operating Labor 1.32
Supervisor Labor 0.20
Maintenance 1.22
Other Operating Costs 0.61
Total 31.45

*  Important statements regarding this table:

Capital costs are amortized over the three-year injection period, amortization period would be much

longer on a typical commercial project

All costs in this table except for capital costs are derived using typical industry values as actual values

are either confidential or not available

Host site provided Plant Overhead functions, which would be an additional estimated $ 2.0 / tonne at

a green-field location

If scaling costs for future projects, suggest using mid-2010 for capital costs and late-2014 for operating

Costs

5/16/2016



Lessons Learned Regarding Project Costs
for Compression, Dehydration, and Transmission Facilities

P—

Capital costs were higher than the initial estimate, but operating costs
were lower — Net effect < 5% increase in $ / tonne injected

* Scope Changes
— Design capacity increased by 21%
— Multistage centrifugal pump added
— Above ground transmission pipeline insulation added

*  Items (highest to lowest) with higher than original cost estimates
— Transmission pipeline and insulation costs

Process and cooling water piping

Structural '

Electrical

Engineering

Factors That Affected Project Costs
for Compression, Dehydration, and Transmission Facilities

P—

* Installation within a major operating industrial facility can
increase project costs / complexity

e ——

— Transmission pipeline had to be above ground and had to be
insulated

— Two equipment buildings required instead of one due to
underground piping

— These experiences may be informative with respect to installing
a CO, capture retrofit within an existing power plant or other
industrial facility

e UIC permitting timeline extended the facility construction
schedule

5/16/2016



Considerations for Costs on Future Projects
P_

* It would help to know or at least to have a firmer estimate of
the required injection pressure prior to process design and
ordering compression equipment

» Planning for future projects can be informed by timeline
required to obtain injection permits on first mover projects

— We thought compressor 52-week lead time would be
critical path, but turned out not to be so in this case

— Longer project timelines may allow alternate equipment
selection and / or more favorable pricing

s Pricing for future projects may be influenced (up or down) by
overall economic conditions in general and for the oil and gas
industry in particular

Conclusions
F

» Carbon capture and storage is a major undertaking involving
many types of industry, government, and financial professionals,
as well as many industry trades

* First mover projects can provide useful benchmarks and
lessons learned that will benefit future projects

* Incorporating CCS into existing, operational power plants or
other industrial facilities comes with additional, case-specific
challenges and costs

* Permitting timelines and general economic conditions may

impact costs on future projects in ways that are difficult to
predict

5/16/2016



@ Acknowledgements

*  The Midwest Geological Sequestration Consortium is funded by the U.S.
Department of Energy through the National Energy Technology
Laboratory (NETL) via the Regional Carbon Sequestration Partnership
Program (contract number DE-FC26-05NT42588) and by a cost share
agreement with the lllinois Department of Commerce and Economic
Opportunity, Office of Coal Development through the lllinois Clean Coal
Institute.

* The Midwest Geological Sequestration Consortium (MGSC) is a
collaboration led by the geological surveys of lllinois, Indiana, and Kentucky.

» Landmark Graphics software via their University Donation Program and
cost share plus Petrel software via Schlumberger Carbon Services.

5/16/2016
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Post-Injection Activities

3D Surface Seismic Survey — January 2015
— Processing nearly complete
* Post-injection VSP, permit interim period — January 2015
— Working to improve comparisons between repeat VSPs
° Post-injection near surface monitoring
— Moving from injection monitoring to reduced program
o Knowledge and data sharing best practices
— Publications
— National and international research collaborations
— Collective data sets
— Teaching data sets

CCS in Decatur; IL USA O dem [l |2 22,

lllinoi in — Decatur Proj lllinois Industrial CCS Project
* Large-scale demonstration * Industrial-scale

* Volume: | million tonnes * Volume: 5 million tonnes

° Injection period: 3 years * Injection period: 3 years

* Injection rate: 1,000 tonnes/d ° Injection rate: 3,000 tons/d
* Compression capacity: 1,100 Compression capacity: 2,200

tonnes/day tonnes/day
 Status: Post-injection * Status: Pre-injection
monitoring monitoring

5/16/2016
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IBDP Wells (Series 1) and
CS wells (Series 2) at ADM
in Decatur, lllinois

’
Class VI permit issued Sep 2014

Rlchland Communlty Colleg

F'it";"
y

-.':

& ¢
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Project Costs Power Applications

ELECTRIC POWER
RESEARCH INSTITUTE
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Session 3: Project Costs Y&
Power Applications A4

George Booras
Principal Technical Leader

CCS Cost Network Workshop
Massachusetts Institute of Technology
March 22, 2016

© 2016 Eiectvic Powsr Rassarch Inctaute, In. Allnghss reasrrod

Session 3: Overview and Objectives

This session will focus on cost estimates for CCS
applications in electric power generation

Objectives
= Learn about the cost of actual projects
* Major capital cost areas
— CO, capture, compression, and pipeline
— Upgrades to upstream process equipment
— Balance of plant and owner’s costs ‘
i}

= Comparisons of final project cost to initial estimates
— Scope changes? Construction delays? Equipment/labor cost increases?

= Summary of lessons learned
= Opportunities for future cost reductions

]
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Session 3: Power Projects and Speakers

1) Boundary Dam Carbon Capture Project
Max Ball and Peter Versteeg*
SaskPower

2) FutureGen 2.0 o
Ken Humphreys e
FutureGen Industrial Alliance

3) White Rose CCS Project
Leigh Hacket
GE Power

* via teleconference
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Factors Impacting Capital Costs at SaskPower’s Boundary Dam Integrated CCS Project

Factors Impacting Capital Costs at SaskPower’s
Boundary Dam Integrated CCS Project

CCS Cost Network Workshop
March 22-23, 2016

Max Ball and
Peter Versteeg
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Potential for CCS at

SASKPOWER
Investment | Investment

BD 4/5 2017 2019* 2025*

BD 6 2022 2024 2028*

PR 1 2024 2026 2030*

PR 2 2026 2026 2030*

Shand 1 2037 2039 2043*
New Build New costs more than rebuild today

* Fixed by Regulation

Factors Impacting Capital Costs

Site Specific Factors
First of a Kind Factors
Market Factors
Design Features

16/05/2016



Site Specific Factors

§

Mw“gm“

NETL and IECM Estimated Plant Capital Costs Applied in the SK Context,

Comparison to Public BD3 Costs

W Ownaes Costs {Added Senarately]

= Plant Wide Heat Rajectlon
=502 Capture System
CO2 Cagture System
= Bane Plant
* Total BOY

NETL 2015 - New  TECAV 3015 - Baw ECH?N! New  [ECM 2015 - Ntw IEW?UH‘.I.N :-cu:o!! <Mew  BECM 2005 - New  1ECM 2015 - New B0 Retrofit 803 Retrofit Actus!

Sdiullﬁhdm Subcritleal wi CC5 - Suberitical w/ CC5: o fCCS: Subcrictcal w/f €C8: Subcritlcal wi €C5: Budpeied
BS0MWe Aw 114 MWe B =&+ Lignita :-a'um D=C*lldon Es0*Lédon F=E"1.280
Equipmant (SOK]  Labor {50M) Only  Productivicy an
Oy Lakor [50%} Only

Market Factors

SteelBenchmarker™ HRB Price

USA, China, Western Europe and World Export
(WSD's PriceTrack data, Jan 2001 - Merch 2006; Stee!Benchmarker data begins Apnil 2006)

February 22, 2016

e 441
362

283
2862

3333888 848 53

BE555588
$333338553515355238 *585518?&385933593855 2

Jul-08
Oct-08
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FutureGen 2.0

@ FutureGen™

ALLIANCE

Ken Humphreys
Chief Executive, FutureGen Alliance
MIT Cost Workshop
March 22, 2016

ALLIANCE

FutureGen 2.0

* Repower Meredosia Energy Center
with oxy-combustion and CCS -

technology

- Repowered gross: 167-Mwe

— Near-zero emissions

— CO,capture rate: "90%+

— CO, capture volume: 1.1 MMT/yr
— Pipeline transport: 28 miles

— Deep geologic storage

— 60%/40% lllinois/PRB

Power Production w/CCS Post-closure monitoring

, 2010 2014 2018

2038




&)
&) FutureGen~
ALLIANCE

Project Status and Cost Context

» Expiration of federal co-funding terminated the project
* CAPEX within DOE and ICC-approved budgets
» Operating costs well below the statutory rate caps

* Project was “well advanced” at the time of termination
contributing to an extremely high degree of cost certainty

» Costs must be interpreted within the context of this first of
a kind project
» FutureGen's size and host site well matched to project purpose of
proving out the technology
» Subsequent retrofit applications quite different
¢ Newer, larger plants
« SCorUSC
* EOR or storage hub

®) Future Gen
- ALLIANCE

Project Well Advanced

* Power Purchase Agreement signed

» Power Plant Asset Purchase Agreement signed

» Final air, water, pipeline, and storage permits issued
* MISO grid interconnection agreement finalized

Subsurface storage rights acquired
CO, liability management addressed
Mega-FEED complete (70 — 90% final design
complete)
* Project Labor Agreement signed
» Early construction activities initiated
¢ Initial demolition and excavation ey
* Geologic characterization well complete % ' :
« EPC contract costs known 0 y
* Final stage of financing due diligence




®) FutureGen-

ALLIAMEE

Meredosia Energy Center Host Site

= Recently idled and well maintained
in a retrofit-ready condition.

= Unit 4 steam turbine in excellent
condition (< 20,000 hrs of operation)

= Coal handling and other selected
infrastructure to be utilized

= Existing air permit (modified)
provided flexibility beneficial to
FOAK retrofit

= Existing MISO transmission
infrastructure simplifies
interconnection requirements

RS

®) FutureGen-
Power Plant Repowering
Oxy-Coal Combustion Plant Configuration
ASU Boiler Island CPU

Nitrogen (N,) Out Recycled Flue Gas

o
o
g

Ash H0 SO,

Coal In

Other Captured
Emissions

AIR LIQUIDE B :w Al_l'-! -UEUiDI_E-




CO,, Pipeline

@ FutureGen~

ALLiaNce

&

o
Soragy
sis |

5'__1.__...'

Jackuonville

Approximately 28 miles of 10" pipe

= Standard technology

. * Eminent domain for ROW

e

CO, Storage Site

®) FutureCen-

ALLIANCE

 High quality storage reservoir

— Drilled to expected to reservoir depti™

(~4500 ft) in Mt Simon formation
— Seismic surveys completed
— Hydrologic testing completed
— Core analysis and modeling
completed

[,




Fi Alliance C: i i &
@ FutureGen-

ALLIANCE

CO, Storage Site
Main Injection Location

®) FutureGen=

ALLIANCE

CO, Storage Site
Land Acquisition

« Subsurface rights =
for 20-year, 4000- "
acre plume
secured

* Opportunistically
acquiring buffer
zone around
permitted area

* Increases flexibility

* Reduces litigation
risk

* Increases power
plant lender
comfort
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€O, Storage Site |
Subsurface Monitoring Network
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Power Plant CAPEX - $1256M
Oxy-Combustion Repowering CAPEX, * A8, &
pipeline/storage over-
o r'sms":";‘s the-fence. i
S48, 1% S0, 7% « As-spent based on
$29. 2% $135, 1% 2015 construction
m" % start.
$160, 13% $509, 40%
 Design and Farly Construction . Boer 8 GQGS
+ Balanoe of Plant @u
* Start- Up & Commisioning + Site Purchase Costs
* Owners Costs and Wor king Capital » Fnancing Costs & Debt Service Reserve

= (harners M anagement Resene
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Power Plant CAPEX: Owner Costs

Total Cost
Cost Category As-Spent $millions
Legacy Equipment $72.0
Project Development/Management Costs $22.4
Capital Spares $8.9
O&M Training & Mobilization $5.0
Builder's Risk & General Liability $8.2
Property Tax $2.7
Initial Fuel Pile & Consumables $25
Interconnection $1.5
State Sales Tax $0.0
Owner G&A & IWC LOC Fee $22.3
Total Owner Costs (excludes island specific start-up costs) $146

@) FutureGen-

ALLIANER

Power Plant CAPEX: Financing Cost

* Project financed

» Construction Bank Loan followed by a long-term bond

financing

Total Cost
Cost Category As-Spent $millions
Legal & Consulting Fees $6
Upfront Financing Fees $13
Qrigination Fees $10
Commitment Fees During Construction §5
Interest During Construction $31
Bond Placement Fees (Term Financing) $9
Initial Debt Service Reserve - LOC Commitment Fees <§1
Total Financing Costs
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Power Plant CAPEX: Start-up Cost

» Start-up costs for legacy equipment and integrated plant
testing.

* Island-specific start-up costs are included in equipment
island CAPEX budget.

Total Cost
Cost Gategory As-Spent $millions
Start-up of Legacy Equipment $10
Fuel and other Consumables $24
Purchased Power $8
Credit for Power Sold ($15)
Total Start-up Costs (excludes island specific start-up costs) $27

'.._/6} FutureGen=

ALLIANCE

CO, Pipeline & Storage CAPEX - $423M

o maemimeteve. -
As-spent Smillions Equiy
$48, 11% 60, 14% * Excludes visitor &
trainlng center
so0, 0% $67, 16%
S117 , 28%
512, 3%
L $111, 28%
+ Design and Early Canstructinn * Pipeline
: Surface Faclities Stosage Field
* EPC Escalation « Cwner's Cosls and Weorking Capital

* Finanding Casts & Debt Senv = Crarners




®) FutureGen~

L3 ALLIANCE

CO, Storage CAPEX: Owner Cost

* Includes pipeline and storage
» All cash basis with no return on equity

Total Cost

Cost Category As-Spent $millions
Land Acquisition $27.7
Project Development/Management Costs $12.1
Builder's Risk & General Liability $3.3
Property Tax $0.3

CO2 Trust Fund $51.9

State Sales Tax $0.0

Owner G&A, WC, & Fees $21.7

Total Owner Costs $117

L

Alliance C g) Fuliulr?:‘i\.’-' o~
OPEX Cost Drivers
* OPEXisdrivenby 20ifiae Lol Fiel N lal QAN Gl
five key costs areas: . £
— Oxygen e a5 . Owner GRA, Power Marketing DOE
- Fuel - — T aOpeuwrobasie
— Purchased power : e e
— Ash disposal & o Mo Ml RO Sk ik
consumables g i 1 Purchased Power [indl ASU)
— CO, transport & o Roy Shram:
storage 2 ::‘r
* These cost ¥ ® Fusl OF/ Raw Materlais £ Ash Disposal /
categories account | ot Tt b st
for 80% of the . et i
W Power Block + CPU Supv Labor
ool

operating costs

18 3 M . .':




Levelized Cost of Electricity

Net Cost to Ratepayers

®) FutureGen-

ALLIANCE
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Commercial

Informing Nth Plant Costs

Gen™
ALLIANEE

21

» Aggregate costs largely irrelevant

° Component costs very relevant

L]

= Power
= Economies of scale (e.g., 500-MWe)
» Pre-existing, modern environmental controls
» Supercritical retrofit
»  ASU competition
» \endor experience
*  Full wrap

+ Storage
« Economies of scale

Potential for Nth plant economic improvement on retrofits

@ FutreGen-

FutureGen 2.0
Principal Partners

ALLiAMCE

A Nigha baual Resswnes @mmm
Peabody JOvVGLOBAL

GlencoreXstrata
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White Rose—Oxy-fuel CCS Project

White Rose — Oxy-fuel CCS Project

Dr. Leigh A. Hackett

CCS Cost Network Workshop MIT
March 22-23, 2016

Imagination at work

WS

White Rose project

5/16/2016



White Rose - Project summary

« A new modern ultra-supercritical Oxy-Power Plant, up to 448MWe
(gross)

+ Clean power generated for the equivalent needs of 630,000 homes

+ 100% of flue gas treated, 90% CO, capture rate — 2 million tonnes
CO,lyear
« Potential to co-fire biomass

+ Anchor project for National Grid’s regional CO, transport & offshore
storage network

« Yorkshire & Humber CCS cluster covers almost 20% of UK's CO,
emissions

« Infrastructure planned to be sized for 17 million tonnes CO,/year to
enable future projects

« CO, to be permanently stored in a deep saline formation offshore,

@ %@mstm%mwﬁﬁﬁﬁ -eAﬁT White Rose March 22-23 2018

Project key-knowledge reports

» 41 documents to be published by Department of Energy & Climate
Change (DECC), UK including:

— Full-chain FEED summary report

— Full-chain basis of design

— Full-chain FEED lessons learnt

— Full-chain FEED risk report

— Full-chain project programme

— Full-chain project cost estimate report
— Financing feasibility report

— Financial model

— Project execution plan

— Various technical documents

@ CCS Cost Network Workshop — MIT White Rose March 22-23 2016

5/16/2016
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Commercial landscape

s a— T
. GE O‘nerrs|[TBC| '
-'—;—' '—~J S [oeo ] [omee ] [oer]
Shaenhniders’ Agresmint, Sharholder Laans. Propct Contract, Cortrac for NER300
ankd oihar Bty Dwect Agreemanta _ (Ciferances.
wit ey EueConrarior|

b Principal Consents jcky Powar CO, Offtake T”""?x';"smw'“ cantrattars
Re- Reinsrance| Insurers = Services i insurers elc [TBC]
insurers [TBC) ﬂmﬂr!mme T
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Carbon Limited
DECC I The Crown |
Sinragd Liveate Agroamant for Lease,
s (CHfshone)

Sinenged Pamst i

-_|;...

Siorage Service

Supply-Side

Minars, coal markets, ¥ Coal Supply Agrmarmant
logistics suppliers (TBC] Fuel Supplier [TBC) ————f

Sub-contractors, insurers

#lc, [TBC)
Sub-contractors.
Naticrial Grid Carbon -Trap Drax _ sielin ot [FBCJ
Limted L
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Supply-Side e
Works
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licensaors, insurers etc [TBC]

e ot OPF ERC Agreemont i Project Management Services
_—‘_Linde Engineering (ASU) ’s,m )
L i —-'I Prejict M t Sarvices [TBC] 1
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Capex estimate

White Rose full-chain CCS project
Oxy Power Plant | Onshore Transport Network | Offshore Transport and
I I
| I
I I
| |
[ [ E
|
Oxy Powver Plant DraxPigTrap  Camblefoth Bramston
including ASU and Multijunction  Pumping Station
GPU
Endurance
Storage Site
@ CCS Cost Network Workshop — MIT White Rose March 22-23 2016 8




Full Chain Interim Cost Estimate — Basis

« Cost estimate performed through 2015 assuming an NTP late 2015 as
part of FEED work.

» Capture Power managed the estimating process (alignment, basis,
reviews, etc)

— OPP - Input from GE, BOC, Drax and owners costs by CPL
— T&S ~ Input from NGC

« Market enquiries undertaken for 90% of the project’s costs.

« Costs assessed to be equivalent to AACE Level 2 for the majority of
items.

+ Monte Carlo analyses performed for calculation of uncertainty bands and
establishment of Py, P, and Py, values.

@ CCS Cost Network Workshop — MIT White Rose March 22-23 2016 g

Cost Estimate for dissemination’

Oxy Power Plant

- Cost estimate adjusted to take out project specifics allowing comparisons
with other published data:
— Site preparation costs removed
— US Gulf Coast basis
— Construction through to Mechanical Completion

— Owners costs (Development costs, Implementation team, Advisors, Site specific costs,
insurances, etc.)

— Hedging costs (exchange rate as of November 2015)

» Transport & Storage network

— cost estimate corresponds to an oversized network, e.g. 17 MTA capacity
pipeline
— No location adjustments made (i.e. UK basis).

1 Preview of information yet to be published by the UK DECC through Key Knowledge Deliverable
CCS Cost Network Workshop— MIT White Rose March 22-23 2016 10
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Normalised Capex estimate

Cost element Drivers of
uncertainty

Externally supplied
OPP utilities

2 Owuyfuel boiler, Air
Separation Unit and
Gas Processing Unit

3 Oxy-power plant
generation equipment
and BoP

4  Onshere CO; pipeline

§  Offshore pipeline

6  Storage facilities

Interconnections for coal,
limestone, water etc.

Equipment

Including civils and
eraction for element 2

Including multi-junction,
pumping station, metering
and owner's costs

Including landfall and
owner's costs

Including the platform,
wells, metering and
owner's costs

! Nominal, NTP assumed November 2017
@ CCS Cost Network Workshop — MIT White Rose

455 -2%
471 3%
358 6%
225 -11%
344 A%
March 22-23 2016

+3%

+4%

+6%

+11%

+21%

Commodity and
labour prices

Commodity and
labour prices,
technology risks

Commedity and
labour prices

Commeodity and
labour prices

Commodity and
labour prices,
offshore risks

Commodity and
labour prices,
offshore risks,
storage risk

Strike price projections for follow-on projects

190
170
150 \
130

110

Strike price / Tariff (E/MWhr)

70

50

White Rose (UK)

model

XN S

White Rose repeat (UK)

Projects assumed to tie in to White Rose T&S

Strike price waterfall based on White Rose

Commercial scale (UK)

Strike prices 2012 real terms

CCS Cost Network Workshop = MIT White Rose

March 22-23 2016

12

5/16/2016



| essons learnt

Commercial

White Rose Key Commercial Lessons Learnt

The 4 key commercial lessons learnt that are presented are relevant to
projects that have some or all of the following characteristics:

No liquid, demonstrable and commercially financeable CO, transport and
storage (T&S) system available.

No value associated with the CO, going to store, e.g. Saline storage or
depleted oil and gas without EOR. (Waste disposal business!)

Lack of liquid market for available CO, to the T&S system

Independent developers for the individual chain links with limited (capped)
cross chain liabilities

Limited recourse project finance approach for one or more chain links, with no
cross security over the other assets

Others

@ CCS Cost Network Workshop - MIT White Rose March 22-23 2016 14
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1. Full-chain commercial structuring.

Management of cross-chain risks: challenges

* The inter-dependence of individual businesses across the full CCS
scope raises cross-chain risk issues.

+ Most significant manifestation is the cross chain default risk or “Project
on Project risk”.
— Limited appetite of investors and lenders to accept significant cross chain risks
outside of their control e.g.
= Construction delays of another chain link
« Unavailability of another chain link (performance issues)
= Insolvency of another chain link

» Commercial projects not readily financeable in absence of resolution of
Project on Project risks

@ CCS Cost Network Workshop — MIT White Rose March 22-23 2018 15

1. Full-chain commercial structuring.

Management of cross-chain risks: considerations

» Potential solution via decoupling the T&S links from the generation link from a risk
perspective, with an entity (State) absorbing cross chain default/performance risk

 T&S infrastructure could be structured as national infrastructure project.

* In the UK a regulated asset based (RAB) model could for example be considered:

— Regulator licenses the T&S operator who provides the CO, T&S storage service.
» Regulator has powers to enforce obligations and of step-in (Special Administration)

— Regulated return for the provider of the T&S infrastructure, with KPI incentives
« Regulator determines amounts to be charged to users

- Financial support package for non-availability of Users, CCS risks, Others?

» Generation projects could be developed on traditional models, however.
— Market price support for CCS costs required and,
— T&S availability protection required e.g. financial compensation

@ CCE Cost Network Workshop — MIT White Rose March 22-23 2016 16
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2. Non-EOR CO, storage business model

Seeking storage business investment: challenges

- Non-EOR related CO, storage is a “high” risk and “low” return business,
especially for offshore solutions:

— Potential liabilities in the unlikely event of CO, leakage.

— Likely returns capped by energy markets and regulators (latter in a regulated
model).

« Limited market appetite for accepting long-term CO, storage risk
especially, in absence of insurance solutions.

« Oil & gas investors deem returns as insufficient unless EOR is involved.
« Financial and other investors unable to bring requisite skills.

@ CCS Cost Network Workshop — MIT White Rose March 22-23 2016 17

2. Non-EOR CO, storage business model

Seeking storage business investment: considerations

> Non-EOR related storage could be structured as national infrastructure
projects:
- e.g. UK RAB model

- Long-term storage risk underwriting

— State backed support for storage liabilities (time dependent financial support, or
insurance of last resort, etc.)

— Decommissioning support (funding adequacy)
— Timely hand over of store to State following decommissioning.

« De-risk sufficiently to attract institutional investors willing to accept low-
risk lower reward opportunities.

— Would have benefit of reducing costs of Storage albeit by transferring risk to the
state.

@ CCS Cost Network Workshop — MIT White Rose March 22-23 2018 18
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3. Oversizing and sharing T&S infrastructure

T&S infrastructure: challenges

* Point-to-point minimum necessary T&S infrastructure development, linked to a
single generator unlikely to be competitive for most commercial projects.

* Significant economies of scale and value for money are to be realized if T&S
infrastructure developed as a “right sized” shared regional network.
* Risk allocation and 3™ party access rights

— Who takes the risk of developing the right sized infrastructure and who benefits from
access rights? (unlikely to be a single generator)

= Who takes the risk with respect to future demand for CO, storage capacity? (dependent
upon government policies)

— Who takes the performance risk of the T&S assets including storage risks? (too big to
fail?)
* T&S charging methodology for anchor and follow-on projects.
— Through users or separate funding approach for T&S infrastructure?

— Average or incremental pricing approach?
CCS Cost Network Workshop — MIT White Rose March 22-23 2016 19

3. Oversizing and sharing T&S infrastructure

T&S infrastructure : considerations
¢ T&S needs to be developed along the lines of regional networks and needs
planning to achieve economies of scale and optimum deployment:
— Regional potential for CO, capture clusters including power and industrial emitters
— Storage locations, capacity and development, including EOR/EGR potential
— Infrastructure sizing, routing and build-out program.
* High up-front development costs especially for storage
— Will require some level of financial support, especially with uncertainty over CCS future
* T&S providers will very likely require a degree of risk insulation:
- Revenue certainty for failure of CCS market to develop or failure/default of user(s)
- Long term CO, storage risks
— Change in market circumstances, e.g. change in Law

* Up front clarity on 3" party access, charging methodology, funding approach, etc.

@ CCS Cost Network Workshop — MIT White Rose March 22-23 2016 20

5/16/2016
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4. |nsurance

Potential insurance gaps: challenges

¢ Construction phase:

— Adequacy of insurance coverage for CCS related risks was not confirmed, e.g.
Delayed Start-up (DS) coverage for CCS specific equipment and for offshore
risks.

« Operational phase:
— Insurance coverage was not available for storage risk.

— Adequacy of insurance coverage for CCS related risks was not confirmed, e.g.
Business Interruption (Bl) coverage for CCS specific equipment and offshore
risks.

— Longer-term market-appetite for operational insurances could only be assessed
after operational feedback from one or more projects available.

@ CCS Cost Network Workshop - MIT White Rose March 22-23 2016 21

4. Insurance

Potential insurance gaps: considerations

* UK DECC had proposed mechanisms to share costs associated with impact
from specific CCS related construction and operational risks .

* Mechanisms were under discussion to address the storage risk and the financial
instrument requirements of the EU CCS directive:
- Establishment of a specific ring-fenced storage risk mitigation fund built over the initial
operational years and maintained until handing back of the store.
— Potential government support backing shortfalls that cannot be covered through the
fund.

= Discussions were ongoing with DECC in relation to the concept of “insurer of
last resort”, however the need had not been fully established or agreed.

» These mechanisms may be beneficial to support initial CCS projects more

widely until an insurance market is adequately developed particularly for “CCS”
risks.

+ In the UK a regulated utility model for T&S infrastructure could be developed to
@Iudmastmmw‘mtmmssisks which asemnetadequately insured. 22

5/16/2016
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Key take-aways

= There were no significant technical impediments to project
implementation.

— Limited benefits from further R&D for oxy-fuel based CCS
= Full-chain aspects were adequately defined and developed:
— Basis of design
— Interfaces
— Metering & monitoring
— Commissioning
— Operation & controls etc.

- large-scale commercialization projects the next logical step in the
technology development road-map.

= UK Government decision to cancel the UK CCS Competition has stalled
commercialization in the UK and Europe and dented confidence in CCS

@ CCS Cost Network Workshop - MIT White Rose March 22-23 2016 24
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Key take-aways

* CCS can be competitive with other forms of low-carbon generation including
renewables and new nuclear

¢ Deployment of appropriate commercial structures key to enabling large-scale
roll-out of flexible or base-load CCS:
— De-link generation business models from potential T&S impact and vice versa.

— Govemnment support desirable for cross chain default and storage risk, at least for the
initial projects.

— Non-EOR storage is a low-return waste disposal business; de-risking the business key
for attracting private sector investments.

* To achieve economies of scale and compete with other clean energy
technologies T&S infrastructure needs to be right-sized and planned,
considering:

— Regional requirements, clusters and storage locations and capacities
— Potential CO, uses (EOR/EGR)

* Long-term policy certainty and consistency essential for attracting investments.

@ CCS Cost Network Workshop — MIT White Rose March 22-23 2016 25
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The Value of Flexible, Firm Capacity on a Decarbonised Grid

The value of flexible, firm capacity
on a decarbonised grid

Energy Research Partnershi

Energy Research Partnership

ERP Structure

;

Steering Group
for this Project

Prof John ead

.Eg

Co-Chairs Private
Dr Keith MacLean
Chief Scientific Advisor, DECC Independent Co-chair, formerly SSE
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Energy Research Partnership

Key Messages

A zero- or very low- carbon system
with weather dependent renewables
needs low carbon technologies to
provide firm capacity

Policy makers and system LA
operators need to value services [

W

that ensure grid stability so new :,,.
providers feel a market e

e

EEERER R ERE L

Tiwe {starting T, & et 2008 Lapmmme e

A holistic approach to system cost 1
would better recognise the o
importance of firm low carbon ! H
technologies and the cost of

balancing the system

Energy Research Partnership h

ERP Modelling AERP

ERP modelling stacked generation to meet demand

exploring different mixes of low carbon technologies on

the system. It met the following criteria on an hourly

basis:

* Energy balancing — nearly all modelling does this, at
least on an annual basis

» Sufficient firm capacity — ensures peak demand can
be met

« Sufficient flexibility — the model ensures there’s
sufficient reserve, response and inertia at all times.

5/16/2016
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Firm Zero-C Capacity

A zero- or very low- carbon system
with weather dependent renewables
needs low carbon technologies to
provide firm capacity

Energy Research Partnership

The need for firm capacity

With no new nuclear (or any other zero carbon firm

Sere

[rergy Fesewn Farreries

Infinite storage

capacity), the best that 60 GW of onshore wind can
achieve is about 170 g/kWh

Emissions in 2030 - Unabated CCGT as Flexible Backup

or demand side
response could
improve that to
133 g/kWh

— m R T
m L

g (1709 |

-§ Lo { 133 gkwh |

gl 111 ]

3] CCC target

o % of 50 g/kWh

g 0

@ 1 GW 28GW | Wind capacity (GW) |

wind today NREAP :
Building 20 GW of

If wind build didn’t exceed the National nuclear means 50 g/kWh
Renewable Energy Action Plant then 23 GW can be achieved with 42
of nuclear would achieve 50 g/kWh GW of onshore wind

5/16/2016
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Load Duration for 20% low carbon

- Renewable Mix Zero Carbon Firm

T T O I

J
y
y

17 GW PV 8 GW PV No PV

17 GW Wind 8 GW Wind No Wind

No ZCF 4 GW ZCF 8 GW ZCF

67 GW CCGT 63 GW CCGT 59 GW CCGT

330 g/kWh 330 g/kWh 330 g/kWh
Energy Research Partnership : N

“iERP

Load Duration for 40% low carbon AN

Renewable Mix Zero Carbon Firm

PEogod

Curtailment | "R

49 GW PV 24 GW PV No PV

49 GW Wind 24 GW Wind No Wind

No ZCF 8 GW ZCF 16 GW ZCF
67 GW CCGT 59 GW CCGT 51 GW CCGT
212 g/kWh 210 g/kWh 210 g/kWh

5/16/2016



Energy Research Partnership h
. :ERP
Load Duration for 60% low carbon S

Renewable Mix Zero Carbon Firm

73 GW PV 37 GW PV No PV

73 GW Wind 37 GW Wind No Wind

No ZCF 12 GW ZCF 24 GW ZCF

67 GW CCGT 55 GW CCGT 43 GW CCGT

158 g/kWh 143 g/kWh 139 g/kWh
Energy Research Partnership \

: - “ERP
Load Duration for 80% low carbon e
Renewable Mix Zero Carbon Firm

Curtailed

I I

68 GW PV 34 GWPV No PV

68 GW Wind 34 GW Wind No Wind

No ZCF 16 GW ZCF 32 GW ZCF
67 GW gas 51 GWgas 35 GW CCGT
128 g/kWh 98 g/kWh 91 g/kWh

5/16/2016
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"3ERP
Load Duration for 80-100% Renewable =
6h storage, 80% renew 48h storage, 80% renew 48h storage, 100% renew
- Stored

68 GWPV Released 68 GWPV 86 GW PV

68 GW Wind 68 GW Wind 86 GW Wind

No ZCF No ZCF No ZCF

67 GW CCGT 67 GW gas 67 GW gas

30 GW 6h store 30GW 48h store 30GW 48h store
112 g/kWh 98 g/kWh 50 g/kWh

6% curtailment 1% curtailment 8% curtailment

Energy Research Partnership

gy

:
B
i

Role for Storage
7.9 Twh 6.5 TWh

i Fogl]
W -curtaliment ’J_\
w—=Net weekly balance

Scenario: There's sufficient weather dependent renewables to meet demand,
PV and Wind balanced to eliminate summer/winter imbalance
_For storage to eliminate fossil (or other firm capacity) would require ~15GW to
hold ~8 TWh ready for lulls in output with 1-2 cycles p.a.
Hence providing security is probably not best role for storage
But 25 cycles above, or diurnal cycles or reserve, response or inertia may be.

5/16/2016
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Valuing Flexibility

Policy makers and system .
operators need to value services !
that ensure grid stability so new :
providers feel a market E

.

£

0

0.0

v

§d

RS

Tise (ntarting Tar, oS00 200 13130108 soyoc)

"H-Q T——

Energy Research Partnership

Y

Essential Grid Services e
Short Term Operating Reserve (STOR) is
2 _ | available within 5-20 minutes of
i “ | instruction, although some can be as
50.10 | long as 4 hours. This provides a longer
. t lace t for the lost rati
M 50 Hz target r \ .1 i‘rm replacement for ost generation
~ 50,00 [ W e
E : Generator loss incident
49.90 - 1000MW is lost at 13:43.
= F i
“?‘ Fast Reserve is available to replace plant H;eqb L; efcr::yr:::?)?fz laa3.6
Inertia slows the fall that was on frequency control and aid e S ry g
in frequency recovery by increasing generation within | D€9ins. Statutory limit is
immediately after an 2 minutes of instruction 49.5 Hz.

incident, buying time

for frequency L
response services to | *
act 3

(starting T
Frequency response automatically
increases generation or decreases
demand to begin recovery. Acts in 10-
30s window (primary) or 30s-30m
window (secondary)

13:30:00 +01003

* Others include: voltage control; MaxGen,
warming and fast start contracts for fossil;
intertrips; transmission constraint agreements;
SO to SO (interconnector) services; black start.

There are 22* ancillary services
NG buy, but these four are key

for energy balancing + the need
for firm capacity > peak demand

5/16/2016
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Energy Research Partnership i A
L

ERP

—

The Need for Market Pull . .
se™\®” SUPPLY :

There are technical services d o .
of o is disappearing

essential for grid stabili%a\ance

DEMAND

is increasing
More intermittent renewables +
larger unit size (new nuc.):

« Greater need for reserve
Less inertia (stability)
Greater demand for response
Response has to be faster

EW SUPPL

but little incentive
+ Dynamic use of HP)

interconnectors = New gas plant
Little or no value is attributed to some : E;Tras ”g. e; demand : I':I;M:Jl?lecg Py
essential grid services. => responsive + Existin
New providers cannot develop if there is o New active 5 mbed%ed
no long term market signal demand (EV. generation

Energy Research Partnership

Holistic Evaluation

B S o
[ bV Erergy Flow Chart
=) X, i

A holistic approach to system cost
would better recognise the
importance of firm low carbon
technologies and the cost of
balancing the system




Energy Research Partnership ; '\
The Need for a Holistic Approach - AERP

Traditional approach — all that matters is delivery of energy so
calculate the levelised cost of energy.

Example using DECC costs
all costs annualised* LSOE ; £/MWh
i annual energy production* ;,,d :IV:;I(L - g;
* These can be reduced with an annual discount factor 31 Gas-CCS 91

This is simple and works well for conventional thermal & hydro
comparisons — When energy is delivered they can all offer other services:
+ flexibility (load following, reserve, response)

e inertia

» firm capacity

However this doesn’t work for technologies
« that only deliver some of these services « Wind + Storage
« deliver no energy « PV +« Demand Resp.

~

* increase the need for some grid services | | * Nuclear « Interconnectorsj

Energy Research Partnership

Key Messages

A holistic approach to system
cost would better recognise the

importance of firm low carbon
technologies and the cost of
balancing the system

S = &
Additional services Traditional Holistic:
provided / increased need Reduction in system cost
Tech, Provides  Inertia  Firm Cap. LCOE Net Value to Net Value to Sys
Flexibility (E/MWh) puregassys. with 30 GW wind

(£/MWh) (E/MWh)

Nuclear doubtful yes yes 87
Wind demands very very little
little
Gas-CCS yes yes yes

» Previous 1%t choice is different
* Value changes with the system
= Diminishing returns effect

The values here are not important, but it
illustrates fact that the holistic approach
values CCS firmness and flexibili

5/16/2016



Energy Research Partnership

Value of Additional Capacity 2015
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Value of Additional Capacity 2030
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Could UK Have it's Own EnergieWende? w-—E~—R~P

In essence — yes — UK needs a strategic narrative:
* Public engagement

 Policy Stability

* Investor Confidence
http://erpuk.org/project/public-engagement/

The same as Germany’s— no — GB & German systems and objectives are

chalk & cheese
Acceptance of high subsidies

Drive for low price

Mothball new gas

Building coal stations
' . Subsic{ise coal mines

s

Life extend old nuclear

- ]

Island - Weak interconnection
] L]

Close old nuclear ea

Small part of large System
=il

Energy Research Partnership a
"MERP
Germany g

MW

70,000
60,000
50,000
40,000
30,000
20,000

10,000
o ¥ __ PV
-10,000 s
-20,000 '
i ] h ¥ ] ] v : G

Zi Fraunhofer

su'do’ Tu'we' T Fr 'sa
01 02 03 04 05 06 07

Legend: W Export B Import B Conventional > 100w
June 2014 showing how exports (pink beld
strongly with PV generation (yellow)

Lignite (with the highest CO2 emissions) is inflexible
so a large proportion of renewable generation is
exported to avoid de-loading it. Fr Sa Su'Mo Tu

5/16/2016
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Key Messages

A zero- or very low- carbon system
with weather dependent renewables
needs companion low carbon
technologies to provide firm
capacity

Policy makers and system
operators need to value services
that ensure grid stability so new
providers feel a market

A holistic approach to system cost
would better recognise the
importance of firm low carbon
technologies and the cost of
balancing the system

Cannot decarbonise to 50 g/kWh by weather
dependent renewables alone

Storage, demand side & interconnection help
15-20GW of new nuclear, biomass or fossil CCS
is essential

Provides clean supply for dark, windless weeks

Some necessary services (e.g. inertia/
frequency response) are free or mandated
Demand for them is growing

Traditional providers (fossil) are disappearing
Weather dependent renewables are not
consistent suppliers

New providers can't develop with no market

The value of a technology is dependent on

« the existing generation mix

- the grid services it provides

So it cannot be valued by a single number such
as levelised cost of energy (LCOE)

5/16/2016
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Duke Energy

£~ DUKE
&’ ENERGY.

2016 MIT CCS Cost Network Workshop

Cambridge, MA

:‘-5 DUKE
ENERGY
Moving toward a lower carbon footprint and increased fuel diversity
Total Company Fuel Diversity (MWh Output)(
2006 o 2014 2020
4% mNuclear
9% ® Natural Gas/Oil 8%
 Hydro, Wind & Solar
Reduction of US Generation Emissions from Total Company Carbon Intensity4
3
2005-2014 2006 vk 2014 615% 2020 (Est)

Co, §19% SO, P85% NOxJ64%  1.27 Ibsikwh L; 1.06 Ibs/kwh *—» 0.9-1 lbs/kwh

+ Additions of pollution control equipment Key Takeaways

- i i itti ]

RelGramet ol highet em_lthng plants « Greater diversification of generation mix by 2020

« Decreased coal generation 4 :

« Increased gas generation * Expected 33% decrease in coal between 2014 and 2020
VA0S astinie doom ik abot Wircoa i s P, i it + Expected 27% increase in natural gas/oil between 2014 and 2020
(2) 2006 data does not include Progress Energy
(3} The divestment of cur non-reguiated Midwest coal and nalural gas generation in Aprl 2015 further reduces tolal CO2 emission to 22%, S02 emissions to 85%, and NOX emissions 1o 65% from the 2005 to 2014 timeframe 2
(4} 2020 carbon Intensity range could be impacted by customer demand, generation mix, wealher, fuel availability and prices




5/16/2016

6 Mega Trends Affecting Centralized Generation

ENEor

1. Environmental Regulations

2. Natural Gas; Avallability and Pricing

3. Reduced Emph

is on Nuclear and Coal Fleets

Effect: Increasing pressure, especially on sxistng coal fleet, with proposed and
enacied reguiations.

Need. Understand best lechnology options: to enabla development af comprehersive
and effectve complance stralegies.

Effect: Lowest cost new generalion is NGCC, Duke Energy’s generstion fleet is
converging 1o arcund 4 nuclear, 4 coal, 4 natural gas

Need: Maintain balanced generaion portiolio. Support the devalopment of advanced
muciear and fossil generation lechnalogy.

Phisiey Futs i il Dl P B o S WAF-2078

T

Effact: Coal plant retrements. Construction of new NGCC fo repiace retred coal plasits
Nuctesr licanses axpiring, | it of distribuled generaticn
Nead: Long-lerm operatians, Nexinikty and viabdity

E4A Cumu 10 soch y. A3 (gt}
S00
- —
ant
-
300 pa— = -—
E=x) —
oo I
Sl L T Lam S g S g O
[ ran £ e AL
= ey R

4, Decreasing Demand Growth

5. Decreasing Distributed Generation and Renewable
Costs

6. New Technology

Effact Generation leet axpansion curtsiled
Neod: Maintain balanced gereration portioio. Long-term operation and visbility of
pgeneralion centraized float.

Effct: Disrupéive lachnology impacting radiional electric utity business model
Increasingly decentraiized generafion Costs are decreasing fesier han fossil
generation assels and are able o be mpidly daployed

Need: Maintain balanced generation portiole Long-ienm operation and visbiity cf
generiion ceniralred fleet

Resigendiad & Commercial PY
[ -

11 2000 J001 02 MOD 004 XOS 2006 JO7 2008 2008 DOM 2011 2013

Inaatetion Vear

Effect: Opportunity o ransfer knowledge and technology it business to address key
peneration issues.
Need: Technology roadmaps aligned with business nesds:

Utility Planning for the Future

= Paradigm shift from how traditional utility planning takes place.

Generation

= Distribution planning could significantly influence generation planning in the future.
= Generation must be able to serve the grid and respond quickly to changing grid signals.
= Must maintain the goal of providing reliable electricity to customers at all times.

Transmission

Distribution
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Flexibility Overview
|
Flexibility
[ —— l_ i
SNTIIeS | _ e | 1 |
: Transmission System :
[ Generation & Distribution Operations Demand Side
i, SIS |
. | 1 1
oot N N =
= =3 crll-r;p‘;;lsl‘l;um tuls ml 316{a) = Thermal hm:‘m
|| toad || ste || sies moonse, ™ Y e
 following 7 constraints [~ Capacity i~ T
| Ramprates/ | |Construction | | | “Technology e
Ancilaries || tme  [*| appiication - e
- ' Minimize | | v
—]b._ﬂnlmumload —lfhlamidmks —-, Modular i ot
- - Future generation must capture flexible attributes while maintaining
g _1P' iication reliable and environmentally sustainable performance.

Value of Firm Capacity of Central Generation
. — ;N ’EH I,ﬂ—-‘
B ") Tk |
H.\/._ I b - 'f.'.\ :
Dispatchable System Inertia Peak Capacity Reserve Capacity
- Power « Ensure grid » Dispatch energy | + Provide day
* Asset output is frequency at peak demand ahead reserve
able to be stability * Rapid response capacity
controlled by the * Provide safety
system | margin
4 Value of Firm Capacity and F |9XIbl|lty are Related but not Interchangaable :}‘
Rk ( LA
\‘h & \‘_ v .\__ A e
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Conclusion

= Currently, there is no standard

metric for quantifying the value of EVO LUTION

flexibility,

= Central generation has a place in E N E RGY
the future but its role will be
significantly different (i.e. more
flexible)

= CCS technology must not hinder
flexibility.

= Explore non-traditional markets for
central stations (polygen, CHP,
desalinization, etc.) Enesgreonsiu

* Technologies must be
economically competitive to justify Internel of Things
ongoing O&M spend. DUKE

ENERGY.

Digital platform

fs DUKE
=’ ENERGY.
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