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1. My name is June Ann Munford. I am over the age of 18, have personal
knowledge of the facts set forth herein, and am competent to testify to the

same.

2. T have been retained on behalf of the Petitioner to provide assistance in the
above-illustrated matter in establishing the authenticity and public
availability of the documents discussed in this declaration. I am being
compensated for my services in this matter at the rate of $200.00 per hour
plus reasonable expenses. My statements are objective, and my

compensation does not depend on the outcome of this matter.

3. I declare under penalty of perjury that the foregoing is true and correct. |
hereby declare that all statements made herein of my own knowledge are
true and that all statements made on information and belief are believed to
be true; and further that these statements were made with the knowledge that
willful false statements and the like so made are punishable by fine or
imprisonment, or both, under Section 1001 of Title 18 of the United States

Code.

4. T earned a Master of Library and Information Science (MLIS) from the

University of Wisconsin-Milwaukee in 2009. I have over ten years of
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experience in the library/information science field. Beginning in 2004, 1
have served in various positions in the public library sector including
Assistant Librarian, Youth Services Librarian and Library Director. I have

attached my Curriculum Vitae as Appendix CV.

. During my career in the library profession, I have been responsible for
materials acquisition for multiple libraries. In that position, I have cataloged,
purchased and processed incoming library works. That includes purchasing
materials directly from vendors, recording publishing data from the material
in question, creating detailed material records for library catalogs and
physically preparing that material for circulation. In addition to my
experience in acquisitions, I was also responsible for analyzing large
collections of library materials, tailoring library records for optimal catalog
search performance and creating lending agreements between libraries

during my time as a Library Director.

. I'have reviewed Exhibit 1006, a paper entitled "Progress Update on the
Allam Cycle: Commercialization of NET Power and the NET Power
Demonstration Facility" by Scott Martin, et al as presented at the 14
Greenhouse Gas Control Technologies Conference. According to Exhibit

1006, this conference was held from October 215 — 25%, 2018.
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7. Attached hereto as Appendix MARTINO1 is a screen capture of a webpage

entitled "Progress Update on the Allam Cycle: Commercialization of NET
Power and the NET Power Demonstration Facility" as hosted on the Social
Science Research Network website. I secured these screen captures myself

from https://papers.ssrn.com/sol3/papers.cfm?abstract 1d=3366370.

. It is my understanding and experience that the Social Science Research
Network (hereto referred to as SSRN) and its parent company Elsevier host
an online database including academic research papers. In my experience,
the metadata supplied by SSRN regarding the items in its database,
including date of posting, is known to be reliable. Appendix MARTINO1 is a
web page from SSRN describing "Progress Update on the Allam Cycle:
Commercialization of NET Power and the NET Power Demonstration
Facility" by Scott Martin, et al. According to this page, "Progress Update on
the Allam Cycle: Commercialization of NET Power and the NET Power
Demonstration Facility" was first posted to the SSRN website as of April 11,
2019. Appendix MARTINO1 also indicates that this paper has been
downloaded 556 times since being posted as of April 11, 2019. Page 1 of
Appendix MARTINOI1 contains a link entitled ‘Download This Paper’ which

offers a download of a PDF copy of "Progress Update on the Allam Cycle:
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Commercialization of NET Power and the NET Power Demonstration

Facility".

9. Attached hereto as Appendix MARTINO2 is a PDF copy of "Progress
Update on the Allam Cycle: Commercialization of NET Power and the NET
Power Demonstration Facility" obtained by following the link entitled
'Download This Paper' on the SSRN website described as Appendix
MARTINOI1. I secured this file myself from
https://papers.ssrn.com/sol3/Delivery.cfm/Martin_S Session 1G -

Oxycombustion ACUpdate F.pdf?abstractid=3366370&mirid=1.

10.In comparing Exhibit 1006 to Appendix MARTINO2, it is my determination
that Exhibit 1006 is a true and correct copy of "Progress Update on the
Allam Cycle: Commercialization of NET Power and the NET Power
Demonstration Facility" by Scott Martin, et al. Exhibit 1006 and Appendix
MARTINO2 are identical in title, author, text and page length. Both
documents can be accurately described by the web page captured in
Appendix MARTINOI, a page containing bibliographic information
describing "Progress Update on the Allam Cycle: Commercialization of
NET Power and the NET Power Demonstration Facility" as provided by the

paper’s publisher, SSRN.
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11.Attached hereto as Appendix MARTINO3 is a screen capture of a webpage

entitled "Progress Update on the Allam Cycle: Commercialization of NET
Power and the NET Power Demonstration Facility" as hosted on the OCLC
Worldcat website. I secured these screen captures myself from

https://search.worldcat.org/title/8686834534.

12.0CLC Worldcat is a web service maintained by OCLC Inc. that serves as an

aggregator for library catalog records. Worldcat users can use OCLC’s
search platform to search thousands of library catalogs with a single query.
Worldcat’s search platform also offers features such as multi-input search
queries and detailed filter options for advanced users to navigate the
platform’s exhaustive search results. Appendix MARTINO3 is the Worldcat
record for "Progress Update on the Allam Cycle: Commercialization of NET
Power and the NET Power Demonstration Facility" by Scott Martin, et al as
presented at the 14" Greenhouse Gas Control Technologies Conference.
This record indicates the Martin paper is available in 98 libraries within the
OCLC network. From this Worldcat page, users are able to make interlibrary
loan requests from any of these individuals 98 libraries, indicating "Progress
Update on the Allam Cycle: Commercialization of NET Power and the NET

Power Demonstration Facility" has been made available to the public in
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various regions of North America, the United Kingdom, the Netherlands and

Germany.

13.Attached hereto as Appendix MARTINO4 is a screen capture of a webpage
entitled "Supercritical CO2 Demonstration Power Plant on Allam Cycle" as
hosted on the ResearchGate website. I secured these screen captures myself
from
https://www.researchgate.net/publication/338431114_Supercritical CO2_D

emonstration Power Plant on_Allam Cycle.

14. Appendix MARTINO4 is a page describing a paper entitled “Supercritical
CO2 Demonstration Power Plant on Allam Cycle” by Parikshit Jain as
presented at the 2019 International Gas Turbine Congress. This page offers a
PDF copy for download of the Jain paper, contained in Appendix
MARTINO4 as pages 8-12. Page 1 lists a November 2019 publication date
for this paper and page 8 indicates this paper was presented sometime
between November 17-22, 2019. Page 12 of Appendix MARTINO4 contains
a citation to "Progress Update on the Allam Cycle: Commercialization of
NET Power and the NET Power Demonstration Facility" by Scott Martin, et
al as presented at the 14™ Greenhouse Gas Control Technologies

Conference. The existence of this citation indicates the Martin paper was
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available to the author of the Jain paper at a date prior to November 17,

2019.

15.Attached hereto as Appendix MARTINOS is a screen capture of a webpage
entitled "Natural Gas-Oxygen Combustion in a Super-Critical Carbon
Dioxide Gas Turbine Combustor" as hosted on the EDP Sciences website. |
secured these screen captures myself from https://www.e3s-
conferences.org/articles/e3scont/abs/2020/38/e3sconf hsted2020 01027/e3s

conf hsted2020_01027.html.

16.Appendix MARTINOS is a page describing a paper entitled "Natural Gas-
Oxygen Combustion in a Super-Critical Carbon Dioxide Gas Turbine
Combustor" by Ivan Komarov, et al as presented at the 2020 High Speed
Turbomachines and Electrical Drives Conference. This page offers a PDF
copy for download of the Komarov paper, contained in Appendix
MARTINOS as pages 3-9. Page 1 lists a July 9, 2020 publication date for this
paper. Page 8 of Appendix MARTINO4 contains a citation to "Progress
Update on the Allam Cycle: Commercialization of NET Power and the NET
Power Demonstration Facility" by Scott Martin, et al as presented at the 14"

Greenhouse Gas Control Technologies Conference. The existence of this
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citation indicates the Martin paper was available to the authors of the

Komarov paper at a date prior to July 9, 2020.

17.Appendix MARTINO1 indicates "Progress Update on the Allam Cycle:
Commercialization of NET Power and the NET Power Demonstration
Facility" by Scott Martin, et al was first published on the SSRN’s website as
of April 11, 2019 and has been downloaded from this site 556 times.
Appendix MARTINO4 indicates the Martin paper was accessible to the
author of the Jain paper before November 17, 2019. Appendix MARTINOS
indicates the Martin paper was accessible to the author of the Komarov
paper before July 9, 2020. When considering the range of dates represented
in Exhibit 1006 and Appendices MARTINO1-05, it is my determination that
"Progress Update on the Allam Cycle: Commercialization of NET Power
and the NET Power Demonstration Facility" by Scott Martin, et al was made

available to the public on or around April 11, 2019.

Dated: 12/1/2024
Vo i) ' 7

June Ann Munford
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APPENDIX CV

To Declaration of June Ann Munford
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June A. Munford
Curriculum Vitae

Education

University of Wisconsin-Milwaukee - MS, Library & Information Science, 2009
Milwaukee, WI

e Coursework included cataloging, metadata, data analysis, library systems,
management strategies and collection development.
e Specialized in library advocacy, cataloging and public administration.

Grand Valley State University - BA, English Language & Literature, 2008
Allendale, MI

e Coursework included linguistics, documentation and literary analysis.
e Minor in political science with a focus in local-level economics and
government.

Professional Experience

Researcher / Expert Witness, October 2017 — present
Freelance e Pittsburgh, Pennsylvania & Grand Rapids, Michigan

e Material authentication and public accessibility determination.
Declarations of authenticity and/or public accessibility provided upon
research completion. Experienced with appeals and deposition process.

® Research provided on topics of public library operations, material
publication history, digital database services and legacy web resources.

e Past clients include Alston & Bird, Arnold & Porter, Baker Botts, Fish &
Richardson, Erise IP, Irell & Manella, O'Melveny & Myers, Perkins-Coie,
Pillsbury Winthrop Shaw Pittman and Slayden Grubert Beard.

Library Director, February 2013 - March 2015
Dowagiac District Library @ Dowagiac, Michigan

e Executive administrator of the Dowagiac District Library. Located in
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Southwest Michigan, this library has a service area of 13,000, an annual
operating budget of over $400,000 and total assets of approximately
$1,300,000.

e Developed careful budgeting guidelines to produce a 15% surplus during
the 2013-2014 & 2014-2015 fiscal years while being audited.

e Using this budget surplus, oversaw significant library investments
including the purchase of property for a future building site, demolition of
existing buildings and building renovation projects on the current facility.

e [ed the organization and digitization of the library's archival records.

e Served as the public representative for the library, developing business
relationships with local school, museum and tribal government entities.

e Developed an objective-based analysis system for measuring library
services - including a full collection analysis of the library's 50,000+
circulating items and their records.

November 2010 - January 2013
Librarian & Branch Manager, Anchorage Public Library @ Anchorage, Alaska

e Headed the 2013 Anchorage Reads community reading campaign
including event planning, staging public performances and creating
marketing materials for mass distribution.

® Co-led the social media department of the library's marketing team,
drafting social media guidelines, creating original content and instituting
long-term planning via content calendars.

e Developed business relationships with The Boys & Girls Club, Anchorage
School District and the US Army to establish summer reading programs for
children.

June 2004 - September 2005, September 2006 - October 2013
Library Assistant, Hart Area Public Library
Hart, MI

e Responsible for verifying imported MARC records and original MARC

IPR2025-01174, Topsoe Ex. 1025
Page 12 of 77



cataloging for the local-level collection as well as the Michigan Electronic
Library.

e Handled OCLC Worldcat interlibrary loan requests & fulfillment via
ongoing communication with lending libraries.

Professional Involvement

Alaska Library Association - Anchorage Chapter
® Treasurer, 2012

Library Of Michigan
e [evel VII Certification, 2008
e Level II Certification, 2013

Michigan Library Association Annual Conference 2014
e New Directors Conference Panel Member

Southwest Michigan Library Cooperative
e Represented the Dowagiac District Library, 2013-2015

Professional Development

Library Of Michigan Beginning Workshop, May 2008

Petoskey, MI
e Received training in cataloging, local history, collection management,
children’s literacy and reference service.

Public Library Association Intensive Library Management Training, October 2011
Nashville, TN
e Attended a five-day workshop focused on strategic planning, staff
management, statistical analysis, collections and cataloging theory.

Alaska Library Association Annual Conference 2012 - Fairbanks, February 2012
Fairbanks, AK
e Attended seminars on EBSCO advanced search methods, budgeting,
cataloging, database usage and marketing.
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Depositions

2019 e Fish & Richardson

Apple v. Qualcomm (IPR2018-001281, 39521-004211P, [IPR2018-01282
and 39521-004211P2)

2019 e Erise IP
Implicit, LLC v. Netscout Systems, Inc (Civil Action No. 2:18-cv-53-JRG)

2019 e Perkins-Coie
Adobe Inc. v. RAH Color Technologies LLC (Cases IPR2019-00627,
IPR2019-00628, IPR2019-00629 and IPR2019-00646)

2020 e O’Melveny & Myers
Maxell, Ltd. v. Apple Inc. (Case No. 5:19-cv-00036-RWS)

2021 e Pillsbury Winthrop Shaw Pittman LLP
Intel v. SRC (IPR2020-1449)

2022 e Perkins-Coie
Realtek v. Future Link (IPR2021-01182)

2023 e Fish & Richardson
Neuroderm Ltd. v. Abbvie, Inc (Case No. PGR2022-00040)

2023 e Fish & Richardson
Nearmap US Inc. v. Pictometry International Corp. (IPR2022-00735)

2023 e Fish & Richardson
Samsung Electronics v. MemoryWeb LLC (Case No. 39843-0136PS1)
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2023 e Pillsbury Winthrop Shaw Whitman LLP

Gravel Rating Systems v. Costco Wholesale Corp. (Civil Action No.

4:21-cv-149-ALM)

2024 e Willkie-Farr
Netflix, Inc. v. VideoLabs. Inc. (IPR2023-00628)

Limited Case and Clientele History

Alston & Bird
e Ericsson

v. Collision Communications (IPR2022-01233)

e Nokia
v. Neptune Subsea, Xtera (Case No. 1:17-cv-01876)

e Universal Electronics Inc

v. Roku Inc (IPR2022-00818)

Arnold & Porter
e [vantis

v. Glaukos (Case No. 8:18-cv-00620)

e Samsung

v. Jawbone (Case No. 2:21-cv-00186)
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Benesch Friedlander Coplan & Aronoff
e Voyis
v. Cathx (Case No. 5:21-cv-00077-RWS)

Deschert LLP
e Smaxtec Animal Care

v. ST Reproductive Technologies, LLC (IPR2024-00885)

Erise I.P.
e Apple

v. Ericsson Inc. (IPR2022-00715)

v. Future Link Systems (IPRs 6317804, 6622108, 6807505, and
7917680)

v. INVT (Case No. 20-1881)
v. Navblazer LLC (IPR2020-01253)

v. Qualcomm (IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)

v. Quest Nettech Corp (Case No. 2:19-cv-00118-JRG)
v. Telefonaktiebolaget LM Ericsson (IPR2022-00275)
v. Theta IP, LLC (IPR2024-00818)

e Fanduel

v. CGT (Case No. 19-1393)

e Garmin

v. Phillips North America LLC (Case No. 2:19-cv-6301-AB-KS)
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e Netscout
v. Longhorn HD LLC (Case No. 2:20-cv-00349)
v. Implicit, LLC (Civil Action No. 2:18-cv-53-JRG)

e Sony Interactive Entertainment LLC
v. Bot M8 LLC (IPR2020-01288)
v. Infernal Technology LLC (Case No. 2:19-CV-00248-JRG)

e Unified Patents
v. GE Video Compression (Civil Action No. 2:19-cv-248)

Fish & Richardson
e Apple
v. AliveCor (3:21-cv-03958)
v. LBS Innovations (Case No. 2:19-cv-00119-JRG-RSP)
v. Koss Corporation (IPR2021-00305)

v. Masimo (IPR 50095-00121P1, 50095-00121P2, 50095-0013IP1,
50095-00131P2, 50095-00061P1, 50095-01351IP1)

v. Neonode (Case No. 21-cv-08872-EMC)

v. Qualcomm (IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)

e Dell
v. Neo Wireless (IPR2022-00616)

e Dish Network
v. Entropic Communications, LLC (Case No. 2:2023-CV-01043)
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v. Realtime Adaptive Streaming (Case No. 1:17-CV-02097-RBJ)
v. TQ Delta LLC (Case No. 18-1798)

e Evapco Dry Cooling
v. SPG Dry Cooling (IPR2021-00688)

e (Genetec

v. Sensormatic Electronics (Case No. 1:20-CV-00760)

e Huaweli

v. Bell Northern Research LLC (IPR2019-01174)

e Kianxis

v. Blue Yonder (Case No. 3:20-cv-03636)

e LG Electronics

v. Bell Northern Research LLC (Case No. 3:18-cv-2864-CAB-BLM)

o Metaswitch

v. Sonus Networks (IPR2018-01719)

e Microsoft

v. Throughputer Inc (IPR2022-00757)

e Mom Enterprises

v. Ddrops Company (Case No. 1:22-cv-00332)

e MLC Intellectual Property

IPR2025-01174, Topsoe Ex. 1025
Page 18 of 77



v. MicronTech (Case No. 3:14-cv-03657-SI)

e Nearmap Inc

v. EagleView Technologies (IPR2022-01009)

e Neuroderm Ltd.
v. Abbvie, Inc (Case No. PGR2022-00040)

e Realtek Semiconductor

v. Future Link (IPR2021-01182)

® Quectel

v. Koninklijke Philips (Case No. 1:20-cv-01710)

e Samsung
v. Aire Technology (IPR2022-00877)
v. Bell Northern Research (Case No. 2:19-cv-00286-JRG)
v. Communication Technologies Inc (IPR2022-01221)
v. Jawbone Innovations (IPR2022-00865)
v. MemoryWeb LLC (IPR2022-00885)
v. Dodots Licensing Solutions (IPR2023-00701)
v. Telefonaktiebolaget LM Ericsson (IPR2021-00615)

e Texas Instruments

v. Vantage Micro LLC (IPR2020-01261)

e Xilinx

v. Sentient Sensors LCC (Case No. 1:22-cv-00173)
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Groombridge Wu
e Nearmap

v. Eagle View Technologies Inc. and Pictometry International Corp.
(Case No. 2:21-cv-00283-TS-DAO)

Irell & Manella

e Curium

O’Melveny & Myers
e Apple
v. Maxell (Case No. 5:19-cv-00036-RWS)

e Disney Media & Entertainment Distribution LLC
v. Digital Media Technology Holdings, LLC (Case No. 2:22-
cv-01642)

e Micron Technology Inc.

v. Besang Inc (IPR2023-00900)

e Samsung

v. Daedalus Prime LLC (1335 Investigation)

Perkins-Coie
e Amazon

v. Nokia (IPR2024-00847 and IPR2024-00848)
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e Heru Industries

v. The UAB Research Foundation (IPR2022-01148)

e Intel Corporation
v. BeSang Inc. (IPR2023-00991)
v. BitMICRO (Case No. 5:23-cv-00625)
v. Telefonaktiebolaget L M Ericsson (IPR2024-00610)

e Realtek Semiconductor

v. Future Link (IPR2021-01182)

e Twitter Inc

v. VOIP-Pal.com (Case No. 3:20-cv-02397-JD)

e TCL Industries

v. Koninklijke Philips NV (IPR2021-00495, IPR2021-00496
and IPR2021-00497)

Pillsbury Winthrop Shaw Pittman

e Intel

v. FG SRC LLC (Case No. 6:20-cv-00315)

e Gravel Rating Systems

v. Costco (Case No. 4:21-cv-149)

v. Lowe’s Home Centers (Case No. 4:21-cv-150)
v. T-Mobile USA (Case No. 4:21-cv-152)

v. Kohl!’s Inc. (Case No. 4:21-cv-258)

v. Under Armor (Case No. 4:21-cv-356)
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Quinn Emanuel
e ServiceNow, Inc.
v. InQuisient, Inc. (Case No. 22-900-CJB)
e Wolfspeed
v. The Trustees of Purdue University (Case No. 1:2021-cv-00840)

Sheppard, Mullin, Richter & Hampton LLP
e Cadence Design Systems Inc.

v. Semiconductor Design Technologies (Case No. 3:23-cv-01001)

Stern, Kessler, Goldstein & Fox

® Preliminary Research

Willkie, Farr & Gallagher LLP
e Neurent
v. The Foundry, LLC (IPR2024-00669)
e Netflix, Inc.
v. VideoLabs, Inc. (IPR2023-00628)
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Abstract

The Allam Cycle is a highly-recuperated, oxy-fuel, semi-closed supercritical CO, Brayton cycle that offers
significant advantages over traditional power cycles, including high efficiencies, low capital costs, low or no water
consumption, and elimination of all air emissions, including CO,. The natural gas cycle, under commercialization by
NET Power, was first presented at GHGT-11 as a novel cycle under development. Progress on the overall cycle design
and on the design and construction of a 50 MWth demonstration plant was presented and published at GHGT-13. This
paper will present the final constructed design of the demonstration plant, as well as an update on the commissioning,
start-up and operation of the facility, underway as of January 2018. It will provide further updates on the commercial
design of a NET Power facility. Tangentially, 8 Rivers has pursued work inspired by the aspirations of the Allam
Cycle — creating new cycle designs, new CO, uses, concepts in clean sour gas combustion, and the clean production

of chemical and industrial commodities such as hydrogen and urea.
Keywords: Supercritical, carbon, CCS, Carbon dioxide, demonstration, natural gas, coal, fuel, clean, capture, sequestration, supercritical, CO,
Power, Energy, hydrogen, NET Power, McDermott, Exelon, 8 Rivers, Toshiba

1. Introduction

In 2008, inspired by the opportunities pouring forth from the American Recovery and Reinvestment Act in the
United States, a team at 8 Rivers set out to develop an idea for a new type of clean coal project, setting aspirational
goals for a cycle that could create cheap and clean carbon-based energy for the world. The team was discouraged by
existing concepts for emissions capture, which largely focused on correcting known processes through technologies
such as post combustion carbon capture — processes that both significantly downgraded performance and increased
capital cost. While this was and remains today the typical approach to emissions capture, ballooning costs create more
and more difficult returns on investment. In most cases, these modified plants are infeasible without heavy
subsidization or a cost of CO, well above the current market price. The team wanted to find a solution that could stand
up on its own.

* Corresponding author. Tel.: +1-919-667-1800
E-mail address: scott.martin@8rivers.com
¢ Independent
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While the team believed they could capture emissions for no extra cost, doing so required pursuing a completely
new design paradigm. The cycle that evolved was the Allam Cycle, named after its lead inventor, Rodney Allam.
While the original design proposed using gasified coal syngas as the principal fuel source, it was determined that a
concept for natural gas would provide a more feasible short term path to commercialization, and natural gas was
emerging as the dominant fuel on the global power generation scene. NET Power was stood up as the commercial
entity that would bring the natural gas Allam Cycle technology to market. Commercial interest followed suit. In 2011,
Toshiba joined as technology partner to design and build the first-of-a-kind supercritical CO» turbine specific to the
cycle. In 2012, NET Power saw its first major investment of $50 million from McDermott International (formerly
CB&I; formerly The Shaw Group). The investment provided the funding necessary to begin developing a
demonstration NET Power facility. Then, in 2014, Exelon Corporation joined the company, providing a $90 million
investment and further in-kind support to ensure the technology could be brought through demonstration scale. Now,
four years later, the demonstration plant has completed its first operational phase to prove out the new Toshiba
combustor and integrated operation and controllability of the cycle. The next stage of testing, set to begin in Q4 of
2018, will test the cycle in its entirety.

The Allam Cycle was developed with the aim of producing power at a cost competitive with existing best-in-class,
non-carbon capture power generation technologies while inherently capturing all carbon and non-carbon emissions for
no additional cost. Based on the advancement of NET Power and the Allam Cycle to date, 8 Rivers has applied the
same innovation approach to adjacent and related markets, generating several new innovative clean energy processes.
Work on novel CO; uses, fuel clean-up, combustion, and hydrogen production technologies has taken place, with an
overview of that work provided in this paper.

2. Overview of the Allam Cycle

The Allam Cycle is a highly-recuperated, oxy-fuel, semi-closed supercritical CO, Brayton cycle that offers
significant advantages over traditional power cycles, including high efficiencies, low capital costs, low or no water
consumption, and the near elimination of all air emissions while capturing near all generated CO,. The natural gas
cycle, under commercialization by NET Power, was first presented at GHGT-11 as a novel cycle under development
[1]. Progress on the overall cycle design and the design and construction of a 50 MWth demonstration plant was
presented and published at GHGT-13 [2]. This paper will present the final construction of the demonstration plant, as
well as an update on the commissioning, start-up and operation of the facility that is underway as of January 2018.

Traditional power cycles, such as natural gas combined cycle, supercritical coal cycle, and integrated gasification
combined cycle, require the addition of expensive, efficiency-reducing equipment in order to decrease and capture
emissions of carbon dioxide and other pollutants. The Allam Cycle takes a novel approach to reducing emissions from
fossil fuel power generation through the use of an oxy-combustion cycle that employs high-pressure supercritical CO,
as a working fluid in a highly recuperated manner. In this configuration, the cycle is able to reach high performance
efficiencies—currently 58.9% net LHV efficiency for natural gas—and the only by-products are liquid water and a
stream of nominally pure CO; that is already at pipeline pressure as a result of the operating conditions of the cycle.
The inherent operational characteristics of the Allam Cycle allows it to avoid the necessity of additional capture, clean-
up, and compression systems for CO; carbon capture and storage (CCS) or carbon capture utilization and storage
(CCUS). The cycle is able to utilize a variety of hydrocarbon fuels, including natural gas, unprocessed raw and sour
gas, and gasified solid fuels such as coal or biomass [3]. The result is a power cycle with major advantages over
conventional systems that do not capture CO,.

The 50 MWth NET Power demonstration facility functions to validate both the cycle as a whole as well as the new
supercritical carbon dioxide powered turbine and oxy-fuel combustor designed and manufactured by Toshiba [4]. The
first stage of testing at the demonstration facility utilized the overall process in addition to a specially designed
combustor test stand to accommodate the testing of a standalone Toshiba oxy-fuel combustor in a recirculating fashion
akin to the final design and operation of the overall cycle. The next stage, now in progress, utilizes the full cycle design
to accommodate integrated hot operation of both the combustor and turbine for full process demonstration.
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In addition to the demonstration plant, NET Power has completed a comprehensive pre-FEED (Front End
Engineering Design) of the full commercial design which has provided preliminary information on the expected
economics of a commercially deployed full scale 300 MWe NET Power natural gas plant.

3. Progress of the Demonstration Natural-Gas-Based Facility
3.1. Combustor Test Rig (CTR) Operations

The NET Power (NP) Demonstration facility began testing in Q2 of 2018. The focus was to test the novel 50
MWth Toshiba combustor in the NET Power recirculating cycle at steady state and transient conditions while
receiving dynamic feedback from the cycle’s recuperation. The combustor was tested using a special plant layout
known as the Combustor Test Rig (CTR), designed by NET Power, 8 Rivers and WSP, and a special combustor test
stand designed by Toshiba.

Activities involved operation of the entire balance of plant (BOP), enabling integrated cycle equipment and control
system operability to be validated and tuned. Operators fed fuel, oxidant, and recirculating carbon dioxide to the
combustor in the semi-closed process. As a substitute for the hot gas path of the turbine, a pressure and temperature
release device was employed. By doing so, the plant mimicked the turbine’s pressure and temperature letdown due to
expansion work, allowing the cycle and combustor to operate in a semi-closed fashion per the cycle design, while
isolating the turbine from the combustor during testing.

In order to drive the Main CO, Compressor mechanically coupled to the turbine, a VFD motorized the Toshiba
turbine via its generator. Toshiba commissioned and NET Power operated the turbine at fully rated speed with a
specialized air coolant supply to counter turbine windage losses during combustor testing. In this way, the hot gas
path was isolated from the cycle while process flow was directed through the rest of the plant.

Key Dates:

. May 2018 — First-fire (steady flame) in the Toshiba combustor and subsequent operation of the demonstration
plant was achieved May 2018 and announced publicly.
. August 2018 — Combustor testing concluded in early August and it was determined the plant was ready to
move on to the next phase of testing.
o Note: the tested combustor is the same as the commercial plant production unit, where 10 — 12 units
will operate in parallel.

The operation of the combustor was considered an important risk which was successfully addressed in testing.
Furthermore, during test operation the overall plant was controlled continuously through startup, shutdown, and
excursions at key operational points, thus serving as further proof of concept. Major equipment underwent 500-900
hours of operation, including 170 hours of runtime with both fuel and oxygen supplied to the cycle. During testing,
the maximum coincident pressure and temperature that the main recuperator train experienced was 110 bar (1595 psi)
and 538°C (1000°F) respectively.

More importantly, operation of the hot recuperator permitted the demonstration facility to gain critical experience
with hot operations. In-situ testing of the working fluid’s chemistry was also performed on a multi-second basis
monitoring seven key species that can largely impact various turbomachinery performance profiles. While data
validation remains ongoing, cycle performance has matched the performance of process simulations predicted by
computer modeling, thereby signaling readiness to move on to the next stage of testing.
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3.2. Fully Integrated Plant Operations

Since the balance of plant was kept intact for the Combustor Test Rig, major adjustments were only necessary to
the area of the plant near the Toshiba combustion turbine. This includes:

. Installation of the high temperature recuperator for operation up to 700°C (1292°F)

. Inspection and refurbishment of the Toshiba combustor and installation at the Toshiba turbine
. High energy piping welds and low energy piping welds for fit-up to turbine and main high temperature
recuperator

. 1&C changes for high energy piping and turbine (to match the demonstration configuration) as well as
software modifications to the plant control systems
. Other plant turnover and refurbishment items and implementation of lessons learned.

Full startup of the plant is expected in Q4 of 2018. Following cold flow, ignition, and low load testing, the plant
will be ramped to the synchronization point where energy will be exported to the grid. An overhead view of the
demonstration facility is shown in Figure 1.

3.3. Turbine and Plant Performance Run

Following achievement of synchronization, the plant will be loaded to the operational points required for turbine and
plant performance testing. This process will entail a semi-continuous run time whereby load following and full load
operation will be tested, as the plant will be directly bidding into the local power market. At the conclusion of the
turbine and plant performance testing, the plant will be unloaded for planned inspections.
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Figure 1: Overhead view of the demonstration facility and key process streams
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3.4. Extended Run Operation

Following the performance run, an extended operational period is planned to address the integrity of the plant and
its components, as well as early metrics on changes in performance over time and season.

4. Progress of the Commercial Natural-Gas-Based Facility

In 2016, NET Power commissioned CB&I (now McDermott) and partner 8 Rivers to develop a Pre-FEED (Front
End Engineering Design) for the first-of-a-kind NET Power Commercial Plant design. The Pre-FEED Phase 1 was
completed in January 2017, culminating in a preliminary design and a design review of in-process work products.
Further optimization work was performed in a second iteration of the design (Pre-FEED Phase II) with the main
objective of further reducing the capital cost especially for the piping used in high temperature service and its
associated labor services. In addition, a design and performance profile specific to a United States customer base was
developed and optimized at this stage. The Pre-FEED Phase 11 scope included the development of early engineering
design deliverables such as P&IDs and a plant layout, a Level 2 project schedule, and a Class 4 AACE cost estimate
for a nominal 300 MWe NET Power commercial plant. This work was completed in September 2017, and included
the detailing of all high energy systems critical to the success of an Allam Cycle-based power plant. Furthermore, it
sought to develop a portfolio of operational conditions and characteristics that would entail the co-production of
various industrial gases as well as load following profiles for integration with dynamic grids. Ongoing work seeks to
address a global customer base with focus points on further compacting the plant footprint, integrating modularization,
substituting metallurgy with larger supply chain options, and tailoring plant control to collaborate with renewables
powered grid operations.

Figure 2: NET Power nominal 300MWe Commercial Plant Concept
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Table 1: First-of-a-kind (FOAK) Commercial Plant Performance

FOAK Commercial Plant Performance USA* (%) World (%)
Thermal Heat Input 100% 100%
Turbine Shaft Power -17.9% -16.7%
Shaft-mounted CO, compressor and generator -8% -7.5%
ASU auxiliary load -12% -11.2%
BOP parasitic (pumps, cooling, tower, etc.) -7% -6.5%
Net Plant Efficiency (% on LHV) 55.1% 58.9%
Net Plant Heat Rate (LHV) 6,193 5,793

Table 2: Potential Industrial gas cogeneration from a NET Power commercial facility

Industrial Gas Outputs Approximate Tons/yr
High-pressure, high-purity CO, 890,000
High-purity N2, 99.9% 1,500,000
Low-purity N2, 98.6% 2,600,000
High-purity Ar, 99.99% 63,000
High-purity 02, 99.5% 45,000

The Commercial Plant Pre-FEED Phase I was built upon the NET Power natural gas fired supercritical CO, oxy-
fueled power cycle scope, technology, and the project design experience obtained via NET Power’s demonstration
facility in La Porte, TX. The study assumed a generic site, located near the U.S. Gulf Coast region. An indicative cost
for the commercial plant was generated. The commercial development team has continued to optimize the design
development to reduce commercial plant capital cost and program risks. The timing and schedule for finalization of
this optimization is targeted to be in sync with the result of a commercial plant COD in 2021.

The base commercial plant design uses natural gas as fuel and oxygen from an on-site air separation unit (ASU) to
reliably produce electricity and carbon dioxide (COy) for local pipeline export to downstream consumers such as
enhanced oil recovery (EOR) operations. Under normal operation, the plant does not emit CO> into the atmosphere or
any other emissions.

The CO; recuperative heat exchangers and the combustion turbine generator (CTG) are the key pieces of equipment
for the plant. Toshiba is currently developing the design of the commercial scale CTG utilizing lessons learned from
the 50 MWth Demonstration Plant. The design of the recuperative heat exchanger train optimizes heat recovery for
the required extreme temperature and pressure conditions demonstrating existing technology but in a first-of-a-kind
regime of coincident pressure and temperature.
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5. CO2 Uses — A Review of Emerging Opportunities

The market potential for CO: products is coming into focus. The Global CO: Initiative and CO- Sciences have
estimated that by 2030, CO: products could generate between $800 billion and $1.2 trillion annually and reduce CO-
emissions by 10% to 15% [5].

There is increased interest in finding non-injection based uses for CO-, which is exemplified by the $20 million
NRG/COSIA Carbon X-Prize that is aimed at scaling CO: utilization applications and is currently underway. Existing
uses for CO2, which have been in commercial practice for decades, include the production of urea, methanol, carbonate
salts, polycarbonates, and other specialty chemicals (including carbon nanotubes).

Recently, methods for curing cement/concrete have deployed commercially. Companies deploying these
technologies include Solidia, CarbonCure, Carbcrete, and Carbon Upcycling. There are also other technologies in
development for converting ethane to ethylene using CO: as a soft oxidant.

Conversion of CO: to specialty chemicals is attractive due to the high-margins, but the total CO: consumed is low
relative to EOR. These high-margins provide a near-term financial justification/incentive for the build out of the
required CO: transportation infrastructure. On the other hand the volume of CO: consumed for processes like fuel
production and aggregates (e.g. cement) offset higher margins with larger volumes. It is predicted that high volume
applications will become market drivers. Indeed, a recently released study predicted that the markets for concrete and
aggregates ($165B - $550B) and fuels ($10B - $250B) would likely dwarf that of chemicals ($1B - $12B) by 2050.
This may speak to more insight and/or optimism into those subsectors by respondents who have some stake in it [5].

Use of CO: as the feedstock for plastics and polymers productions processes is another attractive application. One
example is US-based Novomer, a company that converts CO: to polycarbonates/polyols, which initially received
investment from Saudi Aramco. Additionally, German polymer company, Covestro, is already using CO: in the
production of foams used in mattresses and upholstered furniture and is planning to expand its production lines of
CO;-feedstock-based polyols. Perhaps the most interesting application lies in “new materials,” including the likes of
carbon fiber, carbon nanotubes, and carbon-based nanoparticles.

Nevertheless, an even larger opportunity may exist to support further CCUS and associated innovation. 8 Rivers is
exploring a whole host of applications where cryogenic CO; separation can be exploited to create more cost effective
energy resources, with CO, provided by a NET Power facility or other source of captured high pressure carbon
dioxide.

6. The Many Uses of Cryogenic CO2 Enables a New Energy Portfolio
6.1. TarT Process for Natural Gas Sweetening

A significant portion of natural gas reserves around the world contain large quantities of sulfur species and carbon
dioxide, which are often referred to as sour gas reservoirs. The IEA reports that more than 40% of the world’s gas
reserves outside of North America are sour, with the number increasing to 60% for Middle Eastern gas reserves [6]
[7]. Sulfur species, such as hydrogen sulfide (H»S), are highly corrosive when mixed with water and toxic to biological
organisms. In addition, the CO, has a negative effect on energy content of natural gas and increases the greenhouse
gas emissions upon the usage of such natural gas source. In order to meet pipeline quality standards, natural gas is
usually required to contain no more than 2% CO> and 4 ppmy H>S on a volume basis. The process of removing acid
gases from the natural gas, also called gas sweetening, is traditionally carried out using commercial solvents such as
MEA, MDEA and Selexol based on their composition and the amount of acid gases to be removed. Putting the
environmental impact of such solvents aside, high concentrations of acid gases (e.g. >20% H,S+CO,) tend to increase
the capital and operating costs of natural gas sweetening processes, which would make the economic utilization of
such acid gas reserves difficult.
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Cryogenic separation of acid gases from natural gas can be a cost effective alternative to conventional acid gas
removal processes, especially in the presence of large quantities of acid gases. 8 Rivers’ TarT™ liquid CO; scrubbing
process is a new technology that exploits cryogenic separation and thermo-physical properties of liquid CO; for natural
gas sweetening. A simplified block flow diagram of the TarT process for natural gas sweetening is shown in Figure
3.
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rest is CO,

Figure 3. Block flow diagram of TarT process for sweetening of sour gas

The TarT process relies on the use of liquid CO; as a solvent to efficiently scrub the H,S out of sour gas. A simple
packed distillation column with rectifying and stripping zones is at the heart of the TarT process. Liquid CO, and sour
gas are cooled to a temperature near CO; triple point (-56.6 °C) and then are introduced into the top and bottom
sections of the column, respectively. Operation of the column above the triple point of CO, avoids solidification of
CO; within the column and connecting pipes at any operational conditions and thus the need for an advanced and
complex column design such as that used in the Controlled Free Zone ® (CFZ ®) process. The bottom liquid product
from the distillation column contains nearly all H,S within the sour gas feed as well as some CO, and hydrocarbons.
The removal rate of H»S from the column can be tuned by controlling the flow rate of fresh makeup CO; fed into the
column. Clean natural gas leaving the top of the column is processed in a membrane separation unit to achieve desired
CO; content in the final clean gas product, and the CO, on the permeate side of the membrane will be compressed and
recycled back to the system. Meeting the pipeline requirements for CO, content (<2% volume) can be achieved using
a single stage commercial membrane systems for CO, removal. The sour residue collected at the bottom of column is
in liquid phase, which facilitates its pumping for reinjection operations. Alternatively, it can be readily used as a
feedstock in Claus process for sulfur production.
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Table 3. Overall performance of the TarT process for sweetening of two highly sour natural gas compositions.

o 72% CHa, 18% HaS,  72% CHa, 10% HaS,
Sour gas composition

10% CO» 18% CO»

CHj4 content within sour feed (kmol/hr) 5760 5760
Total parasitic load (MW) 17.88 19.56
Makeup CO; (tonne/day) 210.14 256.5
Specific parasitic load (kWh/kmol-H>S removed) 12.42 24.45
Specific parasitic load (kWh/kmol-H>S + CO, removed) 8.40 9.20
Heat/steam input (MW) 0 0
CHjs lost in the bottom product (% of total CH4 input) 4.0 4.0
Clean gas composition (% CO,, ppmv H,S) 2,2 2,2

Table 3 shows the overall mass and energy balance of the TarT process for sweetening of two highly sour natural
gas feedstock. Once integrated with a process that relies on natural gas feedstock and equipped with CO, capture, the
TarT process can utilize by-product CO; to generate low-cost pipeline quality gas that can substantially improve the
economics of the downstream process.

6.2. Solid Fuel Allam Cycle

In addition to burning natural gas, the Allam Cycle can be applied to coal syngas power generation by integrating
with a commercially proven coal gasification system, where it is projected to make major efficiency gains and capital
cost reductions over conventional coal systems while still realize full carbon capture [3] [8]. To address the specific
challenges for the coal-based Allam cycle, including gasifier selection and integration, materials corrosion, syngas
impurities removal, and design of a high-pressure oxy-fired syngas combustor, 8 Rivers has worked with the Energy
& Environmental Research Center (EERC) and the North Dakota Industrial Commission (NDIC) Lignite Energy
Council (LEC) on a lignite-based Allam Cycle technology development program in support of an industry team
comprising ALLETE, Inc., and Basin Electric Power Cooperative (BEPC). In parallel, 8 Rivers has developed a
proprietary fuel flexible sCO, combustor for the coal syngas Allam Cycle [9]. Current highlights of coal the Allam
Cycle research program include the following activities:

e A detailed gasifier selection study was completed to investigate suitable gasifiers for the Allam Cycle.
The results show that both entrained flow gasifiers and fluidized bed gasifiers provide good economics
across a wide range of fuel types. A detailed feasibility study showed that the Allam Cycle coal system
provides significant cost of electricity advantage compared to IGCC/SCPC.

e The initial design of a fuel flexible combustor and test rig were completed. A CFD simulation was
conducted to validate the feasibility of multi-fuel operation. The CFD results show that the combustor can
achieve designed combustor exit temperature and pressure, as well as a complete fuel burnout [10].

e Two 1500 hour dynamic corrosion tests under 30 bar (435 psi) / 750°C (1382°F) and 269 bar (3902 psi) /
750°C (1382°F) were completed. The test gas at 30 bar (435 psi) / 750°C (1382°F) was simulated to
represent a typical combustion flue gas in the coal based Allam Cycle with amine-based pre-combustion
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sulfur removal. Test gas at 269 bar (3902 psi) / 750°C (1382°F) represented the oxidant stream in the coal
based Allam Cycle. The corrosion mechanisms and rates from the tests did not present any barriers to uses
of any high nickel alloys under consideration in the coal based Allam Cycle.

rate of over 99% [11].

A patented post-combustion sulfur removal concept was tested and demonstrated with the sulfur removal

Additionally, 8 Rivers has begun to evaluate a modified version of the TarT natural gas scrubbing process for use
with syngas. Initial results are promising and show that cryogenically washing H>S containing syngas with CO,
derived from the Allam Cycle may serve as a low-cost alternative to conventional pre-combustion sulfur removal
systems often used in gasification trains. Furthermore, the liquid scrubber effluent of CO, and H,S is capable of further
processing via conventional Claus plant tail gas cleanup systems to produce pipeline quality CO; and elementary

sulfur.

6.3. TarT Process for Sour Gas Combustion

8 Rivers developed a novel method which enables sour natural gas as well as the liquid effluent from the TarT
process for natural gas sweetening to be directly burned for power generation without any pretreatment. This method
can potentially reduce the cost of power production using sour gas feedstock products by eliminating the natural gas
pretreatment steps. Oxidized sulfur compounds are captured by limestone in the combustion process to eliminate
downstream sulfur corrosion. The desulfurized flue gas then goes through a solids removal process before entering a
gas turbine or a turbine expander for power generation. A steam cycle is used for waste heat recuperation from both
the turbine exhaust stream and the solids stream to improve the cycle performance. Both air-combustion (see Figure
4) and oxy-combustion configurations (see Figure 5) were investigated and modeled using Aspen Plus.
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Figure 4. Flow diagram of air-combustion sour gas cycle
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Figure 5. Flow diagram of oxy-combustion sour gas cycle with carbon capture
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The design conditions of each cycle are within the operating envelope of commercially available equipment,
including compressors, turbines and heat exchangers, enabling near-term deployment of the proposed system. The
result of process modeling using ASPEN Plus shows that overall thermal efficiency in a 40-50% range (LHV basis)
are achievable using this approach. Without pretreatment, the heating value of sulfur in the sour gas and the heat
released from the limestone scrubbing process can be fully utilized for power generation, thus improving the cycle
performance. Lu, et al. have completed a detailed techno-economic analysis of the sour gas combustion system. The
economic analysis estimates that a baseline air-combustion sour gas system is 41% cheaper than NGCC in 2011, and
about 28% cheaper than advanced NGCC in 2022 on a simplified Levelized Cost of Electricity (LCOE) basis. The
LCOE of the oxy-combustion sour gas system is estimated to be 53% lower than advanced NGCC in 2022 when the
revenue from CO; and Argon sales are taken into account. The Capex estimation of the sour gas combustion system
is based on the cost of a commercial scale Pressurized Fluidized bed Combustion (PBFC) coal system in 2018 U.S.
dollars. This is a conservative approach since the capital costs associated with coal grinding/handling, ash
treatment/disposal, and other coal related processes are eliminated in the sour gas power system. Therefore, the novel
untreated sour gas combustion system presented suggests that the petroleum and power industries have an opportunity
to use sour gas for power generation efficiently, cost effectively and potentially with full carbon capture [12].

6.4. Carbon Free Hydrogen

Large scale hydrogen generation is traditionally carried out using steam-methane reforming process as shown in
Figure 6.
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Figure 6: simplified block flow diagram of steam methane reforming process

The SMR process has a relatively high CO, footprint of around of 916 kg-CO»/kNm?-H; [13]. The most effective
method to substantially reduce the carbon footprint of such a process is to capture CO; from the reformer flue gas
using conventional systems. The flue gas from reformer furnace is at near atmospheric pressure, which will require a
large absorption tower and other associated equipment. In addition, the recovery of solvent requires a relatively large
amount of heat in the form of heat that significantly reduces overall hydrogen generation efficiency. A recent study
suggests that using a solvent-based CO> capture unit to achieve an overall CO; capture rate of 90% in an SMR process
would increase the levelized cost of hydrogen by about 45%.

An alternative method of hydrogen generation is the use of a two-stage high pressure syngas generation system
utilizing a combination of partial oxidation and steam methane reforming reactors. In such a scheme, the former is
utilized to generate heat (and syngas of lower quality) while the latter is to generate high quality syngas using the heat
generated in the partial oxidation step. In this way, all CO, generated due to the reforming reactions is contained
within the high pressure syngas loop which makes the downstream separation of CO, more facile. A simplified block
flow diagram of a hydrogen generation process using the alternative method, which is referred to as 8RH2 is shown
in Figure 7.
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Figure 7: Simplified block flow diagram of 8RH2 process for hydrogen generation with carbon capture

GT EXHAUST

In the combined reforming concept, natural gas is partially oxidized in an oxygen deficient environment. In
catalytic variation of partial oxidation, also known as auto-thermal reforming (ATR), the product gas from the partial
oxidation section of the reactor is passed through a catalyst bed to enhance syngas generation reactions. The product
gas from the first step, is directed to a heat exchanger reformer, also called gas heated reformer (GHR), which is
essentially a conventional reformer without the burner and furnace section. The hot product gas at 1050-1400 C
(depending on the type of partial oxidation reactor used) drives the steam methane reforming reactions within the
GHR tubes, and eventually both syngas streams combines to form the main syngas stream at 550-600 C. After syngas
shifting and cooling steps and hydrogen separation, the PSA waste gas contains about 76% CO; (mole basis) which
is suitable for processing in a low temperature removal system. Such a system uses the auto-refrigeration principle to
cool down the process stream near CO triple point, and separates and purifies CO, product in a distillation column.
8 Rivers’ proprietary low temperature CO, removal system captures CO; at 150 bar and 99%+ (mole basis) purity by
only using electrical energy at 200-220 kWh/tonne-CO». The residual gas from CO, separation system can be recycled
back to the reforming rectors to maximize the process efficiency and CO, capture.

Hydrogen Generation Overall Efficiency (LHV basis)

77%
75%

(T

8RH2 - base case SMR-w/o CCS* SMR w/CCS (90% 8RH2 - advanced
(81% CO2 capture) CO2 capture)*  (90% CO2 capture)

Figure 8. Comparison of overall thermodynamic efficiency of the 8RH2 process and a conventional steam methane
reforming process with and without carbon capture.

*SMR process figures were taken from [13]. SMR with CCS removes CO; from SMR furnace flue gas using Shell
Cansolv process.
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Due to the use high purity oxygen and relatively higher electricity consumption in the combined reforming method,
additional electricity will be required that can be drawn from the grid or provided using on-site gas turbine. The latter
would allow more efficient heat integration within the process at the expense of CO» emission due to firing in the gas
turbine. In this process as depicted in Figure 7, about 81% of process overall CO; is captured. Up to 100% CO;
captured can be achieved by partially or completely replacing the gas turbine fuel with a portion of hydrogen product
from the process. A comparison of the overall thermodynamic efficiency of 8RH2 and a conventional steam methane
reforming process is shown in Figure 8.

7. Conclusions

Progress at NET Power continues to move forward. The NET Power demonstration facility is nearing full proof-
of-concept following successful testing of the combustor. In tandem, the commercial design of a NET Power facility
continues to be progressed. The Allam Cycle, developed with the aim of producing power at a cost competitive with
existing best-in-class, non-carbon capture power generation technologies while capturing all emissions for no
additional cost is inspiring work in other areas. 8 Rivers has applied the same approach to adjacent and related markets,
generating new innovative clean energy processes. Work on novel CO; uses, fuel clean-up, combustion, and hydrogen
production technologies has taken place, with an overview of that work provided in this paper.
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High Pressure Combustion Test of Gas Turbine Combustor for
50MWth Supercritical CO; Demonstration Power Plant on Allam
Cycle

Shinju Suzuki, Yasunori Iwai, Masao Itoh, Yuichi Morisawa, Parikshit Jain and Yoshhisa Kobayashi

Toshiba Encrgy Systems & Solutions Corporation, Keihin Product Operations
2-4, Suchiro-cho, Tsurumi-ku, Yokohama, 230-0045, Japan

ABSTRACT

Toshiba Energy Systems & Solutions Corporation is developing
a combustor and wrbine for a novel power genemation system that
can capture CO: while gencrating power at high efficiency while
using supercritical CO: (CO2) as working fluid. The combustor is
designed to gencrate 1150decgC and 30MPa a® turbine inet
condition for a SOMWth demoastration plant, Direct combustion
system generates sCOz combustion gas by high pressure oxy-fucl
combustion method. To confirm combustion performance under
$CO: environment md in order 1o validate the design, testing has
been done at various conditions of inlet p The

effective method of generating power, without discharging €Oz
outside. Echogen clectric power system develops the supercritical
CO: cycle which adopted the heater and the non-combustion
system (2] and Sandia Natinal Laboratosies are advancing
rescarch on an efficicnt Brayton cycle by the supereritical COz
cycle using solar heat, a puclear heat source, and a fossil fuscl beat
source [3)

Supercritical €Oz turbine system (Allam Cycle) proposad by
NET Power can collect COz with high purity, without losing the
encrgy by compression, and can atiain high thermal efficiency

experimentdl maximum condiions were about 90 bar and 900
degC at combustor exit conditicas, and this is equivalant to the
middle Joad condition of the turbine. This combustion tet

10 the existing combined cycle plant) (4)(3)(6)( 7)(8)(9).
I this cycle, natural gas and oxygen reacts to COz and H:0 in a
combustor. The exhaust gas then drives a turbine with the mixed
g3 of CO: and H:0 which are combustion gas. Afler the
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campaign covered from initial ignition 10 tested maximum load
condition with good operation and performance, and we confirmed
a successful under sCO: of
Allam cycle.

L INTRODUCTION

As onc of the measure 1o prevent ghobal wanming, the reduction
of COz emissions through thermal power plant is nocessary.
Increasing COz emissions from a thermal power plant has been a
problem, the industrial shift from thermal power supply to
rencwable power supply is expanding. However, 1o keep stable grid
control, the renewable power supply may requm: a haclw b\
thermal power generation, in which new

combastion gas that carried out turbine driving passes arecuperator,

H:0 is separated, and it is compressed with a compressor, and part
of COz i ollected. After the increase of
the remaining combustion gas is carried out by a recuperator, it is
again supplied 1 a combustor. This cycle cnables realization of an
ideal near-zero-cmission power-plant sysiem. NET Power, Exclon,
McDenmott, Oxy Low Carbon Ventures, and 8§ Rivers are
developing the plant using this new cycle, and are building the
demonstration power plant. Toshiba is in charge of development of
important high pressure combustor and turbme in this system. This
project is advanced through the following three steps.

. l)a:k\pmml of the Oxy-fucl combustion technology in

are limited. Hence thermal power supply is counterpant or
rencwable power supply and the rescarch and

Opcrzllm of the SOMWth demonstration plant for the

reducing CO: emissions have been continued as well,
One of the diection is increasing thermal efficiency, such as the
combined cyde of gas turbine and steam turbine fi

crability, and reliability of this
excle.

-C ofa plan, knowkdge of
SOMWih plant.

which results in a reduce fued use, and can reduce COz emissions.
Furthermore, development of a more advanced cycle of unifying
SOFC (solid-oxide fuel cell) and combined cycle power generation
1s carried out, and this is called the “triple combined cycle™ which
may improve thermal efficiency greatly [1]. CCS (carbon recovery
and storage) is scparating COz in a combustion exhaust gas with a
chemical method, and is one of the technology which reduces the
€Oz emissions from a thermal power plant. However, the energy
for camying out scavenging of COz is required, therefore the
thermal efficiency of a plant goes down. In order 10 transport COz
collected by this sysiem and 1o use for commercial benefit,
application of pressure is needed. This pressurizition process
requires large encrgy. Application of the supercritical CO: closed-
cycle technology to a thermal power plant is one of the most

fundamentally, rotate a twbine with high pressure and high
temperature combustion gas of carbon dioxide (COz) and steam
(H:0) from a combustor, and a turbine drive a gencrator. The
combustion gas which came out of a turbine is cooled in a cooler
inside of a cycke, a plant is operated while extracting CO: and H:O
gencrated from C (carbon) and H (hydrogen) which are contained
in fucl. The method of extracting CO: only extracts COz which
circulates through the inside of a cycle. €Oz can be extracted
withowt adding emcrgy Toshiba has furthered design and
examination about fundamental issuc like material, basic structure,
cooling method etc.., to develop a combustor and a turbine. The gas
turbine consists of seven stages of nozzles and blades, and onc can
of combustor. Since & becomes operation in 30MPa, the casing has
adopted the double casing (double shdl structure) which is

experienced with a USC steam turbine. The gas turbine where it
installed to the demonstration plant is shown Figure 2

&%‘
P

£ ey co,

Yo D hnerey
Feah
p »-.‘Q c-.-@ L__l“':"

Figure 2: Installed Turbine at demonstration Plant

3.GAS TURBINE COMBUSTOR for SUPERCRITICAL CO:
POWER GENERATION

In conventional gas turbine combustor which is widely used for
power plant, he maximum working pressure is about 2 MPa,
however, the maximum operation pressure of the gas tubine
combastor in this supercritical COz cycle power gencration system
has been 30MPa. Thus the main development subjects 10  high
pressure combustor is as follows.

1) Validste blow out point in CO: atmosphere include

Combastion gas flows through the inside of the combustor of
Figure 4 in the direction of a red amow head, changes 90 degrees
of flow dircctions in a transition picce, and Sows toward the
transition piece €Xit, i.¢., a combustor outlet. The measurement
section of themmometry md gas sampling, ad the orifice which
simulated first nozzle am set up at the combustor exit. The dilution
section and pressure control valve for reduding temperature and
pressure of combustion gas arc installed at downstream of the
measurement section. Combugtion gas flows into the

Toshiba carried out the full pressure (30MPa) buming test of
10MWith bumer of 15 scale [10)(11], and manufacturcd the
combustor and turbine for SOMWth demonstration plant

Since the combustion test of the combustor of a real scale was
carried out at the demonstration plant before operating plant, we
report about these results.

2. OVERVIEW of SUPERCRITICAL CO: POWER
GENERATION SYSTEM

The outline of this supercritical CO: power generation system is
explained using Figure 1. In this sytem, natural g, coal
gasification gas, etc. can be used as fucl, and these fuel gases are
bumed with the oxygen separated from ais with air separation uit
Fuel and oxygen bumn in the condition of oichiometric

ISBN978-4-89111010-9
Copyright © 2019 Gas Turbine Society of Japan

after passing a recuperator, and water (H:0) is separated. After the
remaining CO: is pressurized with a compressor and a pump, i is
‘made to bot condition by a recuperator, and is aga supplied 0 a
combustor. Although a grat portion f CO: ciculats through the

like unbumed
foel etc...
2) Validste cooling characteristic for combustor wall metal
temperature.
3) Validate combusson dynamics.
Since  the in L Co:

atmosphere has many unknown points at 30MPa, on actual
pressure conditions, the combustion test of output 1 / § scale model
was carried out on atual pressure condition, and it has so far
checked about the development subject. In addition, the
combustion test was camied out using the actual scale combustor
as a performance check before installing in an actual turbine.

3.1 Actual Scale Combustion Test

Since big amount of COz is noeded, the actual scale combustion
test is camried out using facility of demonstration plant in US.
Texas. The cycle is shown in Figure 3. Combustion test Rig is
installed next 1o the turbine, the fisc] for a combustion test has
branched from the supply line © a turbine, and it is in the stae
where the gas turbine portion of the demoastration plant replaced
combustion test rig, during the combustion test. Thercfore, the
exhaust gas from combustion test rig was sent to the actual

and return st rig, thus tosts
are carried out by closed cycle operating condition like an actual
plant.

In a power plat, combusticn gas works in a turbine and then
temperature and pressure decline.

However, al combustion tests, since there is no turbine, the
temperature is decreased by CO: dilution and the pressure is
reduced by a simulated nozzke and a pressure control valve.
Therefore, from restriction of a plant facility, maximum pressure is
10MPa and maximum temperature at the combustor outlet is also
lower than full load rating, and it becomes a maximum of 55% of
full Joad rating with a heat mlqnl Under this restriction, grasp of
the ion of operability
from ignition to a supereritical wndlu(mca\ be camicd out.

_ Ouygen.

=g N

Figure 3: Flow Diagram of Full Scale Combustor Test

Sectional drawing of a combustion test rig is shown in Figure 4.
The combustor consisting of a liner and a transition picce is the
same size and form as what is installed in SOMWth turbine,

within a combastor, the gas of the portion will jonize and it will be
in a plasma state. The fuel oxygen mixture is lit using this
condensed encrgy. The schematic diagram of a laser ignition device
is shown in Fig. 6 Since a laser transmitter installs out of the casing
of an ammospheric pressure, it is not receive the influence of
pressure, and irradiates with a laser beam in a combustor through
the window used as a pressure bulkhcad. The laser ignition system
is verified in this combustion test, and it is confirmed that it is
of ificaty

after adjusting temperature and pressure. Moreover, the camera
which can observe the inside of a combustor s installed in the
portion of the blue arrow head of a transition piece part. The test
rig appearance installed in the demoastration plant is shown in
Figure 5.
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Figure 5: Appearance of Combustion Test Rig

3.2 Ignition

In the conventional gas turbine combustor, the ignition plug of
high tension is used for flame ignition. Although m ignition phig
‘works at the time of ignition, afier ignition, ignition plug is standing
by in the position which can be bear high temperature flame.
However, an ignition plug continues receiving the high pressure of
a combustor. This combustor may be st to 30MPa on micd load
conditions as mentioned previously, and an ignition plug may not
bear this pressre. Therefore, the ignition method by laser is
adopted. If ane point is made to condense a high encrgy laser beam

Figure 9 shows combustion efficiency versus combustor exit
cakulated temperature. The combustion efficiency is calculated
from the formubs (1) using the concentration of CO and CHiat
combustor exit. In addition, although the graphic display is not
carried out, unburned CHa is 25ppanvd of less at ay conditions. It
is found that e combustion efficiency is below 99% a
temperatures  below  600dcgC, but approaches  100% at
temperatures above $00degC, rovulting in combustion efficiency
equivalent to #at of a conventional gis turbine combustor.
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Figure 8: CO Concentration & Combustor Exit
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Figure 9: Combustion Efficiency

As Fig. 4 exphined, the combustor consisss of a liner and a
transition piece, both are using the heat-resistant alloy, and the liner
side adopts a slot film-cooling method, the transition picce side has
adopted the whole surface film-cooling method, and it is using 0Oz
as a coolant. The temperature of the metal outer surface of liner and
the transition picce is measured by the themocouples. The
measured results show in Figure 10. The horizontal axis indicates
position of measurement points, the vertical axis indicates
measured temperature. In this combustion test, maximum heat load
is 55%, and mmimum load condition is 9%. As the heat load
increases, the metal temperature increases, but it has been
confimed that the temperature is sufficiently Jow cven at the
maximum load of the combustion test. Also, the measured
temperature is close to the design prediction value, and it can be
prodicted that the temperature will be sufficiently within the
allowable temperature ¢ven under rated conditions.

i
Figure 6: Laser Ignition System

3.3 Results of Combustion Tests

In this combustion wests, in addition to the operating condition of
a gas turbine, # is also examined on the conditions which are
scparated Fom an operating condition about an equivalence ratio,
supply oxygen concentration, the flow velosity, cte. Each flow mate
data acquired at every 3 scconds, cach pressure and thermal data
acquired at cvery 2 scconds. Fig.7 shows the combustion exit
temperature (Jefl axis), and combustor mner pressure (right axis)
versus time. Although automatic and manual control are possible
for cach flow of fucl, oxygen, and carbon dioxids, it mainly st up
by manual contml. Since it becomes automatic control when
operating 3 turbine, quick Joad wp is possible. Immediately after
ignition, although combustor outlet temperature rises to 850°C, it
is controlled toward a setting pressure and tenperature, rasing a
bumer internal pressure. Then, data is acquired, changing test
conditions and afier flame blow off, cach flow conditions are set
toward an ignison condition again.

Figure 8 shows the CO concentration at combaistor exit versus
combustor exit cakulated temperature. These data is using what
averaged the data acquired $ minutes or more, after reaching a
measurement condition. The oquilibeium temperature calulated
from the fuel, oxygen, and the carbon dioxide flow rate which arc
supplied to the combustor isused as the combustor exit temperature.
Combustor exit temperature is at conditions 600degC or less, CO
concentration a combustor exit is 300ppmvd or more. In the other
temperature region, CO s less than 200ppnwd.

Figure 7: An Exampk: of Trend Graph of Combustor Exit
Temperature & Combustor Inner Pressure

i

Figure 10: Distribution of Combustor Metal Temperature

4. CONCLUSION

Toshiba developed the turbine and combustor for the Allam
Cyele supercritical COz power generation system developed by
NET Power, and carmied out full scale combustion test with the
actual combustor. The combustion tests are done from ignition to
the maximum heat Joad of the test facility, and combustion
characteristic and reliability are validaed.  The stable ignition
performance is obtained by using the laser ignition system. The
amount of CO a the exit of the combustor and the combustion
efficiency are also validated as equivalent to those of the
conventional gas turbine combustor,

The metal of the combustor is cooled aough in the combustion
test range and close 10 the predicted temperature. This concludes
that the prediction by heat tramsfer calculation in supercritical CO:
is certain and the temparature in rated condition will fall within the
allowable tem) .

This combustor is installed on the demonstration turbine and
validation of the demonstration plant is conducted.
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ABSTRACT

Toshiba Energy Systems & Solutions Corporation is developing
a combustor and turbine for a novel power generation system that
can capture CO> while generating power at high efficiency while
using supercritical CO2 (sCO2) as working fluid. The combustor is
designed to generate 1150degC and 30MPa at turbine inlet
condition for a S0MWth demonstration plant. Direct combustion
system generates sCO2 combustion gas by high pressure oxy-fuel
combustion method. To confirm combustion performance under
sCO: environment and in order to validate the design, testing has
been done at various conditions of inlet parameters. The
experimental maximum conditions were about 90 bar and 900
degC at combustor exit conditions, and this is equivalent to the
middle load condition of the turbine. This combustion test
campaign covered from initial ignition to tested maximum load
condition with good operation and performance, and we confirmed
a successful combustion performance under sCO2 environment of
Allam cycle.

1. INTRODUCTION

As one of the measure to prevent global warming, the reduction
of CO: emissions through thermal power plant is necessary.
Increasing CO2 emissions from a thermal power plant has been a
problem, the industrial shift from thermal power supply to
renewable power supply is expanding. However, to keep stable grid
control, the renewable power supply may require a backup by
thermal power generation, in which new construction opportunities
are limited. Hence thermal power supply is counterpart of
renewable power supply and the research and development for
reducing CO2 emissions have been continued as well.

One of the direction is increasing thermal efficiency, such as the
combined cycle of gas turbine and steam turbine configuration,
which results in a reduce fuel use, and can reduce CO> emissions.
Furthermore, development of a more advanced cycle of unifying
SOFC (solid-oxide fuel cell) and combined cycle power generation
is carried out, and this is called the "triple combined cycle" which
may improve thermal efficiency greatly [1]. CCS (carbon recovery
and storage) is separating CO2 in a combustion exhaust gas with a
chemical method, and is one of the technology which reduces the
CO:z emissions from a thermal power plant. However, the energy
for carrying out scavenging of CO: is required, therefore the
thermal efficiency of a plant goes down. In order to transport CO2
collected by this system and to use for commercial benefit,
application of pressure is needed. This pressurization process
requires large energy. Application of the supercritical CO2 closed-
cycle technology to a thermal power plant is one of the most

effective method of generating power, without discharging CO2
outside. Echogen electric power system develops the supercritical
COz cycle which adopted the heater and the non-combustion
system [2] and Sandia National Laboratories are advancing
research on an efficient Brayton cycle by the supercritical CO2
cycle using solar heat, a nuclear heat source, and a fossil fuel heat
source [3].

Supercritical CO2 turbine system (Allam Cycle) proposed by
NET Power can collect CO2 with high purity, without losing the
energy by compression, and can attain high thermal efficiency
(equivalent to the existing combined cycle plant) [4][S]1[6][7][8][9].
In this cycle, natural gas and oxygen reacts to CO2 and H20 in a
combustor. The exhaust gas then drives a turbine with the mixed
gas of CO2 and H2O which are combustion gas. After the
combustion gas that carried out turbine driving passes a recuperator,
H>O is separated, and it is compressed with a compressor, and part
of COz is separated and collected. After the temperature increase of
the remaining combustion gas is carried out by a recuperator, it is
again supplied to a combustor. This cycle enables realization of an
ideal near-zero-emission power-plant system. NET Power, Exelon,
McDermott, Oxy Low Carbon Ventures, and 8 Rivers are
developing the plant using this new cycle, and are building the
demonstration power plant. Toshiba is in charge of development of
important high pressure combustor and turbine in this system. This
project is advanced through the following three steps.

- Development of the Oxy-fuel combustion technology in
supercritical COz.

- Operation of the 50MWth demonstration plant for the
confirmation of performance, operability, and reliability of this
cycle.

- Construction of a commercial plant, utilizing the knowledge of
50MWth demonstration plant.

Toshiba carried out the full pressure (30MPa) burning test of
10MWth burner of 1/5 scale [10][11], and manufactured the
combustor and turbine for SOMWth demonstration plant.

Since the combustion test of the combustor of a real scale was
carried out at the demonstration plant before operating plant, we
report about these results.

2. OVERVIEW of SUPERCRITICAL CO: POWER
GENERATION SYSTEM

The outline of this supercritical CO2 power generation system is
explained using Figure 1. In this system, natural gas, coal
gasification gas, etc. can be used as fuel, and these fuel gases are
burned with the oxygen separated from air with air separation unit.
Fuel and oxygen burn in the condition of stoichiometric
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fundamentally, rotate a turbine with high pressure and high
temperature combustion gas of carbon dioxide (CO2) and steam
(H20) from a combustor, and a turbine drive a generator. The
combustion gas which came out of a turbine is cooled in a cooler
inside of a cycle, a plant is operated while extracting CO2 and H20
generated from C (carbon) and H (hydrogen) which are contained
in fuel. The method of extracting CO2 only extracts CO2 which
circulates through the inside of a cycle. CO2 can be extracted
without adding energy. Toshiba has furthered design and
examination about fundamental issue like material, basic structure,
cooling method etc., to develop a combustor and a turbine. The gas
turbine consists of seven stages of nozzles and blades, and one can
of combustor. Since it becomes operation in 30MPa, the casing has
adopted the double casing (double shell structure) which is
experienced with a USC steam turbine. The gas turbine where it
installed to the demonstration plant is shown Figure 2.

Oxygen
Fuel j’. Fuel
—l P

8
Recycle CO, Combustor

e |

A Cooling B
Tower |
Recuperator D co2

pmand

N : _______
_\@ o] Water
Cooler Separator|

Export CO2

e

Figure 2: Installed Turbine at demonstration Plant

3. GAS TURBINE COMBUSTOR for SUPERCRITICAL CO2
POWER GENERATION

In conventional gas turbine combustor which is widely used for
power plant, the maximum working pressure is about 2 MPa,
however, the maximum operation pressure of the gas turbine
combustor in this supercritical COz cycle power generation system
has been 30MPa. Thus the main development subjects to a high
pressure combustor is as follows.

1) Validate blow out point in CO: atmosphere include

after passing a recuperator, and water (H20) is separated. After the
remaining COz is pressurized with a compressor and a pump, it is
made to hot condition by a recuperator, and is again supplied to a
combustor. Although a great portion of CO2 circulates through the
supercritical condition and combustion characteristic like unburned
fuel etc...

2) Validate cooling characteristic for combustor wall metal
temperature.

3) Validate combustion dynamics.

Since the combustion phenomenon in supercritical CO2
atmosphere has many unknown points at 30MPa, on actual
pressure conditions, the combustion test of output 1 / 5 scale model
was carried out on actual pressure condition, and it has so far
checked about the development subject. In addition, the
combustion test was carried out using the actual scale combustor
as a performance check before installing in an actual turbine.

3.1 Actual Scale Combustion Test

Since big amount of COz is needed, the actual scale combustion
test is carried out using facility of demonstration plant in U.S.
Texas. The cycle is shown in Figure 3. Combustion test Rig is
installed next to the turbine, the fuel for a combustion test has
branched from the supply line to a turbine, and it is in the state
where the gas turbine portion of the demonstration plant replaced
combustion test rig, during the combustion test. Therefore, the
exhaust gas from combustion test rig was sent to the actual
recuperator and return to combustion test rig, thus combustion tests
are carried out by closed cycle operating condition like an actual
plant.

In a power plant, combustion gas works in a turbine and then
temperature and pressure decline.

However, at combustion tests, since there is no turbine, the
temperature is decreased by CO:2 dilution and the pressure is
reduced by a simulated nozzle and a pressure control valve.
Therefore, from restriction of a plant facility, maximum pressure is
10MPa and maximum temperature at the combustor outlet is also
lower than full load rating, and it becomes a maximum of 55% of
full load rating with a heat output. Under this restriction, grasp of
the combustion characteristics and confirmation of operability
from ignition to a supercritical condition can be carried out.
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Figure 3: Flow Diagram of Full Scale Combustor Test

Recuperator

Sectional drawing of a combustion test rig is shown in Figure 4.
The combustor consisting of a liner and a transition piece is the
same size and form as what is installed in 50MWth turbine.
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Combustion gas flows through the inside of the combustor of
Figure 4 in the direction of a red arrow head, changes 90 degrees
of flow directions in a transition piece, and flows toward the
transition piece exit, i.e., a combustor outlet. The measurement
section of thermometry and gas sampling, and the orifice which
simulated first nozzle are set up at the combustor exit. The dilution
section and pressure control valve for reducing temperature and
pressure of combustion gas are installed at downstream of the
measurement section. Combustion gas flows into the recuperator,
after adjusting temperature and pressure. Moreover, the camera
which can observe the inside of a combustor is installed in the
portion of the blue arrow head of a transition piece part. The test
rig appearance installed in the demonstration plant is shown in
Figure 5.
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Figure 5: Appearance of Combustion Test Rig

3.2 Ignition

In the conventional gas turbine combustor, the ignition plug of
high tension is used for flame ignition. Although an ignition plug
works at the time of ignition, after ignition, ignition plug is standing
by in the position which can be bear high temperature flame.
However, an ignition plug continues receiving the high pressure of
a combustor. This combustor may be set to 30MPa on rated load
conditions as mentioned previously, and an ignition plug may not
bear this pressure. Therefore, the ignition method by laser is
adopted. If one point is made to condense a high energy laser beam

within a combustor, the gas of the portion will ionize and it will be
in a plasma state. The fuel oxygen mixture is lit using this
condensed energy. The schematic diagram of a laser ignition device
is shown in Fig. 6. Since a laser transmitter installs out of the casing
of an atmospheric pressure, it is not receive the influence of
pressure, and irradiates with a laser beam in a combustor through
the window used as a pressure bulkhead. The laser ignition system
is verified in this combustion test, and it is confirmed that it is
satisfactory of specification.

Combustion

‘ ‘ E 1 Chamber

¥

——=]
——
—
—

]

|
Figure 6: Laser Ignition System

3.3 Results of Combustion Tests

In this combustion tests, in addition to the operating condition of
a gas turbine, it is also examined on the conditions which are
separated from an operating condition about an equivalence ratio,
supply oxygen concentration, the flow velocity, etc. Each flow rate
data acquired at every 5 seconds, each pressure and thermal data
acquired at every 2 seconds. Fig.7 shows the combustion exit
temperature (left axis), and combustor inner pressure (right axis)
versus time. Although automatic and manual control are possible
for each flow of fuel, oxygen, and carbon dioxide, it mainly set up
by manual control. Since it becomes automatic control when
operating a turbine, quick load up is possible. Immediately after
ignition, although combustor outlet temperature rises to 850°C, it
is controlled toward a setting pressure and temperature, raising a
burner internal pressure. Then, data is acquired, changing test
conditions and after flame blow off, each flow conditions are set
toward an ignition condition again.

Figure 8 shows the CO concentration at combustor exit versus
combustor exit calculated temperature. These data is using what
averaged the data acquired 5 minutes or more, after reaching a
measurement condition. The equilibrium temperature calculated
from the fuel, oxygen, and the carbon dioxide flow rate which are
supplied to the combustor is used as the combustor exit temperature.
Combustor exit temperature is at conditions 600degC or less, CO
concentration at combustor exit is 300ppmvd or more. In the other
temperature region, CO is less than 200ppmvd.

1000 - 10

900

Combustor Exit Temperature (degC)
w
Combustor inner Pressure (MPa abs)

0 N 8 12 16 20 24

Figure 7: An Example of Trend Graph of Combustor Exit
Temperature & Combustor Inner Pressure
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Figure 9 shows combustion efficiency versus combustor exit
calculated temperature. The combustion efficiency is calculated
from the formula (1) using the concentration of CO and CHa at
combustor exit. In addition, although the graphic display is not
carried out, unburned CHa is 25ppmvd or less at any conditions. It
is found that the combustion efficiency is below 99% at
temperatures below 600degC, but approaches 100% at
temperatures above 800degC, resulting in combustion efficiency
equivalent to that of a conventional gas turbine combustor.
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Figure 8: CO Concentration at Combustor Exit
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(Qco,Qch4: Calorific value of CO, CHs at the combustor exit,
Qfuel: Heat input to the combustor)
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Figure 9: Combustion Efficiency

As Fig. 4 explained, the combustor consists of a liner and a
transition piece, both are using the heat-resistant alloy, and the liner
side adopts a slot film-cooling method, the transition piece side has
adopted the whole surface film-cooling method, and it is using CO2
as a coolant. The temperature of the metal outer surface of liner and
the transition piece is measured by the thermocouples. The
measured results show in Figure 10. The horizontal axis indicates
position of measurement points, the vertical axis indicates
measured temperature. In this combustion test, maximum heat load
is 55%, and minimum load condition is 9%. As the heat load
increases, the metal temperature increases, but it has been
confirmed that the temperature is sufficiently low even at the
maximum load of the combustion test. Also, the measured
temperature is close to the design prediction value, and it can be
predicted that the temperature will be sufficiently within the
allowable temperature even under rated conditions.

Liner Transition piece

88— (owest Load

_. [ Ij: ‘ [{Jj[lj - \ \\E
| ‘ i Ij- [

- - U U U - \‘
Figure 10: Distribution of Combustor Metal Ter eI ature

4. CONCLUSION

Toshiba developed the turbine and combustor for the Allam
Cycle supercritical CO2 power generation system developed by
NET Power, and carried out full scale combustion test with the
actual combustor. The combustion tests are done from ignition to
the maximum heat load of the test facility, and combustion
characteristic and reliability are validated. The stable ignition
performance is obtained by using the laser ignition system. The
amount of CO at the exit of the combustor and the combustion
efficiency are also validated as equivalent to those of the
conventional gas turbine combustor.

The metal of the combustor is cooled enough in the combustion
test range and close to the predicted temperature. This concludes
that the prediction by heat transfer calculation in supercritical CO2
is certain and the temperature in rated condition will fall within the
allowable temperature.

This combustor is installed on the demonstration turbine and
validation of the demonstration plant is conducted.
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The paper presents results for chemical kinetics of combustion process in the combustor of oxy-fuel cycle super-critical carbon dioxide gas turbine based on the Allam
thermodynamic cycle. The work shows deviation of the normal flame propagation velocity for the case of transition from the traditional natural gas combustion in the
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one. In the oxy-fuel cycle combustor a pressure increase reduces the flame propagation velocity. Increase of the CO2 content from 60 to 79% reduces the flame
propagation velocity for 65% at atmospheric pressure and for 94% at super-critical pressure. An increase of the combustor inlet mixture temperature from 300 to
1100 K at super-critical pressure causes the flame propagation velocity increase for 94%. The flame propagation velocities compatible with the traditional gas turbines
may be reached at the CO2 diluent content of the O2 + CO2 mixture in the active combustion zone must be below 50%.
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Abstract. The paper presents results for chemical kinetics of combustion process in the combustor of oxy-
fuel cycle super-critical carbon dioxide gas turbine based on the Allam thermodynamic cycle. The work
shows deviation of the normal flame propagation velocity for the case of transition from the traditional
natural gas combustion in the N2 diluent environment to the combustion at super-high pressure up to 300
bar in CO2 diluent. The chemical kinetics parametric study involved the Chemkin code with the GRI-Mesh
3.0 kinetic mechanism. This mechanism provides good correspondence between calculation results and test
data. The CO2 and N2 diluents temperature, pressure and contents influence the flame propagation velocity
and the chemical kinetics parameters in the two gas turbine types. It is demonstrated that the CO2 diluent
slows down chemical reactions stronger than the N2 one. The flame propagation velocity in carbon dioxide
is four time smaller than in the N2 one. In the oxy-fuel cycle combustor a pressure increase reduces the
flame propagation velocity. Increase of the CO2 content from 60 to 79% reduces the flame propagation
velocity for 65% at atmospheric pressure and for 94% at super-critical pressure. An increase of the
combustor inlet mixture temperature from 300 to 1100 K at super-critical pressure causes the flame
propagation velocity increase for 94%. The flame propagation velocities compatible with the traditional gas
turbines may be reached at the CO2 diluent content of the O2 + CO2 mixture in the active combustion zone

must be below 50%.

1 Introduction

Transition to the environmentally friendly, low toxic and
greenhouse emissions cycles is one of the most
prospective directions for the hydro-carbon power
production industry. The closed gas turbine cycles on
super-critical carbon dioxide with organic fuel
combustion in pure oxygen seem very attractive. In these
terms, the Allam cycle (Figure 1) promises maximal
production efficiency and nearly zero emissions [1-5].

Introduction of the Allam cycle requires solutions of
a range of research problems that includes development
of the power equipment analysis to operate with new
heat carriers at non-traditional thermodynamic
parameters.

The Allam cycle parameters of oxy-fuel combustion
differ from the traditional gas turbines by the following
parameters:

e The oxy-fuel cycle combustor pressure of 300 bar
instead of the traditional gas turbines values below 30
bar;

e Methane is bumed in the carbon dioxide
environment instead of the nitrogen diluent in traditional
gas turbines.

The common combustor analysis is based on the
detailed description of methane combustion in air

* Corresponding author: komarov_vanya@bk.ru

© The Authors, published by EDP Sciences. This is an open access article distributed under
(http://creativecommons.org/licenses/by/4.0/).

environment at pressures up to 30 bar. The analysis
determines the complete fuel burnout -conditions,
oxygen-fuel mixture velocity at the combustor entry and
the components residence time for the high temperature
reaction zone. The oxy-fuel cycle combustor
development involves methane oxygen combustion in
the carbon dioxide environment at super-critical pressure
up to 300 bar and investigation of the flow aerodynamic
structure at the oxygen-fuel mixture formation and CH4-
02 combustion [6-9]. This paper discloses the chemical
kinetics investigation that makes a base for further 3-D
simulation of the CH4-O2-CO2 combustion and the
results that are adequate to the actual processes.
Especially important is the transition from N2 to CO2
combined with the combustor inlet parameters increase
that is related to the normal flame propagation velocity.
This parameter depends upon temperature, pressure and
the components contents but is not related to the
combustor burner design, or the flame tube structures.
The analysis results provide a conclusion on the
necessity to change the combustor inlet oxygen-fuel
mixture velocity and the diluent content (y-
CO2 /(CO2 + 02)) that provide the flame stability and
complete burn-out. The combustor envelope dimensions
are similar to the traditional gas turbines [10-12].
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Fig. 1. Flow chart of Allam cycle on natural gas fuel.

2 Materials and Methods

The parametric study on influence of the diluent type
and concentration upon the CH4-O2- CO2 and
CH4-02-N2 mixture combustion kinetic parameters was
carried out with the Chemkin computer simulation code.

In the study were selected the following detailed
kinetic mechanisms that allow calculations with
numerous mixture contents and initial parameters. The
following two kinetic mechanisms were considered [13-
17]:

e Mechanism #1: GRI-Mesh 3.0 developed for the
natural gas combustion including the chemical
incomplete combustion. The mechanism basic kinetics

involves 53 intermediate reaction products and 325
convertible chemical reactions of the methane
transformation into complete combustion products;

e Mechanism #2: USC II involves 325 components
and 725 convertible reactions applied to a broad
spectrum of combustion scripts. The USC II model was
developed on the combustion mechanism GRI-Mesh 3.0,
the hydrogen and carbon monoxide combustion, the fuel
combustion model C3 and the complex model of
ethylene and acetylene combustion. The both models
include the reaction velocity data from the recent actual
investigations.

The results were verified by comparison with the test
data of the papers [18-20].

The results show that at atmospheric pressure the

Table 1. Summarizes input data for the chemical kinetics parametric studies on the N2 and CO2 diluents at different pressures,
diluent contents and reactor inlet temperatures.

Analysis Pressure, Diluent type Gas mixture temperature upstream Oxidizer excess
series bar and mass content, Y combustion reactor, K coefficient
Diluent CO2
1 1 0.60 300 0.7-1.4
2 1 0.64 300 0.7-1.4
3 1 0.68 300 0.7-1.4
4 1 0.79 300 0.7-1.4
5 20-300 0.60 300 1.0
6 20-300 0.64 300 1.0
7 20-300 0.71 300 1.0
8 20-300 0.74 300 1.0
9 20-300 0.79 300-1200 1.0
Diluent N2
10 1 0.79 300 0.7-14
11 20-300 0.79 300-1200 1.0
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Fig. 2. Combustor structure comprised of the Chemkin reactors.
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Fig. 3. Normal flame propagation velocity in the N2 and CO2 diluents (y = 0.79) at atmospheric pressure and gas temperature

300 K.

both detailed mechanisms demonstrate moderate
deviations from the test data. At high pressure the USC
II shows overrated estimations of the flame propagation
velocity and the GRI-Mesh 3.0 underrates it. The GRI-
Mesh 3.0 calculation error is below 3.5% and the USC II
One is above 6%. The further calculations were carried
out with the GRI-Mesh 3.0.

Figure 2 shows the combustor structure model
comprised of a set of elementary reactors. The model
includes the staged supply of CO2 diluent into the
combustor. The mixture is ignited at the CO2 volumetric
content equal to the value y. The second CO2 flow cools
the combustor walls, the third flow supplied to the end of
active combustion zone mixes with the main flow as to
reach the target temperature.

3 Results

Figures 3-6 show the normal flame propagation
velocities in the N2 and CO2 environments at different
initial values of oxygen-fuel mixture temperature and

3

pressure, oxidizer excess and the diluent contents in
diluent-oxygen mixture.

The calculation results show that the carbon dioxide
is a stronger chemical reactions inhibitor than nitrogen.
The maximal flame surface propagation velocity is 10
cm/s, and with the N2 diluent at other conditions being
equal it is almost 40 cm/s. In average at the oxidizer
excess coefficient from 0.7 to 1.4 the normal flame
propagation velocity in the carbon dioxide environment
is four times smaller.

Reduction of the CO2 content in its mixture with
oxidizer at y reduction for 0.1 increases the flame
propagation velocity for 2 cm/s in average. The maximal
increase occurs at the CO2 content reduction from 0.74
to 0.6. In the whole range of oxidizer excess coefficients
the maximal flow propagation velocity occurs at o = 1.

Pressure increase reduces the normal flame
propagation velocity. The maximal reduction occurs at
moderate pressure values below 70 bar. The further
pressure increase also reduces U,, but in a remarkably
smaller degree.
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Fig. 4. Normal flame propagation velocity at different y (CO2) and oxidizer excess values at atmospheric pressure and gas
temperature 300 K.
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Fig. 5. Normal flame propagation velocity at different pressure and y (CO2) values at gas temperature 300 K.
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Fig. 6. Normal flame propagation velocity at in the CO2 diluent at different combustor inlet gas pressure and temperature (y =
0.71).

According to the Ommoka! UcTOYHUK CCBUIKH He
HaiijeH. results increase of the gas mixture temperature
is followed by the normal flame propagation velocity
growth at all pressure values, and the growth rate is non-
linear. The temperature increase from 900 to 1100°C
increases the velocity for average 22 cm/s. At lower

mixture temperatures the similar 200°C temperature
increase causes only a 8-10 cm/s increase. At the initial
mixture temperature 7o convection and radiation heat
transfer heats the mixture up to the ignition temperature
T; that begins exothermal reactions and the mixture
temperature grows. It is obvious that when the mixture

4 IPR2025-01174, Topsoe Ex. 1025
Page 74 of 77



E3S Web of Conferences 178, 01027 (2020)
HSTED-2020

https://doi.org/10.1051/e3sconf/202017801027

100

80

60

combustion zone

U, cm/s

40

N
a4

Q
W
w
w
w
SN

a) Gas pressure 30 bar, gas temperature 866 K, diluent — N2 (y =0.79)

wnh
o

U, cmfs

0.46 0.64

0.74
v

0.93 0.96

b) Gas pressure 300 bar, gas temperature 933 K, diluent — CO2

Fig. 7. Normal flame distribution velocity in the traditional and oxy-fuel cycle gas turbines.

temperature 7o reaches the ignition border it causes a
faster mixture ignition.

Ommoka! Mcrounnk cchbuikn He HaiieH.a shows
the normal flame propagation velocity for a traditional
gas turbines combustor, pressure 30 atm and 7, = 866 K
that corresponds to the compressor exit at compression
up to 30 bar. Omméka! HCTOYHHK CCHUIKH He
Haiinen.b demonstrates a similar velocity relation with
the CO2 diluent rate y in the oxy-fuel cycle combustor.

The Omuodka! MCcTOYHUK CCHUIKH He HaiieH.b
results show that the flame propagation velocity in oxy-
fuel cycle combustor is near to U, of the traditional gas
turbines if the CO2 diluent content in the mixture is
below 0.5.

4 Discussion

The main research results are the following:

e The CO2 diluent is a stronger chemical reactions
inhibitor than N2. At other conditions equal the normal
flame propagation velocity in CO2 is four times smaller
than the N2 diluent one, the 75% velocity reduction from
39 to 10 cm/s at the diluent content in oxidizer 79%;

5

¢ The combustor pressure increase reduces the flame
propagation velocity, at the pressure increase from 20
atm up to super-critical pressure of 200 atm the
reduction is 36%;

e A change in the CO2 concentration of the diluent
in the mixture with the oxidizing agent in the range of
the volume content from 60 to 79% leads to a decrease
in the flame propagation rate by 65% (from 42.5 to 10
cm/s) at atmospheric pressure and by 94% at
supercritical pressure (from 14.2 to 0.8 cm/s).

In relation with the ballasting gas content supplied
together with oxidizer at CO2-O2 diluent mass contents
from 0.945 to 0.460 the following parameters are
determined:

e The normal flame propagation velocity verifies
from 7 to 45 cm/s. A 1% reduction of the diluent content
in CO2-02 mixture increases the U, velocity for 1.4%;

e The U, amount for the natural gas combustion in
the O2 and CO2 mixture is compatible with the
traditional gas turbine combustors at the y values from
0.47 to 0.65. This y range corresponds to the CO2
content in the O2+ CO2 mixture in the active
combustion zone below 15% of the total mass.
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5 Conclusion

The investigation results show the problems concerned
with transition to the new diluent and higher combustor
pressure. In the oxy-fuel cycle conditions CO2
remarkably slows the combustion process. Stable
efficient methane combustion in the oxygen and carbon
dioxide mixture may be reached under the following
conditions:

e Carbon dioxide supply into the active combustion
zone must be below 20% of its total mass flow. This
flow must be split into two parts, one as a mixture with
oxidizer with the y of CO2-O2 mixture below 0.5, and
second along the combustor walls for its cooling. This
CO2 flow split allows application of the traditional gas
turbine combustor recommendations;

o The gas-fuel mixture velocity in the oxy-fuel cycle
combustor must be below 20-25 m/s;

Further 3-D combustion simulation may employ the
GRI-Mesh 3.0 kinetic mechanism, its calculation results
fit test results with errors below 3.5%.
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