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PREFACE

Nigel Jenvey! - Chair, Vincent Kwong?- Vice Chair
CO, Capture Project Executive Board
'Bp Corporation North America Inc., Houston, USA
%Chevron Energy Technology Company, USA

It has been over a decade since the CO, Capture Project (CCP) was established to help CO, capture
and storage (CCS) technology become a viable option for use by the oil and gas industry to
potentially manage future CO, emissions. Since then, the CCP has seen its members and partners
collaborate to share expertise, facilities and assets to close gaps in knowledge and verify relevant
technologies from an owner’s perspective.

It has always been clear that for CCS to realise its potential there has to be a high level of
knowledge transfer between the different players. As a group founded on the principles of co-
operation, we have been committed to sharing knowledge beyond our member companies. In this
volume you will find detailed reports from our four Teams — Capture, Storage, Policy, and
Communications — covering the third phase of our activity (CCP3 2009-2014).

Since Phase 3 began in 2009, the outlook for CCS in general has remained uncertain. However,
some important milestones were achieved, notably CCS being recognized by the United Nations
Clean Development Mechanism and sitting alongside renewable technologies. Also, more recently
we saw a landmark accomplishment with US Department of Energy supported projects having
safely captured 10 million metric tons of carbon dioxide. However, at the same time globally we
saw a slowdown in implementation, with some major integrated demonstration projects stalling, or
being cancelled. The IEA, in its technology roadmap in 2013, acknowledged that CCS had been
developing at a much slower rate than anticipated. But crucially, it emphasised that CCS has to be
an integral part of any low-cost mitigation scenario alongside energy efficiency, nuclear and
renewables.

During this time of uncertainty our approach continued to be practical. We focused on finding
solutions to establish if CCS can become a viable option for use by our industry — for oil refining,
for heavy oil production and for gas power generation. We continued to work closely with
government, academic bodies and innovative technology suppliers. And we are proud to have
together delivered a number of important demonstrations and field trials to make a major
contribution to our industry’s understanding of the application of CCS.

Capture Overview

The Capture Team focused on reducing the cost of CO, capture from refining, in-situ extraction of
bitumen and natural gas power generation sources, with some of these capture technologies also
applicable to natural gas processing/LNG facilities. Following the screening of over 200 capture
technologies in Phase 1 (2000-2003), and further development and assessment in Phase 2, the first
capture demonstration was held in 2012 — an oxy-firing test at a pilot-scale Fluid Catalytic Cracking
(FCC) unit. Held at Petrobras’ research facilities in Brazil, the test indicated the technical viability
of retrofitting an FCC unit to enable CO, capture from the catalyst regenerator.

The Team was also involved with an oxy-firing combustion technology pilot to reduce CO,
emissions from once-through steam generator (OTSG) boilers, the primary source of CO, emissions



in the in-situ production of heavy oil. The project was undertaken in collaboration with Cenovus
Energy, the Climate Change Emissions Management Corporation, Devon Canada, Praxair, Statoil
and MEG Energy. The demonstration was hosted by Cenovus at their Christina Lake facility, and
consisted of retrofit of an existing OTSG and operation in both air and oxy-firing modes. The demo
was successfully completed in April, 2015. This test completed the CCP3 Capture Demonstration
program planned for Phase 3.

The Team also carried out testing and development of novel technologies including Chemical
Looping Combustion, Membrane Water Gas Shift and a number of solvent and enzyme-based
technologies. Importantly, the Team delivered an economic model with greater clarity — comparing
baseline costs for oxy-firing, post-combustion and pre-combustion across the main oil & gas capture
scenarios.

Highlights of the Capture Team’s work through the three phases of CCP are shown in Table 1.

Table 1. Capture Team Highlights 2000-2014.

CCP1: 2000-2004
Screening proof of concept

CCP2: 2004-2009
Intensive development

CCP3: 2009-2014
Demonstration

e Field demonstrated FCC and
OTSG oxy-firing capture
technologies.

e Continued development of
novel technologies including —
Chemical Looping Combustion
and Membrane Water Gas
Shift.

e Developed economic baseline
modelling for all scenarios.

e Screened 200 capture
technologies.

e Identified pre-combustion,
post-combustion and oxy-
firing technologies to
deliver significant capture
cost reduction.

o Further developed most
promising capture
technologies from CCP1,
with two potentially ready for
field demonstration.

e Identified novel capture
technologies.

Storage, Monitoring & Verification Overview

The aim of the Storage Team was to close specific knowledge gaps around the storage of CO, and to
trial monitoring technologies. Providing stakeholders with assurance that secure CO, storage can be
achieved has been vital for the entire industry. The Storage Team, with its heritage in the upstream
oil and gas industry, was in a unique position to contribute to this understanding. The Team drew on
the decades of expertise of its members in subsurface exploration, production and site
decommissioning. Highlights of work by the Storage Team are shown in Table 2.

Table 2. Storage Team Highlights 2000-2014.

CCP1: 2000-2004

Screening proof of concept

CCP2: 2004-2009
Intensive development

CCP3: 2009-2014
Demonstration

e Pioneered risk-based

approach for geological site

selection, operation and
closure.

e Developed new storage
monitoring tools.

e Strengthened the science of
storage with a focus on well
integrity, through systematic
R&D.

e Published a definitive book on
storage.

e Storage R&D and
trialling of field
monitoring technologies.

o Developed Certification
Framework.

o Completed modelling of
storage contingencies.




In terms of building better understanding of CO, behaviour in the subsurface, one study
demonstrated the effects of impurities in the CO, stream on injection, migration and pressure
evolution. Other important studies covered areas such as relative permeability, capillary entry
pressure and geomechanical hysteresis. For monitoring, an important investigation was carried out
into the effectiveness of a number of technologies, including satellite, modular borehole, 3D/4D
VSP and electromagnetic based systems.

In Phase 3, a contingencies program was established to increase confidence around storage integrity
by improving the industry’s ability to manage unexpected migration of CO, from storage sites.

Policy & Incentives Overview

The Team focused on providing the technical and economic insights needed by stakeholders to
inform the development of legal and policy frameworks. This work has been shared with the
industry at conferences, including the UN climate change conferences, and was made available
online in the CCP’s publication section. The Team has provided several updates for its regulatory
study: Challenges and key lessons learned from real-world development of projects. This study has
provided a practical and focused update on CCS projects that have undergone or progressed
significantly through the regulatory process, and found that pathways for the regulatory approval of
a CCS project do exist. The scope of work carried out by the Policy & Incentives Team during the
three phases of CCP is characterized by the highlights shown in Table 3.

Table 3. Policy & Incentives Team Highlights 2000-2014.

CCP1: 2000-2004
Screening proof of concept

CCP2: 2004-2009
Intensive development

CCP3: 2009-2014
Demonstration

e Surveyed existing policies,
regulations and incentives
affecting CCS projects.

e Identified gaps in the
regulatory and policy
framework that inhibit CCS
deployment.

e Established outreach effort
to inform the policy debate.

e Conducted study to assess

issues of financing a CO,
pipeline infrastructure.

e Surveyed issues and concerns

of stakeholders, including
general public, policy makers,
NGOs, investors and others.

e Updated survey of regulatory
issues facing CCS.

e Documented lessons learned
from real CCS projects from a
variety of jurisdictions.

o Updated stakeholder concerns
and added granularity.

e Studied types and
effectiveness of local benefit

sharing as a means to gain
support for CCS projects.

Communications Overview

The communications program was more ambitious in scope in Phase 3 than ever before. Whilst it
continued to share the knowledge and insights from project teams with the CCS and oil and gas
industries, it also played a greater role by helping to translate the science of CCS and make it
accessible to non-technical audiences. The highlight was the creation of the CCS Browser
(www.ccsbrowser.com) — the industry’s first, multi-platform, digital tool dedicated to explaining
CCS to a wide range of stakeholders. Highlights of the Communication Team’s work through the
three phases of CCP are shown in Table 4.


http://www.ccsbrowser.com

Table 4. Communications Team Highlights 2000-2014.

CCP1: 2000-2004
Screening proof of concept

CCP2: 2004-2009
Intensive development

CCP3: 2009-2014
Demonstration

e Launched an official
website with a vast
resource and registrant
database.

e Participated in inter-
national conferences.

e Published a book of the
CCP Phase 1 results.

e Developed a Phase 1
results brochure.

e Published a comprehensive
technical guide to CO,
geological storage.

e Developed a meter-long In
Depth leaflet that provides a
spatial perspective of CO,
storage.

e Published a book of the CCP
Phase 2 results.

e Participated in inter-national
conferences.

e Developed regular project
overview factsheets.

e Participant at key UNFCCC

COP, GHGT and CCUS
conferences.

e Launched an educational
website that explains CCS to
the broader audience.

e Created an interactive, digital
version of the In Depth
leaflet.

e Published a book of the CCP
Phase 3 results.

Concluding Remarks

The CCP team continues to lead the oil and gas industry response for CCS technology research,
development and demonstration. During CCP Phase 3, we saw improvements in post-combustion
capture technologies for retrofitting large-scale, gas-fired power generating plants and also in
solutions that promise to dramatically reduce capture costs of industrial operations further. We have
also demonstrated that CO, storage can be performed safely and securely, and options to increase
the scale of deployment are now being considered. We are very proud of these accomplishments that
have been achieved in collaboration with our partners, and look forward to advancing this further in

CCP Phase 4.
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INTRODUCTION

Mark Crombie! and Karl F Gerdes?
program Manager, CO, Capture Project, BP International Limited, Sunbury on Thames, UK
2Editor, Karl F Gerdes Consulting, Davis, California, USA

BACKGROUND

The CO, Capture Project (CCP) is an international partnership of major energy companies, working
alongside specialists from industry, technology providers and academia, to advance technologies
and improve operational approaches to help make Carbon Capture and Storage (CCS) a viable
option for CO, mitigation in the oil and gas industry.

The CCP has now completed its third phase of activity and a fourth phase is set to commence in
2015. Phase 1 of the project, CCP1 (2000-2004), involved screening almost 300 capture and storage
technologies to identify those that could deliver significant capture cost reduction and increased
assurance of long term storage. Other achievements included pioneering a risk-based approach for
geological site selection, operation and closure, and identifying storage monitoring tools for further
development [1, 2].

Phase 2 of the project, CCP2 (2004-2009), further developed the capture technologies identified as
promising, with two technologies made ready for demonstration. During this phase, the CCP also
identified promising novel capture technologies, developed the concept of a Certification
Framework for storage site viability assessment, and achieved a landmark CO,-exposed well study
elucidating the type and extent of alteration, preservation and factors influencing alteration of the
well integrity [3].

Phase 3 of the project, CCP3 (2009-2014), has focused on implementing selected capture and
monitoring technologies at the demonstration stage. This phase has seen significant progress
resulting in an array of demonstrations, field trials and studies. A few of the key milestones from
CCP3 are outlined below:

e Demonstrated oxy-firing capture technology for Fluid Catalytic Cracking catalyst
regeneration at a refinery research facility in Brazil.

o Demonstrated oxy-firing capture technology for a once-through steam generator
(OTSG) at the Cenovus Christina Lake facility in Canada.

e Economic baselines for CO, capture using state-of-the-art post-combustion solvent
technology were defined for oil refinery, heavy oil and natural gas power scenarios, to
be used as a basis of comparison for advances in technology.

e Modular borehole monitoring system successfully deployed at Citronelle site.

e Contingencies modelling study for CO, storage completed, with significant conclusions
drawn regarding detection, characterization and intervention approaches for unexpected
CO; leakage from a storage reservoir.

o Documented application of the Certification Framework, providing a consistent means
of storage site leakage risk assessment.

xiii



e Deployed INSAR satellite technology to detect surface deformation from CO, storage at
Decatur, USA.

e Completed a study of the effects of impurities in injected CO, on injection, migration
and pressure evolution.

Full industry members in CCP3 were BP, Chevron, eni, Petrobras, Shell and Suncor, with previous
member ConocoPhillips and associate member EPRI having served until the end of December 2011.
Government agencies provided funding for selected projects during the phase. Examples include:
the INNOCUOQUS chemical looping combustion project (Chapter 16) part funded by the EU; the
Partnership for CO, Capture (Chapter 22), which received funding from the US Department of
Energy; and the oxy-firing OTSG project (Chapters 15) with funding from the Climate Change and
Emissions Management (CCEMC) Corporation which receives funds from the Province of Alberta.

Phase 4 of the project, CCP4 (2015-2019), will continue to develop pioneering CCS technology and
knowledge for potential application in the oil and gas industry. The CCP4 program aims to continue
work on CO, capture solutions and understanding of their application in the context of scenarios
identified from previous CCP phases (refinery, heavy oil and natural gas power generation),
together with a new scenario — CO, separation from natural gas production. The storage program
will continue to demonstrate safe and secure geological containment through field-based monitoring
and developing robust intervention protocols.

ABOUT THIS BOOK

This book is a collection of peer-reviewed scientific chapters that describe the technological
advances made during CCP3. This is the fourth in a series of volumes, with the first two published
in 2005, documenting progress during CCP1 [1, 2], and the third volume published in 2009 covering
CCP2 [3].

The CCP Program Manager and Editor have ensured that all scientific papers presented in this
volume are of the highest standard and all the relevant technical papers have been peer reviewed by
at least one referee.

All chapters of this book are available to download if you are registered on the CCP website at
Www.co2captureproject.org.

Introductory Material

This introductory chapter provides background information on the CCP3, including its
achievements and organizational structure. Following this introduction is a chapter by the chair of
CCP’s independent Technical Advisory Board, Vello Kuuskraa, which offers the views and
recommendations of the Advisory Board.

CO, Capture

Thereafter, a section follows on CO, Capture, comprising 23 chapters. Chapter 1 is an executive
summary of the CCP3 capture program and results. Chapter 2 is an introduction to the capture
program and describes the rationale for the various scenarios chosen by CCP as a framework for
developing and assessing capture technologies. This is followed by two technical chapters which
describe the methodology for the technical studies (Chapter 3) and for the economic assessments
(Chapter 4) of the capture technologies selected for study under CCP3. This is a critical aspect of
the Capture program — that a consistent methodology was used for all the techno-economic
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assessments. Thereafter are three groupings of chapters dedicated to the CO, capture application
scenarios of CCP3:

Refining Scenario (Chapters 5 —12). Chapters 5-7 describe the extensive work done by
CCP3 to assess options for and execute a pilot demonstration of CO, capture from a
Fluid Catalytic Cracking (FCC) unit, which is often the major emissions source in a
refinery. Chapters 8-11 cover the assessments, development and testing of several
approaches to mitigation of CO, emissions from the numerous and, usually, widely-
dispersed fired heaters and boilers in a refinery. Chapter 12 documents assessment of
capture from a modern Steam Methane Reformer (SMR) for hydrogen production, a
large point source of CO, emissions.

Heavy Oil Scenario (Chapters 13-20). Chapters 13-15 document technology
assessment, design, and retrofit of oxy-firing capture technology applied to the large
steam generators that are used for thermal heavy oil production. Chapters 16-19
describe technology development efforts and progress on natural gas fuelled Chemical
Looping Combustion, which is a promising technology for application to steam
generation and other heating applications, that inherently captures CO, released by the
fuel combustion.  Chapter 20 contains the economic assessments completed for the
many options considered for CO, capture in the Heavy Oil scenario.

NGCC Scenario (Chapters 21-22). These chapters document economic assessments
and development work aimed at mitigating CO, emissions from Natural Gas-fired
Combined Cycle (NGCC) power generation. A key part of this work was a techno-
economic analysis of the current state of the art post-combustion capture technology
using solvent scrubbing.

The Capture section is completed by Chapter 23, which offers conclusions and
recommendations for further work.

Storage, Monitoring and Verification

The next section of the book describes CCP3 work on Storage, Monitoring and Verification

(SMV).

Chapter 24 provides an executive summary of the SMV work by CCP3. This is

followed by a series of chapters grouped by themes.

Subsurface Processes Four chapters (25-28) summarize work which was aimed at
assessing current assumptions and providing new insights into physico-chemical
processes that impact CO, injectivity, migration-trapping and long-term containment of
CO;, in storage systems.

Monitoring and Verification Chapters 29-31 document CCP3’s work on M&V, a core
process for the long term management and confirmation of the safe geologic storage of
CO.. Since there are a wide variety of M&V deployments being undertaken globally in
pilot storage projects, this work by CCP3 sought to identify common challenges and
demonstrate practical processes and design elements necessary for planning monitoring
processes. This section provides context to the various monitoring activities in the Field
Trialling theme.

Optimization The Certification Framework (CF) is a leakage risk assessment
framework developed around the concept of effective trapping. CCP has supported
development of the CF since early in CCP2. Chapter 32 documents a number of case
studies illustrating the effectiveness and value of the CF. Chapter 33 looks beyond the
work related to storage assurance. This chapter summarizes existing knowledge of
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issues surrounding the use of CO, for enhanced unconventional gas and oil recovery,
and outlines gaps with recommended approaches to addressing them.

e Field Trialling This 8 chapter section (34-41) documents the considerable success
CCP3 achieved in accessing, operating and deriving useful (and often remarkable)
findings from field trialling of M&V technology. This was accomplished by leveraging
third party sites, which have characterization, reservoir modelling and other M&V data
available for comparison.

e Contingencies This seven chapter section (42-48) documents work for CCP3 that is the
first comprehensive study to address detection, characterization and intervention
approaches for unexpected CO, leakage from a storage reservoir. The program includes
modelling of storage projects to assess the detectability and characterization of leakage,
passive (stop injection) and active (e.g., hydraulic controls, sealant injection) controls
and plans to test intervention at the bench-field scale.

The final chapter of the SMV section, Chapter 49, offers a summary of key findings from the
work of CCP3, technology gaps remaining and recommendations for addressing them.

Policy and Incentives / Communications

The book concludes with three chapters focusing on the work completed by CCP’s Policy and
Incentives (P&I) and Communications teams.

Chapter 50 documents three key studies that helped to inform CCP and the broader CCS community
of the challenges for real-world CCS projects which are going through permitting processes, in the
face of regulatory schemes still under development, analysing stakeholders who can impact CCS
project development, and developing mechanisms for sharing benefits from CCS projects.

Chapter 51 documents work for CCP3 to develop a process for identifying, framing and, in some
cases, resolving concerns about potential regulatory hurdles to the demonstration and deployment of
technologies for the carbon capture utilization and storage (CCUS) through individual projects. The
focus is on the CCUS regulatory framework being created by the United States Environmental
Protection Agency (EPA) under its existing statutory authorities.

Chapter 52 describes the efforts which CCP undertook for its most ambitious communications
program during CCP3. The effort included continuing to share results and insights arising from the
CCP work program with members and the CCS industry. However, it also involved creating digital
tools to help make the science of CCS accessible to a wider, non-technical, audience. The creation
of the CCS Browser (www.ccsbrowser.com) — the industry’s first, multi-platform, digital tool
dedicated to explaining CCS was at the centre of this.

CCP3 STRUCTURE
CCP3 had two levels of membership:

e Full members took part in all CCP3 activities, its working teams and had representation
on the Executive Board

e Associate members had the right to attend SMV and Policy meetings, annual meetings
of the Executive and Technical Advisory Boards, NGO outreach meetings and
public/government meetings. Associate members also had the opportunity to participate
in planned technology demonstrations.

XVi


http://www.ccsbrowser.com

Structure and Management Process
The CCP3 structure is illustrated below:

CCP Executive Advisory
| Board Board

Full Participants

Associate
Participants

oe Team

da

I EEpture Team
Stor

Technology Providers

Figure 1. CCP3 Structure.

Executive Board

Each full member organisation was represented on the CCP Executive Board, which exercised
overall control and governance of the program, and prioritisation of specific projects to be
undertaken and funded. The Board typically met quarterly.

Technical Advisory Board

The CCP was supported by a Technical Advisory Board (TAB) responsible for conducting
independent peer reviews on the activities of the CCP teams and their respective programs. The
resulting TAB recommendations helped to ensure the program remains true to its aims and shape its
future direction. The TAB was comprised of seven independent, international technical experts from
industry and academia.

Program Management

The Program Manager provided direction to the teams for the delivery of the program goals within
the overall budget and timeframe set by the Executive Board.

Teams

The details of CCP were planned and carried out by four teams — Capture; Storage, Monitoring &
Verification; Policy & Incentives; and Communications. The teams were comprised of geologists
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and other subsurface specialists, engineers, policy and regulatory specialists and communications
experts drawn from each of the member organisations.

Each of the technical teams is led by a designated team leader. The technical teams were assigned
the following broad goals within their areas:

e Capture Reducing the cost of CO, capture from industrial operations for in-situ
extraction of bitumen, oil refining and natural gas power generation. The work of the
Capture Team was supported and guided by CCP-derived economic modelling
methodology.

e Storage, Monitoring & Verification Increasing understanding and developing methods
for safely storing and monitoring CO; in the subsurface.

e Policy & Incentives Providing technical, economic and social insights to inform the
development of legal and policy frameworks and to help public understanding.

e Communications Taking content from the ongoing work of other teams and delivering
it to government, industry, NGOs and the general public.

Technology providers

CCP3 engaged a variety of technology providers to carry out the specifics of the technical program.
The technology providers include academic institutions, research companies, CCP3 participants,
national laboratories and expert consulting firms. These providers worked together with the CCP
teams to deliver the program results.

CCS TECHNOLOGIES IN CCP3

As noted in the Background section of this chapter, the technology program of CCP3 was built on
results from the previous phases of the project. The guiding principles used by CCP throughout for
selecting technologies on which to work have been:

e Likelihood to achieve target cost reduction relative to existing (baseline) technology.

e Health, Safety and Environmental requirements — safe for people and the environment,
and reliable — must be met.

e Relevant to the CCP Member companies’ operations.
e Likelihood to meet the time schedule set for CCP3.
e Acceptable to government and public stakeholders.

The CCP3 Capture Technology Portfolio

The portfolio of CO, capture technology consisted of six projects involving lab, pilot or
demonstration unit testing: three of which were oxy-firing, one for solvent-base post-
combustion (variety of solvents tested), one for pre-combustion, and one for gas-fuelled
chemical looping combustion. In addition, significant techno-economic studies were completed
to define baseline economics for state of the art post-combustion solvent capture applied to
heaters and boilers, FCC catalyst regeneration, steam methane reforming, and natural gas
combined cycle power generation. Additional techno-economic studies included state of the art,
large-scale H, fuel production with CO, capture, and technology-specific economic assessments
for each of the developmental technologies.
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The CCP3 SMV Technology Portfolio

The Storage, Monitoring, and Verification portfolio consisted of 20 technical projects organized
around five themes: 1) Subsurface Processes, 2) Monitoring and Verification, 3) Optimization,
4) Field Trialling, and 5) Contingencies. Chapter 24 summarizes the results.

The CCP3-SMV program made considerable progress in supporting the technical case for CO,
storage assurance. Accomplishments across a range of CO, storage technical topics include: 1)
challenges were raised to fundamental interpretation of lab experiments in terms of what they
can tell us about subsurface processes, 2) field trialling of several new M&V technologies, 3)
feasibility of conducting bench-field scale experiments at underground labs and 4) launch of a
comprehensive Contingencies program to guide detection, characterization and mitigation of
unexpected fluid leakage.
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CCP3 TECHNICAL ADVISORY BOARD REPORT:
APPRAISING THE PERFORMANCE AND ACCOMPLISHMENTS
OF THE CO, CAPTURE PROJECT - PHASE Il

Vello A. Kuuskraa
Advanced Resources International, Inc.
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ABSTRACT: Since its inception in 2000, the CO, Capture Project (CCP) has pursued two main
themes: (1) identify and further develop technologies that would lead to lower costs for capture of
CO,; and (2) improve the performance and public acceptance of CO, storage. In addition to overall
management of the project by the CCP Executive Board (containing representatives from each of
the participating companies), the CCP established a Technical Advisory Board (TAB) as part of its
commitment to quality project management. This chapter transmits the CCP TABs appraisal of the
performance and accomplishments of Phase 111 of the CO, Capture Project (CCP3).

KEYWORDS: CO, capture; CO, storage; CCS; refinery FCC unit; natural gas combined cycle
(NGCC); pre-combustion CO, capture; post-combustion CO, capture; oxy-firing

BRIEF HISTORY OF THE CO, CAPTURE PROJECT

During Phase | of the CO, Capture Project (CCP), which encompassed four years (2000 to mid-
2004), the CCP conducted in depth reviews of nearly 200 novel CO, capture technologies. Based
on these reviews, CCP1 identified a handful of “preferred” CO, capture technologies for further
appraisal and development. In parallel, CCP1 also sponsored a series of studies that helped identify
the high priority barriers facing CO, storage.

During Phase Il of the CO, Capture Project (mid-2004 to mid-2009), the CCP supported more
intensive research and investigation of this handful of “preferred” CO, capture technologies and
pursued high priority topics for improving the performance and reliability of CO, storage,
monitoring and verification.

The purpose of Phase Il of the CO, Capture Project (mid-2009 to end of 2014) has been to further
advance the science, technology and performance of CO, capture and storage, addressing CO,
emission sources of most relevance to the oil and gas industry. This Chapter transmits the TAB’s
appraisal of the performance and accomplishments of Phase 111 of the CCP.

The current CCP3 TAB members are: Vello Kuuskraa, Chairman, Dale Simbeck, Chris Higman,
Olav Bolland, Pierpaolo Garibaldi, Larry Myer and Michael Celia.

PURPOSE OF THE CO, CAPTURE PROJECT

The scientific evidence overwhelmingly shows that the continued release of carbon dioxide (CO,)
from use of oil and gas plus other fossil fuels contributes significantly to global warming. Yet, the
use of oil and gas provides (and is projected to continue to provide) efficient, economically viable
energy to the world’s economy. As such, advanced technologies that help reduce the emissions of
CO, from oil and gas extraction and conversion, such as CO, capture, utilization and storage
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(CCUS), provide an important path forward for the industry. Pursuing advances in CCUS
technologies, establishing their reliability, and reducing their costs are at the heart of the CO,
Capture Project.

THE CCP3 PROGRAM FOR CO, CAPTURE
CCP3 Objectives for CO, Capture

Phase 111 of the CCP’s research and demonstration program for CO, capture had five main
objectives:

1. Demonstrate the use of oxy-firing for capturing CO, from a refinery fluidized catalytic
cracking (FCC) unit.

2. Examine alternative options for capturing CO, from refinery heaters and boilers.

3. Demonstrate the use of oxy-firing for capturing CO, from natural gas-fired steam
generation as part of heavy oil recovery.

4. ldentify and test low cost CO, capture options for Natural Gas Combined Cycle
(NGCC) power plants.

5. Pursue lower cost options for CO, capture from refinery hydrogen plants.

A comprehensive technical and economic analysis of the costs of CO, capture accompanied each of
these five topics.

TAB’s Appraisal of the CCP3 Program for CO, Capture
Overall Comments and Observations

The TAB finds that the CO, capture work by CCP3 is of high quality and continues to add valuable
information to the knowledge base on CCS. In addition, the TAB finds that the CCP3 CO, Capture
Team has completed significant work that sets the foundation for further advances to be pursued as
part of Phase IV of the CCP (CCP4). Most notably, CCP3 has conducted pilot scale testing of
alternative CO, capture options for refineries (notably the FCC unit) and for steam generation (as
part of heavy oil recovery). The CCP3 CO, Capture Team has also significantly advanced the
understanding of the cost-efficiency of alternative solvents and adsorbents for use by post-
combustion capture of CO, from natural gas-fired power plants.

Demonstration of Oxy-Firing at a Refinery Fluidized Catalytic Cracking (FCC) Unit

The TAB finds that the demonstration of oxy-firing in a refinery FCC unit established the technical
viability and operating efficiency of this CO, capture option. The pilot test was successfully
conducted in the 33 barrels per day FCC test unit operated by Petrobras in Parand, Brazil. This
pilot test represents a major step forward for developing a reliable technology for mitigating CO,
emissions from oil refineries.

The TAB believes that the analysis and testing of oxy-fuel combustion CO, capture for the oil
refinery fluid catalytic cracking (FCC) unit should continue. Retrofitting existing FCC units also
provides benefits that help mitigate the costs of CO, capture at an oil refinery. These benefits
include higher throughput capacity, higher light distillates yield, and enhanced ability to effectively
process heavier feedstocks to higher value products. At higher oil prices and higher distillate-to-
residue prices, the costs and economics of oxy-fuel CO, capture at FCC units appear to be better
than post-combustion CO, capture. For retrofit of existing FCC units where space is limited, oxy-
fuel combustion has the advantage of off-site oxygen production.
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Alternative Options for Capturing CO, from Refinery Heaters and Boilers

The development of cost effective options for capturing CO, from refinery heaters and boilers
(given their widely distributed locations) remains a challenge, even with the rigorous work
performed on this topic by CCP3. Large scale, closely located refinery heater and boiler systems
may lend themselves to post-combustion capture of CO,. However, reduction of CO, emissions
from widely distributed refinery heater and boiler systems may require the use of more costly H,,
rather than natural gas or refinery off-gas, as the fuel. More fundamental design changes to the
placement of refinery heaters and boilers may be required to achieve lower cost CO, capture from
these sources.

Demonstration of Oxy-Fired OTSG (Once Through Steam Generation)

CCP3 has set forth a sound research protocol and field implementation plan for testing the use of
oxy-firing for capturing CO, from natural gas-fired steam generation as part of heavy oil recovery.
The TAB looks forward to the results from the field trials, being conducted during 2015.

Identify Lower Cost CO, Capture Options for Capture of CO, from Natural Gas Combined Cycle
(NGCC) Power Plants

The CCP work during Phase 2, in collaboration with the CACHET project, established that post-
combustion rather than pre-combustion is the preferred technology option for CO, capture from
natural gas-fired power plants. CCP3 sponsored studies showed lower reductions in power
generation efficiency for post-combustion CO, capture of 8 to 10% loss of efficiency compared to
14 to 16% loss of efficiency using pre-combustion CO, capture. The CCP2/CACHET effort also
noted that use of post-combustion would avoid the need to develop new turbine components to
handle higher hydrogen concentrations and higher temperatures required by pre-combustion CO,
capture from NGCC power plants.

Based on this finding, the follow-on work by CCP3 concentrated on three research pathways for
CO; capture from NGCC power plants.

1. Identify, evaluate and advance the development of emerging post-combustion
technologies that would deliver lower cost CO, capture.

2. Conduct techno-economic feasibility analyses to establish a cost benchmark for
currently “best available” post-combustion CO, capture from NGCC power plants.

3. Conduct additional pilot scale tests of selected, promising post-combustion solvent
technologies.

The TAB finds that CCP3 has achieved a significant accomplishment in identifying alternative,
potentially lower cost post-combustion solvent systems and in establishing today’s benchmark costs
of CO, capture from NGCC power. Future work on solvent testing should take place in facilities
suitable to handling dilute, methane-based flue gas including consideration of other locations, such
as at Mongstad/Norway, the RWE facility in Germany, or the NCCC in Alabama.

Pursuing Lower Cost Options for Capture of CO, from Hydrogen Plants

The growing need for oil refinery hydrogen (H,) makes H, generation an important pre-combustion
option for CO, capture. This is especially true for certain H, plant designs that generate a pure CO,
vent. The incremental costs for adding CCS to these H, plant designs is low, involving primarily
the cost of CO, compression and pipeline transport to a geologic storage site. Unfortunately, the
bulk of today’s SMR-based hydrogen plants emit a dilute concentration of flue gas, requiring more
costly options for capturing CO..
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CCP3 has completed an effective analysis of oxygen (O,) blown natural gas autothermal reforming
(ATR) for H, pre-combustion capture of CO,. Nevertheless there are other H, process alternatives
with pure CO, vents. These included several commercially proven heat exchange reformer (HER)
designs where the exothermic O,-blown ATR supplies the heat for the endothermic steam methane
reformer (SMR). These H, process designs may have economic and efficiency advantages at large
scale. There is also a high pressure O,-HER H, design that integrates a gas turbine for the O,
generation or air separation unit’s (ASU) power needs and promises overall cost and efficiency
improvements. Thus, additional research on H, generation pre-combustion CO, capture would be
useful to pursue during CCP4.

THE CCP3 PROGRAMS FOR CO, STORAGE
CCP3 Objectives for CO, Storage

Phase 111 of the CCP’s research and demonstration program for CO, storage had three main
objectives:

1. Develop more rigorous understanding of the fundamental science and processes
involved with safe, secure storage of CO,.

2. Advance the state of the art of CO, storage monitoring and verification.

3. Develop improved methods of CO, leakage detection and intervention, including
developing technology for sealing natural fracture conduits.

TAB Appraisal of the CCP3 Program for CO, Storage
Overall Comments and Observations

The TAB is favorably impressed with CCP3’s work on CO, storage. A number of the projects and
research topics addressed by CCP3 (some of which were continuation of work started in CCP2)
have come to their logical conclusion and are documented in this volume for broad dissemination.
Still, a series of CCP3’s more recent storage research topics — improved sub-surface monitoring
technology, assessment and remediation of CO, leakage, and the integrated fracture sealing
experiment — provide a solid foundation for continuation as part of CCP4, as further discussed
below.

Advancing the Understanding of Fundamental Storage Mechanisms.

The TAB applauds the CCP3 for undertaking additional experiments to establish the residual
saturation of CO, (pore space CO, trapping), rather than distributing the results from the initial
work. Still, further information on residual CO, saturations is needed for alternative rock systems
and reservoir settings.

Advanced Sub-Surface Monitoring Technology.

The development and field validation of subsurface monitoring technology, such as the Modular
Borehole Monitoring (MBM) package, remains an important research goal. While considerable
work on this topic is being conducted by the U.S. DOE Regional Partnerships, the CCP4 should
continue its work with these partnerships to help advance the state of the art, particularly for
defining a thorough but practical suite of monitoring technologies for large-scale CO, injection
operations.
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CO; Leakage Detection and Intervention.

The TAB finds the information from the CO, leakage detection and intervention modeling by
Stanford University to be of high quality and of high value. The TAB’s view is that for CO, storage
to be broadly accepted as a safe and reliable technology, the storage practitioners need to have
scientifically sound methods for early detection and early remediation of any CO, leakage.
Importantly, the detection of leakage needs to be in the deep subsurface and not after the CO, has
reached potable water or the surface.

The TAB is a strong proponent of the use of extensive pressure monitoring and a carefully designed
intervention plan as part of a rapid-response strategy for all large scale CO, storage efforts. In
addition, the TAB notes that achieving the full potential of time lapse seismic, with its extensive
processing and interpretation challenges, requires considerable reductions in time of delivery to be
accepted as a rapid-response monitoring technology.

The TAB recommends that the next phase of the CO, leakage detection and intervention program
involve basin-scale modeling and large-scale CO, injection (6 million tons per year) at several
locations in the basin, accompanied by a comprehensive suite of monitoring and measurement
protocols.

Mont Terri Fracture Sealing Experiment.

The TAB finds the planning and test design for the fracture sealing experiment at Mont Terri to be
comprehensive and rigorous. This includes the modeling efforts used to help design the project, the
incorporation of previous experiences on rock fracturing conducted at the test facility, and the
selection of candidate sealing materials for the test. Given the costs of the next phase of the Mont
Terri fracture sealing work and its potential for providing high value outcomes, the TAB strongly
recommends pursuing a partnership with the U.S. DOE on the upcoming experiment. A productive
next step would be discussing this option directly with the U.S. DOE/NETL Carbon Sequestration
Program.

GUIDANCE AND RECOMMENDATIONS FOR CCP4

The first three phases of the CCP provided its member companies an in-depth understanding of CO,
capture and storage sciences and technologies of highest relevance to the oil and gas industry.
Given this impressive progression of effort and success in building the scientific and technical
foundations for CO, capture and storage, the TAB recommends that CCP4 take the next logical step
— preparing its member companies for large-scale implementation of CCS by year 2020.

Future CCP4 Capture Program.

The TAB recommends that CCP4 undertake a comprehensive CO, capture effort at a
“representative”, fully integrated refinery, including its FCC unit, its heaters and boilers, its
hydrogen plant and its dedicated natural gas-fired combined cycle (NGCC) power plant. Of
particular value would be understanding the synergies resulting from an integrated refinery CO,
capture system and its impact on refinery product costs.

e The first phase (years 2015-2017) would involve process modeling, systems integration
and cost assessment.

e The second phase (years 2018-2020) would involve implementation of the integrated
retrofit CO, capture system at an actual refinery.
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The TAB also recommends continuing CCP’s efforts on CO, capture from steam generation
(OTSG) for heavy oil recovery. After bringing the current field pilot to completion, the TAB
recommends taking a step back to identify options for significantly reducing CO, capture
investment costs from OTSG before proceeding with a follow-on field demonstration.

While the integrated commercial-scale refinery CO, capture project and pursuit of lower cost CO,
capture from steam generation at heavy oil fields would be the highlights of the CO, capture portion
of CCP4, the TAB recommends continued research support and assessment of promising, emerging
CO, capture options.

Future CCP4 Storage Program

In parallel with preparation for commercial-scale CO, capture, the TAB recommends undertaking a
comprehensive, modeling-based analysis of commercial-scale CO, storage involving the injection of
large volumes of CO, at a series of CO, injection sites in a “representative” basin. The large-scale
injection analysis would incorporate basin-scale monitoring, installation of early warning systems of
CO, leakage, and implementation of effective intervention strategies.

The TAB recommends continuing with the next phases of the Mont Terri Fracture Sealing
Experiment and seeking additional sponsors (e.g., DOE’s CO, Carbon Sequestration Program,
others). It also recommends continuing its research support for geomechanics and advanced
monitoring systems relevant to CO, storage.

Finally, the TAB recommends that the CCP4 Storage Team work closely with the CCP4 Policies
and Regulatory Team to enable the CO, that is stored as part of CO, enhanced oil recovery to
become accepted by regulators as “bona fide” CO, storage.
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Chapter 1

CCP3 - CO, CAPTURE EXECUTIVE SUMMARY

Ivano Miracca'and Jonathan Forsyth?
!Saipem S.p.A. (Eni) — Via Martiri di Cefalonia, 67 — 1-20097 San Donato Milanese, Italy
?BP International Limited, ICBT Chertsey Road, Sunbury-on-Thames, Middlesex, TW16 7LN,
United Kingdom

ABSTRACT: The CO, Capture Project (CCP) is reporting the results from a five year programme
of CO, capture technology development which has included field-based technology demonstration,
as well as development of promising new technologies. These activities have been complemented by
technical and economic assessments of new and existing technologies applied to capturing CO,
arising from CCP member companies’ industrial operations.

KEYWORDS: CO, Capture Project; CCP; CCP3; CO, Capture and Storage; CCS; CO, Capture
Technologies

INTRODUCTION

The CO, Capture Project (CCP) is a collaborative partnership of world-leading energy companies.
The initiative undertakes research and develops technologies to help make CO, capture and
geological storage (CCS) a practical reality for reducing global CO, emissions and tackling climate
change — one of the greatest international challenges of our time.

CCP has progressed through three sequential phases. Phase 1 began in 2000 and was followed by
Phase 2 which completed in 2009 [1,2,3]. Phase 3 is now complete and the findings are reported in
this 4™ volume of results from CCP. During the life-time of the CCP initiative it has been evident
that countries and states differ in how they perceive the risk of climate change, and what measures
they are prepared to take in response. As a result of these differences, the pace and stri