3rd MEETING OF THE
OXY-COMBUSTION
NETWORK

Report Number: 2008/5
Date: November 2008

This document has been prepared for the Executive Committee of the IEA GHG Programme.
It is not a publication of the Operating Agent, International Energy Agency or its Secretariat.




INTERNATIONAL ENERGY AGENCY

The International Energy Agency (IEA) was established in 1974
within the framework of the Organisation for Economic Co-
operation and Development (OECD) to implement an international
energy programme. The IEA fosters co-operation amongst its 26
member countries and the European Commission, and with the other
countries, in order to increase energy security by improved
efficiency of energy use, development of alternative energy sources
and research, development and demonstration on matters of energy
supply and use. This is achieved through a series of collaborative
activities, organised under more than 40 Implementing Agreements.
These agreements cover more than 200 individual items of research,
development and demonstration. The IEA Greenhouse Gas R&D
Programme is one of these Implementing Agreements.

DISCLAIMER

This report was prepared as an account of work sponsored by the
IEA Greenhouse Gas R&D Programme. The views and opinions of
the authors expressed herein do not necessarily reflect those of the
IEA Greenhouse Gas R&D Programme, its members, the
International Energy Agency, the organisations listed below, nor any
employee or persons acting on behalf of any of them. In addition,
none of these make any warranty, express or implied, assumes any
liability or responsibility for the accuracy, completeness or
usefulness of any information, apparatus, product or process
disclosed or represents that its use would not infringe privately
owned rights, including any party’s intellectual property rights.
Reference herein to any commercial product, process, service or
trade name, trade mark or manufacturer does not necessarily
constitute or imply an endorsement, recommendation or any
favouring of such products.



ACKNOWLEDGEMENTS AND CITATIONS

The IEA Greenhouse Gas R&D Programme supports and
operates a number of international research networks. This
report presents the results of a workshop held by one of these
international research networks. The report was prepared by the
IEA Greenhouse Gas R&D Programme as a record of the events
of that workshop.

The international research network on Oxy-Combustion is
organised by IEA Greenhouse Gas R&D Programme in co-
operation with IHI, JPower and JCoal.

The report should be cited in literature as follows:

IEA Greenhouse Gas R&D Programme (IEA GHG), “3™ Meeting of
the Oxy-Combustion Network, 2008/5, November and 2008”.

Further information on the network activities or copies of the report
can be obtained by contacting the IEA Greenhouse Gas R&D
Programme at:

IEA Greenhouse Gas R&D Programme, Orchard Business Centre,
Stoke Orchard, Cheltenham Glos. GL52 7RZ. UK

Tel: +44 1242 680753 Fax: +44 1242 680758

E-mail: mail@ieaghg.org

www.ieagreen.org.uk






3" IEA GHG INTERNATIONAL

OXY-FUEL COMBUSTION RESEARCH NETWORK
Yokohama, Japan5™ and 6™ March 2008

EXECUTIVE SUMMARY

The IEA Greenhouse Gas R&D Programme (IEA GHG) has been active in providing a forum
for key industry players and stakeholders in the development of oxy-fuel combustion for power
generation with CO, capture to present and discuss progress made. An international research
network on oxy-fuel combustion was launched by IEA GHG in November 2005. At that time,
there only 2 major large scale projects had been announced worldwide (Vattenfall’s Schwarze
Pumpe Project and CS Energy Callide Power Plant Retrofit Project). However at the 3™
network workshop held at Yokohama, Japan on the 5" and 6" of March 2008 presentations were
given on 12 major large scale (i.e. >15MWy,) oxy-fuel combustion projects. These projects
cover both large scale burner tests and feasibility studies for oxy-fuel combustion demonstration
power plant,ranging from 50MWe to 250MWe. The number of projects now being discussed
indicates the rapid development of oxy-fuel combustion as a capture technology option.

The development and the current status of oxy-fuel combustion technology are summarized in
the figure below.
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Updates on the various large scale oxy-fuel demonstration projects were presented during the
meeting. Most of the large scale pilot plant projects, which also include the CO, storage, will be
commissioned in mid-2008 to 2010. These include notable projects such as the Vattenfall
Schwarze Pumpe project, the TOTAL Lacq Project and the CS Energy Callide-A Project.
Several of the large scale burner tests will be operational between now and 2009. This includes
the B&W 30MWy, (currently operational), the Jupiter Oxygen 15MWy, (testing to start this
year), the Doosan Babcock 40MW4 (testing to start in 2009) and the CIUDEN test facility to be
commissioned in 2010.

During the 3 network workshop several major developments were reviewed and new results
are presented. These new developments included:
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In the area of development in oxy-fuel combustion burners and boilers (including
emissions) it has been demonstrated that SO; emissions will be significantly higher
compared to air firing. Increases in H,S formation in the furnace are a possible impact of
SO, accumulation due to flue gas recycle, however evidence of increased sulphur
capture in the ash may be coal specific. Lower ash carbon contents have been observed
with oxy-fuel combustion. Whilst, new SEM measurement data indicates that with oxy—
fuel combustion larger particle sizes are formed during char burnout and ash formation.

Development activities in oxy-CFB have gathered pace. This is primarily driven by two
of the major large scale projects recently announced the CIUDEN Project in Europe and
the Jamestown Project in the USA.

Industrial gas companies (notably Air Liquide and Air Products) have confirmed that
they are now offering improvements in the specific energy consumption of oxygen
production from their cryogenic Air Separation Units (reduced from 200-220 kWh/tonne
O, to 150-170 kWh/tonne O, by 2009-2010).

New experimental results have been presented on the phase equilibria involving binary
mixtures of CO, with various impurities. These results will aid in the validation of the
coefficients used in the different equations of state (i.e. Peng Robinsons EOS). Further
unresolved issues on this topic have been identified (for example the coefficients
suggested for N,O4, and CO, mixture presented in 1901 literature should be further
verified). On-going work/studies will be implemented within this year has been noted.

Additional issues and questions were raised over the course of the workshop included:

CO,, purity, which is a key design parameter of oxy-fuel combustion. The London and
OSPAR Conventions have specified that the CO, streams allowed for storage under the
seabed should be “Overwhelmingly CO,”. However this was considered too vague by
the workshop participants. The Japanese Government has adopted a 99% purity
specification in its marine law. Other regulatory developments in Europe, Australia and
the USA have not yet set specific purity requirements. The discussion during the
workshop highlighted the importance of clarifying and narrowing down the wide
ranging specificationof the CO; purity quoted in various the literature.

It has been highlighted that there is a lack of information on Hg emissions from oxy-coal
combustion has been highlighted. Potential operation impact of mercury on the CO,
processing unit has been noted.

In addition, there is a general question on what and how much new information from the large
scale demonstration projects will be publicly shared has been raised. Most of the major
stakeholders within the oxy-fuel combustion community have agreed that it is important
information should be shared both ways in order to validate and to prevent any duplication of

work.

However, unrestrained knowledge sharing is still under discussion because of

commercial interest and proprietary knowledge issues.
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3" IEA GHG INTERNATIONAL
OXY-FUEL COMBUSTION RESEARCH NETWORK

Yokohama Conference Centre
Yokohama, Japan

5" — 6" March 2008
1. INTRODUCTION

The IEA Greenhouse Gas R&D Programme (IEA GHG) has developed an international research
network on oxy-fuel combustion to provide a forum to various key industry players and
stakeholders to discuss developments in oxy-fuel combustion for power generation with CO,
capture.

This report covers the third workshop in the series which was held at the Yokohama Conference
Centre, Yokohama, Japan on the 5™ and 6™ of March 2008. The workshop was was hosted by
IHI, JCoal, and JPowver.

During the inaugural workshop held in Cottbus, Germany, there were only 2 major large scale
projects announced worldwide (Vattenfall’s Schwarze Pumpe Project and CS Energy Callide
Power Plant Retrofit Project). This year, at the 3" details of 12 major large scale (i.e. >15MWj;,)
oxy-fuel combustion projects covering large scale burner testing to feasibility studies on oxy-
fuel combustion demonstration power plant (L00MWe to 250MWe)) were discussed.

This report presents an overview of the workshop and summarises the current status of
development of oxy-fuel combustion. The presentations and discussions at the workshop
covered a wide range of topics looking at; on-going studies and experimental results, modelling
studies, new developments in oxygen production and CO, processing, and identification of
various issues relevant to the demonstration of oxy-fuel combustion technology.

IEA GHG would like to acknowledge and thank Prof. Keiji Makino (IHI), Dr. Toshihiko
Yamada (IHI), Dr. Takashi Kiga (JCoal), and Dr. Nobuhiro Misawa (JPower) and their
colleagues for their support and assistance in organising the 3" oxy-fuel combustion network
workshop.

2. WORKSHOP OVERVIEW

In recognition of the different efforts by industry, academia and other research institutes to
develop and demonstrate the techno-economic feasibility of oxy-fuel combustion technology as
a CO,, capture option for power plant application in the near future; the IEA GHG initiated the
International Network for Oxy-Fuel Combustion.

The aim of this network is: to provide an international forum for organisations with interests in
the development of oxy-fuel combustion technology to discuss issues relevant to the
development of the technology.

The inaugural workshop of the network was hosted by Vattenfall AB in Cottbus, Germany on
the 29" and 30" of November 2005. The workshop was accompanied by a visit to the Schwarze
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Pumpe Power Plant, the future site of the first complete oxy-coal combustion pilot plant with
CO; capture demonstration.. The 2" meeting of Oxy-Combustion Research Network was held
in Windsor, CT, USA and was hosted by Alstom.

To follow up the discussions from the earlier workshops, 3™ workshop was organised this time
in Japan. The 3™ workshop started with a facility visit to Central Research Institute of Electric
Power Industry (CRIEPI) on the 4™ of March 2008 anmd with a visit to several research
facilities which includes the combustion research facility, biomass syngas production facility,
fuel cell technology and gasification unit.

THIS WORKSHOP IS ORGANISED IN COLLABORATION WITH:

IHI adeoat ‘(’J/PﬂH’EE

Figure 1: Group photograph taken during the CRIEPI facility visit.

The opening session started with two keynote presentations by Dr. Makoto Akai of AIST and
Prof. Ken Okazaki of Tokyo Institute of Technology. The second day started with a keynote
presentation by Dr. Marie Anheden of Vattenfall Research R&D AB.

The two day meeting consists of 38 other presentations which presented a wide range of topics
looking at; experimental results, on-going studies, new developments and included discussion on
various issues regarding oxy-fuel combustion technology for power plant applications.

The first day of the meeting ended with a discussion forum led by Prof. Jost Wendt (Utah
University covering the various key issues related to regulatory requirements, permitting issues
and CO, quality. The 2" day concluded with a panel discussion providing an opportunity for
major large scale pilot/demonstration projects to present any updates to their projects.

The agenda of the workshop is presented in Table 1.
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Table 1: Agenda of the Workshop

5™ March 2008 - AGENDA (Day 01)

Presentation 01

Welcome Remarks / Brief Introduction, T. Namiki (JCoal),

Presentation 02

Welcome Response / Administrative Announcement, J. Topper (IEA Greenhouse Gas R&D Programme)

SESSION 1: Challenges of CCS and Oxy-Combustion - Keynote Address (Day 01)

Chairperson:

John Topper, IEA Greenhouse Gas R&D Programme, UK

Keynote Presentation 01: CCS Policy and Overview in Japan — Dr. Makoto Akai, AIST, Japan

Keynote Presentation 02: Technical Consideration and Challenges of Oxy-Combustion — Prof. Ken Okazaki, TIT, Japan

Session 2a: Oxy-Combustion Fundamentals
Chair: Klas Andersson, Chalmers University, Sweden

Session 2b: On-going Experimental Studies
Chair: John Smart, RWE Npower, UK

Presentations
03 & 07

Performance of PF Boilers Retrofitted with Oxy-Coal Combustion:
Understanding Coal Burnout, Coal Reactivity, Burner Operation,
and Furnace Heat Transfer

T. Wall - Newcastle University, Australia

E.On UK’s Pilot Scale Oxy-Fuel
Development, Testing and Modelling
B. Goh - E.On UK

Combustion Experience:

Presentations
04 & 08

Evaluation of Gas Radiation Modelling in Oxy-Fired Furnaces
R. Johansson - Chalmers University, Sweden

Fundamental Studies and Pilot Scale Evaluation of Oxy-Coal Firing
in Circulating Fluidized Bed Boilers
E. Eddings -University of Utah, USA

Presentations
05 & 09

Stabilising Swirl Pulverized Coal Flames Under
Conditions

D. Toporov - RWTH Aachen University, Germany

Oxy-fuel

Impact of Combustion Conditions on Emission Formation (SO,
NO) and Fly Ash Composition
J. Maier — VD University of Stuttgart

Presentations
06 & 10

Model Validation Studies for Pulverised Coal Jet Ignition in
02/CO2 Environment
J. Wendt - University of Utah, USA

Technical Consideration of Mercury Emissions in an Oxy-Coal
Power Plant with CO, Capture
S. Santos — IEA Greenhouse Gas R&D Programme, UK

Session 2c¢: Oxy-Combustion Systems Studies

Session 2d: On-Going Experimental Studies

Chair: Kevin McCauley, B&W, USA Chair: Takashi Kiga, JCoal, Japan
. Efficiency Increase of the Oxyfuel Process by Waste Heat Recovery | Understanding Potential Environmental Impacts of Oxy-Fuel
Presentations L .
Considering the Effects of Flue Gas Treatment Combustion

11&15

M. Klostermann - TUHH, Germany

C. W. Lee and A. Miller - US EPA

Presentations
12 & 16

Consideration for Oxy-Fuel Coal Fired Combustion Power Plant
System Integration
H. Hack - Foster Wheeler

High Temperature Reduction of Nitrogen Oxides in Oxy-Fuel
Combustion
F. Normann, Chalmers University, Sweden

Presentations
13& 17

3rd Generation Oxy-Combustion Systems
C. Salvador - CANMET, Canada

Understanding the Effects of O, and CO, on NOx Formation During
Oxy-Coal Combustion
C. R. Shaddix - Sandia Laboratory

Presentations
14 & 18

Oxy-Combustion: Research, Development and Systems Analysis
T. Fout - DOE/NETL, USA

Evaluation of CO, Capturing — Repowering System Based on Oxy-
Fuel Combustion for Utilising Low Pressure Steam
P. S. Pak Osaka University, Japan

Session 3: Oxygen Production and CO, Processing

Chairperson:

Minish Shah, Praxair, USA

Presentation 19

Phase Equillibria Measurements and their Application for the CO, Separation from CO, Rich Gases

R. Eggers, and D. Kdpke, TUHH, Germany

Presentation 20

Purification of Oxy-Fuel Derived CO,
V. White, Air Products, UK

Presentation 21

Update on Advanced Developments for ASU and CO, Purification Units for Oxy-Combustion

J.P. Tranier, N. Perrin, A. Darde, Air Liquide, France

Presentation 22

Consideration for Removal of Impurities from CO, Rich Flue Gas of Oxy-Fuel Combustion

M. Anheden, Vattenfall, Sweden

Presentation 23

Technical Consideration for a Very Large Scale Air Separation Unit for Large Scale Coal Fired Power Plant Application

K. Fogash, Air Products, UK
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Session 4: Discussion Forum: Quality of CO, for Storage — What are the Issues and Opportunities...

Chairperson: Prof. Jost Wendt, University of Utah, USA

Presentations
24 & 25

Andy Miller, US Environmental Protection Agency, USA
Vince White, Air Products, UK

6" March 2008 - AGENDA (Day 02)

Session 5: Future of Oxy-Coal Combustion — Keynote Address (Day 02)
Chairperson: Prof. Keiji Makino, IHI, Japan

Keynote Presentation 03, Vattenfall Schwarze Pumpe Pilot Plant _ Dr Maries Anheden, Vattenfall R&D AB, Sweden

Presentation 26

APP Project: Overview of Oxy-Fuel Working Group — A Platform for Cooperation
Prof. Terry Wall, University of Newcastle, Australia

Presentation 27

Oxy-Combustion Activities at Tsinghua University: CO, Capture Based on Chemical Looping Cycles
Prof. Ningsheng Cai, Tsinghua University, China

Presentation 28

Capture Ready Plant Concept: Retrofitting Power Plant with Oxy-Combustion
John Davison, IEA Greenhouse Gas R&D Programme, UK

Session 6:

Large Scale Burner and Boiler Development — Technology and Equipment Manufacturer Perspective
Chairperson: Chris Spero, CS Energy, Australia

Presentation 29

Recent Test Results on Oxy-Fuel Combustion Using the Pilot-Scale Test Facilities
T. Uchida, T. Yamada, K. Hashimoto, S. Watanabe; IHI, Japan

Presentation 30

Scale Up of Oxy-Coal Combustion at B&W’s 30MWth CEDF
H.Farzan, K.J. McCauley, Babcock & Wilcox, USA; R.Varagani, Air Liquide, USA

Presentation 31

Alstom Development of Oxy-Fired PC and CFB Power Plants
J. Marion, Alstom Power, USA

Presentation 32

Oxy-Combustion UK Project Update: Development of 40MWth Burner Testing Programme
D. Fitzgerald, Doosan Babcock, UK

Presentation 33

Jupiter Oxygen - 15MWth Oxy-Combustion Boiler Test Results
B. Patrick, Jupiter Oxygen, USA

Session 7: Large Scale Demonstration and Pilot Scale Projects
Chairperson: Sho Kobayashi, Praxair, USA

Presentation 34

Callide Oxyfuel Project — Technical evaluation of the oxy-combustion and CO, capture system design
C. Spero, T. Yamada, E. Sturm, and D. McGregor
CS Energy, Australia; IHI, Japan; Air Liquide, France and GLP, Australia

Presentation 35

The CO, Pilot at Lacq: An Integrated Oxy-Combustion CO, Capture and Geological Storage Project
N. Aimard, and C. Prebende
TOTAL, France

Presentation 36

Test Facilities for Advanced Technologies for CO, Abatement and Capture in Coal Power Generation
V. Cortes
CIUDEN, Fundacion Estata Ciudad de la Energia, Spain

Presentation 37

Oxy-Combustion Research Activities in S. Korea — Overview to the Youngdong 100MWe Oxy-Combustion Power Station Project
Development

J. S. Kim, S. M. Choi, Y. J. Kimand S. C. Kim*

KIST, KAIST, KEPRI, Korea

Presentation 38

Oxy-Coal Combustion Demonstration Project
M. Shah, D. Bonaquist, R. Victor, M. Shah, H. Hack, A. Hotta, D. Leathers
Praxair, USA; Foster Wheeler, USA/Finland; and Jamestown Board of Public Utilities
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3.

ATTENDANCE

The workshop brought together 103 participants from industry, research institutes and
universities covering 18 countries worldwide. The delegate list is given in Annex I|. The
number of participants attending the workshop has grown significantly over the three years.

4. AGENDA - Presentations by Attendees

The agenda of the meeting is presented in Table 1 . Copies of slides appear in the same order
in Annex Il.

5. CURRENT STATE OF UNDERSTANDING - PRESENTATION HIGHLIGHTS

b)

What were the new developments in oxy-fuel combustion presented during the
workshop?

Regulatory and permitting issues were raised as an important issue during the workshop.
The presentation by Dr. Akai [Keynote Presentation 01] presented the Japanese
approach and interpretation of the International Maritime Organisations conventions for
CO,, storage under the sea bed. However, several participants considered the adoption of
99% purity for CO; as an unnecessary economic penalty for oxy-fuel combustion. The
workshop [see presentations 22, 25, and 31] highlighted the importance and need to
clarify and narrow down the range values for CO; purity suggested in various public
domain literatures on oxy-fuel combustion. Whilst it is noted that CO, streams from
oxy-fuel combustion could be technically processed to achieve a high purity, this would
come at a cost.

Prof. Okazaki [Keynote Presentation 02] highlighted the importance of developing

various sub-models that can be used in CFD to simulate the combustion process of the

oxy-PC and oxy-CFB. This includes development of:

e heat transfer sub-model for the radiant and convective sections of the boiler,

e coal jet ignition sub-model,

e char burnout and devolatilisation sub-model,

e ash partitioning sub-model which also to include modelling of ash deposition and
speciation of the trace metal,

e combustion by-product sub-model which also to include the modelling of specific
pollutant (i.e. NOx and SOx) emissions and trace metal emissions in the flue gas.

e integrated furnace sub-mode.

Development of these sub-models requires further work on the fundamental
understanding of the combustion chemistry, aerodynamics, and pollutant
formation/reduction mechanisms.

The industrial gas companies present (namely Air Liquide and Air Products) confirmed
that they are now offering improvements in the specific energy consumption of oxygen
production from the cryogenic Air Separation Unit’s - reduced from 200-220 kWh/tonne
O, three years ago to 150-170 kWh/tonne O, (by 2009-2010). [Presentation 21 & 23]
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d)

Development activities in oxy-CFB have gathered pace. This is primarily driven by two
of the major large scale projects announced one in Europe (CIUEDEN Project) and one
in the USA (Jamestown Project). [Presentations: 08, 12, 31, 36, 38]

New experimental results have been presented on phase equilibria between impurities
and CO; looking at validation of experimental data and empirical models for coefficient
characterising the properties of the gas mixtures (ternary and binary mixtures). Further
unresolved issues on this topic have been identified with on-going work/studies to be
implemented within this year. [Presentations: 19, 21].

New experimental results were presented that aid the further understanding of the oxy-fuel
combustion process. Some of these important results are enumerated below:

a)

b)

d)

In the area of heat transfer modelling:

The presentation by Mr. Johansson [Presentation 04] has indicated that the flame
intensity measurement is significantly higher that the results obtained from Weighted
Sum of Gray Gases (WSGG) Model. This further stressed that the existing parameters of
the WSGG model are intended for air fired conditions and often yield significant errors
for conditions relevant for oxy-fired furnaces.

It was also noted that the latest WSGG parameters give results within 20% of the
reference model (based on narrow band model). These parameters could be acceptable
in terms of computational cost and accuracy.

In the area of coal jet ignition:

Work done by IHI and NSW University [Presentation 03] indicated that there are
significant ignition delays during partial load firing with oxy-fuel combustion. This has
been attributed to the difference between the furnace temperature and the momentum
flux as observed during the combustion trials done at the IHI test facility in Aiolo, Japan.

In the area of char burn out modelling:

The presentation by Prof. Wall [Presentation 03] indicated that char morphology is
significantly larger in oxy-fuel combustion mode than in air fired mode.

The amount of carbon in ash (an indication of combustibility of the char) could be
significantly lower during oxy-fuel combustion than during air-firing. However, current
results indicated that this observation could be coal specific and could also be affected by
the manner on how the flue gas is recycled [Presentations 03 & 07].

This observation has been indirectly corroborated from the new results obtained by VD
Stuttgart indicating an increase in the level of carbonization and sulphation from the ash
deposit collected in various combustion tests [Presentation 09].

In the area of Pollutant formation and reduction mechanisms:

An increase in SO3; emissions during oxy-fuel firing using the Lausitz Lignite were
observed during tests at IVD Stuttgart done last year. These results confirm the results
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obtained from the early studies done by ANL during the 1980s indicating increased
emissions by about 4-5 times as compared to air fired case. Further investigations
should be pursued since this observation could be very coal specific. [Presentation 09 &
10].

The results presented by Dr. Maier [Presentation 09] with regard to the sulphation of the
ash clearly  supported the mechanisms suggested by Prof. Okazaki [Keynote
Presentation 01] suggesting that oxy-fuel combustion promotes sulphur absorption by
calcium based solids (i.e. CaCO3 or CaO) at high temperature conditions due to high
level recirculation of SO, and also inhibit the decomposition CaSO,. The keynote
presentation by Prof. Okazaki [Keynote Presentation 02] explained in detail the
mechanism involved.

In the area of ash deposition, fouling and slag formation:

Recent results presented by Dr. Goh [Presentation 07] indicated that a normally non-
slagging coal when burned during air fired conditions could turn out to be slagging when
burned under oxy-fuel combustion conditions. Currently there is no clear explanation to
why this has occurred. Nonetheless, they have attributed this observation to the
tendency of higher deposition rate and longer residence time during oxy-fuel combustion
in which this theory should be validated further.

KEY ISSUES
What are the key issues and on-going work identified during the workshop?

During the discussion forum, Dr. Miller [Presentation 25] raised the following
fundamental questions which would impact the deployment of oxy-fuel combustion
technology for power generation with CO, capture.
e Who owns the CO,?
e What are the subsurface resource rights and laws?
e Who has the liability for leaks into the air or groundwater, long-term monitoring,
and accidents?
e How are trans-boundary reservoirs handled?
e |Is CO; a waste or a commodity? Does CO; purity change the classification of
the CO, product stream?

These questions all need to be addressed in a comprehensive way with respect to CO,
capture and storage. It is noted that these issues are being discussed in different forums
both regionally and internationally, IEA GHG is actively involved in many of these
forums.

CO, purity is a key design parameter of oxy-fuel combustion. The international
agreement based on London and OSPAR Conventions has ruled that the CO, streams
allowed for storage under the seabed should be “Overwhelmingly CO,” . However this
was considered to be too vague. This has been adapted in recent Japanese government
policy where a 99% purity limit was set for CO, that would be injected into sub sea bed
geological structures. No other regulatory development in Europe, Australia or North
America had yet set a limit for CO, purity. The discussion during the workshop has
highlighted the importance of clarifying and narrowing down the wide ranging
specification on the CO, quality quoted in the literature.
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d. The following important aspects have been identified as an area where collaboration
among major stakeholders should be undertaken. These includes
e Permitting and long term liability issue in capture of CO, and its storage.
e Health and Safety (especially in the safety handling of CO, / O, mixture).
e Education and training

e. The presentation by Dr. Tranier [Presentation 21] highlighted the importance of knowing
as much as possible about the phase equilibria between mixtures of impurities and CO..
One of the key mixtures missed out from the phase equilibrium work done by TUHH
[Presentation 20] was the CO,-NO,/N,O4, because this was assumed to be of negligible
importance. However, it was stressed by Dr. Tranier that this mixture should be further
investigated since data obtained during the early 1900°s are not sufficiently reliable
enough to be used for the current work.

f. The lack of current information on Hg emissions from oxy-coal combustion has been
highlighted. The potential adverse operation impact of mercury on the CO, processing
unit has been noted. [Presentation 10].

g. A key area of development in oxy-fuel combustion technology is the development of
flue gas clean-up equipment for removal of impurities such as Cl and SOj3 prior to the
flue gas being introduced to the CO, processing unit. Some indicative activities on these
aspects have been presented during the meeting [Presentation 29, 30, 32].

7. SUMMARY

During the 1% oxy-fuel combustion workshop, several different issues involving the
development of oxy-fuel burner and boilers, as well as development in the Air Separation Unit
and CO, processing unit were identified. During the 2™ and 3™ workshops several of these
issues were discussed in more detail. In a positive note, several new results have been presented
sin this meeting therefore indicating good progress has been made in the past three years. A
During this workshop, 12 major large scale projects were presented and updated. A list of these
projects is given in Table 2. The development and the current status of oxy-fuel combustion
technology are summarized in the Figure 2.

Most of the stakeholders involved in these projects agreed that demonstration of the technology
is the next step in the development of oxy-fuel combustion application for power generation
applications. Depending on the success of the various pilot plant projects, it could be inferred
that by 2015, at least one demonstration project of > 250MWe would be deployed. In parallel
to the development of high efficiency pulverised coal fired boilers (i.e. development of 700°C
and 300 bar steam parameter), it should be expected that the integration of such technology to
the oxy-fuel fired boiler would be the next step in the development of this technology in the next
decade to come.

During the discussion forum, one of the key issues identified is the requirement for clarity in the
regulatory and permitting procedures. This also includes clarity on the appropriate rules for CO,

purity.

Finally, one of the important messages during the meeting was conveyed by Prof. Makino, who
stressed the importance of collaboration. He likened the oxy-fuel combustion community to
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several ships connected to each other. He noted that each of these ships represents a major in
oxy-fuel combustion development in the next couple of years. He further noted that if one of the
ships sinks then this could cause all of the other ships to sink with it.

An important point for future considerations, which have implications for future network
meetings, is the question on what and how much new information from large scale
Most of the major stakeholders within the
oxy-fuel combustion community have agreed that it is important information should be shared
both ways in order to validate and to prevent any duplication of work. However, unrestrained
knowledge sharing is still under discussion because of commercial interest and proprietary
knowledge issues.

demonstration projects would be publicly shared?

Table 2: Major oxy-fuel combustion projects underway or planned for power generation

applications
PROJECT Location MWt Start up Boiler Type Main Fuel CO, Train
B&W USA 30 2007 Pilot PC Bit, Sub B., Lig.
Jupiter USA 20 2007 Industr. No FGR NG, Coal
Oxy-coal UK UK 40 2008 Pilot PC
Vattenfall Germany 30 2008 Pilot PC Lignite (Bit.) With CCS
Total, Lacq France 30 2009 Industrial Nat gas With CCS
Pearl Plant USA 66 2009 22 MWe PC Bit Side stream
Callide Australia 90 2010 30 MWe PC Bit. With CCS
Ciuden - PC Spain 20 2010 Pilot PC Anthra.(Pet ck) ?
Ciuden - CFB Spain 30 2010 Pilot CFB Anthra.(Pet ck) ?
Jamestown USA 150 2013 50 MWe CFB Bit. With CCS
Jﬁgﬁmue Germany ~1000 2015 ~250 MWe? Lignite (Bit.) With CCS
Youngdong Korea ~400 20167 ~100 MWe PC? ? ?

Page 11 of 12
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5th March 2008 Day
09.00 to 09.20 Welcome Remarks/Brief Introduction: |HI/JCoal/JPower
09.20 to 09.30 Welcome Response/Administrative Announcement: John Topper |IEA GHG

Session 1 Challenges of CCS and Oxy-Combustion—Keynote Address Chair: John Topper, IEA GHG, UK
09.30t0 10.10 CCS Policy and Overview: Makoto Akai, AIST, Japan
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and Furnace Heat Transfer: T.Wall,
Newcastle University, Australia
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RWTH Aachen University, Germany J. Maier, IVD University of Stuttgart, Germany

12.05to 12.25 Model Validation Studies for Pulverised Coal Technical Consideration of Mercury Emissions in an
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J. Wendt, University of Utah, USA S. Santos - IEA Greenhouse Gas R&D Programme, UK
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Chair: Kevin McCauley, B&W, USA Takashi Kiga, JCOAL, Japan
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M. Klostermann, TUHH Germany
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sure Steam: P.S. Pak, Osaka University, Japan
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Session 3: Oxygen Production and CO2 Processing Chair: Minish Shah, Praxair, USA
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R. Eggers and D. Kopke, TUHH, Germany

15.20 to 15.40  Purification of Oxy-Fuel Derived CO2: V. White, Air Products, UK
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Application: V. White, Air Products, UK
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09.00 to 09.30 Vattenfall Schwarze Pumpe Pilot Plant: Dr Marie Anheden, Vattenfall R&D AB, Sweden
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of Newcastle, Australia
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Ningsheng Cai, Tshingua University, China
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GHG, UK

10.25 to 10.45 Break
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mada, K. Hashimoto, S. Watanabe; IHI, Japan

11.05to 11.25 Scale Up of Oxy-Coal Combustion at B&W’s 30MWth SCDF: H. Farzan and K. McCauley, Babcock

and Wilcox, USA; R.Varagani, Air Liquide, USA

11.25t0 11.45 Alstom Development of Oxy-Fired PC and CFB Power Plants: J. Marion, Alstom Power, USA
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D. Fitzgerald, Doosan Babcock, UK
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For the Best Mix of Energy Sources

Renewable

Nuclear
Oil

Natural Gas

Even though more amount of CO2 would be emitted from coal, so as to
keep the situation of best mix of energy sources, technologies to reduce
CO2 must be developed, demonstrated and actually applied.

3rd Workshop, IEAGHG International Oxy-Combustion
#OWER gf;g"!iﬂﬁl- IH Network, Yokohama, Japan 2



CCS, Carbon Dioxides Capture & Storage

CCS technology we are expecting to be applicable
not only to newly installed plants but also to existing
ones in the near future is Oxy-fuel Combustion.

CO, Capture Storage

Coal effectively and Oxy-fuel Combustion Every kind
most commonly technology of option
used in pulverized

coal firing boilers \Q\

3rd Workshop, IEAGHG International Oxy-Combustion
%OWEI? 2% IH Network, Yokohama, Japan
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(Source: Yokohama city HP)

Thank you for
your attention!

3rd Workshop, IEAGHG International Oxy-Combustion
POWER giggm‘ﬁ': IH Network, Yokohama, Japan 5



[BANETreenhouse Gas REDIBrogramme

International Network for Oxy-Cdadrnbtietion
with CO 2 Capture

Introduction to 39 Workshop

Yokohama, Japan

by

John M. Topper

Managing Director
IEA Environmental Projects Ltd

www.ieagreen.org.uk



IEA Greenhouse Gas R&D Programme

A collaborative research programme which started in
1991.

 |Its main role is to evaluate technologies that can
reduce greenhouse gas emissions.

 Aim iIs to:
Provide our members with informed information on the

role that technology can play in reducing
greenhouse gas emissions

www.ieagreen.org.uk B
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[EATGreenhouse &as R&D Brogramme

!

International Network for Oxy-Combustion with CO2 Capture

« AIM: To establish a forum that will encourage practical
work on oxy combustion based CO, capture.

« WHY CO-OPERATE?:
 avoid duplication of effort
e encourage development
* minimise cost of participation
» enhance technology credibility
* reduce risks

www.ieagreen.org.uk



[EATGreenhouse &as R&D Brogramme
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Earlier Workshop

« 1St Workshop was hosted by Vattenfall at their
Schwarze Pumpe Power station in Cottbus, Germany.

It was attended by 64 Participants from 17 Countries.

- 2"d Workshop was hosted by Alstom in Windsor, Ct,
USA
* It was attended by 88 participants from 16 Countries

» Reports and/or copies of presentations can be

obtained at our website:
http://www.co2captureandstorage.info/networks/oxyfuelmeetings.htm

www.ieagreen.org.uk



[EATGreenhouse &as R&D Brogramme

At th Meeting

» We have had to close registration list early because of the demand — about
105 people are attending

» Excluding participants from Japan, breakdown of participants shows that
there are:

» 19 participants from N. America
» 2 persons from Mexico

» 37 from Europe
» 10 from Asia

» 6 persons from S. Korea
» 2 from India

» 1 from China

» 1 from Philippines

» 5 from Australia

» Participants from 18 different countries are present today

» Excellent networking

www.ieagreen.org.uk N



[EATGreenhouse &as R&D Brogramme

ay

Today: Housekeeping Points
» Coffee breaks around 10.50 and 14.45
» Lunch at 12.25

» Session 02 — Rooms Assignment
» Sessions 2b and 2c¢c at Main Room
» Sessions 2a and 2d at Second Room

» Afternoon session will finish at around 17.30

» Dinner this evening is during a Cruise around
Yokohama Bay —

» please be at the meeting point indicated on your [o  cation
map at 18.10.

» ALL PRESENTERS ensure Stanley gets a copy of
their presentation on data storage stick if you want
It on the GHG website next week

» Mobile phones off or on vibrating alert

www.ieagreen.org.uk



INTERNATIONAL JOURNAL OF

Greenhouse
Gas Control

GHGT-9
16% — 19t November 2008
Washington D.C.
http://mit.edu/ghqgt9
CALL FOR PAPERS CLOSES 28 th MARCH
2008

www.ieagreen.org.uk
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ﬂ

o |

= Background
— Technical R&D
— Research on non-technological aspects

= R&D to policy agenda

— Development of regulatory framework by the
Ministry of Environment

— Advisory committee on CCS under METI
= Prime Minister’s “"Cool Earth 50” initiative
= Conclusions

2 M. Akai, AIST



Technical R&D on CCS in Japa o

= Late 80's - :

— Proposal of the concept of CCS including various
capture technologies including post-combustion,
pre-combustion and oxy-fuel.

= Early 90’s - :
— Independent research activities in National Labs.,
Electric Utilities, Universities, etc.

— Comprehensive feasibility study on performance
and cost analysis

= Mid 90’s -:

— Establishment of R&D projects under METI
(former MITI)

3 M. Akai, AIST



CCS (1997 - )

METI's Technical R&D Program o o

Diversified portfolio approach considering the
storage potential, risk, etc.

= CO, capture

— Development of chemical absorbent and membrane;
Application to ironworks; Oxy-fuel; etc.

= Ocean sequestration (1997 -)
— Focused on environmental assessment and development on
near-zero impact technology

= Geological storage (2000 - )

— Nagaoka project
= Injected CO,: 10,405 t (2003 - 2005)

= ECBM (2000 - )

— Yubari project
4 M. Akai, AIST



Non-technical R&D o

= Public perception

— Identification of public’s concern and development
of communication strategy

= Accounting
— National Inventory and Project Based Accounting
— Contribution to develop 2006 IPCC Guideline

= Applicability to CDM
— Submission of two new methodology to CDM-EB

= Confidence building on CCS
— Risk assessment, communication strategy,etc.

5 M. Akai, AIST



______ )

Toward a Policy Agenda

6 M. Akai, AIST



______ )

Recent Progress on
Regulatory Framework for
Sub-seabed Storage of
Captured CO,

7 M. Akai, AIST



Ll o
Background o

= In conjunction with the amendment of
Annex I to the London Protocol 1996,

Japan schedules to amend Law Relating
to the Prevention of Marine Pollution and

Maritime Disaster in order to manage

and implement Carbon Dioxide (CO,)
sequestration in sub-seabed geological
formations in an appropriate manner.

8 M. Akai, AIST



Recent Development o

September 25, 2006

= Environment Minister consulted Central Environment
Council about the utilization of the sub-seabed CCS to
help prevent climate change and on the framework for
regulating SS-CCS to protect marine environment.

February 20, 2007
= The Council submitted the report to the Minister.
March 9, 2007

= Based on the Council report, GOJ(MOEJ) drafted the bill
on the revision of Marine Pollution Control Law, and
submitted to the Diet.

May 23, 2007

= The bill was adopted by the Diet (promulgated on May
30).
9

M. Akai, AIST



Permit from Minister of the
Environment

= Any party who plans to conduct CO, Storage to Sub
Seabed Formation (CS-SSGF) shall submit
application document including, but not limited to,
the implementation plan, the environmental impact
assessment and the monitoring plan, and shall
obtain a fix-term permit from the Minister of the
Environment.

= The Minister of the Environment issues the permit to
the applicant only when:

1. Proposed site and method of the CS-SSGF do not cause any
adverse effects on the marine environment where the CS-
SSGF takes place; and

2. No other appropriate disposal methods are available.

10 M. Akai, AIST



Application range of the framewo o

= In the event of a CO, leak, its impact on the
marine environment will be the same
regardless of the pathway or method of CO,
injection into sub-seabed geological
formations.

= Therefore, CS-SSGF with direct access from
on-shore, which is excluded from definition
of "dumping” in the London Protocol 1996, is
also subject to this provision and shall obtain
a permit from the Minister of the
Environment.

11 M. Akai, AIST



Term of permit and its renew {0

= The permit is issued for a maximum
period of five years.

= The Minister of the Environment will
consider the renewal of the permit
taking the state of operation and the

possible impact on the environment
into consideration.

12 M. Akai, AIST



Site-selection criteria o

= Any party who plans to conduct CS-SSGF
shall evaluate migration of CO, and leakage
pathways, by reservoir simulations or other
appropriate methods, based on the
geological/hydrological features of the site.

= The party shall prove:

1. that the stability/integrity of storage is
guaranteed;

2. that the capacity of reservoir is large enough
compared to the total anticipated volume of the
CO, steams; and

3. that appropriate mitigation measures are
available in the event of a leak.

13 M. Akai, AIST



Consideration of reducing disposal

amounts of CO, and other disposal op

= Under the current regulatory framework on
disposal into the sea of wastes and other
matter from vessels, etc. , further attempts
to reduce the necessity for disposal into the
sea are required before disposal into the sea,
based on WAF.

= In the case of CS-SSGF, the practical
regulatory framework will be discussed,

based on conditions to be included in CO2-
WAG.

14 M. Akai, AIST



Action list concerning the concentratio

CO, and impurities in a CO, stream

15

The amended Annex I to the London Protocol 1996 stated that CO,
streams to be considered for dumping consist overwhelmingly of
CO,. In addition, Annex II requires developing a national Action
List to provide a mechanism for screening, which in principle bans
dumping if it is not in compliance.
In the case of CS-SSGF in Japan, the numerical limits
are to be established in order to judge if CO, streams
consist overwhelmingly of CO,, and to confirm
absence of high concentration of toxic substances

such as sulfur dioxide.

Those numerical limits and necessary criteria will be
determined later in consideration with the
international trends.

M. Akai, AIST



Specific Guidelines (‘o,

Government ordinance (7 Sep. 2007)

= Quality of CO, streams (Action List)

1. CO, should be captured by chemical
reaction using amines

2. CO, concentration should be > 99 vol%

o > 98 vol % if captured from hydrogen
production in oil refinery

3. CO, stream should not include wastes or
other matter for the purpose of disposing
of those wastes or other matter

16 M. Akai, AIST



Assessment of potential effects on the

marine environment in the event of a |

= Any party who plans to conduct CS-SSGF shall submit an
Impact assessment report to address potential impacts in
the event of a leak, as stated in CO2-WAG. Main items of
the assessment are described below.

1. Characterization of CO, streams to be disposed into a sub-seabed
geological formation

2. Leakage case scenarios with its location and amount of leakage
3. Description of the current marine environment including marine life

4. Simulation results of possible changes in the marine environment and
assessment of its impact, based on the leakage case scenarios

= The Minister of the Environment examines the impact
assessment report, and issues a permit only when the
minister confirms that the CCS has no potential risks to
the marine environment.

17 M. Akai, AIST



1

= Monitoring:

— to verify that no CO, leaks from the reservoir,

— to know the possible changes in the marine environment.

= Monitoring plan shall be submitted as a part of
application documents for the review by the Minister
of the Environment.

— Required not only for the duration of injection, but also after
the cease of injection (post closure).

= The actual period of the post closure monitoring is
left for future solution

= The party conducting CS-SSGF is required to report
the monitoring results periodically to the Minister of
the Environment.

18 M. Akai, AIST



Response to the potential impact ¢ o

the marine environment

= In case monitoring results indicate that CO,
migration or impact on the marine environment does
not stay within the range of assessments, the party
shall take corrective actions.

= If this is the case, the party shall immediately inform
the Minister of the Environment of the monitoring
results and the planned corrective actions.

= The party is also required to report on the
implementation of the actions as well as subsequent
periodical monitoring results.

19 M. Akai, AIST



Development of Guidelines (‘o,

= With this amendment, the regulatory
framework for CS-SSGF was
established in accordance with Annex
II (WAF) to the London Protocol 1996.

= Specific Guidelines for the Assessment
of Carbon Dioxide Streams for Disposal
into Sub-seabed Geological Formations
have been developed.

20 M. Akai, AIST



METI
From R&D towards a Policy Agenda

= Until recently, CCS has been discussed under the
environmental R&D policy in METI

= Agency for Natural Resources and
Energy, Ministry of Economy, Trade and
Industry discussed CCS in the
development of Energy Technology Vision
2100 released in 2005.

* New National Energy Strategy (2006) and

revised Basic Plan on Energy (2007) refers to
CCS

21 M. Akai, AIST



METI - Advisory Committee on CCS Po o

(October 2006 to October 2007)

Conclusions and recommendations:

= Recognizing,
— CCS is an important policy option to mitigate
climate change
— In general, there is no economic incentive and
economic burden is extremely great
= Recommend
— To carry out R&D on innovative technologies
— To conduct larger scale demonstration

— To make proposal on the business environment to
facilitate the introduction of CCS

22 M. Akai, AIST



Response to the Recommendation by
Advisory Committee on CCS Policy

= R&D on innovative technologies
— On-going R&D, Cool earth initiative

= Larger scale demonstration
— Under discussion

= Business environment (socio-economic
system)

— Legal and institutional issues
= Business law, long term liability, accounting, etc.

— Financial issues and business model
= Incentives, business insurance, etc.

— Confidence building

23 M. Akai, AIST



Prime Minister’s

“Cool Earth 50" Initiative

Invitation to “Cool Earth 50”

~ 3 Proposals, 3 Principles ~ ) [year 2050]
P LR 1)
[Natlonal Campalgn] . “ !
<FoLa ry : - : : 1
yoto Protoool target . - : H :
a 1
With the motto of "1 person; [Mld-Term Strategy] LLﬁng Term Strategy] : ' | |Developing
<3 1 1 : Countries:
coptrete framework I:‘)_eymd 2013 >, by 2050 : : : a::;.:it nl:g:;»}
- [ ]
t‘llllm-lnl:,f-iﬂmmst nnovative Technology | 1 ;!
. participate. Tire# floTing béy. Development] | i ¥
[Current Emissions] Protocol, leading to P e et | !
o global reduction of emissions. mmtﬁ:n 1 !
Bpm;: a}dpeacefull.seuf : 1 :
{2) The framework must be .mmwﬁ 1 L
1. U.S.A. 22% flexible and diverse, taking into | | -Fromoting i uee of peftgeneration | | -
. U.S.A. (] BN : automobiles such as fuel cell wehicles| | ']
consideration the circumstances 1 1
. of each country. P T e | )
2. China 18% Buliding
(3) The framework must achieve - :
3. Russia 6% compatibility between a Low Carbon m 1 Cut_lm_g global Curbing to
environmental protection and *Lifestyles in harmaony with r emissions
4. Japan 5% economic growth by utilizing :mcmﬂwh“mﬂwm by half from the
- energy conservation and other «Demonstrating the sentiment of
5.India 4% \{echnologses 2 fn:_hx;mﬂﬂe"lwmey current level
--E—-—
{Japan s Role> ilizing the level of greenhou
+0il consumption has been reduced by 8% even though the GDP has doubled over the past 30 years. centrations in the atmosphere
+CI02 emission per GDP is the least in the major countries.

«Japan will create a new financial mechanism for assistance to the developing countries which respond to its proposals.

=Japan will expand the endeavor in East Asia for improving energy efficiency to the entire world. ——G—-
— Apr. : Jun. Sep. Nov. Dec. 2008. ),

Japan-China, | Heiligendamm  "FEC East Asia Hokkaido Toyako

Japan-US. 1 gummit (G8) Leaders’ gy mmt sl Summit (G8)

Summit 1 Meeting

24 M. Akai, AIST



Innovative Technologies for Significan

Reductions of CO, Emissions

Ll ——p——
e ----—~
- ---

- #.Thnovative Zero-emissions Coal-fired Power Generation "‘~\

’ ~
4 The combination of the efficiency improvements of coal gasification power generation and CO2 capture and \
\\ storage (CCS) technology to _ree_:lize zero-emissions coal-fired power generation, which currently accounts for ; ,’

S o around 30% of the global emissions “
[2. Aduwanced Reactors for Nuclear Power Generation =
_— -~ = _— -

The development and commercialization of HExt Generation light water 'r'é;[:t-u-r; small and medium reactors, high
temperature gas-cooled reactors, and fast breeder reactors (FBR) to significantly increase zero-emissions nuclear
power generation

3. Innovative Technology for High-efficiency and Low-cost Solar Power Generation

A significant improvement in the efficiency of solar power generation to reduce its cost to the level of thermal
power generation, together with the capacity increase and cost reduction of rechargeable battenes

4. Innovative Technology for the Use of Hydrogen

emissions in the automobile sector, which currently accounts for nearly 20% of the global emissions

(5. Ultra High Energy Efficiency Technology

Ultra high energy efficiency technologies for production processes and equipment to realize significant energy

saving and emission reductions, e g. iron and steel making technology to partially substitute hydrogen for coke as

[ The cost reduction and efficiency improvements of fuel cells for the wide use of fuel cell vehicles to realize zero J
a reducer J

25 M. Akai, AIST
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Cool Earth - Innovative
Energy Technology Program

5 March 2008
Ministry of Economy, Trade and Industry

Prepared for IEA/CERT meeting. Courtesy of Mr. Shirai (METI)
M. Akai, AIST



Japan’s proposal:

Cool Earth 50

1. Long-term Strategy

— Cutting global greenhouse gases emissions by half of the
current level by 2050.

— Presenting a long-term vision for developing innovative
technologies and building a low-carbon society.
2. Three principles for establishing a post-2013
framework

— All major emitters must participate, thus moving beyond the
Kyoto Protocol, leading to global reduction of emissions.

— The framework must be flexible and diverse, taking into
consideration the circumstances of each country.

— The framework must achieve compatibility between
environmental protection and economic growth by utilizing
energy conservation and other technologies.

27 M. Akai, AIST



Innovative Technology RDD&D

e Japan is working on formulating “Cool Earth - Innovative
Energy Technology Program” by March 2008.

The program will:

= Identify innovative energy technologies to be
focused on with high priority.

= Formulate the technology roadmaps for them, which
give RD&D direction and milestones on performance
with timelines toward long-term goals.

= Identify activities for accelerating deployment of
technologies.

= Strengthen international cooperation to accelerate
innovative technology RD&D.

28 M. Akai, AIST




Identifying Key Innovative

Energy Technologies in Key Sectors:

21 Candidates

Efficiency improvement Low carbonization

N\ Qil LNG Coal Nuclear Power Biomass Solar Wind
()
S - Efficient coal-fired CCs Innovative solar power
:. Electric Power power plant
E. m
= el
s Efficient =
\/ LNG-fired power plants Superconducting power transmission
LA, _ s iotue
= .
Q Sy
| ==L S
(/)]
g~ - Innovative materials/ i Steel making process
& manufacturing process em with Hydrogen
£
v Efficient Efficient Fuel Cell for
‘ houses/buildings lighting @ residential use
Efficient Efficient IT HEMS/BEMS/Regional EMS
T‘t_s Heat pumps devices/networks
&g Hydrogen CCS
E§ Power storage Power electronics production/storage/

transport (restated)



Formulating technology roadmaps

toward 2050 to coordinate global RD

An image of our technology roadmap for innovative solar power generation

20I00 20|10 20|20 20|30 20|40 20|50
Cost:¥46/kWh »¥7/kWh (Equivalent level to thermal power)
Efficiency: 10-15% - . 40%<

3rd Generation
J— Nobeﬁ.at_eriais/structureﬁ
» & Quantum-dot based PV
2"d Generation \ Organic material based PV
Ultra-thin layer type
CpPvV

1st Generation

>

Silicon crystal based PV
" 2

Enabling System stabilization/storage, etc.

technology




Accelerating global RDD&D

e It is essential to secure substantial investment to develop
innovative technologies.

e A long-term strategy is necessary to promote investment.

The EU, U.S. and Japan have already taken substantial steps:
“Europe Strategic Energy Technology Plan” (2007)

“Climate Change Technology Plan” (2006)

“Energy Technology Strategy” (2007)
“Cool Earth -Innovative Energy Technology Program”
(coming soon)

“Energy Technology Perspective 2008” (coming soon)

1

Share the long-term roadmaps of energy technologies to
accelerate global technology RDD&D.

M. Akai, AIST



International Cooperation (1)

- Technology Roadmaps -

How can technology roadmaps help ensure
the efforts leading to the long-term goal?

/:> Underpin the technology strategy to achieve long-term goal by
clarifying technology milestones/challenges to overcome

— Promote long-term, coherent investment in energy technology to
address climate change by clarifying the technology direction

— Ensure global efforts through reviewing technology progress
based on the roadmaps

= Identify areas of focus where further global efforts or
cooperation is needed

= Implement the international cooperation through existing
partnerships/IEA’s implementing agreements

- /

32 M. Akai, AIST




International Cooperation (2)

- Deepen the collaboration through existing partnerships - |

e Build upon existing international frameworks
o Explore areas where further global efforts are needed
e Enhance cross-linking among projects

e R
» Near-zero emission coal, CCS: FutureGen, CSLF, APP

» Nuclear: GNEP, GIF
» Fuel Cells: IPHE
n- Others: Implementing agreements in IEA

Q‘M I CARBON SEQUESTRATION LEADERSHIP FORUM l IH

@ Future ™

ALLIANCE

(Photos provided by each organization’s HP)

33 M. Akai, AIST




1

Summary o

= CCS is now became an agenda for energy and
environmental policy, however ... there still
exist needs for
— Significant cost reduction
— Incentives including appropriate "mechanisms”
— Confidence by public, scientists and policy makers

and ... if CCS is inevitable for Japan’s policy
— Responsible body promoting RE&DD

= Political Will as a key driver!

34 M. Akai, AIST



Towards the Future 0

= Difficulties in implementing large scale CCS are
becoming obvious

— Cancellation of proposed projects, Re-structuring of
FutureGen, etc.

— Public awareness, etc.

= Extended and enhanced cooperation
should be essential

— International or inter-projects

= JIEA-GHG would be the core body of
such cooperation

35 M. Akai, AIST
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The Global Warming is obviously accelerated !

The 4t IPCC Report (Feb.2, 2007)
e Past 100 years
temp.rise: 0.74 C (> 0.6 C in the 3@ report)
 The end of 215t century (without active measures)
temperaturerise : 6.4 C
sea level rise : 59 cm

“Stop the global warming” is urgent issue, but not so easy.
Global warming is due to a huge amount of CO2 emissions.

Net amount of CO2 reduction is most important.

Contributions by renewable energies are negligibly small at present.
We have to depend on fossii fuels for a whiie with CCS.

Only energy-saving or high-efficiency is definitely not enough.

Clearwater Coal Conference, June 10-14, 2007

concentrated on oxy-firing of coal for CO2 capture

2
@ School of Engineering Tokyo Institute of Technology



The Power of Coal

Oxy-Coal Combustion

Proceedings of
The 32*¢ Infemafional Technical Conference on
Coal Hilization & Fuel Systems
June 10 - 15, 2007

Sheraton Sand Key Clearwater, Florida, USA 2004  No presentation

2005 One presentation
The Clearwater Coal Conference 2006 One session

Panel: Oxy-Fuel Technology 2007  Full sessions (full of audience)
Oxy-Fuel I: Overview & New Developments

Oxy-Fuel Il: Oxy-Fuel vs. Air Combustion

Oxy-Fuel Ill: Pressurized Oxy-Fuel Combustion System

Oxy-Fuel IV: CFB Oxy-Fuel Combustion and Oxy-Fuel Burner

@ School of Engineering Tokyo Institute of Technology
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BOX1
CARBON CAPTURE

ILLUSTRATING THE CHALLENGE OF SCALE FOR

Today fossil sources account for 80% of energy demand:
Coal (25%), natural gas (21%), petrolenm (34%), nuclear
(6.5%), hydro (2.2%), and biomass and waste (11%). Only
0.4% of global energy demand is met by geothermal, solar
and wind.!

50% of the electricity generated in the U.S. is from coal 2

There are the equivalent of more than five hundred, 500
megawatt, coal-fired power plants in the United States with
an average age of 35 years.2

China is currently constructing the equivalent of two, 500
megawatt, coal-fired power plants per weelk and a capacity

comparable to the entire UK power grid each year®

One 500 megawatt coal-fired power plant produces approxi-
mately 3 million tonsfyear of carbon dioxide (CO3z).2

The United States produces about 1.5 billion tons per year of
C0O,; from coal-burning power plants.

If all of this CO, is transported for sequestration, the quan-
tity is equivalent to three times the weight and, under typi-
cal operating conditions, one-third of the annual wolume of
natural gas transported by the 1.5, gas pipeline system.

If 60% of the CO,; produced from U.S. coal-based power
generation were to be captured and compressed to a liguid
for ge ologic sequestratiom, its volume would about equal the
total TS, oil consumption of 20 million barrels per day.

At present the largest sequestration project is injecting one
million tons/year of carbon dioxide (CO;) from the Sleipner

gas field into a saline aquifer under the Morth Sea.?

MNotes

IEA Kesy World Enargy Statistics (2006)
HA 2005 annual statistics (www sia.doe.govl
Derived from tihe MIT Coal Study

(from FOREWARD)

Our audience is government, industry and academic leaders
and decision makers interested in the management of the
interrelated set of technical, economic, environmental, and
political issues that must be addressed in seeking to limit
and to reduce greenhouse gas emissions to mitigate the
effects of climate change. Coal is likely to remain an
important source of energy in any conceivable future
energy scenario. Accordingly, our study focuses on
identifying the priority actions needed to reduce the CO2
emissions that coal use produces. We trust that our
integrated analysis will stimulate constructive dialogue both
in the United States and throughout the world.

This study reflects our conviction that the MIT community
is well equipped to carry out interdisciplinary studies of this
nature to shed light on complex socio-technical issues that
will have major impact on our economy and society.

(from EXECUTIVE SUMMARY)

We conclude that CO2 capture and sequestration (CCS) is
the critical enabling technology that would reduce CO2
emissions significantly while also allowing coal to meet the
world’s pressing energy needs.

o

@ School of Engineering
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Outline

° 'Inp::n s Status nf Coal ﬂred Power DlAa

WUl WUl VV i 1 CA I

 World Trend of CO2-free Clean Coal T chnology

e 02/CO2 (Oxy-firing) Coal Combustion
- easy CO2recovery without separation process
- drastic NOx reduction and its mechanism
- further NOx reduction by heat recirculation
- high in-furnace desulfurization efficiency
- Flame propagation velocity in high CO2 conc.
- Australia/Japan Oxy-firing Project
* |IGCC and IGFC with CO2 Recovery
- high CO2 recovery rate and high net efficiency

 CO2 Sequestration Methodology

e Concluding Remarks
@ School of Engineering Tokyo Institute of Technology




Coal-Fired Power Plants in Japan

Figures in parentheses indicate power generation capacity
(MW) at the end of FY2005.

Sunagawa (250)
Naie (350)
Tomatou Atsuma
Nanao Ota (1,200) (1,735)

Toyama Shinko Kyodo (500)
Noshiro (1 ,200)—\.
Tsuruga (1,200)
Maizuru (under construction) Sakata (700)—\. Sendai (350)
Takasago (500) Shinchi (2,000)
Mizushima (281) Haramachi (2,000) .
Osaki (259) Hirono (under construction)
Takehara (1,300) ’4 PElEED e

Misumi (1,000) ./ Hitachi Naka (1,000)
Shin-onada (1,000) \
Shimonoseki (175)
Tobata Kyodo (156)
Kanda (360) \\

/ Isogo (600)
Minato (156)

-

W

\ Hekinan (3,100)

Matsuura (2,700) \ \
Matsushima (1,000)—3‘ \ Tachibanawan (2
Reihoku (1,400) / Niihama Higashi (42.5)
’ Niihama Nishi (150)

Saijo (406)

100+700

Kin (440)

e —— Ishikawa (312)
Gushikawa (312)

.
@ School of Engineering Tokyo Institute of Technology



Present Status of Clean Coal Technology

2 SO0
3.9 NOxi &
41 3.7 |
3 20
£
=
<
> 2 17 i5
1
0.20.3
k : ‘ . 7 i% '_:._'::.
U.S.A. | Can. U.K. Fra. lta. Jap.
2002 2002 2002 2002 2002 2004

In Japan

1 GW P.C. Stations
Net eff. > 40 %
NOx <100 ppm

Acid Rain
technology transfer
from Japan

CO2 Problems

only increase of eff.
Is not enough, and
new strategies are
definitely necessary.

NOXx: 0.017, SOx: 0.070 (Isogo No.1)

NOx and SOx emissions from fossil fuel fired power stations

@ School of Engineering
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World Trend of CO2-free Clean Coal Technology

asification o ng%e?’ 265]03 Elfl?ﬁ\évalg\lf E)nergy
J / &hiﬁt reaction .
!

Fossil Fuel steafﬁ ''''' reformmg (Future) Electricity
(Coal,0il.) JT ¥ x| CO2+Hz || \
| exergy enhancement \
................................................................................................... A of low quality waste hea{ H2 + O2 H20
/Oz/COz _ A|r-blowr_1 Hydrogen
Combustion Combustion Energy System
fids with Exergy Regeneretion
Oxy flimg l (Fuel Cell ...)

COz2 Recovery CO2 Separation
and Recovery

(MEA, KS-1.))

1 G

Integration of Coal, Hydrogen and COz2 Sequestration

CO2 Sequestration
(Ocean, Geological ..)

.................................................................................................. <Okazaki' J Enerqv’ 2004>

10
@ School of Engineering Tokyo Institute of Technology



0O2/CO2 (Oxy-firing) Coal Combustion

-
| "2 AW a9 'Y [ | r~

nf\ "' ~~ ~
(_ wulivelitillia

-
[ W a | ] "

bustion —

CO, concentration in Great energy consumption
flue gas is about 13 % — to separate CO,

-
| I | AW Vo u | 'Y

ulverizZced LlUal CUIT

©

. J

ﬁ O,/CO, pulverized coal combustion 4\

CO, concentration in :
fluezgas is enriched up —b[ (E:%Sygégveg:;/mem ]
to 95 % 2

Practically realized by

Coal — N Ishikawajimaharima
: ASU
Air ) ] 02 Co., Ltd.
4’[ O, production | — Furnace _j_.
- - Small amount of
. exhausted gas
Oxy_fm ng of coal (extremely low amount of

<Okazaki, Ando, ENERGY, 1997> Recycled gas '\ Ox 39

11
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Needed Sub-Models for Oxy-PC Furnace

+ Heat transfer sub-model

— Radiant zone

— Convection Zzone
« (Coal jet ignition sub-model

— Chemistry

— Bumner aerodynamics and heat transfer
« Char bumout sub-model

+ Ash partitioning sub-model
— Deposition
— Trace metals
+ (Combustion by-products TIT - HUST
— NO,, 50, Hg _Trace element behavior (JST-NSFC)
+ |ntegrated furnace model

<J.0.L. Wendt, 2007 AIChE Meeting>

12
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Coal feeder

Electric heater—|

mid

Mixer

Ar+NH,

@ School of Engineering

Exhaust gas

Pump
Experimental system to simulate O2/COz2 coal combustion

Sampling probe

I — ™ =|°F  Honeycomb

-
Gas chromatograph

Carrier gas: Ar
Detector: TCD

L

Column: Porapak Q for CO,
Molecular sieve 13 X for others

b

]

Ceramic tube

Y

(' Dessicator

b@ﬂ! detectDJ

<Qkazaki, Ando, ENERGY, 1997>

( Dust collector )

Tokyo Institute of Technology
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Drastic NOx Reduction (NOx: mainly due to Fuel-NOx)

(Drastic decrease of Conversion Ratio from Fuel-N to NOXx)
Summary of CR" values for O,/CO, coal combustion

A (oxygen-fuel

L. : . 0.7 1.0 1.2

stoichiometric ratio)
NO concentration in
exhaust gas 1130 ppm 1710 ppm 1490 ppm
CR”™ 0.05 0.12 0.13
Ratio of CR™ to that of

_ _ 17 % 25 % 26 %
air combustion (1/6) (1/4) (1/4)

CR"™: conversion ratio from fuel-N to exhausted NO

E,attr'f;f 219 g = CR' in O,/CO, coal combustion

combustion CR” in conventional coal combustion in air

14
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Mass balance of N-atoms

Fuel-N: N i
uel-N:
Fﬁ%
el Exhausted-N (NO):
Nx '(I'RR) [Np«CR+Ng « (1-RR)](1-)
\ J/
System CR*
_ Exhausted-N
Recycled-N (NO): Ny - Euel-N
[Np+CR+Nyg « (1-RR)] « &

local CR and local RR were

Np= o-NpCRAL- 0 (1-RR)] | oy herimentally identified.

<Okazaki, Ando, ENERGY, 1997> 15
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Conventional coal combustion in air Decrease of CR™ due o

Increase of CO,
concentration

0.3

0.2 Decrease of CR* due to
o : the reduction of
O : recycled NO in the
; furnace
0.1F ~
L _ 0,/CO, coal combustion_ _ _ ™ | 1 | Decrease of CR* due to
1 16 the interaction between
oL fuel-N and recycled NO
0 200 400 600 800 1000 ™\
Enrichment of NO 1130 ppm - ~
NO concentration in recycled gas (ppm) Contributions
T..x«=1450 K Fuel-N =1.22 wt % (as N atom mass) Bl 4%
B=0.2 CO./(CO,+Ar) =0.48 (vol.) A=0.7 B /8 %
18 %
o /

x. - - _
CR™ conversion ratio from fuel-N to exhausted NO <Okazaki. Ando. ENERGY. 1997>

Discrimination of Various Mechanisms for NOx Reduction (4= 0.7)6
@ School of Engineering Tokyo Institute of Technology



Further NOx Reduction by Heat Recirculation

Easy and efficient CO»
separation - recovery

CaCO;—— g High h <Liu & Okazaki, FUEL, 2003>
Coal concen-
Op == | tration | —
CO, Small amount of
U ~ exhausted flue gas

(Extremely low NOX,

Recycled heat SOx emissions)

ANAAAitinnal marite
MAAUUIUUI AT TTITT 1L

: Recy_cled gas Intensify coal combustion
(Mainly COz including NOx, SOXx)
ecreaﬁe NO further

} rough combustion with
ow O;, concentration

Schematic of O,/CO, Coal Combustion Improve fuel flexibility
with both mass and heat recirculation Bfro%deiw load change range
of a boiler 17
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o 10
—
N
b}
'
©
-
-
o
—
O
(qv}
Y
4

co

(@)

- heat capacity of CO,

Decrease due to high

o

0,=21 vol. % r=3.125x10>m

20 40 60 80
CO, concentration (%0o)

Reaction rate of coal burning

kversus CO, concentratiory

@ School of Engineering

Reaction rate (1/s)

J

Heat recirculation ratio (%)

O,=21 vol. % r=3.125x10>m

O, /CO, coal combustion

W
o

Effect of heat recirculation on

Tokyo Institute of Technology

Caction rate of coal burning/

Heat recirculation ratio = (heat recycled)/(heating value of coal)

18



Reaction rate (1/s)

10

§\Reaction rate for
coal burning in air

0,=15 vol. %

r=3.125x10° m
- 0O,/CO, coal combustion

<LiH& Okazaki, FUEL, 2003>

Decrease NO

10 20 30 40
Heat recirculation ratio (%0)

further

1

the decrease of coal burning caused by

a low Oi

37 % of heat recirculation can compensate || 0f 15 vol.

concentration
%

~

CO,

high heat capacity of

‘ Effect of heat recirculation on reaction rate of coal burning \

@ School of Engineering
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Drastic Reduction of CR* (Fuel-N to NOx) by Oxy-firing

Conventional coal
e combustion

0.3 | L] L] Ll L} [ L] L] L] L] ] L] L L] L]
)
0.25 [ :
i 2 Base case )
0.2 Zg Conventional Z
“ F O2:21% 2 Decreased to
o [ H.R.: 0% ] || one-seventh
= f -
O 0I5 ."% Oxy-fuel E
&l . 0
- 02:30%  oxy-fuel
0.1 E H.R.: 0% Oz 21% Oxy-fuel
1 s HR.. 0% O2:15% !
; % H.R.: 40%:
0-05 = V -
- / i
: /// 7/ 1 0,/CO, coal combustion
ol /ﬁ " é : 4 { with heat recirculation
Case 1 Case 2 Case 3 Cased4 :
Various cases for CR” estimation <L| u & Okazakl, FU EL, 2003>
Cases System O, concentration (%) Gas recirculation ratio according A in volatile matter
to chemical stoichiometry « combustion zone
Case 1 Conventional pulverized coal combustion 21 0.0 0.7
Case 2 0,/CO, pulverized coal combustion 30 0.77 0.7
Case 3 0,/CO, pulverized coal combustion 21 0.84 0.7
Case 4 0,/CO; pulverized coal combustion with 15 0.89 0.7

about 40% heat recirculation

20
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Drastic Enhancement of In-furnace Desulfurization Efficiency

Oxygen-fuel ratio =1.2 natS=1wt%
One pass residence time =8 s
= Ca/S=5 six times higher
2 100
S B CaCO; (10 um) _
&
£ 80 0,JCO,S=2wt% . ll”'fuh':”a_ce o
esulfurizatioin
C i i
= 60 \ | at high
C —~
S - 5JCO, S=1wt% : temperature
2= A - o
S L ]
é o il Air: impossible
g O- Air,SleWt% TS . | ] 8
2 1300 1400 1500 0,/CO,: can
Temperature (K) be realized

_ <Liu & Okazaki, EERGY & FUEL, 2001>
n in O,/CO, == about four times higher

== high in a wide temperature range

‘ Effect of temperature on system desulfurization efficiency \ 21
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Mechanism of In-furnace Desulfurization

What is in-furnace
desulfurization?

=)

A very economical method of SO,
removal through sorbent (CaCO,)
Injection into the furnace

<Liu & Okazaki, EERGY & FUEL, 2001>

SO,

=
Coal © Q

CaO

CaSO, |

@ School of Engineering

Desulfurization reaction:
CaCO,; — CaO + CO,

CaO + SO, + 1/20, = CaSO,

CaSO, decomposition:
CaSO,— CaO + SO, + 1/20,
. B

The cause of decrease in desulfurization
efficiency at high temperature

22
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Local desulfurization efficiency 0.35

Removed-S (CaSO,):

Gas recirculation ratio: 0.84 4 077 (mol/s)
4 )
Fuel-S (SO,): 0.16
1.0 (molfs)” | SC2 ——— >
2.2 (mol/s) >
1.43 (mol/s) Exhausted-S:
\ y 0.23 (mol/s)
Recycled-S: 1.2 (mol/s)

System desulfurization efficiency: n =77 %

<LTU & OKazakl, EERGY & FUEL, 2001>

— Coal property (wt. %, dry) —

C: 711 O:8.86
H:4.23 N:1.76

S: 2.00

— Calculation conditions

Oxygen-fuel ratio = 1.2, Temperature = 1400 K
one pass residence time = 8 5,Ca/S =5, CaCO4 (10 um)

@ School of Engineering
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g;‘ 100 Oxygen-fuel ratio = 1.2
g | [——0,/CO, S=2wWt% ] gglesp_a;s residence time =8s
= ol |- Air, S =2 wt % N
S 80 1 | CaCO,(10 pm)
S ' T
= 60} PN\
S ;\_
2= 40F |
2 i
S 20}
£ i
3
A 0 1300 1400 1500 . .
<Liu & Okazaki, EERGY & FUEL, 2001>
Temperature (K) Contributes over 2/3

Increase of n due to inhibition of CaSO, decomposition above 1500 K

Increase of n due to recirculation of flue gas

Contributes over 2/3
below 1450 K

Contributions of different factors to the increase in
system desulfurization efficiency

24
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Flame Propagation Velocity in High CO, Concentration

T ' T ' I ' |
Coal A(N2/02)
Coal B(N2/02)
Coal C(N2/02)
Coal A(C02/02)
Coal C(C02/02)

—_
(2]
T

[ns]

~ Coal A N2/02

oHe»n

—_
o
T T T T

o
[&a]
[
SY
>
|

Coal A €0,/0,

Flame propagation velocity

™ Coal C N,/0,
O, <— Goal € C0,/0,
P ] 1 ] 1 ] 1

0 1 2 3 4
Coal concentration [kg/m®]

Experimental Set-up  Flame Behavior ~ Flame Propagation Velocity

Flame propagation velocity in CO,/O, largely
decreases to 1/3 — 1/5 of that in N,/O,
<Suda & Okazaki, FUEL, 2007>

@ School of Engineering Tokyo Institute of Technology
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One-Dimensional Flame Propagation Model

—/ 3 5 (rrrrryrrTrTrrTTT LENLENLEL L L LI L L AL
- ¥ ]
E 3C —N2/02 b
x Volatile rel > I iy 7 E
. olatile release i C - =
Al Radiation %péﬁi and combustion S 2.5L . . ]
Ty S ——» \ gtn) / // i C N NZ/OZ ]
L] o 4
Ignition|| © ® ® ® o g © ©® e o o o = af ]
source i e © | J ® E? |:f|> @ ° ® c ' ]
() ® @ % @ 4+ u - ]
e o /7 . ® o © o %1'5: in CO,/0, -
Element Absorption by Scattering 77 x=L=NX Al & 1 B ]
n=1 gas or particle by particle =N 5 . ]
. @ C
'];“l?rrl?glr‘)ioswlon Heat conduction between 5 0.5 - .
P ¢ gas and particle L r
0 ST IR RSN RS RTA N RS B S
0 0.5 1 1.5 2 2.5 3 3.5
One-Dimensional Model Coal concentration [kg/m’]
Caiculated Resuits of Fiame Propagation Veiocity
q

Large decrease of flame propagation velocity is mainly due to
large heat capacity and small thermal diffusivity in CO,/O,

<Suda & Okazaki, FUEL, 2007>
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Flame Stabilization and Further Low-NOX

h\/ I—Imh Temperature Air Combustion

IIIN A\ g | 7 \1 N/ 1 1IN AJI I

1000 | | ,
'[.::.
o~ 800 |-
=
R
Pulverized coal feeder g 600 |-
Igr_]ition =
point g - i
€ a0l " © ]
623K air 1S S 1 354 3 t
===/ 5 | i
ML 7 g - |—@—Coal B = 38 oo A kb ]
] 5 2000 | o Coal A = m 22 SR ]
- S —&—Coal C
i Ignition T
TR point 0 L L ) 1 \ ! .
g 400 600 800 1000 1200
i .' IZSOmm 230mm Air temperature [K]
= L)
P.C T ¢

voltle 4L6% % S8 AS NOx Reduction by Higher Air Temperature

content

Ignition Behavior

— | Flame stabilization by high temperature air combustion
Further low-NOXx by stronger reducing condition near a burner
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Australia/Japan Oxy-firing Project ¢3JCOAL

IHI

Japan Coal Energy Center
Scheme
Australia Japan
Coal 21 NEDO:New Energy and Industrial Technology
Development Organization

Project manager

Electric companies
.| Coal suppliers
.| Research Gr.

(9 cs energy

generations ahead

@ School of Engineerin

Advisory Group:

*Tokyo Institute of Technology

*National Institute of Advanced Industrial Science and Technology
*Electric Power Development Co.,Ltd.

*Central Research Institute of Electric Power Industry
*Nippon Sanso Corporation

*¥Research Institute of Innovate Technology for the Earth

Application study of Oxy—firing technology

JCOAL in other region

IHI | Study of boiler conversion to Oxy—firing

L e oo o o o e e e e e e e e e e e e e e e e e e e e e e e e o e o |

Tokyo Institute of Technology



Australia/Japan Oxy-firing Project OigOAJ; IHI (S csenergy
Site of Power Station and Storage —

generations ahead

CO, storage site Power Plant
*Type: Depleted gas reservoir *Callide-A: 4 units x 30 MWe
*Capacity: Approx. 13million t-CO, *Evaporation:
*Approx. 250km west of power station 123 t/h steam at 4.1 MPa,

= T S—— 460°C

i Ll L *Commissioned: 1965 — 69
Galilee ) = [Nth Denison | 4 *Refurbished 1997/98

|

Basin ’ Trough \ \
B4 ‘v'" e *’“ \ \ \\

G
Stankiell- e

- Callide

_|L ‘ I G
egen
J

—— Pipelines

:l Galilee Basin
:l Bowen Basin

L:l essci_outline \
[ |1so_outiine

Power Stations

Wunger Ridge

P 2
Roma Shelf
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Australia/Japan Oxy-firing Project §3JCOAL 1YY

Air separat'_ - - _ __________________________ ,
units : Oxygen .
: _Oxygen __ _pre-heateps=_ ﬂStaCk Recovery
A u S J( ._|_ Pr§e-coo| r
n : r - 4 _)
. .-- ‘ lEl :
oooooooooooooooooo: [} Fee Watel' ® Bag fllter ors a
E heater 1o=e @ _®_< Air .
Coal} GAH/GGH ® GRF/FDF : csenergy
feed ¢ [€>) : CO,
' PGF J Int?r-cooler generations ahead

(Direct gas Injection)

)
»
»

k.

Transportation Storage
Sequestration (truck or railway or pipeline) (gas or liquid)
(Coal seams or underground) 30
' ' Tokyo Institute of Technology
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Net Energy Efficiency of Oxy-fired Coal Combustion

Conventional combustion
Without CO * 0,/CO,
recovery ? MEA
CO, recovery rate - 90 % 90 %
Gross capacity 1000 MW 840 MW 1000 MW
Net capacity 946 MW 672 MW 720 MW
Gross efficiency 41.4 % 34.7 % 42.9 %
Net efficiency 39.1 % 27.8 % 30.9 %
O, production / CO, liquefaction - - 147 /108 MW
CO,adsorption / CO, liquefaction - 38/ 72 MW -
Other utilities 54 MW 58 MW 25 MW

*MEA: Monoethanolamine, a typical absorbent used
for CO, recovery in conventional coal combustion

@ School of Engineering
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Compensation of the decrease of net efficiency

by combining active CO2 recovery with IGCC

Coal e

COAL

PREPARATION

Water Scrubber

1-Stage Reaction

or

2-Stage Reaction

Air —m

PARTICUCATES Cow Temp.
|::I GASIFICATION —F COOLER [ REMOVAL [~ COSHIFT == o< Cooling
.
Physical T l : I
Absorption § o
- ACID GAS L
SEPARATION REMW“‘# |
T l I
l |
I
SYNGAS k-|--| —————— . | e~ -¥
SATURATER =] == | =mmmmm et | e —_—
[ l ¥ —SUTFUR ] .
Lime/Gypsum COZ GAS
Air GAS TURBINE Process RECOVERY COMPRESSION
with Incinerator
Compressed
¥ CO2 Gas
AEAT RECOVERY J STEAW
STEAM GENERATER TURBINE > Gypsum

x

IGCC with CO2 Capture using Wet Gas Sulfur Removal

@ School of Engineering
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IGCC with Active CO2 Recovery

S500MW Class IGCC with COZ2 Capture
52 r using Wet Gas Sulfur Removal T
Base 1IGLC
Gross
Efflelency
s R T T )
48 - .
=
=]
o
E B 1GCC
@ ase
o “r Het 7]
L= Efficiency
w - oo Impact of
‘@
E
L
2
[ € ™ E
LEGEND
1-Gteger
a - GO Shift | ©O 3hift i
Groes Efficiency O ]
Efflclency without
C0O2 Compression L a
Met Efficiency with
32 - G2 Comprassion w W b
o 10 20 30 40 B -4} T 80 20 100

% CO 2 Capture

<Amaike, A-J TEC, 1999>
Net efficiency of IGCC with active CO, recovery
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Integrated Coal Gasification Combined Cycle

IGCC (Integrated Coal Gasification IGFC (Integrated Coal Gasification
Combined Cycle) Fuel Cell Combined Cycle)
@®Clean Coal Power R&D Co., Ltd. @EAGLE Project, J-Power (EPDC)
@Air blown, entrained-flow gasifier @ Oxygen blown, entrained-flow gasifier
@®250MW demonstration, 2007-2009 @ 150t/d pilot test, 2001-2009

@®High efficiency (20% COz2 reduction) @®High efficiency (30% CO2 reduction)

@CO2 capture test, 2007-
Coal Energy Application for Gas, Liquid & Electricity

Bird eye's view of the demonstration plant Pilot plant at Wakamatsu Res. Inst., JPower

AV )= a— JLIND—HE R
o T— Glean-(:;ual Power R&D GD%LTD.‘H- %OWE” mERR 34
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|GFC (Integrated Coal Gasification Fuel Cell Combined Cycle)
EAGLE (Coal Energy Application for Gas, Liquid & Electricity)

NEDO o#oner
35
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Schedule of the EAGLE Project (STEP-2)

(FY)
2007 2008 2009
Design Test
CO2 Capture I |
Construction
o Test Test
Coal flexibility test I
Remodeling Gasifier into
high thermostability
Survey of trace e e
|

elements behavior

%am;ﬂ N
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CO2 Capturing Test (without storage)  gzomer ...

Bleed gas for CO2 Capture
(10% of the syngas flow)

46X

L —
M-fh

C02 Separater
Shift I
reactor ¢)
G0
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CO2 Sequestration Methodology

Geological storage and Dissolution/Dilution sequestration method Deep acean storage and
sequestration method sequestration method

Stationary type (Pipeling) | | Mobile type (Moving ship)
Fecovery

DissolutionDilution DigsolutionDilution

Gas CO, 200:400 m
Liquid CO,: 1000-2000 m

Liguid CO,
Supercritical CO,
Dissolution/Ciffusion

Liguid O
_ 1000-2000 m
*. Enhanced oil recavery 15 0~-F00G-C0,
L .~
o . 32010000 GH+-C0,
i Injection into aguifers
L e —
—— ¢ 52~ 74000

* Injection into depleted 520~-1100GHC0, Liquid QO THCO

oil and gas fields = A000 m or o
*. Enhanced recovery of _ L—"—2 i

coal bed methane o

Aesanrch Institute of Innovative
Tehnalogy far the Esrth
CO, discharge: 23.9 GL-CO fyear (World) *Walues show estirmated CO 5 sequestration potential
(source: 1[EA-GHIG).
1.2 Gt CO.fyear (Japan)

Figure composed by METI & RITE.

Sequestration technologies for a vast amount of CO,
38
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CCS field test sites in Japan

Source: NEDO Home page, RITE Home page, JCOAL Home page

Geosequestration
(coal seam)

Capture

(post-combustion) 39
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Coal CO2
Combustion Recovery
Gasification Sequestration
Hydrogen
Fuel Cell

[ SHIFT REACTION)

CO+Hz20>
He +CO2

More and more collaborations among researchers of different field !
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Concluding Remarks

1. Oxy-coal combustion is promising option
for easy and efficient CO2 recovery by just
applying existing technologies.

2.Conversion ratio from Fuel-N to NOx can
be automatically reduced to 1/4 - 1/6.

(Heat recirculation can significantly enhance this effect.)

3. Flame propagation velocity decreases to
about 1/3 — 1/5.

4. Decrease of net efficiency in Oxy-firing
can be recovered by combining active
CO2 recovery with IGCC or IGFC.

@ School of Engineering Tokyo Institute of Technology
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We must enhance the value of coal by promoting the Clean
Coal Technologies for our future.

Nuclear

/
¥ $3JCOAL

mmmm

Natural Gas

Thank you for your attention ! +
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Performance of PF boilers Retrofitted
with Oxy-coal Combustion: NERCATE

Understanding Burnout, Coal Reactivity,
Burner Operation and Furnace Heat
Transfer

Terry F Wall

Priority Research Centre for Energy & CRC for Coal in Sustainable Development (CCSD),
Chemical Engineering, The University of Newcastle,
University Drive, Callaghan, NSW 2308, Australia

IEAGHG International Oxy-Combustion Network
Yokohama, Japan, March 5t/6t", 2008
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Context and content

Compares air and oxy-fuel furnace performance

Retrofit of an existing air-fired boiler while maintaining heat
transfer, considering

eConditions for matched heat transfer
*Changed burner flows, with flame and heat transfer impacts

«Coal reactivity and burnout impacts

EE NEWCASTE
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Oxy- fuel

Conc.
Stream
of COZ

Air Air :
Separation Nitrogen
unit (ASU)
Recycled Flue Gas (RFG)
Oxygen ﬁ
CO;-rich Ash 1/
Fuel Boiler or Flue Gas ; c;zilel:‘/’a
—’ 0
Gas Turbine condenser / FGD
Steam
Steam »  Power
Turbine

Vent

Purification /
compression

CO,(50,)

’a THE UMIVERSITY OQF
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Presenter
Presentation Notes
Oxyf involves combustion in oxygen, with recycled flue gas which is rich in CO2,is used to control temperatures and carry heat through the furnace.



No capture is required, with the CO2 rich gases being cooled and compressed. 



As for IGCC, an ASU is used for oxygen supply.



No NOx or SO2 capture units (ie FGD) are   used in this flowsheet (as is the case in IEA studies) reducing the capital cost. NOx levels from the furnace are lower than air firing, much of the SO2 and NOx are captured with the CO2, with some removed with water condensing out during CO2 compression.



This possibility of storing CO2 with SO2 and NOx would be determined by regulation.










Heat transfer
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AFT

2600
<
o 2200 .
=
© = air
(¢}
e oxy-wet
2 1800 oxy-dry
[¢)]
e
i
2
B 1400 -
8
©
<
1000 I I I I I
0.18 0.22 0.26 0.30 0.34 0.38

O2 fraction at burner inlet
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Oxy-fuel: differences of combustion in O,/CO,
compared to air firing

*To attain a similar AFT the O, proportion of the
gases through the burner is ~ 30%

*The high proportions of CO, and H,O In the furnace
gases result in higher gas emissivities

eThe vo
reducec

The vo

ume of gases flowing through the furnace is

ume of flue gas (after recycling) is reduced

by about 80%.

eRecycle gases have higher concentrations Iin the

furnace

J i/ sl
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Presenter
Presentation Notes
The characteristics of oxy-fuel combustion with recycled flue gas differ with air combustion in several aspects primarily related to the higher CO2 levels and system effects due to the recirculated flow, including the following: 



To attain a similar adiabatic flame temperature (AFT) the O2 proportion of the gases passing through the burner is higher, typically 30%, than that for air (of 21%), necessitating that about 60% of the flue gas is recycled.

The high proportions of CO2 and H2O in the furnace gases result in higher gas emissivities, so that similar radiative heat transfer for a boiler retrofitted to oxy-fuel will be attained when the O2 proportion of the gases passing through the burner is less than the 30% required for the same AFT.

The volume of gases flowing through the furnace is reduced somewhat, and the volume of flue gas (after recycling) is reduced by about 80%.

The density of the flue gas is increased, as the molecular weight of CO2 is 44, compared to 28 for N2 

Without removal in the recycle stream, species (including corrosive sulphur gases) have higher concentrations than in air firing.


Geas property differences 1: Emissivity
Triatomic gas (H,O0+CO,) emissivity ~ beam length
comparisons

30 500 1050 MW,

1
Oxy-fuel fired furnace —

~ 081 — ——
P -~
I; 0.6 -
o _—Airfired furnace
S 04 —
wl .
&
O 02

O I I I I I I I I I

0 10 20 30 40 50 60 70 80 90

Beam Length (L) (m)
& o o
UDta 8 A1 (2006)

I/ sl
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Presenter
Presentation Notes
Spectral band models must be used for oxyfuel emissivity estimations for large furnaces, rather than Hottel charts,





We see that gas emissivituies are substantially greater in oxyfuel, with the furnace beam length indicated her for different MWe outputs.






®)
CFD radiative transfer inputs

0.8 :
Oxy-fuel fired furna - 4 grey gas model,
0.7 Gupta et al, (2006)
= 0.6
2 3 grey del
3z 0.5 grey gas model,
‘o Smith|et al, (1982)
U) |
= 0.4
LL
0.3
|
02 \ \
0 10 20 30 40 50 60

Beam length (L) (m)

E = Zag,i (T) [1 . e—ki(pcoz + szo)L] - @
i=0
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Presenter
Presentation Notes
For cfd models for prediction of radiative transfer in furnaces the Sum Of Weighted Gas Model is used when the equation given here is matched to the emissivity ~ beam length function with a number of grey gases.



For air firing three grey gases are used, with the coefficients (a in the equation here) from Smith for three grey gases used.



For oxyfuel we have established that four gases are needed for large furnaces greater than about 50 MWe , with a typical fit as given here. The coefficients have not yet been published.


Gas property differences 2: Heat capacity etc

Impact for air to
oxyfuel retrofit

‘ Higher O2 thru burner

L (thermal conductivity) 1.0

Cp (molar heat capacity)

1.6

P {densit .
(density) 17 4 Lower burner velocity,

higher coal residence time
1.7 in furnace

0Cp (energy volume™)

‘ Slower flame propagation
. velocity

o(thermal diffusivity) g

Dews mass diffusivity) 0.8

0j 04 0506070809 1 111213 14 15 16 1.7

value for CO;
value for N

Properties from Shaddix, 2006

Gas property ratios for CO, and N, at 1200 K
;'." *‘ THE UNIVERSITY OF
I“’i - @ NEWCASTLE
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Burner flow comparisons for a retrofit

Therefore secondary

RFG reduced Recirculated  Fixed for same HT
Flue Gas, RFG
.‘_.. . - . - .... v e o . . 1
27 % viv fixed for same HT &
Oz |
: |
. Secondary .
airf RFG |
o Furnace ! o [ UE Gas
] Primary Stack
Coal . arf RFG ~3% Vv/iv

Fixed velocity

THE UMNIVERSITY OF

NEWCASTLE

AUSTRALIA

Burner


Presenter
Presentation Notes
Figure shows air combustion (solid lines) and retrofit oxy combustion (dashed lines). Higher Cp values in oxy combustion, requires higher O2 levels to establish similar adiabatic flame temperature for air firing. For a fixed velocity for primary stream, higher mass flow is required and the balance (which is lower) is sent through secondary stream.


Furnaces considered
Pilot scale- 1MWt Utility scale-30 MWe

T

=]

it . Secondary

B v air / gas

- A Vi

&l Bl o

& i

N Fi™R

q T

- ‘é H

* | W i

B A R

" %—Q

i ™ B
‘ Flue gas
Furnace output: 1.2 MWt Furnace output: 30 MWe
Furnace size : ID-13m&L-7m Furnace size : 6.1mX6.7m X21.5m
Burner : 1 Swirl burner (sec) & Burner : 6 Swirl burners &
Small burner Quarl burner Quarl

Tests: Air & Oxy-firing Tests: Air i

THE UNIVERSITY OF
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1 MWt test conditions

Parameter Full load Partial load

Air case Oxy case Air case Oxy case
Coal flow rate kg/hr 120 120 72 72
Primary velocity m/s 20 23 17 21
Secondary velocity m/s 35 21 18 12
Secondary swirl number 0.2 0.2 0.2 0.2
Primary momentum flux kg/s.m?/s? 35.7 54.1 20.9 36.8
Secondary momentum flux kg/s.m?/s? 270.2 74.1 38.2 16.4
Momentum flux ratio (Pri/Sec) 0.13 0.73 0.55 2.25

i/ 8/
B

§

Preheated air/RFG: primary 350 - 400K and secondary 450 - 550 K, Wall 1200 K
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Presenter
Presentation Notes
From the calculations, the following input conditions were derived as used during experiments. Notable here is the momentum flux ration term. Higher for oxy compared to air case. Also for partial load conditions.


FRF Flame types from swirl burners

external
¢ recirculation

1ype Lo S

Type-L Hi S (S>0.6)
Lo v,

Type-2

Hi S, Hi v,

ﬁ,‘:ﬁta THE UMIVERSITY OF
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Presenter
Presentation Notes
Flame Types were categorized from the IFRF study. Current experimental study found Type-0 flames which is characteristic of low swirl flows and no internal recirculation.


()

Air /IRFG

1 MWt: Flame shape Burner throat ~ + PG flow

& Ignition delay

All Type-0 flames  0.8mwt

Difficult to
distinguish between
combustion modes § gamwi

Ignition delay In
partial load — oxy
case

0.48MWt

Alr mOdelikﬁ-wl-}? Oxy mode o
ﬁ.i:—‘:j‘ \\ S NEWLASY


Presenter
Presentation Notes
Few experimental flame snap shots were taken from the view port. The figures shows air and oxy combustion conditions for full and partial loads. Notably, a difference in ignition location is observed for partial loads.


1 MWt — Temperature contours at full load

1808 1970

Air-case

Type-0 flame !

B

I 1/ 2/

& NEWCASTLE
AUSTRALIA


Presenter
Presentation Notes
Ignition was located at off axis. The predicted axial ignition location (referred by high temperature) is different for air and oxy combustion, with oxy combustion delaying ignition.


Sensitivity analysis — full & partial load

2500
2000 -
1500 -

x ’

E‘ 1000 -

2 air-full load

------- air-partial load
500 - oxy-full load
- - oXy-partial load
0 T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

Axial distance from burner (m)
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g
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Presenter
Presentation Notes
Figure represents predictions for full and partial load operation. In both cases, the partial load operation shows ignition delay. The effect is due to the effect of primary momentum flux being higher for partial load operation 


Effect of momentum flux

2500
e ir-fUll loadl
2000 - oxy-full load
L - = - - pseudo-air
1
— 1500 - :
= ;
o '
g .
= 1000 - :
r
500 A
D T I T T
0 0.4 0.8 1.2 1.6 2

Axial distance fromburner (m)

v Confirms the significance of momentum flux and Gas

properties on flame ignition
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Presenter
Presentation Notes
An theoretical analysis was conducted in which the ratios of momentum flux were matched to that of air case, to understand the influence of gas composition on ignition location. Thus the ignition delay can be explained by two factors: different gas properties and higher momentum flux. Thus jet aerodynamics also influences ignition location and flame types.


30 MWe Burner plane — Temperature contours

Air case Oxy case




30 MWe Heat flux contours

~ N O
Air case "W w2
_ I /”H‘\ /ﬂ \

Burner
wall

Opposite
wall
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30 MWe — heat transfer results

250
Front wall Rear wall Side walll Side wall2
230 -
O air
210 - B oxy-fuel

190

170

Total surface heat flux (kw/m2)

45 ol 56 o6
Furnace wall area (m2)
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Coal burnout and reactivity
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1 MWt Combustibility comparison

Carbon—ir— ash, Oxy m ode %%

Parity
6 @ Coal A
®CoalB
5 ®CoalC @
0 2 1 6 8 10

Catbon— in—ash, Airm ode )

EE

THE UNIVERSITY OF
NEWCASTLE
ALUSTRALIA



Illustrative differences in air and oxyfuel which
Influence burnout

For matched furnace heat transfer:

Oxyfuel has longer furnace residence time, ~20%
Oxyfuel has lower temperatures, ~ 50 oC

In oxyfuel, coal experiences an environment with higher O2

Vi
ﬂ“‘d‘iﬁ""'“ THE UNIVERSITY OF
— NEWCASTLE
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Experimental techniques

DIGITAL DISPLAY

Furnace temperature

Carrier gas flow rate

Auxiliary gas flow rate

Pressure in the analysis chamber
DTA, DSC, TGA or TMA signal

Balance beam
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Coal properties

Size range Australian Australian
+63-90 um Semi- Anthracite Bituminous
(Coal A) (Coal B)
Proximate Analysis wt.% (air dried basis)
Air-dried moisture 1.7 8.0
Ash 9.8 19.9
Volatile Matter 8.7 25.6
Fixed Carbon 79.8 46.5
Ultimate Analysis wt.% (daf basis)
Carbon 91.4 79.1
Hydrogen 3.77 4.51
Nitrogen 1.88 1.16
Sulphur 0.76 0.24
Oxygen 2.2 15.0

§
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Experimental conditions

GAS ATMOSPHERES

Pyrolysis — 100% N, and 100% CO,
Combustion -
Air — 21% O, v/v basis in N,
Oxy — 21% O, v/v basis in CO,

EXPERIMENTAL CONDITIONS

TGA DTF

Parameter Condition Parameter Condition
Sample mass (coal) 10 mg Coal feed rate 4to5g/h
Temperature range 30 to 1100 °C Total gas flow rate 5.2 L/min
(non-isothermal) Gas temperature 1400 °C

Heating rate _
10 °C /min

Gas flow rate _
70 mL/min

Oxygen concentration in 3 to 30 % v/v basis
N,/CO,

ﬂ ; __.(a THE UMIVERSITY OF
Il el



Ignition & burnout temperatures of Coal A & Coal B

in TGA
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Pyrolysis and oxidation reactivities of Coal A & Coal

B in TGA
0.12
——Coal A N2
----- Coal A CO2
. 0.1 - -—--Coal A Air Coal B i
D ~ -~ Coal AOxy Pyrolysis\_ | :
< 0.08 4 —CoalB N2 Do
= ] Coal B CO2 Lo
:: —--CoalBAIr CoalB Coal A
E 0.06 1 ----coalBOxy Oxidation ,-~. Oxidation . .
- /- N //// \\\‘ / L
S 0.04 - ;oA CoalA S
& /,j' /,j' i ¥ Pyrolysi\
/ '/ [ [ ,
002 “ // /// \\‘\ “‘-‘ S
V% / 1 [ ‘ '
/s STt i S
O “ |

400

600 800 1000

Temperature (°C)

§

1200

THE UNIVERSITY OF

NEWCASTLE

AUSTRALIA



Heat flow during pyrolysis & oxidation of Coal A & Coal

Bin TGA
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Volatile yields at 1400 oC

Coal B |Coal C| Coal D
V*(N,) 36.7 30.9 53.5
Q factor 1.52 1.43 1.76
(N,)
V* (CO,) 43.3 32.2 66.2
Q factor 1.79 1.49 2.18
(CO,)

V* - Volatile yield at 1400 °C
Q factor — Ratio of V* and volatile yield obtained by proximate analysis
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SEM pictures of N, & CO, chars formed in DTF at 1400 °C
using Coal B
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Char burnout in DTF taking V*(N,) to estimate char
yield
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DTF-char reactivity in TGA
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Summary of reactivity data for 63-9) micron size cuts
of four coals from DTF experiments at 1400 °C

Volatile yield in N2

Coal Burnout

Volatile yield at 1400°C in

DTF (daf basis), %
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Closing comments on impacts and effects in retrofits

Burner aerodynamics are changed for the air burners used in a
retrofit

Heat transfer and aerodynamics are interrelated

Oxyfuel radiative transfer cfd prediction models have been
developed

... and are now extending to a 400 MWe furnace

Improved burnout is expected and measured in retrofitted oxyfuel
boilers, with mechanisms which can improve and worsen burnout

... and reactivity - as volatile yield and coal burnout - in
oxyfuel conditions is greater than in air

EEl NEWCASTE
Vo




CHALMERS Chalmers University of Technology

Evaluation of gas radiation
modeling in oxy-fired furnaces

Robert Johansson

Department of Energy and Environment
Chalmers University of Technology

Robert Johansson, Department of Energy and Environment



CHALMERS Chalmers University of Technology

The oxy-fuel group at Chalmers
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Missing on the picture: Daniel Fleig
Daniel Kiilhnemuth

* Collaboration with Vattenfall, FLUENT and IVD (Uni-Stuttgart), Alstom
and DOOSAN Babcock etc.

Robert Johansson, Department of Energy and Environment



CHALMERS Chalmers University of Technology

Oxy-fuel research at Chalmers

Primary objective: obtain knowledge of need for
scaling of the process

Focus areas
Combustion chemistry: nitrogen, sulphur
Heat transfer

Fluid mechanics

Propane and lignite fired tests: Identify and characterize differences
between oxy-fuel and air combustion conditions

Modeling: - More detailed modeling of gas radiation, NOx chemistry and
sulphur chemistry in connection to the experiments

- CFD-studies

Robert Johansson, Department of Energy and Environment
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Outline

Robert Johansson, Department of Energy and Environment



CHALMERS

Chalmers University of Technology

Background

Radiation heat transfer is of major
Importance in design of furnaces

Changed combustion conditions will

affect the gas radiative heat transfer
sLonger pressure path lengths

*Different ratio of H,O0/CO,

Robert Johansson, Department of Energy and Environment
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Purpose of the modeling work

Evaluate radiation models for conditions
relevant to oxy-fired furnaces

Recommend models for CFD-calculations

Provide a tool that can be of help for
evaluation of intensity measurements

Robert Johansson, Department of Energy and Environment
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Chalmers University of Technology

Solve the radiative transfer equation (RTE)
neglecting scattering
dl,

k1. —xl

v 'byv vy

/ dr I
Change of intensity \ Decrease of intensity

Increase of intensity due to absorption
due to emission

Discretization of a path in homogeneous cells

Wall

P i
A

Pt

yd

e

yd

P

0 1 i i+ n

Robert Johansson, Department of Energy and Environment
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Correlated formulation Non-correlated formulation
formal solution requires less calculations
physically correct the most commonly used approach in CFD
Iv,n = Iv,Oz-v,O—m +Z Ibv,i+1/2(z-v,i+1—>n _Tv,i—m) Iv,n — Iv,n—lrv,n—l—m + Ibv,n—1/2(1_ Tv,n—l—m)
Wall , Wall
/ ; A I, I
o o n-1 n
A pd
/ [bv,]+1.='2 /
d [bv,n-l,«‘z
~ Z
0 1 i i+1 n A
T > 0 1 i i+ n
Tv,z—)n ’ Tv,n-T -n

Robert Johansson, Department of Energy and Environment
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Tested models

Ranges of parameter

Optimized this work

Model Nr. of RTEs !
validity
SNBM Malkmus 367 Cover conditions of
Soufiani and Taine, 1997 interest
Transmissivity
models SNBM Goody Cover conditions of
Leckner, 1972 686 i
Correlated eckner, Interest
formulation
EWBM 21 Cover conditions of
Edwards, 1976 interest
SLW innt It%rilsl\;vgli ?{8 ?g(:d Cover conditions of
Denison and Webb, 1993 ) interest
Absorption each species)
coefficient
600<T<2400
models WSGG 4 0.001<PL<10
Smith et al.1982 _
Non-correlated Pri2o/Pco,=1 0r 2
formulation
500<T<2500
WSGG 3ord 0.001<PL<40

Poo/Peo,=0.1250r 1

Robert Johansson, Department of Energy and Environment
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Theoretical cases

uniform and non-uniform paths

radiative source term (infinite plates)
wall fluxes (infinite plates)

v

AONUOUNNNN NN
NN NN

Comparison with experiments

Robert Johansson, Department of Energy and Environment
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Experimental cases

Fuel Test O, [vol.%, dry] ~ CO, [vol.%, dry]  Fyelinput  S.R.

case [kwW] n)
In Out In Out

Air 21 3.0 ; 12 80 115

OF21 21 30 77 94 80 115 Kos
Propane

OF27 27 38 71 94 80 115 g

Air 21 31 ; 17 76 1.18

OF25 25 37 72 94 76 1.18
Lignite

OF27 27 39 711 94 76 1.18

OF29 29 42 69 94 76 1.18

Robert Johansson, Department of Energy and Environment
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CHALMERS

Recycling of

Measurements i ﬁ/?

— A
% Cylindrical @
furnace Measurement
. ports R1, R2.. R7
Intensity, temperature and gas
concentrations measured along A 3| =
the cross section of several 3
ports.
800 mm
Y
—
Intensity measurements s -
Narrow angle radiometer — ' % 4
Cold black background o jl —LH#747/_

Robert Johansson, Department of Energy and Environment
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Evaluation of models: uniform paths
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Evaluation of models: wall fluxes (infinite plates)

Temperature given by a cosine profile: 1000-1800K
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Comparison with experiments

Propane flame
Port 3: 384mm from burner

3)(104 Air 3)(104 OF 21 3)(104 OF 27
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Robert Johansson, Department of Energy and Environment
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Comparison with experiments

Propane, Air Propane, OF 21 Propane, OF 27

Robert Johansson, Department of Energy and Environment
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Comparison with experiments

Lignite flame, OF25

X 10° Port 3: 384 mm from burner 2 10* Port 5: 800 mm from burner
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Conclusions

e The existing parameters of the WSGG model are intended for air fired
conditions and often yield significant errors for conditions relevant
for oxy-fired furnaces.

* The new WSGG parameters give results within 20% of the
reference model.

« The WSGG model is suitable for CFD-calculations in terms of
accuracy and computational cost.

» Conditions with significant amounts of soot and particles
requires less accuracy of the gas radiation modeling.

» Modeling has confirmed the differences in
soot concentration observed in the propane flames.

Robert Johansson, Department of Energy and Environment
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Thank you for your attention!

Robert Johansson, Department of Energy and Environment



Stabilising Swirl Pulverised Coal Flames
under Oxyfuel Conditions

D. Toporov, M. Forster, R. Kneer
Institute of Heat and Mass Transfer, RWTH Aachen University, Germany

3'd Workshop
IEAGHG International Oxy-Combustion Network
Yokohama, Japan — 5" and 6t March, 2008
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Overview

This talk presents computational analysis and experimental results of swirl
flame stability under oxycoal conditions

OXYCOAL-AC Project Oxycoal Burner Design &
- Computational Predictions

. ‘ﬁ Institute of
. | Heat and Mass Transfer




Conventional Power Plant

Block K, 1012MW,,, net efficiency over 43 %,
lignite coal, RWE Power, Niederaussem, Germany

Heat and Mass Transfer




Conventional Steam Generator

flue gas (N,, CO, H,0)

air

coal

/ Institute of
Heat and Mass Transfer




Oxyfuel Process

flue gas (CO, + H,0O)

oxygen

Cryogenic or
lon Transport Membrane (ITM)
ASU

O, +
CO, (+ H,0)

coal

/) | Institute of
. | Heat and Mass Transfer




OXYCOAL - AC Process

hot gas filtration flue gas (CO, + H,0)

air
#
—
0, ash
turbo- —— M
unit \
1 hot gas-fan water
h

0, + CO, +H,0

A

coal
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Cooperative Research Project OXYCOAL-AC

/ § Goal: Development of a Zero-CO,-Emission Coal
W SN Combustion Process for Power Generation

Topics: Coal Combustion in CO,/O,-Atmosphere

High Temperature Membrane for Oxygen
Supply
Funded by: undesministerium
% ‘ E]r':'irtscha:t
= und Technologie

Ministerium fOr Innovation, Wissenschafl, Forschung [_[:J-" o .
und Technologie des Landes Mordrhein-Westfalen [ 4 ™ m
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Oxycoal with lon Transport Membrane (ITM)

Why ITM?
m  Cheaper alternative to cryogenic-ASU due to:
e reduced auxiliary power required

Challenges:
0, %

E ITM < » Combustion

m areduction of the membrane surface area becomes possible by
achieving good combustion performance at:
e near stoichiometric conditions

e low O,-concentrations in the CO,/O, mixture

) — | Heat and Mass Transfer



Objective

m  To obtain stable and controlled oxycoal combustion at low
O,-concentrations in the CO,/O, mixture by identification of

e the underlying mechanisms
e the stability limits of an oxycoal swirl flame

Heat and Mass Transfer

) |



Gas Properties for CO, Compared to N, at 900 °C

e thermal conductivity, k ~ 9 % higher

e molar heat capacity, c, ~ 67 % higher
e density, p ~ 57 % higher
e thermal diffusivity, « ~ 35 % lower

e molecular weight, M ~ 57 % higher
[

radiative properties differ significantly

Source: VDI-Wéarmeatlas, 2002

Heat and Mass Transfer
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WSA OXYCOAL Test Facility
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Burner Development

Base: | |
primary air
m  Swirling pulverized coal burner for CO, + coal
air operation (burner A) secondary air | secondary air
. . . . : . 0,/CO O,/CO - -
- - tertiary air | : 2 2 2 tertiary air |
= Fuel: Rhenish lignite (pre-dried) ovcorn | Il [ _4ouco,
e water: 8.4 % i ==
e ash: 4.1 % v
e VM: 46.6% | | § |
e FC: 40.9% ! é <
Q n
e HV: 22173 kJ/kg anSN =N = i
. N | W \
= Wall conditions 1200 K \ \
= Inlet temperature BN |
e PAandSA-330K N
e TAII-900K Y \
m Lambda 1.3 «— 100mm ——

J— | Heat and Mass Transfer



Operation of Burner A: AIR and OXYCOAL Mode ( 80 kW)

AIR Operation: OXYCOAL Operation:
e primary: coal + air; e primary: coal + 19% O,; CO,
e secondary: air; e secondary: 21% O,; CO,
e tertiary: air e tertiary: 21% O,; CO,

stable flame unstable combustion

)— | Heatand Mass Transfer




OXYCOAL Tests with Increased O, - Levels

m In order to stabilise the flame at the burner quarl, the thermal load
(respectively the velocities at the burner) was decreased to 40 kW
m  Results:
e A stable flame was obtained at the following conditions only:
 transporting fluid: air CO,+19% 0O,
e combusting fluid: CO,+27 %0, CO,+34 %0,

e Lower O, concentrations in the combusting fluid led to pulsating flame
and unstable combustion

u‘:;itt::\edohfnass Transfer pUIsatlng ﬂame (02 - 30 % VOl) m




Boudouard Equilibrium

L 1T | I | —1 —1r
1.00 — = O—
0.90 N /
| /
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g | \ /
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m Endothermic reaction (173 kJ/kmol)
m CO,+C,>2CO
—>Volume doubling (local oscillations)

Heat and Mass Transfer
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Consequences with Respect to Burner Design

Phenomena when replacing N, by CO.:
= Increased specific heat capacity: ¢, s (CO2) > C; oiar (N2); by ~ 70 %

m  CO-production due to Boudouard reaction:
e volume doubling leads to local flame oscillations
e endothermic reaction limits the particle temperature rise

Counter-measures:

m  Achieving constant velocities at the burner
e Dby stabilising the CO-production

= Compensation for higher molar ¢, and for the Boudouard reaction
e Dby increasing the heat supply to the burner quarl

Solution:
m Increased internal recirculation of hot combustion products

) Heat and Mass Transfer



Development of an OXYCOAL - Burner

From burner A to burner Oxy-1

Approach:
m CFD based burner design

e change of the quarl of burner A by
removing the parallel ending quarl:

e increasing the recirculation within the
quarl

e two heterogeneous reactions have to
be considered:

>C,+1/20,> CO
>C,+C0O,>2CO

I -
4 | Institute of
| Heat and Mass Transfer
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Development of an OXYCOAL - Burner

From burner A to burner Oxy-1

Approach:
m CFD based burner design

e change of the quarl of burner A by
removing the parallel ending quarl:

e increasing the recirculation within the
quarl

e two heterogeneous reactions have to
be considered:

>C,+1/20,> CO
>C,+C0O,>2CO

75 "+ | Institute of
) — | Heat and Mass Transfer
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CFD-Simulation: Comparison — Burner A vs. Burner Oxy-1

Axial Velocity Temperature

[m/s] K]

A Oxy-1
I 1500

1250

A AN Oxy-1

ll:“' Institute of
““|r Heat and Mass Transfer




CFD-Simulation: Comparison — Burner A vs. Burner Oxy-1

Heterogeneous Reactions

Oxy-1 CO-source, kg/s-m3

Ignition point
closer to quarl

': 4 | Institute of
)— | Heat and Mass Transfer




Flame of Burner Oxy-1

stable flame at ~ 23% O,

" 1| Institute of
- | Heat and Mass Transfer




Further Development of the OXYCOAL - Burner

m  Experimentally validated CFD simulations - new burner geometry:
e annular entrance for primary stream and coal (SAQO type)

e increase of internal recirculation yields stable OXYCOAL flame even at
O, - concentrations around 18 Vol.-% (16 % seems feasible).

Burner Oxy-2 primary stream / coal

secondary stream
(swirling)

| Institute of m
J— | Heat and Mass Transfer



CFD-Simulation: Temperature & Aerodynamics

Burner Oxy - 2
\

Temperature, K Axial Velocity, m/s

- 1500

I 1000
500

-12

I4
-4

-0,2 -0,1 0 0,1 0,2 m

7 e RWTH/ACHEN
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CFD-Simulation: Volatiles Release and Char Combustion

Pyrolysis-source, CO-source,
kg/s-m3 kg/s-m3

5 )

B 1
0.5 0.5

| ||

I Fast pyrolysis I
0 and particle 0

ighition

-0.2 - G Gl 0.2

I .
Heat and Mass Transfer
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Flame of Burner Oxy-2

stable flame at ~ 21% O,!
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Flames of Burner Oxy-2

CO,~ 81% CO,~ 82%
0, ~19% O, ~18%

) Heat and Mass Transfer



Flames of Burner Oxy-2

Comparison of Air and OXYCOAL Flames

Air flame OXYCOAL flame

N, ~ 79% CO,~ 79%
0,~ 21% O, ~21%

) Heat and Mass Transfer



Conclusions

m A stable oxycoal flame with < 18% vol. O,-concentrations in the
CO,/O, mixture was obtained!

e Development of strong internal recirculation of hot products - an
Increase of the heat supply to the burner quarl:

« stable CO-production

¢ compensation for:
* higher heat capacity
 Boudouard endothermic reaction

m  This achievement opens the possibilities to:
e an efficient use of ITMs in an OXYCOAL process;

e a design of industrial burners able to operate in both: air and
oxycoal conditions

= Patent pending - DE 102007021799.6.
| e — R\WNTH



Work in Progress

Building-Up of the Complete OXYCOAL Process at RWTH-Aachen
Burner Scale Up 100 kW Implementation of Implementation of
(for hot, wet gas) hot gas filtration membrane module

m 180
1400

800
400

CFD based design of full scale oxycoal
burner & furnace - 121OMWth

Realisation of flue gas
recirculation

",-* Institute of
— | Heat and Mass Transfer
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Stabilising Swirl Pulverised Coal Flames under Oxyfuel Conditions

Thank you !

DL
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MODEL VALIDATION STUDIES FOR
PULVERIZED COAL JET IGNITION IN

0,/CO, ENVIRONMENTS.

Jingwel Zhang, Eric G. Eddings,
Jost O.L. Wendt, Philip J. Smith
University of Utah

Presented at
3 |[EA GHG International Oxy-Combustion Network
Workshop, Yokohama,
%.. Japan March 5-6, 2008, U
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Motivation for this study

Enabling technology for retrofit in new, efficient,
but initially planned as air-fired units that were
proven for air firing.

Short term applications where oxy-coal process
still resembles a current boiler configuration.

Main motivation for this study is to provide data
to allow validation of a coal jet ignition sub-
model.

Sub-model to be used in simulations for
extrapolation from air fired to oxy-combustion
%..conditions

THE
UNIVERSITY
OF UTAH



Retrofit issues: need for validated sub-
models to extrapolate from air to O,

« Heat transfer sub-model
— Radiant zone
— Convection zone
« Coal jet ignition sub-model<== This work
— Chemistry
— Burner aerodynamics and heat transfer
* Char burnout sub-model

« Ash partitioning sub-model
— Deposition
— Trace metals

« Combustion by-products
— NO,, SO,, Hg

* Integrated furnace model

— Calculation of heat transfer, species, temperature
profiles in all furnace zones as function of recycle
ratio. For heat transfer see Payne, Chen, Wolsky,
%/ and Richter Combust. Sci. Technol, 67,1,1989 U

UNIVERSITY
OF UTAH




Scope of this research

« Experimental data for validation of model
simulations to be used for extrapolation to
oxy-coal combustion conditions.

* Focus on turbulent coal jet ignition

— Effects of P, in
* Primary fuel jet
« Secondary oxidant flow
— Type 0 axial turbulent diffusion flames

— Systematic experimentation and controlled

conditions
« Controlled wall temperatures
* Independent control of velocities and moments through
introduction of sleeves.

« Companion program on simulation

— Development of LES particle flow model to
%/ capture previously observed physical phenomena U
| JRuan

«~related to particle/eddy interactions.. UNIVERSITY
OF UTAH



Coal jet ignition sub-model

«Standoff ignition distance depends on
primary jet velocities, and P,, which

becomes an independent variable under
oxy-coal combustion

*Sub-model should capture observations

that smaller particles preferentially migrate

to jet edge. Sinclair Curtis (2003).

Implications on effects of secondary P,
also an independent variable.

Sm
par

Lar
par

*Pyrolysis behavior. (Naredi and Pisupati,
2007, Penn State University)

Particle ignition. (Shaddix and Molina,
2005, 2006, Sandia Labs) Influence of gas
properties which vary heat transfer to

I
) J _
2% particle. mﬁ

UNIVERSITY
OF UTAH




Simulation: validation hierarchy

Complete
System Case

UofU Axial Oxy-Fired
Burner

temperature, local gas &
condensed phase
composition

N
Current
simulation focu

Benchmark Non-reacting Gas Phase
— I Particle-Laden I Reaction without
Systems I Particles
I particle size ase mean
distributions & mﬁcies&
S« == o li temperature
Scale- i
bridging Radiation sﬁﬁ:ﬂﬂ;‘;ﬁ“ Nonreacting LES
maodels Models Models Medels & Algorithms
gas & particle turbulent diffusion
parti:ip_ating paal, ?:ﬁ;&uﬂ::;h;:: closure, solution
media , dmha"rbul Ia.rltmi:ing algorithms

Particle-
scale
Models

Y/

) _/’
i ) INSTITUTE FOR CLEAN AND
&=/ SECURE ENERGY

e s ——

Canonical System

detailed state-space
description
(flamelets, ODT, ...)

Single Particle Model
with Reaction

soot formation,
devolatilization, char
oxidation, ash
transformations

THEU

UNIVERSITY
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Experimental data: particle laden axial jet —

Sr

LDV, cold flow.

(Budilarto and Sinclair-Curtis, 2003, Purdue U)
(b)

70 um

25 um particles at t=0
shutter speed 1/20003

,.' 70 um
Shutter speed 1/4000s

25 um particles '8.1 ms la

aller particles migrate to outside of jet, and follow eddi
Important for particle ignition. Must be captured by simulj

OF UTAH



Simulation approach # 2: Large Eddy
Simulation (LES): particle size effects

/0um particles

@gsult LES simulation captures particle/eddy U

interactions and particle segregation effects. e UTAH



Experimental work (in progress)

Determine, in a systematic manner, how
burner operating parameters and oxygen
partial pressure influence flame

attachment/detachment and coal ignition.

Systematic investigation of near-burner
aerodynamics and ignition zone for Type O
axial diffusion flames (no swirl)

Use a mixture of O,/CO, to replace either or
both primary and secondary air

Produce data on flame detachment and
flame length for simulation validation studies

THE
UNIVERSITY
OF UTAH



Design and construction of UU
Oxy-Fuel Combustor (OFC).

Up to 100 kW, down-fired, oxy-coal combustion
furnace.

O, and CO, supply and delivery infrastructure
donated by Praxair C.

Wall temperature controlled through electrically
heated walls.

Quartz windows for optical access to permit flame
detachment/attachment studies and future optical
diagnostics.

Simulate the environments experienced by pulverized
coal jet flames in boilers.

Systematic control of burner momentum and velocity
variables, and wall temperatures.

UNIVERSITY
OF UTAH



Design details

. Tgp se;:tion: 0.610 m 1.D., 0.914 m O.D., 1.219 in height; 2600 Fiberboard (6 =
76 mm

« 24 X 840 W flanged ceramic plate heaters with k thermocouples controlling or
monitoring the temperature

« 3 layers of insulation in radiant zone and 2 layers insulation in convection zone
» 8 heater exchangers to cool down flue gas
* A preheater (640K)

/—Buruer
. To Exhaust
Iy 24"1D.x30"0D ‘
i N /_ Burner Zone
R

¥l
| 3" x 3o
'i /_ Quartz Windows
AR -— enswow
iR Electrical Heaters

——10.5"1D.x 24" O.D.
=i Radiant Zone

> @3" Opposing ;@

Sample Ports

[CTT1T41

©
a
@)

&

Heat Exchanger #1 ) & & & -’*ﬁ
/ Heat Exchanger ;8—“ =S ———

1T ) ) ad ol T I
bkt T e Bl et e ekt 15
v AT L RO URY] o || oA [l U
o 1 7 THE
R el SRR 7

UNIVERSITY
OF UTAH
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Preliminary data on "Oxy Enhanced” pc
combustion- report of work in progress

* Praxair O,, CO, tanks and delivery train
under constructlon

* Primary air: pulverized coal + air

« Secondary air: air + O,, O, concentrations
vary 21% - 30%

« Current data
— Flame length = f (P, in sec. air)

— Temperature profiles and NO, CO, and O, flue gas
concentrations versus a|r+coal combust|on

— O, enrichment in secondary air can attach flame
and lower NO, (not new).

UNIVERSITY
OF UTAH



W/

Photographic records of flame
lengths

SR=1.15=0.15 ;; 5 + 1.00 oo 4

Coal feeding rate = 1.95 kg/hr

T = 1361 K

Tpreneater = 989 K

Primary air: 9.14 m/s

Utah Bituminous Coal

Only change P4, in secondary air

walls

THE
UNIVERSITY
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Enriched secondary
air: The effect of pg,
on flame length

1) POZ T ’ I—ﬂame i
2) Py, 1, ignition point 1
3) Py, 1, detached —attached

% denotes percentage O,
is secondary oxidant flow.
Primary flow is air (21% O,)

detached flames: vp =
vs = 9.14 m/s)

downfired

flame 30% air

Attached flames: vp = U

vs = 4.57 m/s) UNIVERSITY

OF UTAH




Future work

Solve current experimental challenges
— Diminish coal feeding rate fluctuations

— Shorten flame so that it can be viewed in its entirety through
existing quartz window

— Quantify photographic measurement techniques for flame
shape and length

Effects of systematic variations of
— Po2in secondary flow vs flame length
— primary air velocity
— Pop IN primary air
— secondary air velocity

Effect of wall temperatures

Effect of preheating temperatures

Use CO,+0O, to replace air+0O,

Effects of coal composition

Model validation with simulation group. U

UNIVERSITY
OF UTAH
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Overview

* E.ON and E.ON Engineering

* The 1 MW,,, Combustion Test Facility

"ASSOCOGS” (RFCS)

Conversion of the CTF and operating range

"OxyCoal-UK” (BERR)

Results

* Operation, combustion and heat transfer, emissions, ash behaviour,
corrosion, modelling

* Conclusions and plans for the future

© 2004 E.ON 11 March 2008, E.ON UK, Page 2



© 2004 E.ON

Group Structure

E.ON overview

° Europe’s largest investor-owned energy service provider with more than €56bn in
sales and operating profit of €7.4bn

Power and gas focus in five core markets with strong positions

US-Midwest
Kentucky: No. 1 in power generation
with 47 % of total 95 TWh
No. 1 in power/gas retail with
42 % of total 2.8m cust.

Pan-European gas
No. 3 in gas supply in
a total market of 4,740 TWh

UK

of total 49m cust.

connected cust.

No. 2 in power generation with
11% of total 350 TWh
No. 2 in power/gas retail with 18 %

No. 2 in power distribution with 4.8m

Nordic
No. 4 in power generation with 7 %
of total 390 TWh
No. 3 in power/gas retail with 9 %
of total 14m cust.

Central Europe
No. 2 in power generation with 12 %
of total 1155 TWh12
No.1 in power/gas retail with 20 %
of total ~ 143m cust.

11 March 2008, E.ON UK, Page 3



E.ON UK'’s 1 MW, Combustion Test Facility (CTF)

* Commissioned 1993

| P * Located in UK

* Time-temperature scaled

Fuel flexible

* Coal, biomass, oil,
Orimulsion, gas, others

Full combustion staging

* Overfire air

ﬂ';:ﬂ gy v * Reburn
| i * Flue gas recycle
ol ¥ b * Highly instrumented and
controllable
.

Other capabilities added

© 2004 E.ON 11 March 2008, E.ON UK, Page 4



CTF operating parameters

Thermal input

1 MW, (0.8 — 1.2MW,,)

Furnace Horizontally fired, refractory lined, water

cooled, balanced draft
Dimensions Tm X 1Tm x 3m
Burner Scaled MBEL Mk Ill Low-NO,
Windbox temp. 300 to 330°C

Primary air temp.

80°C (70 to 90°C)

Tertiary : secondary

3.5:1 (1:1to 7:1)

Overfire air

15% (0 to 25%)

Flue gas cleanup

© 2004 E.ON

High efficiency cyclone

11 March 2008, E.ON UK, Page 5



RFCS Project RFS-PR-02003 : “ASSOCOGS”

"Assessment of Options for CO, Capture and Geological Sequestration”

e Start date (duration)

* Project co-ordinator

e Partners

© 2004 E.ON

January 2004 (3 years)
E.ON UK

Aristotle University of Thessaloniki

Centre For Research and Technology Hellas
CERECO

IMCG International

University of Nottingham

VD Stuttgart

11 March 2008, E.ON UK, Page 6



RFCS Project RFS-PR-02003 : “ASSOCOGS”

"Assessment of Options for CO, Capture and Geological Sequestration”

WP2 Oxvyfuel combustion

. Review design of CTF for oxyfuel combustion
. Develop revised operational procedures

. Prepare detailed redesign

. Construct and commission CTF

. Refine operational procedures

. Perform parametric testing

. Review findings and implications

© 2004 E.ON 11 March 2008, E.ON UK, Page 7



Schematic of CTF {current)
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Choygen

Evaporator

Bull stream

s~

Schematic of CTF (modified)
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X Ballast air &
C_V) D Fan
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.|J

SA Heater

PF
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Y e
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N

capability g
FO fan CLX =
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(o=

Booster fan
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>90% capture efficiency

>600 °C

Schematic of CTF (modified)

= =
" 0 >
g Up to 28% 2 TOMERED )
2 enrichment = =
m |
S | 600°C to 380°C
—
| 5
—'v Ballast air ﬁ =
D Fan
] Up to 2500 kg/hr
FA Heater *%
D 0
T =2
' — (== :
PF §
FD fan CLX =
Fotary Airlock @ %

Booster fan i i



Evaporator

Schematic of CTF (modified)

TOMERED
Sidestream

Bull stream

Ballast air

PA Heater

I

.|J

No O, injection

ater

Minimise air ingress

PF

Minimise gas egress

Fotary Airlock

Booster fan

FDO fan

AIB1S

110°C to 15°C

CHHX

Moisture removal

=




Oxyfuel operating parameters

Secondary O, enrichment 21 to 28% (viv, wet)
Primary O, enrichment None (except O, in exhaust)
Overall enrichment Up to 24% (v/v, wet)
Primary recycle rate 320 kg/hr (300 to 350 kg/hr)
Recycle ratio 75 to 85%
Burner stoichiometry 0.7t0 1.2
Limitations:

. No O, enrichment in primary recycle

. Relatively low enrichment limit in secondary recycle == overall

. No additional flue gas cleanup

© 2004 E.ON 11 March 2008, E.ON UK, Page 12



Issues - design and operation

Safety

* (Gas compositions

* Materials flammability, explosion
risk

* CO,/CO detection

* Flame detection

* Interlocks

Operation

* Switchover

* Feedback

* Burner trips and blackouts

© 2004 E.ON

Process

* Coal feeding

* Heat extraction

* Particulate removal

* Materials - high temperature, O,
purity

* Air ingress

* Moisture removal

Control and Instrumentation

* Mass flow - via density
* O, concentration

11 March 2008, E.ON UK, Page 13



Development timetable

© 2004 E.ON

I I I

RFCS ASSOCOGS project

CTF re-design

Construction and commissioning

BERR OxyCoal-UK project

11 March 2008, E.ON UK, Page 14



BERR Technology Programme Project 404 : OxyCoal-UK
(Phase I)

 Start date (duration) January 2007 (2 yrs)
* Project co-ordinator Doosan Babcock Energy
* Partners E.ON UK, RWE npower, Air Products,

Imperial College London, University of
Nottingham, BP

Sponsors Scottish and Southern Energy, Scottish
Power, Drax Power, EDF Energy, DONG
Energy

© 2004 E.ON 11 March 2008, E.ON UK, Page 15



BERR Technology Programme Project 404 : OxyCoal-UK
(Phase I)

WP2 Furnace Design and Operation

* Objective: To determine the impact of oxyfuel firing on combustion,
slagging, fouling and high temperature corrosion

e WP 21: 1 MW, Pilot-Scale Tests
e WP 2.2: Ash Characterisation
e WP 2.3: Corrosion Tests

© 2004 E.ON 11 March 2008, E.ON UK, Page 16



Results

© 2004 E.ON 11 March 2008, E.ON UK, Page 17



Startup and changeover (1)

150

120 A

Flows [kg/hr], CO2 [%vVol,dry
D
o

30

© 2004 E.ON

\ 4

(o]
o
I

_(F

0

— Gasoil flow

Coal flow

Time e lapsed [minutes]

300 350

400 450

1. Warm up on gasoil, then switchover to coal for air baseline test
2. Revert to gasoil during switchover of carrier stream

3. Revert to coal for full switchover (bulk)

11 March 2008, E.ON UK, Page 18



Startup and changeover (2)

150

120
j=
T
°
2
X
= 90
o)
©
E
2 60
4 — Gasaoil flow Coal flow
o
L —CO02

30 ‘ ' -

0 I I T T T T
0 50 100 150 200 250 300 350 400 450
Time e lapsed [minutes]
€0, [%vol,dry] Gasoil, air =14 Coal, air =17 Coal, oxyfuel = 80

Changeover and CO, concentration response time <10 minutes

© 2004 E.ON
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Startup and changeover (3)

150 2500
120 -+ 2000
[y
d
© 2
2 o
= £
~ 0 + 1500 §
3 >
o d
o N
T ?
=
E) | m 1 2
2 60 _ 1000 §
2 — Gasoil flow Coal flow o
4
2 —— CO02 S0O2
— NO
30 + 500
0 l I I:“‘ I I T T T T 0
0 50 100 150 200 250 300 350 400 450
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Time elapsed [ minutes]
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Still image of flame (air)




Still image of flame (oxyfuel)

-




Loss-on-ignition of flyash [%]
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Furnace wall heat flux (2)
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Temperature ratio [furnace : hack end]
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NC, uncorrected [ppm]
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Emissions - NO (2)
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502, uncorrected [mg/M.J fuel in]

Emissions - SO,
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Emissions - CO
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Corrosion

* 50 hour test - method developed
in collaboration with EPRI in 1990's 1

* Can be reliably extrapolated to >

predict full scale impacts NNV V2 4

Individually Thermocoupled Specimens

* Samples currently being analysed

* Test materials

sm{ l

Central Cooling Air
Supply Tube

Clamping Collar

%

e

Supply Hose

Thermocouples

* Furnace wall samples - HR3C, T91, IN671, 15Mo3, T23 (400 to 525°C)
* Superheater/reheater samples - T22, TP347HFG, HR3C, T91, E1250,

(San25), (IN740) (450 to 650°C)

© 2004 E.ON
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Ash behaviour

* Deposition samples collected and
analysed by ICL, principally by
CCSEM and XRD, to determine
chemical composition and degree
of sintering to investigate the
impact of oxyfuel combustion on
coal ash transformation and
deposition

* Flyash samples also sent to NETL for analysis

* Results:
* Early indications (lower levels of mineral transformation) are that

temperature effects dominate

© 2004 E.ON 11 March 2008, E.ON UK, Page 32



Modelling

* Burner and furnace being
modelled by University of Leeds

* Work in early stages -
incorporating ongoing research in

combustion fundamentals

* Validation during next test period

© 2004 E.ON
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Conclusions and plans for the future

* 1 MW, facility fully commissioned and capable of testing emissions,
thermal environment, burnout, deposition and corrosion.

* Stable flame established without burner O, addition - but poorly attached -
will further examine performance with O, enrichment to establish overall
optimum.

* Some reduction in NO, concentrations - dramatic reduction in NO, flux.

* Deposit significantly more ‘sticky’, but no apparent change to bulk
chemistry - impact of fouling propensity or changed T profile?

* Further work planned on impacts of fuel quality, enrichment, and
combustion staging on deposition, corrosion and emissions.

* Based on experience gained so far, planning to increase enrichment
capability.
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Thank you for your attention!
Any questions?

Ben Goh

E.ON Engineering

Technology Centre

Ratcliffe-on-Soar

Nottingham

NG11 OEE

United Kingdom

E: ben.goh@eon-engineering-uk.com
T: +44 (0) 2476 192720
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Fundamental Studies and
Pilot-Scale Evaluation of
Oxycoal Firing in Circulating
Fluidized Bed Bollers

Eric G. Eddings?, Astrid Sanchez!?, Fanor
Mondragon?, Adel Sarofim1

1Dept. of Chemical Engineering, University of
Utah, Salt Lake City, Utah, USA

2Dept. of Chemistry, University of Antioquia,
Medellin, Colombia .u.
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Oxy-Coal Combustion at the
University of Utah

« University of Utah has several key
programs in this area

— UofU Faculty involved: Eddings, Eyring,
Sarofim, Smith, Wendt, Whitty

— Utah Clean Coal Progam (U.S. DOE)
» Oxy-Coal Firing of Pulverized Coal (wendt/Eddings)

— Presentation in parallel session this morning

» Oxy-Coal Firing in Circulating Fluidized Beds
(Eddings/Sarofim)

 Chemical Looping Combustion of Coal
(Eyring/Whitty/Sarofim)

» Simulations of Oxy-Firing of Pulverized Coal (smith)
— Praxair, Inc.

* Development of Coal Combustor for Oxygen

Transport Membrane (OTM) Technology - w/DOE
(Eddings/Sarofim)

» Pilot-Scale Oxy-Coal Combustion Studies
(Eddings/Wendt)

— DOE/ASC
« Simulations of Oxy-Coal Fired Boilers (smith)
— Additional new programs pending

Oxy-coal Test Facilities
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Motivation for Fundamental Studies

\‘4\‘ A Air

400

= 3004 —
£ B 28% 0,/CO5
Z o
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— = 0
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]
o EE] & 100 O 0 | o swopan
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S e O 42% O,. dry
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— E 0 Firing Rate: 0.21 MW with 5% excess 02
1 | 1 1 1 H
> 05 | 15 2 25 3 35 (rybasis)
t Fuel: Bituminous coal C=77.7% H=5.0
— 8 Axial distance from burner (m) N=1.5 S=1.0 0=6.9 Ash=7.9
)
Z A  Reduced NOx emission rates under oxyfiring conditions

» Differences in NOx emission rate at same O, level but different diluent source
» Previous UofU studies on effects of NO, O, concentration on Char N conversion
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Influence of Initial NO on Char
N Conversion
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— Initial NO , ppm (dry) 2 Black Thunder-0.48 wt%N

Data of Spinti (1997) taken in 25 kW down-fired combustor at
University of Utah indicates strong effect of local NO on char N THEU
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Background

 Research Program has two primary objectives:

— obtain fundamental rate and fuel nitrogen conversion
information for oxycoal-fired circulating fluidized bed (CFB)
boilers

» Need for understanding of effect of gas phase composition on
fuel NOx formation under oxycoal firing conditions

— obtain model validation and process characterization data
from pilot-scale operation of an oxycoal-fired CFB

* Funding provided by
— U.S. DOE - Utah Clean Coal Program
— Praxair, Inc.
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Fundamental CFB Efforts

e Goal:

— to identify key mechanisms for NOx formation in oxy-coal
combustion systems, and evaluate the interaction between
surface N complexes and CO, and O,

e Tasks

— Design/construct single-particle fluid-bed reactor

— Perform experiments with coal, coal chars and model chars
» Gas analysis using FTIR
» Solids analysis using FTIR, XPS

— Model char preparation

— Pure nitrogen-bearing organic compound (polyacrylonitrile)
— Create chars under different conditions
— Characterize initial form of N in char via FTIR, XPS

— Ab initio calculations
» |nvestigate surface N behavior under oxy-firing conditions

THEU

UNIVERSITY
OF UTAH
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Sing

liomlet gas I

Furnace

Basket

Distributor
plate

Pre-heating
section
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* Fuel particle larger than bed material; bed material moves freely through basket

- Basket used to remove fuel particle at different times during transient
experiment for subsequent characterization (FTIR, XPS) U
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Preliminary Results
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Single Particle — Louisiana Lignite

FTIR Spectra at Various Reaction Times

Oxidizer Composition: 50% O, - 50% CO,

0.10= 02:34 T VO
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Presenter
Presentation Notes
Using a reaction gas composed by 50 % CO2 and 50 % O2 total consumption of the coal is reached at 2 min and 34 seconds. Initially, we have the evolution of volatile material as methane and water, then we have a small amount of NO2 hard to identify and quantify since this signal is between huge water absorption frequency. Additionally, spectra show an important signal around 2200 cm-1 difficult to analyze as we will see later; in general this signal appears with two shoulders, this make us thought this can be due to CO presence, however, at the last stage of combustion we can observe separation of the signal. 


Single Particle — Louisiana Lignite

FTIR Spectra at Various Reaction Times

Oxidizer Composition: 25% O, - 75% CO,
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Presenter
Presentation Notes
Employing 75 % of CO2 time necessary for complete combustion is 4 min and 40 seconds. Evolution of volatile material is higher, we can observe clearly methane signals, a sharp signal for ethane; and evolution of NO2 is observed for more time than in the before case; an interesting phenomenon occurs at 2270 cm-1 indicating presence of another compounds, N2O probably.


Single Particle — Louisiana Lignite

FTIR Spectra at Various Reaction Times

Oxidizer: Air
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Presenter
Presentation Notes
Time for total consumption employing air is 4 min 42 seconds, value very close to combustion in 75 % of CO2, due to the similarity in O2 concentration. At the first stage we can observe evolution of the same species as with CO2 but in lesser amount. NO2 evolution is very small.


Single Particle - Char (PAN-6)

FTIR Spectra at Various Reaction Times

Oxidizer Composition: 50% O, 50% CO,
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Presenter
Presentation Notes
Total consumption of char in 50 % CO2 is reached at 5 min 5 seconds. Evolution of N2O is important, we can observe two signals for this species; and more important in this spectra, we can observe the contribution of several species relative to the signals around 2200.  Presence of NO2 is observed as well, almost until final stages of combustion indicating that a very stable complex. Presence of HCN is possible, but it’s hard to say due to high noise at right to the spectra. 


Single Particle - Char (PAN-6)

FTIR Spectra at Various Reaction Times
Oxidizer Composition: 25% O, - 75% CO,
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Presenter
Presentation Notes
Using 75 % of CO2, time for total  combustion is 6:49.  Emission of N2O and NO2 diminished.  (where N is ???).


Single Particle - Char (PAN-6)

FTIR Spectra at Various Reaction Times
Oxidizer: Air
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Presenter
Presentation Notes
Combustion in air is longer, total consumption requires 12:58 min. Emission of N2O is very slow, and emission of NO2 is not observed.



Important: Concentration of CO2 has important effects in NOx evolution

Check: several concentrations N2-O2

Several temperatures

XPS and FT-IR solid


Summary of Preliminary
Experimental Results

e Preliminary results show important differences in
the FTIR spectra of gas phase

— Over time as particle burns out
— Between air and different O,, CO, concentrations

 Next steps

— Complete characterization/identification of gas-
phase FTIR spectra

— Run matrix with different O, concentrations and
either CO, or N, to identify impact of CO,
» Coals and model char
* Analyze gas phase FTIR spectra

» Analysis of solids (FTIR, XPS) for N functionalities at
different times during reaction THEU
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Preliminary Computational
Results
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Computational Methodology

Package:
Char model:

Theory level:

Basis set:

Gaussian 03

Five condensed rings
saturated with hydrogen

DFT
Density Functional Theory
6311-G(d,p)
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CO,-N,.., Interactions

CO, + C(N) + C* > C(NO) + C(CO) - CO + C* + N(O)

42: 2 O @)
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Presenter
Presentation Notes
It is possible to have heterogeneous interactions between N-char and CO2. This reaction is an example showing the evolution of CO and oxidation of a pyridinic N.
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AE=89.8 kcal/mol AE=-106.7 kcal/mol

C-C bond is weakened by 30 % due to the presence of epoxy groups

High oxygen concentration = Facilitate formation of precursors U
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Presenter
Presentation Notes
This reaction shows that high oxygen concentration can increase HCN evolution by means of epoxy groups that can facilitate breaking bonds. 
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Initial Findings

 |tis important to consider the interaction
between recycled CO, and char N

com
mec
e ItIS
com
com

nlexes, since this can modify the
nanism for char N conversion

nossible that decomposition of char N
nlexes will be facilitated by oxy-

pustion systems due to formation of high

amounts of surface oxygen complexes that
promote char decomposition.
— Can facilitate lower overall NOx emissions due to

reduction in char N levels entering burnout zone in
staged combustion (based on previous UofU data)
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Pilot-Scale Oxycoal Circulating
Fluidized Bed (CFB) Experiments
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Pilot-Scale (300 kW) Experiments

— Specific Tasks:

« Modification of existing CFB
facility for oxy-coal firing

e Development of particle
concentration measurement
capability

e Experiments

— Detailed measurements will be
made for use in model validation
of DOE MFIX model for CFB’s

— Specific oxycoal experiments
under Praxair support to
Investigate various operating U
parameters THE

UNIVERSITY
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Status of Pilot-Scale Efforts

e Currently making modifications to pilot unit for
oxyfiring with coal
— Redesign of distributor plate/materials
— Oxygen lines — plumbing, safety, control systems
— FGR system, baghouse

* Anticipated completion April 2008

o Curently evaluating several methodologies for
mapping particle concentration

— Acoustic methods
— Capacitance methods
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Addressing the Oxygen Supply

* Need to provide O, supply for
— oxy-coal combustion programs
— coal gasification programs

» Praxair supplying the tank,

delivery system and O, for
oxycoal studies
— Capabilities
* 6000 gallon storage
* Max. delivery: 150 SCFM O,

e Status

— Storage site (pad) currently
under construction

— Anticipate completion of tank
installation by end of Mar. 2008
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Concluding Comments

* Preliminary fundamental results indicate need
for further investigation on
— Interactions between Char N and CO,
— effect of O, level on N species release

* Pilot-scale experimentation to commence late
Spring of 2008
— Optimization of oxycoal firing in CFB
— Model validation data

— Development/adaptation of novel techniques for
particle concentration measurement U

UNIVERSITY
OF UTAH
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Institut fur Verfahrenstechnik und Dampfkesselwesen
Institute of Process Engineering and Power Plant Technology
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Impact of Combustion Conditions
on Emission Formation (SO,, NO,)

and fly ash

Patrick Monckert, Bhupesh Dhungel, René Kull
Jorg Maier

Maier@ivd.uni-stuttgart.de
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Universitat Stuttgart

« Fuel characterization (electrical heated pf reactors)
« Combustion
« Rank of coal (bituminous, lignite...)
« Emission formation, ricirculation (NO,, SO, H.,S, CO...

e Char burnout and fly ash formation
* Pyrolysis under CO, and N, atmosphere
» Volatile release and char formation/reactivity

e Technical scale combustion tests (0.5MW,)

« Combustion and emission behavior, slagging, fouling, corrosion, SO;
acid dew point

« Component development and test (burner...)

* Plant handling and operation, safty requirements

 Model development and combustion simulation (AIOLOS)
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Parameter Study on Emission Formation
(SO, H,S)

electrically heated reactor (20kW)



0
Analysis of the Coals Used R
Universitat Stuttgart
i (0] [ i 0] (0] 0 (0] 0] i Ca/S
Coals LHV Moist. | Ash [%, | Vol. [%, |Cfix [%,| C[%, | H[%, |N[%,| S[%, [O _[by Cain [mol
[%,ar] [%,ar] wi] warf] warf] waf] | waf] | waf] | waf] | diff] |ash [%] Ratio.]
Klein
Kopje 24932 3.60 19.29 27.76 7224 | 8393 | 450 | 167 | 0.72 | 9.18 | 5.8 298
Lausitz | 21412 10.20 5.46 57.36 42.64 | 66.78 | 5.26 | 0.65 (g'gg) 26.5 | 17.0 3.17
Rhenish | 20965 11.50 4.07 54.18 4582 | 6796 | 768 | 0.73 | <0.3 | 236 | 26.3 3.96
Ensdorf | 30955 2.42 7.47 37.21 61.90 | 7485 | 505 [ 159 | 083 | 17.7 | 7.55 1.03
K|6I20|;|0pje Lausitz Coal Rhenish Coal Ensdorf Coal
D,, [Um] 4.83 7.46 10.83 5.79
D, [um] 28.05 47.91 93.07 23.66
Dy, [HM] 72.68 142.54 264.65 92.25




Set-up and description of 20 kW once through furnace umerst surgar

g Carrier oxidant
» SO, Injection: up to 3000 o
pPpPM via the secondary stream\ _s::dri;xi?;:m
of the burner Jet/swirl burner H‘T | ’

W Multi-layer isolation E é ®
. —\J—' stack

>In-flame measurements B cerame e XO 50,

\_
HZS/SOZ’ Staged/unstaged T2 % ‘g . Lateral accessport 0.8 m

Burnout oxidant probe —
T3

» SO, measurements

OUtlet redlatlve SeCtlon\M Qil-cooled sampling probe
T=1150°C

Heating zones (T1 - T5)

T5 ]

Gas Analysis, T=450°C

candle filter

/TN

o,o,-oy‘,’t‘&
=
@4 ‘E T=1050°C

» S0, measurements e

Outlet Of Convectlve SeCtIOn/ Particle sampling (char and fly ash)
T=450°C

sample container
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Test Results:

« SO, emission at the outlet of the rediative section
(1150°C) by SO, injection up to 3000ppm

SO, captured along the convective section
(1150°C down to 450°C) by SO, injection up to
3000ppm



Impact of SO, injection at the outlet of the
radiative section (1150°C), OF27

B SO2-injection

Bl SO2-measured

Linivarcitdt Stuttgart
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»Negligible reduction of recycled SO, in the high temperature, radiative section of the
furnace.



SO, captured along the convective part
(down to 450°C) by different inlet concentrations

Universitat Stuttgart
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In-flame measurements of staged flames with
focus on SO, and H,S with and without
injection of 3000ppm SO,
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H.S formation: Impact of SO, accumulation @f
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Higher SO, concentrations (3000ppm) in the furnace results in at
least 2 times more H,S formation in the sub-stoichiometric
region=>» H,S induced corrosion.
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Impact of coal property on H,S formation @f
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Results of Parameter Study (SO,/H,S) -

» H,S concentrations in the furnace can significant increased
under oxyfuel conditions,

» Volumetric percentage of H,S in the furnace decreases by
higher SO, input concentrations

» H,S formation seems to be influenced by volatile content of the
coal and may other parameters: mineral composition etc.

» conversion of Sulphur to SO, close to 100% at the outlet of the
rediative section for the investigated coals and atmospheres

» calcium rich coals show a clear tendency to capture additional
Sulphur with increasing SO, concentration (Oxyfuel conditions),
this correlates with increasing SO; concentrations of the fly ash
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SO,; measurements
and acid dew point calculations
In the flue gas duct of a 500kW facllity



Oxyfuel facility (0.5 MWth) — SO, sampling
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Measured SO, concentrations for Lausitz coal @f
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at AIR and OXYFUEL combustion conditions Universiat Stutigart
SO; measured,
ppm
140
SO, SO, OXYFUEL
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Acid dew point T correlated with conversion rate of SO, - SO, 0

Universitat Stuttgart

150 ‘ ‘ 150
acid dew Acid dew point T for AIR 3 acid dew Acid dew point T for OXYFUEL
point T, °C with 733 ppm SO, | point T, °C with 1758 ppm SO,
140 140 -
o
130 130 129 C
120 120
110 110
100 100
90 90 |/
80 BO |-
70 70
60 L L L ) O B B B 60 LI I A B B B T T T T T T T
0 10 20 30 0 10 20 30

H - )
moisture content (of flue-gas), vol.-% moisture content (of flue-gas), vol.-%



Universitat Stuttgart

Desposits under oxyfuel conditions



Deposit-Sampling Probes (air/oxyfuel)

Universitat Stuttgart

temperature controlled

(alloys 400-750°C)

Un-cooled ceramic

Tsample = | fluegas = 750-850 °C,
Texposed: 10 h
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Universitat Stuttgart
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SEM-WDS/EDS-MAP: Al, Si, O and Ca




SEM-MAP: Ca,S/Ca,C
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Results of the 500kW facility- SO, and Deposits @

Universitat Stuttgart

« Clear tendencies that under Oxyfuel conditions the SO,
concentration is increasing and also the acid dew point
temperature

* Impact of Oxyfuel conditions on SO,/SO, conversion rate
needs further clarification

* Further measurements of SO; and acid dew point

temperatures are required to minimize uncertainties
(measurement device, measurement procedure, operational issues of plant etc.

* Indications that beside sulfatization carbonization on the
particle surface of deposits occurs under Oxyfuel conditions

* |mpact of carbonization on fouling and corrosion in the
convective section of the boiler needs further testing



Ongoing/Future R&D Topics at IVD

Universitat Stuttgart

 Experimental Oxyfuel combustion topics:
 Rank of coal (bituminous, lignite...)
« Slagging, Fouling, (impact of higher SO,, H,S, CO,, HCI etc.
« Corrosion high-low temperature (Deposits, HCI, SO,, SO, H,O...
* Fly ash quality (EN 450 ...)
« Component development and test (burner, ...)
 Emissions (Hg, fine dust etc)
* Flue gas cleaning (SCR, Additives...)

 Oxy-fuel: PF/CFB,

 Post combustion capture: Carbonate Looping (connected
CFB/FB starts operation April 2008)

 Lime Enhanced Gasification: Hydrogen rich Syngas



SO,/ SO, sampling and analysis procedure
according to VDI (draft) guideline

Universitat Stuttgart

SO ondenser

Sampling equipment

1 Sampling probe
flue gas 2 Particle filter
3 Heating
B B B B & J 4 SO4 condenser and
thermostat

5-6 SO, absorption vessels
7-9 Sampling pump




Institute of Energy Systems

Prof A Kather
C Hermsdorf
M Klostermann
K Mieske

Technische Universitdt Hamburg-Harburg

Efficiency Increase of the Oxyfuel
Process by Waste Heat Recovery
Considering the Effects

of Flue Gas Treatment

Mathias Klostermann

IEAGHG International Oxy-Combustion Network - 3rd Workshop,
5th and 6th March 2008, Yokohama Japan



Current Research Projects at TUHH

Air Separation

Unit

/LNz

Flue Gas Recycle 1]l

A
</

Air —@—»

Objectives

Identification of key factors
that are decisive for the

» feasibility and

» economic efficiency

with particular regard to
realistic design boundaries

Ty

Coal

Ash

Technische Universitat Hamburg-Harburg

IV

Flue Gas ||

Drying

exhaust gas =

almost pure
co,

co,

—

Ar,

N,,
[ o, ..

» Introduction

CO, Separation
Unit



Boiler efficiency / stack loss TUHH

Technische Universitat Hamburg-Harburg

Air

Qfluegas MW 67.4
Mpye gas kgls 541

r|boiler % 94.5

» Significant increase of the boiler efficiency (approx. 4 %-pts) results in an
overall efficiency increase potential of approx. 1.4 %-pts.

= What is the potential under realistic boundary conditions?

» Waste heat recovery 3



Flue gas composition

Technische Universitat Hamburg-Harburg

== Air
=+ Oxyfuel

|

N W R~ O O

\

NO, / factor 5.7

specific concentration y (dry)

1

O,
0 0,2 0,4 0,6 0,8 1
specific CR*
Causes: - lower specific flue gas mass flow

- increase of flue gas density
- higher water content in flue gas

- significant inhibition of NO, formation
- SO, conversion rate (CR) similar to air case

» Waste heat recovery 4



High-dust SCR

NO,

» approx. 1200 mg/m® @stp dry

» Reduction prior to CO,-condensation
seems to be necessary

» High-dust SCR is a state-of-the-art
technology

» approx. 90 % NO, conversion
» NH; slip approx. 1.5 ppm,
» partial conversion of SO, = SO,

» formation of sticky and corrosive
ammonium bisulfate, risk of scaling
on downstream heat exchangers

Technische Universitat Hamburg-Harburg

500 —
vpm
MNH;

100 |

e
':NHK.]ZSD-I
festes Sulfat ™|

SCR-
Bereich

-=— heob, Bereich ———m= S0, —=

Formation temperatures of ammonium bisulfate and
ammonium sulfate [Thyssen Engineering GmbH 1985]

» Waste heat recovery 5




Low temperature corrosion

Technische Universitat Hamburg-Harburg

SO

X

e SO, fraction of SO, between 1 and 5 %

o SO, formation promoted by higher concentrations of oxygen and water
e higher concentration due to missing nitrogen

= +20....40 K higher acid dew point temperature of the flue gas

vapour pressure curve of sulphuric acid

temperature in °C

0 :
0,001 0,01 0,1 PH,s0, in mbar 10

» Waste heat recovery 3)



Heat sinks

Technische Universitat Hamburg-Harburg

e OXygen preheating (with a tubular heat exchanger)

+ maximum efficiency increase, identical in function as air preheating
- high technical requirements of oxygen handling at elevated temperatures

- low heat transfer coefficient (gas-gas) = large heating surface

e Boiler feed water preheating

+ simple waste heat recovery process (similar to an economizer)
+ low risks in case of damage

- lower efficiency increase (compared with oxygen preheating) particularly for low
pressure condensate preheating

- complexity of controlling the bypass

e Additional power cycle (e.g. ORC)

+ less complex design
+ direct coupling with power turbines

- lower efficiency increase compared with oxygen preheating

» Waste heat recovery 7



Oxygen preheating TUHH

Technische Universitat Hamburg-Harburg

O, preh. Toxygen °C (180) 320
\%M&» Quggen MW 94 219
320 (180)°C 80°C A Npet %Pts +0.6 +1.15

formation of corrosive ammonium
bisulfate from NH,; and SO,

 maximum efficiency increase

* Risk of damage as well as firmly bonded deposits at the oxygen preheater
in the presence of an upstream high-dust SCR !

» Waste heat recovery 8



Boiler feed water preheating

TUHH

Te-:hmsche Universitat Hamburg-Harburg

Pesnain HPBF
preh. Quegr MW 23.6
240°C
— Qpsr MW -
303°cY l194°C ANget  %pts  1.05
\—/ formation of corrosive ammonium low temperature
bisulfate from NH3 and SO3 corrosion
Quege MW 12,7
Qpgr MW 155
HPBF- LPBF-
\—/ 305°C S Preh. s Preh. S ANt %pts 0.85
SCR operation 'SCR 264°cV [194°c 97°cY l81°C

temperature ?

» Waste heat recovery




Conclusions

Technische Universitat Hamburg-Harburg

o Waste heat recovery from oxyfuel flue gas increases the overall
net-efficiency significantly.

e Operation of a high dust SCR could cause problems with scaling and
corrosion by ammonium bisulfate.

e Higher concentrations of SO, increase the acid dew point temperature
of the flue gas.

» higher risk of corrosion in case of low flue gas and water temperatures

e Boiler feed water heating is the most promising option.
» high efficiency increase

» limited risk of corrosion

10



Technische Universitat Hamburg-Harburg

Thank you

for your attention!
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Oxy-fuel Coal-Fired Combustion
Power Plant System Integration

Presented by:

Horst Hack
Foster Wheeler North America, USA

Minish Shah
Praxair Inc., USA

March 5-6, 2008 The 3rd International Oxy-Combustion Network Meeting
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CO2 Reduction Strategy

Short and medium term approach

— Increase of efficiency provides emission cuts and has a direct impact on the
use of natural resources, generation of waste matter and economics.

— Co-firing of solid fossil fuels with CO, neutral fuels in highly fuel-flexible
CFB boilers in repowering and greenfield applications

GHG emission trading systems, emission caps and taxes are
expected to lead into demand for solutions to near Zero Emission
Power (ZEP) production of fossil fuels

— Retrofits - ZEP ready new plants - greenfield ZEP plants

Long-term approach - Technologies offering potential
— Post-combustion capture

— Pre-combustion capture (IGCC with CO, separation)

— Oxy-fuel combustion <<= Our main focus - (Oxy-CFB, Oxy-PC)

1
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Praxair — Foster Wheeler Alliance

Alliance to pursue certain projects that will incorporate
clean coal technologies and integrated oxy-coal
combustion systems into coal-fired electric generating

plants to facilitate capture and sequestration of carbon
dioxide (CO2).

Validate scale-up of oxy-fuel technology

Improve integration of boiler with ASU and CCS systems
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Oxy-Fuel Technology = “=PRAXAIR

Main Advantages

®* The established PC/CFB advantages exist also
In oxy-combustion.

* Multi-fuel capability in CFB (coal, petroleum
coke, lignites etc.)

®* Emission control technology, e.g. SO, and NO,
reduction (performed better in oxy-mode)

® Dual-firing capability: Design PC/CFB boiler
for both air-firing and oxy-fuel-firing.

Oxy-fuel is considered technically viable. Accurate design and
performance prediction are challenging — Current/Future Work:

* Experiments in bench scale and pilot test facilities
®* Development and validation of design models
* Long-term demonstration runs

3



Presenter
Presentation Notes
Sox accumulation in the recirculation. Importance of in-furnace sulfur capture which is available in CFBs

Small changes in heat transfer – retrofits and new units reserved for oxyfiring.

Reduction of heat, unburned and flue gas losses.
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Oxy-Fuel Technology

Challenges
100 e - 100
Oxy-fuel gas property increase in: 5 ) o oromdeme Lo 1o
- gas density E 80;,'0'025hareofinputgas(02/flf)’2)’ ,——';'/%.O o
- gas mass flow rate at the same Ug g 70 al / oW
- gas moisture s ® i ©s
- gas thermal capacity, Cp os 11 14 3
- energy requirement for Fg*Cp*dT g o Cgmasltfgw// s
- energy carryover to HRA S P o S
- heat transfer coefficient " ; 10
0 i 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
T adiabatic [°C]

* Generated heat per volume is substantially higher than in
combustion with air, as O2 concentrations increase

* Adiabatic combustion temperature rises

®* Changes in hydrodynamics

* Materials in the high CO, and H,O gas atmosphere
®* Emissions prediction

4



Oxy-Fuel Technology

Furnace Heat Flux Control

120

®* Balancing of temperature
levels by fluegas recycling and 0
firing rate

PC

o
=

* Additional balancing of
temperature levels by fluidized
bed solid mixing in CFB

=]
L =]

CFB

HEAT FLUX (% PC Max.}
P

(]
[=]

* FW CFB/INTREX and PC heat
surface options available for T 4 y !
higher energy absorption HEIGHT (% Total)

L =)
(=]
[~
L=1]
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Oxy-Fuel Retrofit Study

460 MWe Coal-Fired SC OTU CFB Boiler

Air-fired CFB reference plant:

— Coal-fired FW SC OTU CFB boiler being
constructed in Poland, 460 MW, g/0ss, 439
I\/I\Ne, nets Me, net >43%

Conversion to oxy-fuel firing studied
with different design tools
— Aspen Plus® for process system integration

— FW boiler performance design and
calculation programs for mass and energy
balances, size and heat surfaces etc
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Oxy-CFB Boiler Retrofit “=PrAXAIR

Study Layout

compressiO
n &
purification




Penalty from Oxy-Fuel

...resulting in 7-11 %-points lower
efficiency, and 25% power derating
- More new power plants req’d

Air separation and CO, compression
require massive amounts of energy...

Efficiency
(net),
%

45
40 A
35 -
30 A
25 A
20 -
15 A
10 A
5_
0 |

output — 34%

Auxiliaries —
2.2%

Reference
plant
02/C0O2

plant

Source: Chalmers / Andersson



Potential Solutions
in terms of $/tC02, $/kW

Maximize component efficiency
— Advanced ST

— Advanced ASU configuration: 3-columns (wait for breakthrough technology)
— Advanced CPU configuration and with use of liquid CO2 pump if applicable

Maximize CO2 capture
— Enhance CO2 recovery by reducing inert gases

— Integration with vent gas recycling and purification

Increase power generation
— Fire-more to get more power (due to increased HTC and LMTD)

— Reduce aux power, and with use of more efficient steam driven compressors

Heat integration
— Recover and integrate low-grade heat for power and efficiency

— Dual-firing boiler for better availability

9



Process Model

for challenges of integration and optimization

Case-G: Lagisza Oxy-Fired Case, Dry gas recycle, ECO-prior, Air in-leakage=0%v, 02=95%, 01/26/07

Parameters Studied:

ot

Boiler == 1< |__ l_u B

ST Cycle
ca

oo

® Dual-firing boiler

®* Fire-more concept

* Hot/cold (w/d) recycle f ﬂ
* O, purity (95 or 99.4%v) T ' B o
* Air ingress (0 or 3%)

®* Heat recovery priority
(gases or boiler water)

® CO, purification on/off

® Compressors driven by /\;‘P C

extracted steam / B
[ .co,>95% -Outlet p > 110 bar |

10
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Dual (Air/Oxy)-Firing Boiler

Dual-firing for both peak power and CO2 removal

— Air-Firing Mode: max power output for peak power in summetr,
daytime and weekdays

— Oxy-Firing Mode: low power demand in winter, weekends and
overnight

— Potential for Oxy-ready boiler to be supplied before CO2
capture required

Dual-firing for better availability

— Power plant can fired in air-mode with 100% load in case of
ASU, CPU, or pipeline trips

11
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Dual-Firing PC 3D Modeling

Optimized amount of gas recycling and firing rate

Air-Fired O2-Fired
m 75000

l57500

0

Heat

Flux
(Btu/hr-ft2)

Air-Fired O2-Fired
m 850
.756
.662
wall 'u
Temp. |

(F)




Firing-More Concept

At the same gas velocity and temperature, the furnace heat
transfer coefficient increases in oxy-fuel mode due to flue
gas physical properties

Firing-more to release more heat generates more steam
using the same boiler, as a result of enhanced heat
transfer coefficient, without increase of furnace
temperature

Fire-more to maintain furnace gas velocity and heat flux

Extract extra steam from steam turbine to drive CO2
compressors to reduce auxiliary power load

13



Firing-More Benefits

Reduces auxiliary power, increase net power
— Net power reduction: 25% to 10%

— Specific power penalty reduction: 333 to 126 kWh/tCO2

Allows operation in both air-mode and oxy-mode

Increases CO2 removal
— CO2removal: 75 to 106 kg/s

Reduces cost per kW and COE

— Small increase in CAPEX and OPEX of ASU, CCU, Cooling, and
solids handling

— Same boiler and auxiliaries

14
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ASU Opportunities & Challenges

Reduce ASU power by 10%
Lower ASU capital by 20%
Heat integration

Optimum O, purity

Match power plant operation

15



ASU Power Reduction

Increase thermal integration in distillation
system

— Reduces air compression requirements

Reduce APs

— Compressor intercoolers
— Prepurifier

— Distillation columns

Reduce ATsS

— Primary heat exchanger for air cooling

— Cryogenic reboiler-condensers

16
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Advancing Distillation Process

Double Column Cycle Side Column Cycle “Oxycoal Cycle”
N, N, N, <—
LP
COLUMN
10 - 12% < - 10%
Less kW - Y70
> Less le

HP

COLUMN Air

Air

m—
e
O,
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CO, Processing Unit (CPU) Opportunltles

& Challenges

Meet emissions & CO, purity regulations
Integration of compression and purification
Impact of air ingress

Condensate treatment and disposal

18



CPU Schematics

Compression account for a majority of costs

— CO, purity specification will dictate compression

— Cold box process optimization to minimize parasitic power

CO,-Rich
CO,
Flue Gas D ’ Feed Vent _
Water

Compressor

Dryer Carbon
beds
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CO, Purification in Cold Box

Min. 95% CO, 99.9% CO,
One or two stage Distillation column
flash needed

Feed Vent
Feed Vent CoO, %
—>

'

20



Conclusions

When major cuts of CO, emissions are required, CCS by oxy-fuel
combustion appears technically feasible and cost competitive.

PC and CFB technologies provide flexibility for the design and
operation under oxy-combustion conditions.

Experiments carried out so far have indicated good performance.
More tests (emissions, heat transfer, materials, fouling...) are needed
for further development and validation of design tools & solutions.

Technology demonstrations in fairly large scale and of extended
periods are a necessary step when proceeding toward fully
commercial size plants.

21



C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

3rd IEAGHG International Oxy-Combustion Workshop
Yokohama, Japan, March 5-6, 2008

g 3
CETOC CANMET ENERGY TECHNOLOGY CENTRE

3'd Generation Oxy-Fuel Combustion
Systems

CLEAN ENERGY TECHNOLOGIES

Kourosh E. Zanganeh, Carlos Salvador, Milenka Mitrovic,
and Ahmed Shafeen

Zero-Emission Technologies Group
CANMET Energy Technology Centre — Ottawa

. * I Matural Resources Hessources naturelles
Canada Canada



CETC CAMNMET ENERGY TECHNOLOGY CENTRHE

CO, Strategy Options for Power Sector

Efficiency Increase

CO, Capture and Storage

1. Parameter
higher temperature & new materials
(e.g. nickel alloys, ceramics)

2. Technology
improved machinery
(e.qg. turbine blades)

3. Process
new combined cycles
(e.g. IGCC, PFBC, PPCC, EFCCQC)

1. Process

- pre-combustion capture
- post-combustion capture
- oxy-fuel combustion

2. Storage of CO,

- aquifer

- oil-fields

- gas-fields
- coal-fields

Matural Resources Ressources naturelles
e
Canada Canada

(Canada



CETC CAMMET ENERGY TEGC

CHNOLOGY CENTRE

Oxy-Fuel Combustion Technology Pathways

Enerqgy Conversion

Combustion

T

Fossn Fuel

i+l

Gasmcatlon <

Matural Resources Hessources naturelles
Canada Canada

Operation

Atmospheric
Pressurized
Pressurized

Pressurized
CO, removal

Technologies

CO, Scrubbing

CO + H,

* Retrofits
* New PC boilers
»e FBC

> 2
\ Oxy-Combustion:

Syngas

H,

* SMRs
e Turbines/Fuel Cells

> Hydrogen turbines
Combined cycles
Fuel cells

(Canada



CETC CAMNMET ENERGY TECHNOLOGY CENTRHE

Oxy-fuel Technology Generic Opportunities

e Produces a highly concentrated stream of CO,, ready for
capture and storage

o Offers excellent opportunities for integrated emissions
control through reduced flue gas flow

e Can Eliminate the need for downstream NO, Control

 With pure O, combustion, the unit size/volume may be
reduced to 1/5™ of air-fired combustion

i+l
. o I Matural Resources Hessources naturelles Canada
Canada Canada



CETC CAMNMET ENERGY TECHNOLOGY CENTRHE

Oxy-fuel Technology Generic Needs

i+l

Increased knowledge on fundamentals of combustion behavior
and emissions formation/reduction

Development of new component design and layout (boliler, burner,
fuel feeding system, flue gas cleaning and recirculation devices...)

Optimization of flue gas treatment and CO,, processing to balance:
— Environmental issues
— Investment cost

— Operational issues

CO, product requirements (including effect on transport and
storage system and risk and environmental aspects)

CO, recovery and energy cost reduction

O, production and energy cost reduction for air separation unit

Nt osouces Foss Canada

Matural Resources Ressources naturelles



CANMMET EMNERGY TECHNOLOGY CENTRE

15t Generation Oxy-fu

el Combustion Systems

No reduction in unit size/volume compared
to air-fired combustion (up to flue gas
recycle point)

No efficient integration and optimization of
the process

No recovery of low temperature heat

Need to design the whole plant as a gas-
tight system and for flue gas recycle to
transport coal from the mills

CO, and hot gas leakage out versus air
leakage In

Need for gas-tight mills and pre-treatment
of the primary recycle flow

Recirculated Flue Gas

CO, Product for EOR, EGR, or

N,

T

Sequestration

Gas Processing
System

Air ; ; ;
—> Alr Sep{nir:lt-:;an Unit Condenser » (CO,; Compression,
Purification, and
Liquefaction)
0,, N,, POl T I Vent Gas H,0
Air Infiltration '\poa!) ' Liquid O,, N,, €CO,, H,O Liquid
“T‘ __T__
Other fuels, Particulates,

e.g., NG, bitumen

Ressources naturelles
Canada

Matural Resources
Canada

i+l

SO,

(Canada



CETC

CAMNMET ENERGY TECHNOLOGY CENTRHE

2"d Generation Oxy-Combustion Systems

 Energy efficient integration and optimization of the process, recovery of low
temperature heat

i+l

Partcle removal

N2 (A7) +C0, recycle 50, removal? gﬂ;f :
Air Lo, . Flue gas | .o, +CO -co,
Separation > Boiler A cleaning and = 2 ———
- - . COmMpression
Unit condensation

Y | X
e Ceal Combustion el
7 heat Low- Low- 7 |
ﬁ'—f__ i Low- temperatire temperature ?.__ i
E : tE[ﬂ.PE’f‘ﬂtlle Sream power ~ heat heat E :
= heat cycle i al
w iInternal =
= . 1 o
g | Gross E]E'l.’.‘lﬂl:: lpower gl
5 powers |consumption o |
=1 ! =
= t 1 =
e : =

[ —————— ! _____________________________________________ 4

i Net electsic —p mass
w power to grid p heat
__________ p electricity

Non-condenzable

Matural Resources Ressources naturelles

Canada

Canada

(Canada
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CAMMET ENERGY TECHMOLO

Gy CEMNTRE

* Integrated oxy-coal combustion with coal drying concept

-------------------------------------------------------------------------------------------------
.
S
-
o
o

---------------------------
»
o
.
,

Flue Gas ™,
Air Recycle
l Primary
Dry N, Cooling
To ASU T Air
vent i | \ oA
................. T“"““".' 02 L : :
-G --Y--l v
o aw Dry i ESP/ LAl :
: i, Boiler Baghouse > Wil Vi P Separator —
icoal Dr‘yer coal Gl I A Té
NV AVAVAVY P
............................ : PIE- i compression
Excel Secondary heater : v trajn
Powei’ i Ash Cvo_Iing E Condensate
ir y v
: N—T E-J',.-:\:i To
CW—] k/ > Cooling
: et Tower
:
1
v y .
....... Hot N/Air
Source: CANMET HYSYS/IECM

Matural Resources
Canada

Ressources naturelles
Canada
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CETC CAMNMET ENERGY TECHNOLOGY CENTRHE

Need for New Concepts and Technologies

* Design for plant life
— Current and future needs (CO, market, etc.)
— Flexibility in design to adapt
— Environmental regulations (near zero emissions for fossil fuels)
— Low-value fuels and co-firing (bitumen, petcoke, biomass, etc)

e Advancements in technology, e.qg.,

— lon transport membrane for O, production
— CO, membrane for separation
— High temperature materials (boiler tubes, etc)

 Moving away from Rankin cycle (lower efficiency)

— 3rd generation of oxy-fuel combustion systems
— Advanced turbines and power cycles
— Pressurized with direct CO, capture

i+l
. o I Matural Resources Hessources naturelles Canada
Canada Canada



CAMNMET ENERGY TECHNOLOGY CENTRHE

3'd Generation Oxy-Fuel Systems

Combustor
(turbine)

j Slag? J‘ Ash

Combustor |—

\‘/ Slag
80%

PR

“f Ash
20%

. o I Matural Resources Hessources naturelles

Canada Canada

Heat
rECOVErY « Low NO, & excess O,,

e Higher radiative & convective heat transfer,
» process model, CFD, system and

component design

Up to 40% scale
reduction in unit size

Minimize NO, & excess O,,

High radiative & convective heat transfer,
New materials for combustor

process model, CFD, system and
component design

Up to 80% scale
reduction in unit size

(Canada



CETC CAMNMET ENERGY TECHNOLOGY CENTRHE

CANMET Program Background

Zero Emission Oxy-Fuel Combustion Technologies for Clean Fossil
Fuels:

« The program started at CANMET in Mid 2004 and has already led to
several new concepts and novel prototype designs

 The primary focus of the program is the development of the new
generation of near-zero emission oxy-fuel combustion technologies
with higher efficiency and significantly lower capital and operating
costs.

« The scope covers three distinct, novel and advanced R&D technology
areas:

— Hydroxy-fuel (or oxy-steam) combustion technology;
— Pure oxygen slagging combustion technology; and,

— CO, capture and compression technology.

i+l
. o I Matural Resources Hessources naturelles Canada
Canada Canada



CETC CAMNMET ENERGY TECHNOLOGY CENTRHE

Overall Objectives:

 Investigate the feasibility of hydroxy-fuel
combustion for the 3" generation oxy-
fuel systems

* Realize the reduction in size and capital
cost of equipment

« Use water or steam, preferably with no
FGR, to moderate the flame temperature

« Achieve high concentration of CO, (on
dry basis) in the exit flue gas stream

. o I Matural Resources Hessources naturelles
Canada Canada



CETC CAMNMET ENERGY TECHNOLOGY CENTRHE

Hydroxy-Fuel Burner Prototypes

1st Generation: 2"d Generation:
Fixed-Angle Swirl Generator Variable-Angle Swirl Generator

. o I Matural Resources Hessources naturelles
Canada Canada



C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

Hydroxy-Fuel Burner Prototypes (cont.)

Design Features:

Fuels:

* Natural gas

e Qil, Emulsion

» Pulverized coal and coal slurry
Operational modes
 O,/steam

« O,/RFG & 0O,/CO,

* Air & oxygen enriched air
 O,/steam/RFG
 O,/steam/CO,

Variable secondary & tertiary
stream mass flow rates

Variable secondary & tertiary
steam oxygen concentration
Independent secondary & tertiary
stream swirl

. * I Matural Resources Hessources naturelles

Canada Canada

4th Generation:
Variable Swirl Block Generator




CETC CAMNMET ENERGY TECHNOLOGY CENTRHE

Pure O, Slagging Combustor Technology

Development

Overall Objectives:

 Investigate the feasibility of pure oxy-
coal combustion in slagging mode for
the 3 generation oxy-fuel systems

» Realize the reduction in size and
capital cost of equipment

 Demonstrate the technology at pilot-
scale

* Investigate the scale up options

. o I Matural Resources Hessources naturelles
Canada Canada
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CETC

CANMMET EMNERGY TECHNOLOGY CENTRE

Background Technology

» Slagging combustor - Features

Advanced Slagging Combustor
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Burn coal (e.g., high-ash) or co-firing with other opportunity fuels
« Typical design includes

Fuel and primary stream are introduced either axially or tangentially
Secondary stream is introduced tangentially

Centrifugal forces propel the ash to the wall to form slag
* Molten slag is drained by gravity
e 75-85% of ash is removed

. * I Matural Resources Hessources naturelles
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CETC CAMNMET ENERGY TECHNOLOGY CENTRHE

Design Challenges

« Highly innovative and compact design

e High-temperature and corrosive environment

e Cooling system design and integration

e Slag removal

 Model slag formation, flow, and impact on performance
 Integration issues

e Process control and monitoring

i+l
. o I Matural Resources Hessources naturelles Canada
Canada Canada



C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

Prototype Design

» Five prototype designs have been completed

e Operating modes:
— Pure O, combustion
— Enriched air combustion
- 0O,/CO,
— O,/RFG

Prototype 1 Prototype 2 Prototype 3 Prototype 4 Prototype 5

. * I Matural Resources Hessources naturelles
Canada Canada



C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

Integration with Vertical Combustor Research
Facility (VCRF)

i+l
Matural Resources Hessources naturelles
T R Canada



C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

£ T H| Flue Gas
N —— Stream (in)
M / A
H 3 Vent Stream S CO, Capture & Compression
Non-Condensable Unit (CO.,CCU)
| Gases (out) CO, Product -
Stream (out)

£

CO,CCU

S
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Presenter
Presentation Notes
In the past, major focus on emission control technologies was through add-on technologies. However, integrated downstream technologies will be the standard for future coal-fired plants.

Since CO2 capture is an energy intensive process, coupling of CO2 capture systems in the current commercial plants is an issue

Increase in efficiency of a PC plant reduces the emission intensity and enhances the performance. However this requires advance materials which can accommodate the high temperature and high pressure steam conditions. 


O,/RFG Combustion
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OXY-COMBUSTION: RESEARCH,
DEVELOPMENT AND SYSTEMS ANALYSIS

Timothy Fout

3'd Workshop of the IEAGHG
International Oxy-Combustion
Network

Yokohama, Japan
March 5, 2008

National Energy Technology Laboratory

=TL




Outline for Presentation

e NETL Overview

e Background

e Carbon Sequestration Program
e Oxy-combustion Research

e Systems Analysis

N=TL



National Energy Technology Laboratory

e Only DOE national lab dedicated to fossil energy
—Fossil fuels provide 85% of U.S. energy supply
e One lab, five locations, one management structure

e 1,100 Federal and support-contractor
employees

e Research spans fundamental science
to technology demonstrations

West Virginia Alaska Oklahoma

T. Fout,March. 2008
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Pittsburgh, PA

Albany, OR

Morgantown, WV

Fairbanks, AK

Tulsa, OK


Carbon Sequestration Program Structure

CORE R&D

DEMONSTRATION AND
DEPLOYMENT

CO2 Capture

Carbon Storage

Monitoring,
Mitigation, and
Verification

Non-CO:
Greenhouse
Gas Control

Regional
Carbon Sequestration
Partnerships

B vaidation DB

Deployment

Breakthrough
Concepts

Other Commercial
Opportunities

* Large-Scale Projects

* International Showcase

FutureGen

* Carbon
Sequestration

* Power
Generation
plus Hydrogen
Production

=TL

T. Fout,March. 2008




Sequestration Program Statistics FY2008

DOE Budget (Million $)

160 ~
140 +
120 -
100 -

Fiscal Year

Diverse research
portfolio

N=TL

~ 70 Active R&D Projects

Strong industry support
~ 39% cost share on projects

Federal Investment to Date
~ $481 Million

FY 2008 Budget

Asia Pacific

Partnership, 2%
Non-CO, GHG General, 10%

Mitigation, 0.3%

Breakthrough
Concepts, 3%

MMV, 7%

Regional
Partnerships,
Sequestration, 57%

8%

Capture of CO,,
12%

T. Fout,March. 2008



Regional Carbon Sequestration Partnerships

“Developing the Infrastructure for Wide Scale Deployment”

Characterization Phase
e 24 months (2003-2005)
e 7 Partnerships (40 states)
e ~$15M DOE funds
Validation Phase
e 4years (2005 - 2009)
e Field validation tests
— 25 Geologic
— 11 Terrestrial
e ~$110M DOE funds
Deployment Phase
e 10 years (2008-2017)

e Several large volume injection
tests

=TL

T TR

Refineries &
Chemical

‘Unclassitied = 2

T. Fout,March. 2008
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Presentation Notes
The partnerships is a phase program.  We currently have ended Phase I which was needed to characterize the regions of the US for opportunities for geologic sequestration.



DOE just award a Phase II program of field validation tests that will last for the next 4 years.



The DOE is looking to implement a Phase III or Deployment Phase initiative where several large volume sequestration tests will be implemented over the next 10 years.




National Atlas Highlights

North American CO, Storage Potential

CO, Sources (Giga Tons) (Giga Tons)
CO, Emission Number Sink Type Low High
(_Jf _ Saline Formations 969 3,223
Facilities Unmineable Coal 70 97
CO, 3.81 4,365 Seams
Sources Oil and Gas Fields 82 83

Formations Seams

Saline

-

=TL

- I ]
T. Fout,March. 2008

ﬁ Available for download at http://www.netl.doe.gov/publications/carbon_seq/refshelf.html
N



Innovations to Existing Plants Focuses on
CO, Capture

e FY08 Congressional Budget
—~$36M US
—-$15 - $20 M US for CO,, Capture and Compression

e FY09 Presidential Budget Request

—$40 M US for CO,, Capture and Compression, and
Water Utilization

e Focus on Technologies for Existing Pulverized
Coal-fired Power Plants

N=TL



092007

FINANCIAL ASSISTANCE
FUNDING OPPORTUNITY ANNOUNCEMENT

U. S. Department of Energy

Mational Energy Technology Laboratory

Carbon Dioxide Capture And Separation Technology
Development For Application To Existing
Pulverized Coal-Fired Power Plants
Funding Opportunity Number: DE-P526-08NT00124

Announcement Type: AMENDMENT 02
CFDA Number: 81.089 Fossil Energy Research and Development

lssue Date of Amendment 01: February 15, 2008

Letter of Intent Due Date: Mot Applicable
Pre-Application Due Date: Not Applicable
Application Due Date; April 10, 2008 at 8:00:00 PM Eastern

ETL Time

T. Fout,March. 2008



Technology Pathways
Separation & Capture of CO,
Issue
e Demonstrated technology is costly

Pathways
e Post-combustion capture
e Pre-combustion capture

e Oxycombustion
— Chemical looping

N=TL



Pulverized Coal Oxycombustion

\Coal + O, =) C02+H20I

Current Projects:

Steam . B&W
Flue Gas Recy. Jupiter Oxygen
Recycle Comp. CANMET

v L C02
15 Psia
COQ mmep Oxy.fUEI » ESP m FGD :. >
Boiler
. I CoO,
‘ _ Comp.
Oxygen \ Limestone
Ash co
Air 2,200 Psia
Separation Oxyfuel Challenges
unit 1. High combustion temperatures

*Boiler materials of construction issues
*Requires large amounts of flue gas recycle
2. Cryogenic oxygen production is expensive and
energy intensive
*Opportunity for oxygen membranes

N=TL

T. Fout,March. 2008
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Presentation Notes
Air Products working on ITM to replace ASU

Conventional Cryogenic Oxycombustion Research issues:

Air Leakage

Corrosion

Recycle placement

Heat Transfer/Flame analysis



Advantages:

No Steam used for sorbent regeneration

Greater than 90% Capture

Oxygen infrastructure in place for future experimentation

Still looks like a power plant




Oxygen-Fired CO, Recycle for Application to
Direct CO, Capture from Coal-Fired Power Plants

e Retrofit existing combustion facility for oxy-combustion
— Design and Install Recycle Loop

— Parametric Testing Campaign
e Status (1/2008):
Electrostatically Wet
— Added partners —— Rt Packed Electrostati
Doosan Babcock and Scrubbe Pt g0
Southern Company

1 Stack

— Recycle Loop Design
Completed

— Oxy-combustion
Burner Completed

— Baseline CFD
completed
¥ Dry Cold-Side
Electrostatic
Precipitator
=TL Participants: Southern Research Institute, Maxon, DTE Energy,

The BOC Group, Doosan Babcock, Southern Company, REI



Ceramic Autothermal Recovery

e Process Features N 5 st
2 urge (Steam

— Uses oxygen “storage” property of perovskites at high and/or CO,)

temperatures. Highly selective O, extraction.
e Project Status (12/31/2007)
— Determined acceptable sulfur levels for PDU

— Determining effects of sulfur exposure to
perovskites (short and long term)

— Systems analysis and economic study to
determine effects of sulfur removal on process
economics

Perovskite
Samples

(in steam/CO,)
Participants: Linde (BOC), Alstom, WRI

T. Fout,March. 2008
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Presentation Notes
Will require scavenger SO2 removal system for integrated operation of CAR with WRI combustion Facility


Oxygen Transport Membranes (OTM)

Steam

e Reactive Purge T
Fuel Carbon

Flue | dioxide
Gas
Water
i —p NN +  UHHH
Alr Heat
<4— /N\N/N\/N\ T

OT™M
combustor

Heat recovery

e Project Status (12/31/07):
— Conducting Systems analysis of Coal-based Concepts

— Investigating Freeze-casting of porous supports

— Constructed High Pressure Reactor

=1L Participants: Praxair, University of Utah
Graphic from Praxair Presentation, 2/15/06 NETL PittsleTrg;m’Mamh‘ o


Presenter
Presentation Notes
The objective of the project is to develop an optimum process for integrating Oxygen Transport Membranes (OTM) into a commercially available power generation process such that coal-fired power plants with CO2 capture have high efficiency and low COE while maintaining high environmental performance.  



Novel OTM materials exhibiting high reliability and tolerance for repeated chemical and thermal cycling have been demonstrated.  More than 12,000 cumulative hours of failure-free operation in a combustion environment has been achieved.  



Additional features of OTMs include that they can be integrated into the power plant so that there is a limited requirement of air compression.  Praxair estimates that the parasitic power consumption required for oxygen production by OTMs is reduced by 70-80% as compared to cryogenic ASU. 



Praxair is continuing the development and scale-up OTM technology in this project in order to drive the technology status to a level where it is ready for pilot-testing.  The University of Utah will be working with Praxair on developing and testing OTM configurations in coal-based systems 


NETL/Office of Research and Development
Oxy-Combustion Activities

e PC Coal and Turbine
Power Cycles
Overall objective: development of

improved and validated modeling
tools for oxy-combustion systems

« Approach combines e L
mode“ng’ lab tests, and Flame Speeds Q) = - Aem )5, ()T

»
N

fleld work

Water + Reagents

N
o
/

.
[
Cyclone 2 4.0
g o Y .
< g e
% g 3.0 4 L% Hi - B - *
o ni
© = Compressor
=] 3 3.8 : : : : .
[ T 20 25 30 35 40 45 50
. Coql 3 @ é’\\e Total flow, slpm
Pulverizer :j_) = Water <&
e
Treatment S

Boiler
Flue Gas

Recirculation 4 Pure Water

Cooling
) Water
Fllter—®

The Integrated Pollutant Removal @ @ e
Z (IPR) Process for CO2 Capture Iﬁp"?ﬁm Exchanger
N=TL E—

Oxygen

T. Fout,March. 2008



NETL/Office of Research and Development
Oxy-Combustion Activities — cont’d

e Obtain fundamental combustion data
and radiative properties of oxy-flames

Laminar flame speeds

Radiative properties/heat transfer in
high steam environments and
validation data sets

e Systems-level modeling —

— test, demonstration and full scales
Develop improved modeling/ R
simulation tools !

e Develop and validate CFD models for
oxy-fired PC combustion

Reheat Combustor Demonstration
— NETL/NASA/CES

e Assess materials performance in oxy-
combustion environments

e Develop approaches to capture CO2
from oxy-fuel combustion products

Ly
>
4 2 L
- 20 ¥y
-
- J— |

T. Fout,March. 2008



Study Matrix

Steam
Case | CO, Capture . Oxidant NOx Control CO, Purity Storage
psig/°F/I°F
1 None 3500/1110/11502 0.07 |b/106Btu N/A
2 None 4000/1350/1400° N - Low NOx BUrners N/A
ir
3 Econamine 3500/1110/1150 - Over-fired Air ~100%
4 Econamine | 4000/1350/1400 - Sl ~100%
5 95 mol% O, Spec. A
oA Cryogenic Supercritical 99 mol% O, Spec. B Saline
5B ASU Oxyfuel 3500/1110/1150 95 mol% O, 0.07 Ib/10°Biu Spec. B* Formation
>C 95 mol% O, | - Low NOx Burners | Spec.C
6 Cryogenic | Ultrasupercritical | . o |~ Over-fired Air Spec. A
6A | ASU Oxyfuel | 4000/1350/1400 MO T2 | - Flue Gas Recycle [ gpec ¢
7 Membrane Supercritical ~100 mol% Spec. B
7A ASU Oxyfuel 3500/1110/1150 O, Spec C

aSteam conditions for the supercritical (SC) power plant cases (available now)

bSteam conditions for the ultra-supercritical (USC) power plant cases (2015-2020)

=TL

ASU: Air Separation Unit
SCR: Selective Catalytic Reduction

T. Fout,March. 2008



CO, Purity

Specification A: Raw flue gas product using 95 mol% oxygen - Saline Formation
Specification B: Raw flue gas product using 99 mol% oxygen - Saline Formation
Specification C: Raw flue gas product using 95 mol% oxygen and treated to meet EOR Spec.

TL

EOR

Saline Formation

Pressure (psia)

2200

2200

co,

>95 vol%

not limited?!

Water

dehydration? (0.015 vol%)

dehydration? (0.015 vol%)

N,

<4 vol%

not limited?

O,

<40 ppmv

<100 ppmv

Ar

< 10 ppmv

not limited

NH,

<10 ppmv

not limited

(6{0)

< 10 ppmv

not limited

Hydrocarbons

<5 vol%

<5 vol%

H,S

<1.3 vol%

<1.3 vol%

<0.8 vol%

<0.8 vol%

uncertain

uncertain

<40 ppmv

<3 vol%

uncertain

uncertain

1: These are not limited, but their impacts on compression power and equipment cost need to be considered.
2: Dehydration process, such as a glycol absorber, is required.

T. Fout,March. 2008



Supercritical Oxyfuel Combustion
Key Points

» Going from 95% to 99% O, purity results in:
» Less than 0.5% increase in ASU auxiliary load (130.5 MW to 131 MW)

> A 9% increase in ASU capital cost ($509/kWe to $555/kWe)

» A4 Megawatt decrease in CO, compression and purification auxiliary
power (78.5 to 74.5 MW) - Results in a slightly higher net power plant
efficiency.

Bottom Line: The CO, compression and purification auxiliary power
savings—due to the use of a higher purity oxidant—is offset by a 9%
increase in ASU capital cost resulting in a negligible advantage in going
from 95 to 99% oxygen purity.

N=TL

T. Fout,March. 2008



Oxyfuel COE Increase Distribution

90

- -
<) 0 > Capital
< 14 ?COE by 24%
% 60 ) @ Trans., Stor. & Monit.
Q) .
b (I )
ccg 50 | Compress. capital
N 21 O ASU capital
8 40 OO Compress. power
o 0O ASU power
o 30 1 Parasitic Power pow
= 1COE by 56%

20 -

10

0

Case 5 Oxycombustion

T. Fout,March. 2008



Innovation Advances

A
B Post-combustion
- A Chemical

T @ Pre-combustion @ looping
% A Oxycombustion B lonic liquids AOTM boiler
3 B MOFs M Biological
‘Gﬁ : processes
c @PBI M Enzymatic
O membranes  membranes
= @ Advanced .S°|Ld , Agﬁ)Féess
k5 physical sorbents
o solvents M Membrane
» | MAmine B Advanced @®systems
S solvents ne PN

@ Physical solvents @

solvents
A Cryogenic
@®oxygen
>

N=TL Time to Commercialization =

T. Fout,March. 2008

Figueroa JD, et al., Advances in CO, Capture Technology—The U.S. Department of Energy’s Carbon Sequestration Program, Int. J. Greenhouse Gas Control, 2007



For Additional Information

Sean Plasynski
Pre-combustion
1- 412-386-4867

Thomas Feeley
Post -, Oxycombustion
1-412-386-6134

Sean.Plasynski@netl.doe.gov Thomas. Feeley@netl.doe.gov

§ e B AL S
HLIOTArEN . ||

NETL

www.netl.doe.gov

=TL

Timothy Fout
1 - 304-285-1341
Timothy.Fout@netl.doe.gov

Jared Ciferno

Systems Analysis

1 -412-386-4881
Jared.Ciferno@netl.doe.gov

Thomas Ochs

In-house Research

1 - 541-990-5443
Thomas.Ochs@netl.doe.gov



http://www.netl.doe.gov/
mailto:Sean.Plasynski@netl.doe.gov
mailto:Jose.Figueroa@netl.doe.gov
mailto:Timothy.Fout@netl.doe.gov
mailto:Jared.Ciferno@netl.doe.gov
mailto:Thomas.Ochs@netl.doe.gov

<EPA

United States
Environmental Protection
Agency

Office of Research and Development
National Risk Management Research L

Understanding the Potential
Environmental Impacts of Oxy-
fuel Combustion

C.W. Lee and C. Andrew Miller

Child Care
Center

March 5, 2008

aboratory, Air Pollution Prevention and Control Division
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Umted States
ironmental Protection
Agency

Legislative and Regulatory Context

- Recent Supreme Court Decision
—EPA has statutory authority to regulate GHG emissions

—EPA must make a “reasoned decision” based on analysis of
potential endangerment from GHGs

 Several bills proposed in current Congress
- Energy Independence and Security Act (2007)
—Calls for R&D of new and advanced technologies for the
separation of oxygen from air

—Authorized (not allocated) $200,000,000/yr for capture
research, development & demonstration
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United States
Environmental Protection
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Environmental Issues of Concern

« EPA Is responsible for addressing environmental
Issues and impacts, including:

—CO, emissions and effects
—Impacts of geological sequestration
—Other environmental impacts

« SO,, NO,, Hg, other pollutants

« Solid and liquid effluents

—Application of carbon capture and sequestration to
non-utility sectors



Key EPA Questions

 Currently many more questions than answers
« Ability to be applied as retrofit technology
 Applicability to other sectors

 Parasitic power requirements

 Scalability

« CO, transport and storage requirements

- Fate of effluents
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EPA

United States
Environmental Protection
Agency

Oxy-fuel Combustion as Retrofit
Technology

« Enormous investment in current fossil-fuel power
generation system

« Ability to retrofit existing plants may provide an
attractive alternative to requiring new plants to be built

* Need to understand capital and operating costs,
retrofit time, operational iIssues, emission
characteristics and potential environmental impacts (to
air, water, soil)

« What differences (if any) exist between retrofit and
new installations?



Applicability to Non-Utility Sectors
« Can oxy-fuel combustion be used in other sectors (e.qg.
cement industry)?
—As retrofit, or as new installation only?

- What are costs, operating issues, and emissions
associated with these applications?

« How do they differ from current technologies?



<EPA

United States
Environmental Protection
Agency

Operability and Technology Scalability

* Need to understand parastic power to estimate
potential changes in demand and supply of electricity,
and therefore potential changes in emissions

—Need to understand how to evaluate fuel
requirements and mass of potential effluent streams
per unit of net electric power

- What is the range of plant sizes for which oxy-fuel
combustion is practical?

- How well does oxy-fuel combustion adapt to different
operating conditions, such as changes in coal type?



CO, Transport and Storage Requirements

« Post-combustion CO,, separation and compression will
result in different CO,, stream composition than oxy-
fuel combustion

—Does this make a difference to transport and
storage?

—Current transport assumes very high purity CO,

—EXxisting specifications for CO, properties based on
corrosion potential of pipelines

—Significant changes to CO, stream purity may result
In need for more expensive pipeline material

—Need to understand impacts of CO, composition on
reservoir



<EPA

U.S. CO, Pipeline Quality Specifications

United States
Environmental Protection
Agency

Component Limit Comments
CO, 95% Min MMP* Concern
Oxygen 10 ppm Max | Corrosion
Temperature 120 deg F Max | Materials
Glycol 0.3 gal/MMcf Max | Operations
H,S 10— 200 ppm |Max | Safety

Water 30 Ibs/MMcf Max | Corrosion
Hydrocarbons | 5% Max | MMP Concern
Nitrogen 1% Max | MMP Concern

*Minimum miscibility pressure
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United States
Environmental Protection
Agency
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Efforts at EPA — Current and Potential

 Currently evaluating existing literature on oxy-fuel
combustion, demonstrations of CO, transport and
sequestration

« EPA has flexible pilot-scale facilities for conducting
tests of oxy-fuel combustion with natural gas, fuel oll,
and coal

 Also have extensive experience in combustion exhaust
chemistry analyses, including trace elements such as
Hg



£
o

A\ Y 4

EPA

United States
Environmental Protection
Agency

Technical Challenges

 Flue gas recirculation

—Can SO, and PM be removed to a high enough
degree to avoid excessive fan corrosion?

» Trace element content
—What are the implications for presence of CI, Hg?

- Verification of CO, and impurity behavior at
supercritical conditions

—Conventional measurement methods not applicable
In current configuration



<E

United States
Environmental Protection
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Potential Goals of EPA Research

 Evaluation of gaseous, solid, and liquid effluent
streams

—To what degree do these differ from current
effluents?

—Do the differences have environmental implications
(either positive or negative)?

» Understanding operational issues, including startup,
shutdown, and transient operation, that may have
environmental impacts
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HIGH TEMPERATURE REDUCTION
OF NITROGEN OXIDES

Fredrik Normann

Chalmers University of Technology


Presenter
Presentation Notes
Thank you for the kind introduction! 

Hello!


(.;?]—JALMERS Chalmers University of Technology

Chalmers Oxy-Fuel Research

Purpose: Obtain knowledge for commercial oxy-fuel boilers

Progress of work:
 Build a 100 kW test unit
 Operation with propane
 Operation with lignite
Content of work:

 Heat transfer

e Emissions

Present presentation: High temperature reduction of NO,

Fredrik Normann
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Presentation Notes
I will start by giving you an introduction to the research at Chalmers

There are currently around eight researches working on oxy-fuel combustion and

The overall goal of our work is to obtain information to run and develop future commercial oxy-fuel boilers 

So far we have constructed a 100kW test unit and which have been successfully run on both propane and lignite. 

The main focus of our work investigation is on combustion related issues, such as heat transfer which my co-worker Robert told you about before lunch and on emissions. 

The focus of today presentation will be on Nitrogen oxides and the possibility for primary NOx control at high combustion temperatures 


(.;?]—JALMERS Chalmers University of Technology

NO Emission
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Fredrik Normann


Presenter
Presentation Notes
From our experiments as well as in the work of others it has been concluded that the emissions of Nitrogen oxides in mg/ MJ fuel supplied is heavily reduced in oxyfuel combustion compared to normal air-firing. In this figure we have a result showing this reduction from one of our experiments. In previous work it is also concluded that this reduction is mainly caused by reduction of recycled nitrogen oxides by so called Reburning mechanisms.


(.;?]—JALMERS Chalmers University of Technology

Nitrogen Chemistry

Fuel-N
Reburning
+CH,
+0
vy
Vol-N
A
+NO
Prompt
+CH.

Fredrik Normann



Presenter
Presentation Notes
And if have a quick look at the basics of nitrogen chemistry in combustion processes we see that Nitric oxide is formed from two sources. Fuel bound nitrogen via char or volatiles and from free nitrogen via the prompt or the Zeldovich mechanism. But Nitrogen oxides can also be reduced, either by the reburning mechanism which coresponds to the prompt formation route or by the Reverse Zeldovich mechanism. As I mentioned we had concluded that the reburning mechanism was the main reason for the reduction seen in NO emissions so far. While the reverse Zeldovich mechanism which is known to only be active at high temperatures is not used.
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Nitrogen Chemistry

0, + N, ——=—p 2 NO

Zeldovich

Fredrik Normann
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Presentation Notes
So the focus of todays presentation will be on the Zeldovich mechanism which is the equilibrium between free oxygen and nitrogen with NO. This mechanism is known to under normal air-fired conditions form nitrogen oxides at high temperatures, so called thermal-NO. But in oxy-fuel combustion we have no (or hardly no) free nitrogen and the equilibrium could go in the other direction.


CHALMERS Chalmers University of Technology

Method

o Detailed gas phase reaction mechanism
 [sothermal plug flow reactor
e Methane flame

 HCN and NHj; as Fuel-N

Fredrik Normann
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NO Reduction
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Presentation Notes
To start with I would like to show this result from a calculation a simplified setup with an initial content of NO of 1000ppm, no free nitrogenand no fuel-bound nitrogen 

In a slight sub-stoichiometric combustion during One second. 



In the figure the NO reduction Ratio is plotted as a function of temperature. A high NO reduction ratio is better, at one all NO is reduced and at zero no NO is reduced. 



Below 1500C the reburning mechanism is the governing reduction route and above 1500C it is the reverse Zeldovich mechanism. And as you can see the Revese Zeldovich mechanism offers a far more powerful reduction then the reburning mechanism. 
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Investigate possibilities for high-temperature reduction of NO,:
* The influence of combustion parameters and their limits

« The implementation for an oxy-fuel combustion boiler
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Presentation Notes
So the Aim of this investigation and todays presentation is to investigate the possibility for high-temperature reduction of NOx during oxy-fuel combustion. First we will look at the influenced of combustion parameters and the different limitations. And then we will see how the implementation could effect the desig of oxy-fuel boilers.
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The first parameter we will look at is residence time, as the Zeldovich mechanism is relatively slow. 

This is a similar calculation as I showed before with an initial concentration of NO and no fuel bond nitrogen, but now we also have an initial concentration of Nitrogen. The figure shows the concentration of no through the combustion chamber as a function of residence time for three different temperatures. 

At the top we have 1500C where not much is happening due to a too low temperature. 

But at 1800 and 2000C we can see a much more powerful reduction. 

Interesting to note is also that even though the 2000 case is initially faster it reaches a limit and the 1800 case has a further reduction after 1.5 s. This limit is set by the equilibrium concentration which is shown here to the right. And as you can see is the equilibrium concentration higher at higher temperatures and the reduction can therefore go further at lower temperature. 
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In the next figure this reduction limit is further investigated. The NO equilibrium concentration is calculated as a function of temperature at different initial nitrogen and oxygen concentrations. The influence of nitrogen concentration is shown in the difference between the squares and the circles, with the circles having a higher concentration. And the influence of oxygen concentration is shown by the difference between the white and the shaded, where the white have a higher oxygen concentration. So as could be expected both oxygen and nitrogen has a negative effect on the equilibrium concentration.



And as we saw before a higher temperature also has negative effect on the equilibrium. This results in that high temperature is good for the reaction rate but bad for the equilibrium concentration 
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So to find an optimal temperature we have in this figure the NO reduction Rate as a function of NO concentration in the reactor for four different temperatures. And as can be seen the temperature with the highest reduction rate is decreasing along with the NO concentration, to decrease the limit as NO is reduced. So an optimal temperature would be initially high but decreasing through the furnace, which I guess agrees with normal furnace behaviour.
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Design considerations

* Low concentrations of N, and O,
e High temperature

e Long residence time
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So if we move on to the design considerations of an oxy-fuel boiler we can conclude that we should aim at: Low concentrations of N2 and O2, High but decreasing temperature and Long residence time



Low concentrations of N2 is no news as this is the main idea of oxy-fuel combustion to start with and it will depend upon issues as air-leakage and oxygen purity which are already discussed.  
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Low oxygen concentration is achieved in today’s primary measures for NOx control by firing strategies like air-staging. This is basically that instead of adding all the oxidizer directly only a part of it is introduced primary to create an oxygen lean combustion. Then the rest of the oxidizer is added in a secondary zone to complete the combustion.
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And here this technique is tested in one of our calculations with fuel-bound nitrogen and an inlet concentration of recycled flue gases that corresponds to the outlet. 

The NO concentration is plotted as a function of residence time. At the top we have a Reference case at 1500C where the temperature is to low for the Zeldovich mechanism. 

Next is a case with the temperature optimized according to the figure I showed you before between 2000 and 1800C. 

And finally at the botom we see the importance of an oxygen lean zone where we have a staged combustion at high temperature. The secondary oxygen is added after 2s and the temperature is then lowered to 1600C so that no NO is reformed. 
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High-Temperature Combustion

Oxygen-enriched combustion —

* Higher combustion temperature

e Lower mass flow through the furnace
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Next is how to achieve the high combustion temperatures and how that will influence the rest of the combustion. In oxy-fuel combustion an obvious way to increase the temperature is to increase the concentration of oxygen in the oxidizer. 



Besides the higher temperature the primary effect of an increased oxygen concentration is that the mass flow through the furnace is reduced. But a more intense combustion and higher flame velocities are also achieved. This creates an possibility to decrease the volume of the furnace and the equipment used in the recycle loop. 
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High-Temperature Combustion

Other Combustion Issues -

Unburned Carbon

Ash Melting/ Slagging

Heat Transfer

Corrosion
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Next I have a list over other combustion issues that are affected by an increase in combustion temperature.



The amount of unburned carbon is known as a counter weight to today’s primary NOx control, but with higher temperatures this will not a big issue instead the combustion efficency should be favoured. 



Other issues that has to be addressed are heat transfer and high temperature corrosion. Bu the biggest issue will probably be that the ashes will melt at these high temperatures which has to be handled in some way to prevent slagging. 
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It should be remembered that there are available systems for high temperature combustion which was used before the awareness of the NOx issue. 

Examples of these are so called cell burners where the burners are placed close together to achieve an intense combustion. Cyclone burners where there is a turbulent mixing of to achieve a high-temperature combustion. 

And in these boilers the ashes are melt and they are either of a wet bottom boiler design were the temperature is above the ash melting temperature and the ashes are removed as a liquide (as in this figure). Or the temperature are below the ash-melting temperature at the bottom and at the walls to prevent slagging and the ashes are removed as a solid, as in today’s design. 

To the right here we have a so called downshot boiler which is also of this wet bottom design and it is also used to create a longer residence time in the combustion zone, which also is desired.   
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Conclusions

e Limited by Equilibrium and Reaction Rate

— Low air ingress and High oxygen purity
— Sub-stoichiometric combustion zone
— High but decreasing temperature

— Long residence time

e Available Techniques

— High-temperature combustion systems
- WBB
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So finally to conclude. High-temperature reduction is a powerful primary measure to reduce emissions of nitrogen oxides in oxyfuel combustion. The reduction is limited by both Equilibrium and Reaction Rate. To be efficient the boiler should be designed with Low air ingress and High oxygen purity to get low concentrations of N2. There should be a sub-stoichiometric combustion zone to lower the concentration of oxygen. The temperature should be high but decreasing through the furnace and the residence time should be relatively long.



I also want to stress that there are available techniques for high-temperature combustion systems, both with increased oxygen concentration and with rapid mixing burners. And for handing of melted ash such as wet bottom boilers. These combustion systems were stopped being used because high temperature lead to high NOx formation but now it is the other way around and they should be reconsidered. 



Thank you!
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Overview of Oxy-Coal NOx Research

e Many burner studies on char burnout (LOI) and NO, and SO,
emissions during oxy-coal combustion

 Most studies find significantly lower NOx emissions during
oxy-coal combustion (~ 3X reduction)
v Negligible thermal NOx production (no N, in oxidizer)
v Reburn of recycled NOx in coal flame
v Reburn of recycled NOx on coal char

« So far, few systematic studies to understand relative
contributions of these effects or to determine direct effects
from different O, and CO, concentrations

v' Okazaki and Ando, 1997, a notable exception

s sandia National Laboratories




Goal of Present Study

Determine effect of gas environment on NOx formation from
combustion of coal and coal char when burned as dispersed,
low concentration particles (burn as isolated particles)

v'vary O, concentration (with little O, consumption)
v'vary background bulk gas (N, or CO,)

v'vary background NO (affecting NO reburn)

v control temperature

s sandia National Laboratories




Experimental Setup: Multifuel Combustor

<«— natural gas
<— air, 0,, N,, CO,, NO

e air, 02, sz C02

[—1<«—transport gas
eductor

to gas analyzers

exhaust

1 atm

150 mm dia, 4.2 m long SiC
reaction tube with 7
iIndependently controlled heater
sections (up to 1350 °C)

operates on air or specified
mixtures of O, with N, or CO,

natural gas burner to preheat
gases

coal or char particles
Introduced at top of reactor

Horiba CEM and micro-GC
analysis of stable gases

s sandia National Laboratories m




Pulverized Coal and Char Properties

Coal Type Char
Pittsburgh Bailey Black Thunder Pittsburgh Bailey

Proximate wit%, as wit% dry wt%, as rec’d Wwit% wit%, as wit% dry
rec’d dry rec’d

moisture

ash

volatiles

fixed C

Ultimate wt% DAF wt% DAF wt% wt% DAF
dry

Cc 82.9 64.1 76.9 95.4
H . 5.6 . 55 0.7 0.9

O (by diff.) . 7.7 29.1 0.2 0.2
N . 16 . 0.9 1.3 16

S . 2.2 . 0.5 1.2 15

Pitt coal char was produced at 1500 K in MFC
I Sandia National Laboratories




MFC Gas Compositions Investigated

Nominal Condition Initial Concentration (vol-%) Final Concentration (vol-%)

12% O, in N,
24% 0, in N,

36% O, in N,
12% O, in CO,
24% 0, in CO,
36% O, in CO,

* Equivalence Ratio maintained at 0.15 for all experiments

v low solids loading, little O, consumption
(reactor as entrained flow reactor)

 Two levels of background NO investigated
v 30 ppm for ‘low reburn’

v' 530 ppm for ‘high reburn’
I Sandia National Laboratories




Gas Temperature Profiles
(Type K thermocouples)

24% O,
— 36% O,
solid lines = N, diluent
dashed lines = CO, diluent
lighter shades for different coal/char
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Nominal reactor temperature of 1050 °C for all experiments
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NOx Measurements: low reburn

Pittsburgh coal

- 36% O,

24% O,

- 12% O,
A

>
S
&
S
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=
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Z

0.4 0.6 0.8
coal combustion complete Time from Injection (s)

« NOx production favored at higher O, levels, especially in N, diluent
v higher volatile flame temperature
v higher char combustion temperature

v CO, effect may reflect thermal NOx and/or lower combustion T

s Sandia National Laboratories




NOx Measurements: low reburn

Black Thunder coal

& 36% O,
24% O,
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Same trends as for Pittsburgh coal, with slightly higher NOx production
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Normalization of NOx data

« To compare NOx production for different fuels and fuel
Injection rates, need to convert measured NOx to “Fuel
Nitrogen Conversion”

—1.e., fraction of N in fuel that is converted to NOx
[NOx |- V(P/RT)

Conversion = .
YN,fuel -M /MWN

fuel

e Has literal meaning for CO, diluent with low background NO

« Broader interpretation must be considered for cases of N,
diluent and/or substantial background NO
(other sources and sinks of NO)

s sandia National Laboratories




Fuel N Conversion: low reburn
Pittsburgh coal Black Thunder coal

- 36% O, & 36% O,
24% O, 24% 0O,
-+ 12% O, & 12%0, |

Fuel N Conversion
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Time from Injection (s) Time from Injection (s)

» Trends with O, still apparent, but differences reduced in relative
magnitude

» Black Thunder has substantially higher fuel-N conversion to NOx
v higher volatile content
v higher char combustion temperature

v’ lower fuel-N content
I Sandia National Laboratories |l'|




Fuel N Conversion: low reburn

Pittsburgh coal vs. char in N, Pittsburgh coal vs. char in CO,

< 12% O, <+ 12% O,
24% O, . 24% O,
<> 36% O, <F 36% O,

Fuel N Conversion
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» Volatile-N preferentially produces NOx at elevated oxygen levels
v higher volatile flame temperature

» Char-N produces more NOx at elevated oxygen levels (esp.in N,)
v" higher char comb. temperature with more O,, N,

s Sandia National Laboratories m




NOx Measurements: high reburn

Pittsburgh coal

- 12% O,
24% O,
- 36% O,

initial NO level
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» Overall slight net NOx reduction at 12% and 24% O, (i.e. negative
fuel-N conversion) and much lower net NOx production at 36% O,
(N conversion of 0.30 in N, and 0.14 in CO,, compared to 0.60 and
0.45 for low background NO)

v’ demonstrates importance of NOx reburn
I Sandia National Laboratories




Effect of Char Combustion Temperature
and Background NO on Char-N
Conversion

* Recently completed joint experimental/modeling project provides
convincing evidence for dominant route of N release from pc char as
CN compound (here modeled as HCN)

(manuscript submitted to Comb. Flame)

e HCN is oxidized to NCO

* NCO is either oxidized to NO (favored at high temps), or reacts with
NO to from N, (favored at low temps and for high background NO
levels)

CN
‘-'-02

+0O
HCN =)y N CO

+0OH

s sandia National Laboratories




Conclusions

Elevated O, levels and presence of CO, bath gas affect NOx
formation during oxy-coal combustion

Black Thunder subbit coal shows substantially higher fuel-N
conversion than Pittsburgh hvbit coal under all conditions

Both volatile-N and char-N show stronger conversion to NOx
with increasing O,

Char-N shows stronger conversion in presence of N, bath gas

High background NO experiments show importance of NOx
reburn reactions

Reacting particle/chemical kinetic modeling of experiments is
being performed to improve understanding of governing

mechanisms
e sandia National Laboratories
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1. Introduction

Advantages of CO2-capturing power generation system based on oxy-fuel
combustion:
» Application to coal fuel is easy.
» 100% capturing of generated CO2 is possible.
* No thermal NOx is generated, etc.

Disadvantages considered so far:
» Energy efficiency will be significantly deteriorated.
» Economics will be also greatly deteriorated.

Obijective of the study:

To show the following characteristics for a proposed CO2 capturing-
repowering system, where low-pressure steam is utilized.
« Efficiency degradation is negligible.
» CO2-capturing is a technology having a substantially superior cost-
effectiveness.




2. Outline of Proposed CO2 Capturing-Repowring System
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Fig.1 Schematic structure of the proposed CO2 capturing-repowering
system based on oxy-fuel combustion (Proposed system).




3. Fundamental Characteristics of the Proposed System
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Fig.2 Estimated fundamental characteristics of the proposed system.



The definition of exergetic efficiency:

exergetic efficiency = exergy of the net generated electric power /
( exergy of steam + exergy of

input fuel ) (1)
where
the net generated electric power = generated power

- oxygen production and compression power

- compression power of captured CO2

to the atmospheric pressure
- miscellaneous power (2)

The power required for liquefaction of the captured CO2 is discussed
in the following chapter.



4. Estimation of Economics and CO2-Reduction Characteristics

4.1 Premises
» The low-pressure steam from a steam turbine system of an advanced

combined-cycle power plant (CCPS) was assumed to be utilized.
» Economic evaluation was assumed to be performed based on
unit cost of power (yen/kWh), annual gross profit (yen/year),

and depreciation year of the capital.
» CO2-reduction effect was assumed to be determined by comparing CO2

amount emitted from the power plant with efficiency of 50% (LHV base)
whose electric energy output is same as the proposed system.

In evaluating the characteristics, a steam turbine system, that uses the
same low-pressure steam, has been hypothetically introduced and
its characteristics are also evaluated, so that both the obtained results are

easily compared each other.

The hypothetical steam turbine system is referred to as the reference
system in the following.
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Fig. 3 Schematic structure of the combined-cycle power plant (CCPS)
adopted as an conventional thermal power plant

(Kawagoe #3&4 power plants of Chubu Electric Power Co., Japan)
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(b) Steam turbine power generation system consisting bottoming-cycle

Fig. 3 Schematic structure of the combined-cycle power plant (CCPS)
adopted as an conventional thermal power plant



Table 1 Major exogenous variables and parameters

used for estimating systems’ characteristics.

(a) Exogenous variables

Ttem

Combined system

Proposed system

(Gas turbine

Power output
Inlet temperature
Turbine inlet pressure
Fuel
Steam turbine
Pressure of high, middle
and low pressure steam

Pressure of reheated steam

Condenser outlet pressure

Dryness of turbine outlet steam
HsO turbine

Turbine inlet temperature

Condenser outlet temperature

Condenser outlet pressure

200 MW

1250 deg C

1.47 MPa
CH,4

9.41, 2.26 and 0.25 MPa
(96, 23 and 2.5 kg/cm®)
2.26 MPa (23 kg/cm?)
4.90 kPa (0.05 kg/cm?)
higher than 90%

1250 deg C
32.55 deg C
9.81 kPa




Table 1 Major exogenous variables and parameters
used for estimating systems’ characteristics (Continued).

(b) Exogenous parameters

[tem CCPS | Proposed system
Adiabatic efficiency:

Air compressor 89 % —

Gas turbine 93 % =

Steam turbine 90 Y% =

H>0 turbine — 90 %

CO4 compressor — 80 %
Heat recovery steam generator (HRSG):

Terminal temperature difference 60 deg C —

Pinch point temperature difference 15 deg C —
Regenerator:

Temperature efficiency - 80%

Heating and heated side pressure loss rate = 5%
Generator efficiency 99 % 99 %
Miscellaneous power consumption rate 3% 3 %
Unit oxygen production power —| 237.9 kWh/t-O9

Oxygen excess rate - 1.01




Table 2

Values assumed for economic evaluation.

Unit cost of power generation facility

Unit cost of oxygen production facility
Unit cost of COy liquefaction facility
Life time of the facilities

Rate of facility maintenance cost

Rate of capital

Unit cost of fuel

Steam cost

System operation rate

Man-power cost

Average power selling cost

50 x 10% yen/kW
82 x 10° yen/t-0/h
310 x 10° yen/t-C/h

15 y
5 ofy
5 Nofy
0.4 yen/MJ
0.444 yen/MlJ
80 x 109 yen/y
12 yen/kWh




4.2 Evaluation Results

Table 3 Estimated power generation characteristics of the CCPS.

Item Estimated value
Gas turbine
Generator power output 200 MW

Turbine outlet gas temperature and flow rate
Steam turbine

Temperature and flow rate of high pressure steam
High pressure turbine outlet steam temperature
Temperature and How rate of middle pressure steam
Temperature and flow rate of reheated steam
Temperature and flow rate of HRSG outlet LP* steam
Temperature and How rate of mixed LP steam
Pressure of LP steam

Generated power

(High, middle and LP turbine)
LP turbine net generated power

Combined system total

Fuel consumption

Generator and net generated power

Net power generation efficiency (Enthalpy-base)
Exergetic efficiency

598 deg C, 1649 t/h

538 deg C, 195 t/h
332 deg C

302 deg C, 32.0 t/h

538 deg C, 227 t/h

231 deg C, 30.3 t/h

246 deg C, 258 t/h

0.245 MPa
96.0 MW
(20.9, 36.4, 38.8)
37.6 MW

1789 GJ/h
296, 278 MW
56.0 %
56.3 %




Table 4 Estimated power generation characteristics of the proposed system
when turbine inlet temperature is 1250 deg C.

Item Estimated value
Utilized steam:
Temperature 246 deg C
Pressure 0.245 MPa
Flow rate 2568 t/h
Fuel consumption 608 GJ/h
Generated power 145 MW  cf38.8 (3.7 times)
Fuel-base efficiency (Enthalpy-base) 85.6 %
Oxygen production and compression power 13.1 MW
COs liguefaction power 3.98 MW
Inhouse power total 28.5 MW
Net generated power 116 MW c¢f37.6 (3.1 times)
Net generated power increase rate 209 %
Amount of captured CO» 33.3 t-COs/h
Exergetic efficiency 55.0%  -1.25% down
Exergetic efficiency (after COs liquefaction) 53.2 %
Repowring efficiency 48.9 %
Repowring efficiency (after CO4 liquefaction) 46.5 %




Table 5 Estimated results of economics and CO2-reduction effects.

(a) Steam turbine power generation system (Reference system)

[tem Estimated value
Generated power 38.8 MW
Net generated power 7.6 MW
Steam-base power generation efficiency 20.0 % (Enthalpy-base)
Exergetic efficiency 77.0 %
Depreciation cost 0.187 x 10" yen
Maintenance cost 97.0 x 10° yen
Steam cost 1.98 x 10" yen
Annual power generation cost 2.35 x 10" yen
Unit cost of power 10.7 yen/kWh
Annual power selling income 2.63 x 107 yen
Annual gross profit 0.288 x 107 yen
Depreciation year 4.69 year
Amount of COy reduction 86.6 kt-COq/y




Table 5 Estimated results of economics and CO2-reduction effects Continued).

(b) Proposed system

Item Estimated value
Cost of oxygen production facility 4.02 x 10? yen
Cost of CO2 liquefaction equipment 2.82 x 10? yen
Total facility cost 14.1 x 10? yen
Cost rate of oxygen production facility 28.5 %
Cost rate of COs liquefaction equipment, 20.1 %
Depreciation cost 1.36 x 10 yen
Maintenance cost 703 x 10°% yen
Steam cost 1.98 x 10” yen
Fuel cost 1.42 x 10? yen
Annual power generation cost 5.54 x 107 yen
Unit cost of power 8.17 yen/kWh
Annual power selling income 8.14 x 10? yen
Annual gross profit 2.60 x 10? yen
Depreciation year 4.01 year
Amount of COy reduction 268 kt-COq/y
Amount of net COsy reduction 181 kt-COq/y
Profit of CO9 reduction 12.8 x 10%yen /t-COq




Table 6 Comparison of estimated characteristics of the proposed and reference systems.

Item Proposed | Reference

system system
Depreciation cost ( 10? yen ) 1.36 0.187 (7.3 times)
Maintenance cost ( 10% yen ) 703 97.0
Steam cost ( 10” yen ) 1.98 1.98
Fuel cost ( 10” yen ) 1.42 0
Annual power generation cost ( 107 yen ) 5.54 2.35 (2.4 times)
Unit cost of power ( yen/kWh ) 8.17 10.7
Annual power selling income ( 10? yen ) 8.14 2.63
Annual gross profit ( 10 yen ) 2.60 0.288 (9.0 times)
Depreciation year ( year ) 4.01 4.69
Amount of CO; reduction ( kt-COs/y ) 268 86.6 (3.1times)
Amount of net COy reduction ( kt-COy/y ) 181 —
Profit of COs reduction ( 10%yen/t-COs ) 12.8 -




5. Conclusion

The thermodynamic characteristics and economics of the proposed CO2
capturing-repowring system, that utilizes low-pressure steam, were evaluated.

From a case study performed, the following characteristics have been

obtained:

* It is possible to generate 2.09 times larger electric power with the exergetic
efficiency of 55.0 %, even if all the generated CO2 is captured.

» The estimated exergetic efficiency degradation is only 1.25%
compared with that of the original high-efficiency advanced combined cycle
power plant.

» The economics of the proposed system have been estimated to be excellent
compared with the reference system (conventional steam turbine power
plant).

» The net CO2 reduction effect has been estimated to be 181 kt-CO2/y,
and is greater than 2.09 times larger than that of the reference system.

* Reducing CO2 emission brings about an economical merit, not the cost, and
it has been estimated to be 12,800 yen per captured 1 ton of CO2.




Reference

1) IEA Greenhouse Gas R&D Program: http://www.ieagreen.org.uk/

2) http://lwww.co2captureandstorage.info/networks/Oxyfuel2ndMeeting.htm

3) Carbon Dioxide Reduction & Sequestration R&D Center (CDRS): Proceedings of 1st
International Symposium on Carbon Dioxide Reduction & Sequestration, Soul, Korea,
January 17-19, 2005

4) P. S. Pak, Y. Suzuki and T. Kosugi: Evaluation of Characteristics and Economics of a
CO2-Capturing H20 Turbine Power Generation System Utilizing Waste Heat from a
Garbage Incineration Plant, International Journal of Global Energy Issues, Vol.11, Nos.1-4,
pp.211-217, 1998.12

5) Pyong Sik Pak: Evaluation of CO2-Capturing Power Generation Systems Utilizing Waste
Heat from Ironworks, ISI1J (The Iron and Steel Institute of Japan) International, Vol.42,
No.6, pp.663/669, 2002

6) Pyong Sik Pak Comprehensive Evaluation of a CO2-Capturing NOx-Free repowering
System with Utilization of Middle-Pressure Steam in a Thermal Power Plant, Electrical
Engineering in Japan, Vol.148, No.4, pp.34-40, September 2004

7) Pyong Sik Pak: Evaluation of Exergetic Characteristics of CO2-Capturing H20 Turbine
Power Generation Systems Based on Oxygen Combustion Method, Energy and
Resources, Vol.25, No4. pp.272/2782, 2004.7

8) Pyong Sik Pak: Characteristics of CO2-Capturing Systems Based on Oxy-Fuel
Combustion and Exergetic Flow Analyses for Improving Efficiency, Journal of the Gas
Turbine Society of Japan, Vol.34, No.5, pp.356/362, 2006.9

9) T. Kosugi and P. S. Pak: Object-oriented simulation system for evaluating characteristics
of various CO2-capturing thermal power generation systems, JSST International
Conference on Modeling, Control and Computation in Simulation, pp.294/299, Tokyo,
Japan (Oct. 2000).



Institute of Energy Systems

Prof A Kather
C Hermsdorf
M Klostermann
K Mieske

Technische Universitdt Hamburg-Harburg

Efficiency Increase of the Oxyfuel
Process by Waste Heat Recovery
Considering the Effects

of Flue Gas Treatment

Mathias Klostermann

IEAGHG International Oxy-Combustion Network - 3rd Wo  rkshop,
5th and 6th March 2008, Yokohama Japan



Current Research Projects at TUHH

Air Separation Flue Gas Recycle I vV
Unit A\
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R Ar,
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with particular regard to Unit
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» Introduction



Boiler efficiency / stack loss TUHH

Air

Oxyfuel

‘i ]| 116

\_/

Qflue gas MW  67.4 MW 60.8 MW 17.4
Maegas KIS 541 kg/s 149 kg/s 145
Nboiler % 94.5 % 95.0 % 985

 Significant increase of the boiler efficiency (appr oX. 4 %-pts) results in an
overall efficiency increase potential of approx. 1. 4 %-pts.

= What is the potential under realistic boundary cond itions?

» Waste heat recovery 3



Flue gas composition

=
& © X
> ~ | == Air .

O] = Oxyfuel :
c .
Q 4 :
g / : f
= NO, : actor 5.7
) .
O
c
o
(&}
QO 4
:"L:)
)
o
0

0 0,2 0,4 0,6 0,8 1
specific CR*

Causes: - lower specific flue gas mass flow

- increase of flue gas density
- higher water content in flue gas

- significant inhibition of NO , formation
- SO, conversion rate (CR) similar to air case

» Waste heat recovery



High-dust SCR

NO

X

» approx. 1200 mg/m3 @stp dry

» Reduction prior to CO ,-condensation
seems to be necessary

» High-dust SCR is a state-of-the-art
technology

» approx. 90 % NO , conversion
» NH; slip approx. 1.5 ppm |,
» partial conversion of SO , = SO,

» formation of sticky and corrosive
ammonium bisulfate, risk of scaling
on downstream heat exchangers

» Waste heat recovery

500
vpm
MNH;

100

T
(NH,).S0,
festes Sulfat™_|

50

* 10
5

EGH- i t fliissiges Bibulfat

eeeh s i Oxyfuel

L
1 5 10 50 100 vpm 500
—-=— heob, Bereich ——= SO, —=

Formation temperatures of ammonium bisulfate and
ammonium sulfate [Thyssen Engineering GmbH 1985]




Low temperature corrosion

SO

» SO;fraction of SO , between 1 and 5 %

X

» SO, formation promoted by higher concentrations of oxyg en and water

* higher concentration due to missing nitrogen
= +20....40 K higher acid dew point temperature of th e flue gas

vapour pressure curve of sulphuric acid

200

175

150

125

100

75 1

50 t

temperature n C

25 1

0,001 0,01 0,1 Ph,s0, in mbar 10

» Waste heat recovery



Heat sinks

« Oxygen preheating (with a tubular heat exchanger)

+ maximum efficiency increase, identical in function as air preheating
- high technical requirements of oxygen handling at e levated temperatures

- low heat transfer coefficient (gas-gas) = large heating surface

- Boiler feed water preheating

+ simple waste heat recovery process (similarto ane  conomizer)
+ low risks in case of damage

- lower efficiency increase (compared with oxygen pre heating) particularly for low
pressure condensate preheating

- complexity of controlling the bypass
* Additional power cycle (e.g. ORC)

+ less complex design
+ direct coupling with power turbines

- lower efficiency increase compared with oxygen preh eating

» Waste heat recovery



Oxygen preheating

O, preh.

375T

244 (322)T

Techuischo Unfvereital flamburg-Harbg

M

\)E>

320 (180)C

formation of corrosive ammonium
bisulfate from NH ; and SO,

Y lsoc

* maximum efficiency increase

* Risk of damage as well as firmly bonded deposits at

T

oxygen

(20xygen

A Npey

T (180) 320
MW 91 219
%Pts  +0.6 +1.15

in the presence of an upstream high-dust SCR !

» Waste heat recovery

the oxygen preheater



Boiler feed water preheating TUHH

T HPBF
preh. Queer MW 236 23.6
375C 240C

\/E> M S Q,pgr MW ; 18.3
303C ¥ hoac AN, %pts 1.05 +1.25

\—/ formation of corrosive ammonium

bisulfate from NH3 and SO3

375C ] 155C /A~

g Queer MW 127

Qe MW 155

HPBF- LPBF-
\ / A 0 )
305C Preh. Preh. Nnet Yopts  0.85

224C E 1| 120C >
SCR operation SCR 264C I ‘194‘{: 97C 81C
tempetalire 7

» Waste heat recovery 9




Conclusions

* Waste heat recovery from oxyfuel flue gas increases th e overall
net-efficiency significantly.

» Operation of a high dust SCR could cause problems wit h scaling and
corrosion by ammonium bisulfate.

 Higher concentrations of SO  increase the acid dew point temperature
of the flue gas.

» higher risk of corrosion in case of low flue gas and water temperatures

 Boiler feed water heating is the most promising option
» high efficiency increase

» [imited risk of corrosion
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Purification of Oxyfuel-
Derived CO,: Outline

® Compression to 30 bar with integrated
SOx/NOx/Hg removal

® Integrated purification and compression
— Low purity, bulk inerts removal
— High purity, Oxygen removal
— Membrane for high CO, recovery

® BERR 404 Project: Oxyfuel Fundamentals
® Development plan

PRODUCTS 1=



Air Products’ CO, Compression and
Purification System: Removal of SO,, NOx

e

and Hg
® SO, removal: 100% NOx removal:

1.02 bar

30°C
67% CO,

8% H,0 Water

250 .

Inerts 15 bar

SOX X 30 bar

NOX Bl Q

CcW ;
Condensate >Q > R——

CwW

Dilute H,SO, * ‘I'=ﬂf

p }'H»

HNO,
Hg

90-99%

30 bar to Driers
Saturated 30°C
76% CO,
24% Inerts

i+

I}
| 4
—

Dilute HNO,
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NOx SO, Reactions in the CO,
Compression System

We realised that SO,, NOx and Hg can be removed in the CO,
compression process, in the presence of water and oxygen.

RO_Zdis converted to Sulphuric Acid, NO, converted to Nitric
cid:

- NO+%0, = NO, (1) Slow
— 2NO, = N,O, (2) Fast
— 2NO,+H,0 = HNO, + HNO, (3) Slow
— 3HNO, = HNO, + 2 NO + H,0  (4) Fast
- NO,+S0, = NO + SO, (5) Fast
—~ SO,+H,0 = H,SO, (6) Fast

Rate increases with Pressure to the 3" power
— only feasible at elevated pressure

No Nitric Acid is formed until all the SO, is converted
Pressure, reactor design and residence times, are important.

PRODUCTS 1=



SOxX/NOx Removal - Key
Features

® Adiabatic compression to 15 bar:
— No interstage water removal
— All Water and SOx removed at one place

® NO acts as a catalyst

— NO is oxidised to NO, and then NO, oxidises SO,
to SO,: The Lead Chamber Process

® Hg will also be removed, reacting with the nitric acid
that is formed

® FGD and DeNOx systems are not required for
emissions or CO, purity

— SOx/NOx removed in compression system

— Low NOx burners are not required for oxyfuel
combustion

PRODUCTS 1=



Flue Gas
Vent
1.1 bar
20°C
25% CO,
75%
RES

<

CO, Compression and Purification System —
Inerts removal and compression to 110 bar

Flue Gas

Flue Gas .

Expander

<

Driers

30 bar Raw CO,
Saturated 30°C
/6% CO, 24% Inerts o ——

6

Aluminium plate/fin exchanger

) P> <

br <

g

CO, product
110 bar
96% CO,
4% Inerts
-60°C dp

P S—
AIR
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Oxygen removal to ppm O, in CO,

Recycle to
Cold Box
Feed
Compressed > <—
Impure CO, v 30 bar
column
Reboiler
Pure CO, heated
Pump to pipeline 4= with feed
pressure or flash to stream

tanker pressure —
T PRODUCTS i-'
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Put membrane in vent stream
Recycle CO, and O, rich stream to boller

To Boiler

Driers

0o

30 bar Raw CO,
Saturated 30°C
/6% CO, 24% Inerts




CO,, Purity and Recovery

® -55°Cis as cold as we can make the phase separation
® Impure CO, purity depends on pressure: higher pressure gives lower
purity CO,
— At 30 bar and -55°C, CO, purity is 95%
® Coérecovery depends on pressure: lower pressure gives lower CO,
rec

very
— At 30 bar and -55°C, CO, recovery is 90%

® CO,recovery depends on feed composition
— Increases from zero at 25mol% to 90% at 75mol%

Oxygen can be removed to produce EOR-grade CO,
No penalty if CO, is required as a liquid
o Ventostream IS clean, at pressure and rich in CO, (~25%) and O,

20%)

— Polymeric membrane unit — selective for CO, and O, —in vent
stream will recycle CO, and O, rich permeaté strearfi to boiler.

— CO, Capture increase to >97%
— ASU size/power reduced ~5%

AIR 7.
PRODUCTS Z



OxyCoal-UK : Phase 1 - Project

Participants

Lead Company
Doosan Babcock Energy Limited

j1/4[1.7:1,") Doosan Babcock Energy

Industrial Participants bp
Air Products plc AIR 1.
PRODUCTS =~
BP
E.ON UK Limited e-on | UK RWEI 3

RWE

Sponsors / Sponsor Participants
Scottish and Southern Energy
Scottish Power

EdF Energy &

( Scottish and Southern

Drax Power Limited : : DI-BX
Dong Energy Generation A/S eDF Rigweir: L Tmited )
ENERGY

Government Support
Department of Business, Enterprise
and Regulatory Reform

BERR

Department for Business
Enterprise & Regulatory Reform

University Participants
Imperial College London
University of Nottingham

The University of

Imperial College E Nottingham

London

ScottishPower

enerqy w holesale

DONG

energy
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OXYCOAL-UK : Phase 1 : BERR
404 Oxyfuel Fundamentals

® \WP1: Combustion Fundamentals
® \WP2: Furnace Design & Operation
® \WP3: Flue Gas Clean-up / Purification

® \WP4: Generic Process Issues

PRODUCTS 1=



Work Package 3: Objectives

® Confirmation of CO,, O,, H,0, SO,, NOx
reaction/purification chemistry over range of T
& P

® Provision of data to enable development of
reliable kinetic model

® Validation on side stream of pilot test rig and
check of Hg removal

Imperial College

PRODUCTS 1=




Work Package 3: People

® Imperial College:

— Sandro Macchietto — Prof of Process
Systems Engineering, Dept of Chemical
Engineering

e Alex Sturt

— David Chadwick — Prof of Ap£|ied _
Catalysis, Dept of Chemical Engineering

e Laura Torrente Murciano

— Peter Lindstedt — Prof of Thermofluids,
Dept of Mechanical Engineering

 Roger Robinson

® Doosan Babcock:
— Clive McGhie — Test Rig Manager

Imperial College

PRODUCTS 1=




Methodology

® Theoretical study of CO,, O,, H,0, SO,, NOx
reaction/separation mechanism

® Model-based optimal design of experiments for
Kinetics identification

® Experimental study using simulated feed
compositions over range of T & P and
residence time

® Laborato_r?/]-scaleri consisting of stirred
vessel with gas and liquid chemical analysis

® Development and validation of kinetic model

® |nstallation of small scale apparatus at pilot
plant site and testing with realistic flue gas

® Adjustment of design & operating conditions

Imperial College AIR 7.
oo




Completed so far...

® Completed literature review on nitrogen oxides
reactions.

® Completed literature review on sulphur dioxide
reactions.

® I|dentified three kinetic models of increasing
complexity as basis candidates for further study.

® Constructed stirred autoclave system (Buchi) for
Initial measurements.

® Reviewed analytics for initial experiments with the
batch reactor.

® Initiated design of loop reactor system.

Imperial College AIR 7.
PRODUCTS 2




Next Steps...

® Modelling
— Start develop reaction software models
— Theoretical predictions from first principles

— Review data and possible mechanisms for
Inclusion of Hg

® Experimental
— Commission batch reactor

— Conduct initial experiments with CO, at
simulated levels of SO; and NOx removal

— Complete design of loop reactor
— Conduct experiments on NRTF flue gas

Imperial College AIR 7.
oo




Doosan Babcock NO, Reduction
Test Facility (NRTF)

® Heat Input: 160kW

® In-Furnace (Primary) NOx Reduction Technologies
— Air Staging, Overfire Air (OFA) injection
— Gas and Coal Reburn

® Post-Combustion (Secondary) NOx Reduction
Technologies

— Selective Non-Catalytic Reduction (SNCR)
— Selective Catalytic Reduction (SCR)

® Electro Static Precipitator (ESP)

® Oxyfuel experiments carried out early 90’s with Air
Products/Babcock Energy

A B8 o=
17 LMSA” Doosan Babcock Energ PRODUCTS



PULVERISED COAL COMBUSTION
SYSTEM FOR CO3 CAPTURE

NOx (mg/MJ)

450
o0 ; ‘Nomal Excess Low Excess High Excess - |
BABCOCK ENERGY LIMITED 400 »  Oxygen Oxygen  Oxygen |
AIR PRODUCTS PLC L om e . +
UNIVERSITY OF ULSTER B0~ &
UNIVERSITY OF NAPLES _ 3 S
30@ e B
L B
250
OCTOBER 1995 b
- 200
150 |-
Commission of the European Communities g @O B
Directorate General XII for B
Science, Research and Development 50 r [ . i . i ; i . g . | , :
&0 65 70 75 80 85 a0 95

JOULE 1I Programme
Clean Coal Technology R&D
Contract No. JOU2-CT92-0062
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Schematic Diagram of NRTF —
Air Firing Configuration

MAIN P.F.
FEEDER

P.F.
VENTURI

PRIMARY AIR HEATER
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ATMOSPHERE

SUPPLY q
~_ FLUEGAS .
COOLER1 |

PRIMARY

>// AIR BLOWER
START UP

FUEL (GAS)
FURNACE

N

I J
COOLING WATER \\

o

<

SECONDARY
AIR HEATER

SECONDARY
AIR FAN
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Schematic Diagram of NRTF —
Oxyfuel Firing Configuration

MAIN

Oxygen fromeirner

FEEDER Oxygen from

P.F

FLUE GAS TO i VENTURI storage
ATMOSPHERE C P AIR HEATER
I N . CO, from
elele
UPPLY " cas />K_/> @ PRIMARY storage
| N ol eAY AIR BLOWER
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FUEL (GAS)
0o P FURNACE
FAN ’ L —1
g SECONDARY
B AIR HEATER
< SPRAY
COOLER SECONDARY
AIR FAN
/ WATER

To Imperial
College Reactor
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Oxyfuel Installation
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Plan for Development of Air Products’
Oxyfuel CO, Purification and
Compression System

® Step 1: Lab results from Imperial College

® Step 2: Testing with real flue gas from
Doosan Babcock’'s NRTF

— Commission in March, run experiments
April to June

® Step 3: Update model of process
® Step 4: 1 MW equivalent pilot plant in 2009
® Step 5. 300 MW demonstration plant?

PRODUCTS 1=
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tell me more
www.airproducts.com
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ASU and CO2 CPU
for Oxy-Combustion

Jean-Pierre TRANIER, Nicolas PERRIN, Arthur DARDE
IEAGHG international Oxy-Combustion Network — March 5th, 2008




- Oxy-Combustion for CO, Capture on PC boilers ﬂ

AIR LIQUIDE

Added for CO, capture vs reference plant
(air-fired PC without CO, capture)

Raw
coal

Steam ‘

<®

Pulverizer

Water, inert gases

CO, cryogenic
purification unit

S ————™

Flue Gas Composition
(% Volume Dry)

O, 3%

Ar 2% CO, transport
& st

N, 0-35% storage

PROPRIETARY IEAGHG International Oxy-Combustion Network 05-03-2008 World leader in industrial and medical gases


Presenter
Presentation Notes
In the OC process, N2 is separated from O2 in the air prior to the combustion. The flue gas is thus mainly composed of sequestration-ready CO2, along with easily condensable water. As combustion with pure oxygen yields very high temperatures, incoming O2 is diluted with recycled flue gases (FGR) to obtain desired temperature and flow profiles. 




EA]H LIQUIDE

iAir Separation Unit : background

________________________________________________________________________________________________________

The only available technology for oxygen
production in large quantities is cryogenic
separation today

Air Liquide offers cryogenic ASUs where a
single train can produce 5000 metric tons
per day of oxygen with no duplication of
equipment ;

In a multiple trains configuration, our
largest reference is totaling 40000 t/d

120

Optimum oxygen purity for
oxycombustion is in the 85-98% range _
g 100 JI
Cryogenic production of oxygen has been N
used for more than 100 years but it is still
improving 80
85% 90% 95% 100%

Oxygen purity

. PROPRIETARY IEAGHG International Oxy-Combustion Network 05-03-2008 World leader in industrial and medical gases
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30 years of continuous Cryogenic ASU

improvements

2,5

>
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T;u 1,0 > Energy efficiency : x 1,75
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EA]H LIQUIDE

Specific energy of separation in kWh

________________________________________________________________________________________________________

per ton of oxygen

Impact on HHV

kWh/t efficiency : +1 %

Impact on COE :
- 3.5%

Losses m

Theoretical

cnergyof [ 50 E3
separation
(O2&N2)

>

2007 2008

|
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'Key parameter in the optimization of an AR

________________________________________________________________________________________________________

gASU : trade-off between CAPEX and OPEX

130

\
120 - \ &

110

100

90
N
~
80 ~

70 -

Normalized capital expenditure
P #
7
/
/
/
\/

60 ‘ ‘ ‘ ‘ ‘ ‘
120 140 160 180 200 220 240 260 280

Specific energy of separation (kWh/t)

|
| PROPRIETARY IEAGHG International Oxy-Combustion Network 05-03-2008 World leader in industrial and medical gases n



i . . AIR LIQUIDE |
'Heat integraton o
Transfer of heat from the ASU compressor(s) to the steam

cycle (this option can also be applied to the CO2 compressor)

can significantly reduce the losses associated to compression

(and separation)

This transfer can be direct (feed water preheating) or indirect
(oxygen preheating, coal drying, any fluid of the cycle)

For air and flue gas/CO2 compression, several configurations
are possible :

“Isothermal” compression with intercoolers after each stage
“Adiabatic” compression with cooling only after final stage

Intermediate configuration with intercoolers after 2 or 3 stages of
compression

These optimizations needs to be carefully studied in order to
optimize CAPEX and OPEX for the overall oxycombustion
cycle

|
| PROPRIETARY IEAGHG International Oxy-Combustion Network 05-03-2008 World leader in industrial and medical gases



'CO2 CPU : background - n euee

________________________________________________________________________________________________________

Over 50 years of experience in CO2 purification
and liquefaction

67 plants worldwide
Markets : food, beverages, welding...

Key parameters for the right design of the unit :
Impurities in flue gas (PM, SOx, NOx, Hg, N2...)
CO2 product specification
Targeted CO2 recovery
Trade-off CAPEX vs OPEX

|
| PROPRIETARY IEAGHG International Oxy-Combustion Network 05-03-2008 World leader in industrial and medical gases ﬂ



'CO2 CPU development : 2 axis - el

________________________________________________________________________________________________________

Confirm feasibility

Improve performance in term of CO2 recovery,
specific energy and CO2 purity

. PROPRIETARY IEAGHG International Oxy-Combustion Network 05-03-2008 World leader in industrial and medical gases n



_Confirm feasibility : simulations - AR HOUIDE

________________________________________________________________________________________________________

‘and laboratory tests

Thermodynamic :
Molecular simulations

Simulation of the solubility of N204 in liquid CO2 using the
extension of the model of Scatchard-Hildebrand proposed
by Myers-Prauznitz

Experimental measurements (sponsored by NR il
Binary mixtures : CO2-S02, CO2-NO2/N204, CO2-NO, CO2-Ar,
S02-NO2

Ternary mixtures : CO2-S02-02, H20-C0O2-Ar, H20-C0O2-S02,
C0O2-Ar-02

Equation of state selection and calibration
Flue gas scrubbing with various reagents

H20 removal with acid-resistant adsorbents in a
CO2 matrix with SOx and/or NOXx

Hg removal with various adsorbents in a CO2 matrix
with SOx and/or NOx

|
| PROPRIETARY IEAGHG International Oxy-Combustion Network 05-03-2008 World leader in industrial and medical gases




Confirm feasibility : Saskpower case - AR HOUIE

________________________________________________________________________________________________________

Basic Engineering Study performed for
Saskpower :

Heat & Mass Balances, Process Flow Diagrams, PIDs,
piping layout and material take-off, equipment
specifications and RFQs have been developed

Technologies of all pieces of equipment
identified and validated

Risk assessment study performed

1
. PROPRIETARY IEAGHG International Oxy-Combustion Network 05-03-2008 World leader in industrial and medical gases



i - - u AIR LICII.JIDE.
Performance : basic findings - A |

________________________________________________________________________________________________________

Extensive studies on process cycles have been
performed and major improvements have been
found compared to published studies

Two options :
non cryogenic : water removal only
Cryogenic purification : CO2 specification is not
anymore an issue

Cryogenic purification of flue gas decreases
specific energy because CO2 can be condensed
at a lower pressure and therefore be pumped
instead of compressed

|
| PROPRIETARY IEAGHG International Oxy-Combustion Network 05-03-2008 World leader in industrial and medical gases



Performance : CO2 recovery versus - o

________________________________________________________________________________________________________

5 CO2 content in flue gas (dry basis)

CO2 recovery according to separation pressure & inlet CO2 content
100.0%

900% —— 15 hars a
;_" —=— 30 hars a
g 800% 25 bars a
30 bars a
8 —— 3% hars a
/B ?00% —— 40 hars a
il —— 45 hars a
8 60.0% s
U A0 hars a
500% B9 hars a

400% [ [ [ [ [ I [ I

oo ol oo ol oo oo oo oo oo
S &F O A P PP PP
Inlet CO2 content (mol%, dry basis)
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Pilot plants A

30 MWth CEDF : 1st worldwide a T
full oxy demo at this scale with VRN
ASU & CO2 CPU for Callide T (i
Oxyfuel Project (Australia) N s
Oxy-burners and CO2 purification -
for Total in Lacq (France) R&D

Clean

Environment

Development

: Facility (CEDF)

! Ole o TN ——
Oxyfuel Project

L
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Conclusions

________________________________________________________________________________________________________

Air Separation Unit : improvement in performance is
available now

CO2 CPU : feasibility is confirmed but design will
remain conservative until pilot plants are started ;
significant improvements in performance are
achievable for cryogenic unit

Integration of ASU and CO2 CPU in the overall
oxycombustion plant are key to achieve high
efficiency and low capital expenditure

|
| PROPRIETARY IEAGHG International Oxy-Combustion Network 05-03-2008 World leader in industrial and medical gases



EA]H LIQUIDE

________________________________________________________________________________________________________

THANK YOU
FOR YOUR ATTENTION

Contacts :
jean-pierre.tranier@airliquide.com
nicolas.perrin@airliquide.com
arthur.darde@airliguide.com

|
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Specific energy of separation : definition

________________________________________________________________________________________________________

Power required to produce 1 metric ton of pure oxygen
contained in a gaseous oxygen stream at a given oxygen purity
at atmospheric pressure (101325 Pa) under ISO conditions
(15°C, RH 60%)

Driver efficiency (EM, ST, GT) not taken into account : power at
shaft

Heat of regeneration of driers (steam, natural gas or electrical)
not included

Power consumption of cooling system (CW pumps, fans,...) not
included

Specific energy of production = Specific energy of separation +
specific energy of compression
Specific energy of compression = 0.1xQ(Nm3/h)xlog,,(Pgox/Patm)
1 t/h of GOX =1000/1.427637 =700 Nm3/h
For 1.4 bar abs : 10 kWh/t of pure 02

|
| PROPRIETARY IEAGHG International Oxy-Combustion Network 05-03-2008 World leader in industrial and medical gases



Consideration for Removal of non-CO,
components from CO, Rich Flue Gas of Oxy-

Fuel Combustion

IEA Oxyfuel Workshop

Yokohama March 4, 2008

Marie Anheden*, Stina Rydberg** and Jinying Yan*
*Vattenfall Research & Development AB
**Vattenfall Power Consultant AB
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Outline of presentation

» Background
— Sources of non-CO, components
— Basis for evaluating the impact
« Technology options to meet different CO,, specifications
— Scenario descriptions
— Technology
— Cost implications

» Continued work

© Vattenfall AB 2 VATTENFALL g



Where do the non-CO, components in the CO,

come from?

The sources of non-CO2 components in the CO, stream are:

1. Fuel

- H,0, CO, SO,, NO,, H,S,HCI, HF, H,S, H,, CH,, heavy metals,
hydrocarbons, particulates

2. Air or oxidant used for combustion of the fuel
—  0O,, N,, Ar
3. In-leakage of air into the CO,, capture system when it is operating
at sub-atmospheric conditions
~ 0, N,, Ar
4. The CO, capture or CO, clean-up process
— NHas, solvents

The components and concentrations are in turn dependent on which
capture process is used, and the selected CO, clean-up
processes

© Vattenfall AB 3 VATTENFALL g



Capture technology options

» CO, quality is mainly an issue for oxyfuel and pre-combustion
technology

+ Postcombustion produces a relatively clean CO,, 99%-+

+ In oxyfuel the CO, quality is a strong design parameter
— Inert components from O, and air inleakage (oxidising conditions)
— SO,, NO, removal level
— Trace elements
— Corrosive elements

 In precombustion the process selection and design requirements
strongly inflences the quality

— Reducing components H,S, CO, H,
— hydrocarbons

© Vattenfall AB 4 VATTENFALL g



Impact of non-CO, components

« The CO, quality has implications in all the steps of the chain:

Capture, Transportation and Storage

« The limiting factors will be different in each part

« Itis a challenging task to actually defining these limitations

© Vattenfall AB

5 VATTENFALL g



Proposed position: CO, quality

* Limits on CO, quality should not be general but focus on identified harmful
components and be based on a limit value that can be motivated

+ CO, of high purity can at least in theory be produced, however this has as
a consequence

— Increased energy consumption for the purification process. More fuel has to
be used to produce the same amount of electricity

— Increased investment and operational costs. The cost of CCS will increase

— Decreased CO, recovery. CO, may be lost as a consequence of the clean-up
process

- It is important to recognise that the technology for CO,, capture and clean-
up has not yet been demonstrated in practice in a power plant application

— more real life operational experience is required

— Specifically, the cryogenic clean-up step required to remove non-
condensable gases (mainly Ar, O,, N,) in the oxyfuel technology is not tested

© Vattenfall AB 6 VATTENFALL "‘:



Evaluating the concentration levels, strategy

for assessment —CCS chain

The allowable levels of non-CO, components in CO, to be stored has
been evaluated based on the following aspects

Measures to avoid operational problems during CO2 processing
Measures to avoid operational problems during CO, transport
Measures to avoid operational problems during CO, injection
Storage integrity (requires site specific investigations)

Environmental aspects over the lifetime of the full capture
transport and storage chain

Health and safety aspects of the full chain
Legal aspects
8. Economic considerations

a0 E

~N O

In general it has been found that the limit values based on
occupational exposure limit values used to assess the dangers in
case of leakage to air puts the most severe restriction and is
easiest to quantify

© Vattenfall AB 7 VATTENFALL "‘:



Oxyfuel technology development
CO, quality scenario study
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Oxyfuel technology development

» What has been done?

— In cooperation with external suppliers we have studied the
FGD, FGC, WESP and CO, purification and compression for
different Oxyfuel scenarios

* Why?
— To fill gaps in the knowledge concerning the cleaning and
preparation of flue gases from Oxyfuel combustion

» Scenarios were defined with basis in different fuels and
different CO, transport and storage options (=different CO,
product quality)

© Vattenfall AB 9 VATTENFALL g



Oxyfuel combustion, main removal options

N Sealing of equipment COIZf.cortnpresslon,
Py - purification
{_Electricity 02’ Nz’ AT '1 Intercooler
‘~. Boile H20 Mechanical
Coulmq watg . energy compressof scrd bberS
Air separation Minor and trace Suphur SO, SO
_componets in air removal 2 3
N,, Ar Stea NO, NO
condpnser Cooler and ’ 2
Noble gases Particle -] condenser Hg
H,O Carbon filter
Trace components Water Hg’ other trace
? 3 psum. . elements
esulp‘herlsatlon,
‘ — & Fly ash ondensation Acidic components
Mechanical I Fuel g
energy - = 1\‘\"’#’ | SOZ’ 803 Dryers
; o & Recycled flue gas
Air =——V ' A§I‘TOFEm (CO, and water vap urNo HZO o)
2 T
Air separaticn . .
Particles " HCI, HF Phase separation
Heavy metals Particles N,, O,, Ar, noble
Acidic components HgCl gases
(SO,, SO,, HCI, HF) ° NO
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Scenario definition — Scenario 1

Large scale (~1000 MWe, gross) Lignite fired condensing power plant
Pipeline transport

Aquifer storage
— CO, product pressure 110 bar, temperature 50 DegC

Modest CO, quality requirements
~ CO, > 96 vol%
— H,0 <500 ppm
— S0, <200 mg/Nm3
— 0,< 4 vol% (total inerts)

© Vattenfall AB 13 VATTENFALL g



Scenario definition — Scenario 2

 Large scale (~ 650 MWe, gross) Bituminous coal fired condensing
power plant

* Pipeline transport
* On-shore storage
— Low O, content
— CO, product pressure P = 110 bar
— CO, product temperature T = 50 DegC

* High CO, quality demands
~ CO, > 96 vol%
— H,0 <50 ppm
- 0, <100 ppm
— S0, <50 mg/Nm?3

© Vattenfall AB 14 VATTENFALL g



Scenario definition — Scenario 3

« Large scale (~ 620 MWe, gross) Bituminous coal fired power plant
» Ship transport

« Off-shore storage (EOR?)
— CO, product pressure P = 7 bar
— CO, product temperature T = -50 DegC

* Very high CO, quality demands
— CO, > 96 vol%
— H,0<5ppm
- 0, <100 ppm
— SO, <5 mg/Nm?3
— NO, < 5ppmv

© Vattenfall AB 15 VATTENFALL g



Scenario CO, quality specifications

Modest CO, High CO, Very high CO,
quality quality quality

CO, >96 vol% >96 vol% >96 vol%

H,O <500 ppm <50 ppm <5 ppm

SO, <200 mg/Nm3 | <50 mg/Nm3 <5 mg/Nm3

O, Total inerts <4 | <100 ppm <100 ppm
vol%*

NO, - - <5 ppm

© Vattenfall AB

* No individual restriction on O, content
T
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Flue gas clean-up |

- ESP — Electrostatic Precipitator

Scenario 1 hot + cold ESP
Scenario 2-3 cold ESP

- 7. [
| b
* FGD — Flue Gas Desulphurisation = -
~ open tower wet scrubber, limestone slurry R e ———
— High demand of SO, removal (up to . J WW P %%
99.9%), high L/G ratio PE &m ﬂ :L: i
~ PH ——
|
— Also removes HF/HCI, SO, fly ash, heavy . \i”l—‘
metals e Absorber External Exhaust
— To avoid air ingress, the oxidation tank is oxidation ank

separated from the absorber

© Vattenfall AB
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Flue gas clean-up Il

* FGC - Flue gas condenser =
— Cooling, drying and cleaning _ﬂ B0
— Designed as a direct condenser in two stages mim g ien
- Packed bed scrubber with possibility to dosing of EIQ$
NaOH to remove acidic components (SO,) AP 3[
- Open spray tower %EL;
- Cooling to 25C b
- Demister o %‘
- WESP P
— Possibility to remove aerosol and SO, leﬁ "f@
— Not included in scenario 1-3 v_:m

© Vattenfall AB 18 VATTENFALL g



CO, compression, purification

« Compression

» Cooling to remove water and reduce
compression power requirements
* Inerts removal

— Reducing air in-leakage increases
CO, capture rate

* Possibility of SO, and NO,, Hg
removal (ref. Air Products)

— converted and removed as dilute
acid streams

- O, removal, CO, recovery

— Membrane on vent stream to s
separate O, and CO, and bring back
to boiler

© Vattenfall AB 19 VATTENFALL "‘:



100% CO2 100% CO2
100

Lignite Bituminous Coal

98

97% CO2

96%
Cap rate
a5

95%

95% Cap rate

Cap rate

O Capture rate

94 W CO2 purity

CO2 capture rate [%)]
Product CO2 concentration [vol%]

92

90

Scenario 1 Scenario 2 Scenario 3
(Lignite, Pipeline, (Bituminous coal, (Bituminous coal,
Aquifer) Pipeline, Ship transport,
On-shore EOR}) Off-shore EOR})
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Results — COE

70
Lignite

Bituminous coal

52 €IMWh

COE (Euro/MWh)

Scenario 1 Scenario 1
iLignite) {Lignite, Pipeline,
Reference case Aquifer)

© Vattenfall AB

Scenario 2 &3
{Bituminous coal)
Reference case

21

64 €IMWh

Scenario 2
{Bituminous coal,
Pipeline,

on-shore

65 €IMWh

O Total

oFuel

OO0 &M variable
| O&M fixed

@ Capital

Scenario 3
{Bituminous coal,
Ship transport,

Off-shore
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Results — COE I

* Prerequisites:
— Real interest rate 8%
— Depreciation time 25 years
— 7500 full load hours / year
— Fuel price: 4 €/MWh for lignite
8,3 €/ MWh for bituminous coal

* Results:
— Capital costs dominate
— Higher fuel cost than reference case, due to lower efficiency

— Fixed O&M costs (personnel, maintenance, insurance etc)
increase, due to more equipment

— Larger, relative COE-increase for Scenarios 2 & 3

© Vattenfall AB 22 VATTENFALL g



Results - Avoidance cost

40

Lignite Bituminous Coal Sl er

33

32 €fton CO2

1]
=

[ )
(i3]

21 €fton CO2

[
[

—_
(1))
1

-
=
1

C0O2 avoidance cost [EUR/ton C0O2]

Scenario 1 Scenario 2 Scenario 3
{Lignite, Pipeline, {Bituminous coal, {Bituminous coal,
Aquifer) Pipeline, Ship transport,
Onshore EOR) Offshore EOR)
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Conclusions

» The technology to reach very high purity is available
— Verification in Oxyfuel environment however required
- Identified possibility of SO, and NO, removal in the CO,
compression part
— Verification required

+ Ship transport CO,, quality possible at reasonable cost

+ Weaker connection between CO, product purity and cost than
expected (<5% of COE)

- Demand for extremely low O,-concentration in the product is
possible to meet
— complexity and cost of the CO, compression process increases
— capture rate decreases
— Verification required

 Increased confidence in performance and costs for the flue gas
treatment

© Vattenfall AB 24 VATTENFALL ";



Continued work (under planning)

+ Validation of flue gas cleaning equipment in
oxyfuel environment in the Schwarze Pumpe

pilot sty B
- Effect of inert components (N, Ar, O,, ...) on ] B
volume efficiency and economics of transport =] “wﬁ
1200 \
and storage compared to cost of removal oo \
— CO, volume calculation for realistic CO, f \
composition scenarios for oxyfuel with different | =] |- & | [meene | '|
clean-up and processing levels (scenarios %E o """" ||
based on previous work) T ey |l
— Impact on total transport and storage volume for

relevant transport and storage scenarios
(different T and p)

— Economic assessment
+ SO,/SO, conversion

« Corrosion testing for boiler, process and pipeline
material selection

© Vattenfall AB 25 VATTENFALL 5‘:



Thank you for your attention!

Questions?
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Further work on the Oxyfuel Capture technology

Validation of results in lab scale and pilot plant
— Combustion characteristics

— Pollutants formation and destruction or removal in different
components

— Component operating characteristics and interaction with overall plant

» Material selection / Corrosion risk in the oxyfuel plant, from furnace
to CO, compression part

+ CO, quality demand with reference to O, content and other
components

» Part load behaviour of the oxyfuel plant

» Thorough discussion on the impact from air in-leakage
« Overall optimisation of the process

» Scale-up to demonstration plant (250-350 MWe)

© Vattenfall AB 27 VATTENFALL g



What are the effects, CO2 capture and processing

« Corrosion
~ H,0, SO, NO,, O,, H,S, HCN, HF, HCI
« Effect on thermo-pysical properties
— All components
* Phase equilibrium
* Density
« Enthalpy, entropy
» Hydrate formation
~ H,0, CO,, H,S, CH,

« Internal energy consumption and investment of cleaning the
CO, to different levels

© Vattenfall AB 28 VATTENFALL g



What are the effects on CO2 transport and

storage, |

Pipeline transport

« Corrosion (operation, cost of pipeline, economy)
-~ H,0, SO,, NO,, O,, H,S, HCN, HF, HCI

Hydrate formation (operational problem, risk of plugging)
~ H,0, CO,, H,S, CH,

Two-phase flow (operation)
— Ar, O,, H,, H,S

Leakage of toxic components (health and safety, legal)

~ H,S, COS, CO, SO,, NO,, heavy metals.
Requires safety measures to minimise risk.

Odour (health and safety, legal)
— H,S, mercaptanes

Fouling of pipe (operational problem)
— particles

CO, transport volume efficiency (economy)
~ 0, AN,

© Vattenfall AB 29 VATTENFALL g



Injection facilities
Corrosion (operation, cost of injection pipe and equipment, economy)
Acid-forming compounds, SO,, NO, H,S, CO, HCN, HF, HCI, together with water and O2
Hydrate formation (operational problem, risk of plugging)
CO,, H,S and CH, can form hydrates in presence of free water.
Toxic compounds, in case of a leakage (health and safety, legal)
H,S, COS, CO, SO,, NO,, heavy metals. Requires safety measures to minimise risk.

Storage in deep laying aquifers and depleted hydrocarbon fields (OBS! Site-
dependant conditions)

Blockage of pores and reduced permeability (operation problem during injection
phase)

Particulates and O,, H,S, SO, through precipitation
Dissolution of cementing carbonate minerals (operation and storage safety)

SO,, H,S, NO,, HCI, HCN, HF
Toxic compounds, in case of a leakage (health and safety, legal)

H,S, COS, CO, SO,, NO,, heavy metals. Requires safety measures to minimise risk.

Caprock

Chemical effects on brine and storage rocks. Depends on composition of caprock and
aquifer water (operation, health and safety)

HCI, HCN, HF, HiS’ NO, SOi, Oi

© Vattenfall AB 30 VATTENFALL —-’_4



What are the effects on CO2 transport and

storage? Il
Effects on environment and health

» Toxic compounds

- H,S, COS, CO, SO,, NO,, heavy metals (Hg), organic compounds (solvents,
mercaptans). Requires safety measures to minimise risk

» flammable compounds

— such as H,, CH,
« Acidification

— S0,, NO,, H,S etc. can form stronger acids than CO,
* Nutrients (eutrophications),

— such as NO,, N,

The presence of other components than CO, in the
transported/injected/stored gas stream may warrent increased safety
measures and monitoring procedures.

© Vattenfall AB 31 VATTENFALL ";



Examples of pilot investigations

«Combustion
characteristics
-(NO,; SO,; CO, O,-level,
CO,; SO,; SO,, Hg and

HC along flame and boiler
pa’th) 0,/CO; recycle (oxyfuel) combustion capture

*Behaviour of recirculated
products in flame

*Flame characteristics
-(shape) and stability, )
mapping of these as well as =1 - o topaiurs
species (O,; CO; NO,), Y
temperature- and velocity
profiles

energy

sulphur
removal

bottom ash

VATTENFALL g
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Examples of pilot investigations

-slagging/fouling

«ash quality

‘radiation heat transfer in
radiative section

sconvective heat transfer
in boiler convective
section,

*Main loop air in-leakage /
extracted gas quality
«Corrosion and material
testing

0,/CO; recycle (oxyfuel) combustion capture

steam turbine

energy

sulphur

cooler and removal

recycle
(mainly CO3,water vapour)

*All these measurement oo s
should be done in air-
firing and oxyfuel
atmosphere

© Vattenfall AB 33 VATTENFALL g



Examples of pilot investigations

0,/CO; recycle (oxyfuel) combustion capture

{ Electricity

*Separation rates of ESP, FGD and FGC at different
flue gas compositions

*Acid dew point
*S0O, and SO, concentration
*Distribution of trace elements

© Vattenfall AB 34 VATTENFALL g



Examples of pilot investigations

-Effect of different levels of O,, acidic components, water
vapour on CO, compressor train

*CO2 product composition and capture rate
*Condensate quality, FGC and CO,-compression train

0,/CO; recycle (oxyfuel) combustion capture

sulphur
removal

- . \ 3 (mainl Crgcyv::al:ar vapour)
air =¥ oxygen - y €Oy, Ll

bottom ash

© Vattenfall AB 35 VATTENFALL g



Examples of pilot investigations

*Informations about the flexibility under the aspect of
Load Changes

*Gathering of information of the complete system
dyn am iCS 0,/CO; recycle (oxyfuel) combustion capture

steal
{ Electricity
coolin: @

bottom ash
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Scale Air Separation Unit for a Coal Fired
Power Plant Application

Kevin Fogash —
Air Products and Chemlcals
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Yokohama, Japan
5 -6 March 2008



Agenda

Introduction to Air Products
Very Large Air Separation Units
Air Products’ track record

Air Products as a solution company
Air Separation Unit Integration to the Oxycoal
process



Who Is Air Products?

Global atmospheric, process and
specialty gases, performance materials,
equipment and services provider

Serving industrial, energy, technology and
healthcare markets worldwide

Fortune 500 company
Operations in over 40 countries
~22,000 employees worldwide

Known for our innovative culture and
operational excellence

Corporate responsibility commitment




Innovation-Driven

FY'07 R&D spending: $140 million

Focus on creating value in high
growth / emerging markets

Applications focus is at the heart
of our brand

Alliances / technology partnerships
with universities, labs, consortia,
other companies

Investments in venture capital funds
to gain technology access

Open Innovation approach




Sale of Equipment Overview

Global presence - All Industries

Extensive reference list — designed and
built over 1,200 plants

ASU operating know-how translated to
a cost effective equipment solution

Cryogenic plant offerings ranges from
50 to +5000 metric ton per day

Value Added Options:
Increased engineering content
Construction advisory services
Commissioning services
Turnkey construction

Start-up and Operator Training
services

Spare Parts support services
Operate and Maintain contracts

AIR
PRODUCTS 2



“On-Site” — Sale of Gas Overview

Air Products designs and builds a plant
adjacent to the customer or pipeline

Reduces schedule & capital cost risk
Allows integration of steam & power

Plant investment by Air Products
Customer typically supplies land and
utilities

Operation and maintenance by Air Products
Safety
Proven supply reliability

Delivery, efficiency and availability
guarantees

Potential co-product and scale
benefits

Merchant oxygen, nitrogen, argon
Shared plant or pipeline systems

Customer buys gas from the facility under a
long-term agreement

Enables customer to focus resources
and capital on core activities

AIR
PRODUCTS 2



ASU Engineering and Manufacturing

Locations

Acrefair, UK .
Manufacturing

Wilkes Barre, PA, USA fESal
Manufacturing

-

Mg~
“ \
-
Yoy /
100 kM+from N.Y <.
F 3

Allentown, PA, USA
Engineering
Global HQ

Hersham, UK
Engineering
European HQ

(

'L Shanghai, PRC
Engineering
China HQ

Caojing, PRC
Manufacturing

mgmﬂlcmmﬂm




Overview Of The Process

Cryogenic
Separation

Main and Boost Air Cooling and
Air Compression Pretreatment

Storage

A

Air

XX

:
s

-‘r
0

Heat RS

Heat R
PRODUCTS 2w




It Is about more than just O2...

APPLICATION EXPERIENCE: Supplied large oxygen/air separation equipment to
all type of applications and industries:

Power

Gasification

Metals

Refining / Petrochemicals

INTEGRATION EXPERIENCE: Air separation plants in all integration modes—

Oxygen supply control system (Load following, start-up shutdown, peak-
shaving)

MAC heat recovery
Standalone, nitrogen integrated, and air/nitrogen integrated (IGCC)

MEGA-TRAIN EXPERIENCE: Operating very large single train air separation plants
since 1997 in Rozenburg, The Netherlands (3250 MTPD); also installed a 2x3500
MTPD unit in Qatar

RELIABILITY: First company to supply high-reliability tonnage oxygen for power
projects without oxygen backup

OTHER GAS PRODUCTS: Broad industrial gas industry experience creates
synergies with H2, CO, and CO2 markets

AIR
PRODUCTS 2



AIlr Products and Power

10

Long-term commitment to Power since the 80’s starting
with the IGCC market

Focused on safe, highly reliable, and economic ASUs

Baytown: LASU + Back-end

Designed, built, own and operate syngas cleanup and
separation facility (*back-end”) of heavy oil gasifier in
TX

The result is a broad range of experiences for Power with
Cogen (including coal), Gasification, and Syngas

Syngas, CO, H2
Ebensburg (Cambria), PA Orlando, FL Stockton,CA Baytown, TX
USA USA USA USA

88 MW



Very Large Air
Separation Units
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Air Products’ long track record
providing the train size required by
the project

Market drives ASU scale-up

Site requirements >5000 metric
ton/day in single or multitrain
configurations

Challenging cycle design,
engineering, installation, and
manufacturing issues

Best train solution based on
customer’s specific requirements




VLASU Integration challenges to
Oxycoal power plants

13

Number of trains based on
customer’s specific requirements:

Power vs. Capital costs
Transport of ASU(s) to site

Reducing construction / erection
costs and risks

Operability

Compression integration at
large scale

Fit with customer’s use patterns
Turndown / ramping up

Reliability, including spare parts
handling

Schedule




Power Costs and Design

Power is the
largest
component of the
fully evaluated
ASU cost (NPV)

................................................................... Technology
» Equipment and Capital
« Manufacturing .
« Construction Improve ASU
« Engineerin
- Operations. —‘ power
....................... T onsumption

$0.05 / kWh $0.09 / kWh

AIR 1. .
3y PRODUCTS



Power Consumption Reduction
Opportunities

2012 Vision = 150-170 kWh/metric ton (*)
Heat Exchange
Front End Technology & Equipment
Air Technology Vent

Air Air
Compression ’ Purification

Cryogenic
Heat Exchange

I

Refrigeration

Separation =

Cycle
Improvements

Machinery Efficiency
Improvements

. B ) , : : : AIR
55) 1 BAR — Gaseous Oxygen only - Depending of the relative valuation of capital and power costs PRODUCTS =



EXxperience - Large ASU Projects
and Train Scale-up

16

Market drives ASU scale-up
Proven 70% scale-up
Quoting 5000+ metric ton/d today

5000 ) A5000 / A7000

Beaumont
Escravos
Doha Nigeria

TX, USA
Qatar

4000

Rozenburg
Netherlands

Polk

3000+ FL,USA

Buggenum
Netherlands

Plaquemine
LA USA

2000

metric ton/day O2

1000 -

O_

1987 1993 1996 1996 2006 >2009

Startup date

AIR
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A5000 (1 train view)
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A5000 Single Train
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ADH5000 (2 x2500 trains)
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A5000 (2x compression + 1 cold box view)
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6xXA5000 = Approx.30,000 t/d O2
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Compression: Design Considerations

23

A5000 and A7000 t/d — Single Train Compression

Oryx- Qatar — 2x3500 TPD

- Axial main air compressor (no GT integration)
- In-line boost air and nitrogen compressors
- Four large suppliers = GE, MHI, Siemens, MAN

A5000: A7000:

GE Frame 7 R GE Frame 7 - Frame 9
Siemens STC 1000 <a _4&77  Siemens STC 1300
MAN AR130-AR140 MHI M501F

MHI M501D

A5000 and A7000 t/d — (2x Compression —Multitrain)

- Integral gear (GT Copco or STC) or In-line air
compressors (RIK)

Air Cooled Condenser

_ - Integral gear or In-line boost air and nitrogen
Shop Skids compressors (if N2 needed))

String Test AIR 7.
ring Tes DU A



How Will Air Products Help Make
Oxycoal Project A Success ...

24

Extensive worldwide experience building and integrating Large Scale ASU

Geographic diversity for R&D, Engineering, Procurement, and
Manufacturing

A focused group of individuals to support local and project specific
activities such as FEED, Build, Start-up, Operation, and Optimization

Clear understanding of the VLASU-Oxycoal integration challenges through an
active participation in the following studies:

IEA GHG Study on New Build Supercritical PF Coal plants — 2005
DTI Study on retrofitting UK Coal power plants for CO2 Capture -2006
DTI Study on Coal Power plants with CO2 capture for the Canadian market
Extensive integration experience with ASUs in other Power related
projects
Air Products is looking ahead of Cryogenic technology by developing and now in
advance testing Oxygen lon Transport Membranes (ITM)
Step-change savings compared to state-of-the-art cryogenic technology
25-35% less capital
35-60% less power
>65 Patents

AIR
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Large air separation units (ASUS)




tell me more

www.airproducts.com



16:40-17:30: Discussion Forum

Oxygen production and CO, processing.

Focus on CO, processing

 Mini-panel: Presentation of two 10
minute introductions or “talking points”

1. Regulatory barriers related to CO,

 C. Andy Miller, US Environmental Protection
Agency, Research Triangle Park, NC 27711

2. Technical barriers related to CO,
* Vince White, Air Products PLC

e Discussion
— Floor and panel



3" Workshop

IEAGHG International Oxy-Combustion Network

Yokohama, Japan

CO, Quality For Storage:
Technlcal Barriers

Vince White
Air Products PLC, UK
5th March 2008

AIR /.
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Technical Barriers???

What Technical Barriers???

PRODUCTS 1=




CO, Purity Issues

Basic Design
Case
EOR Case

From H&MB N\ <50 ppm
From H&MB | JFrom H&MB

® Regulations regarding onshore and off-shore disposal are
being drafted world-wide

® Co-disposal of other wastes (NOx, SOx, Hg) is a sensitive
issue

® Important that the CO, can be purified for disposal or EOR

AIR 7.
PRODUCTS Z



CO, PRODUCT QUALITY

Generic Pipeline Spec

Dixon Industry Dakota
Consulting Kinder Morgan Working Group  Gasification Canyon Reef Strawman
EOR, Aug 2001 EOR, 2003 Prelim Spec 2005 Aug 2005 EOR, Dec 05 Composite
CO, 95% min 95% min 96.80% 95% min 97% min
CH, <1.0% 0.30% <1.0%
C,H, <1.0% 1.0% <1.0%
C,t <1.0% <1.0%
Total HC’s 5% max 5% max 5% max <3.0%
H, <1.0% <1.0%
CO 0.1% max 0.5% max
N, <20N,&H, | 4% max 4% max 4% max 1-3% max TBD
Other Inerts
Total Inerts <3%
0, <2.0 ppmw | 10ppm 100 ppmv max 10 ppmv max 2 ppmv
H,S <100 ppmw | 10-200 ppm 10-200 ppmv max | 1.10% 1,500 ppmv max | 10-200 ppmv TBD
SO, <5.0 ppmw 5 ppmv
Total Sulfur <300 ppw 1,450 ppmv max | 10-200 ppmv
H,0 ;O%C DP @ | 30 lbs/IMMCF max | <-40C DP Bone dry 28 Ibs/MMCF max | <1 ppv
psia
Hg Controlled TBD
Other 0.90% TBD
Glycol 0.3 ga/MMCF max | 0.174 m3/MMm3 0.3 ga/MMCF max | TBD
Methanol TBD
Selexol TBD
Amine TBD
Delivery Pressure 2,000 psia 2,190 psia 2,200 psig
Temperature 120F max 120F max 2,700 psig | 120F max 120F nalR /.

source)

PRODUCTS 2



Dynamis CO, |

Compound

Concentration limit

H,S

200 ppm

cO

2000 ppm

SO,

100 ppm

Health and safaty mnsldarat[uns'

NO

X

100 ppm

Health and safety considerations

500 ppm

Technical limit

Aquifer <4 vol% (all non cond.
gases), EOR =100 ppm

Technical limit; storage issue

Aquifer < 4 vol%, EOR <2 vol9
(all non cond. gases)

Like ENCAP

<4 vol% (all non cond. gases)

Like ENCAP

> 95%

Result of other compounds in CO,

- Ol

FUNTED B THE EUROSSEN | H S1ATH FRAMSERE PRMGALARNT

http://www.cachetco2.eu/c2ws/presentations/39_dynamis_de_visser.pdf




Why Remove Inerts?

® More volume

— Makes pipes bigger/reduced capacity
— Takes up storage space

® Avoids two phase flow

® Requires less compression power

PRODUCTS 1=



How to do 1t?

® SOx, NOx, Hg
— Conventional Technologies
— Air Products’ integrated CO, purification
system
® Water
— Glycol, Adsorption

® |nerts
— Low temperature phase separation

® Oxygen
— Low temperature distillation
— Catalytic combustion?

PRODUCTS 1=



Thank you
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Vattenfall’s Schwarze Pumpe Oxyfuel
Pilot — An update

Marie Anheden
Vattenfall Research and Development

3rd IEA GHG Oxyfuel Workshop March 5-6, Yokohama, Japan

© Vattenfall AB VATTENFALL g



Vattenfall 30 MW Oxyfuel pilot plant

» Vattenfall has taken a decision to
build a 30 MW, Oxyfuel PF pilot
plant

* New-built plant located next to the
Schwarze Pumpe power station in
Germany

 Investment decision taken by
Vattenfall in May 2005. In
operation August 2008.

 Size of pilot plant chosen to
facilitate a scale-up to a
commercial-size burner as the
next step

© Vattenfall AB 2 VATTENFALL %,
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Objectives of the tests

Pilot testing will result in validation and tuning of the more or less
commercially available technologies included in the Oxyfuel concept
to allow launch of a demonstration project of the technology in
commercial scale within 5 years.

— Define optimal operating conditions for Oxyfuel conditions in a
large-scale facility for the entire process. Experience will serve
as data input for scale-up of the Oxyfuel concept.

— ldentify critical issues for further R&D

— Gain operating experience in the Oxyfuel field

© Vattenfall AB 3 VATTENFALL “,
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Boiler: Combustion heat performance 30 MW,
Pulverized fuel Steam production 40 t/h

Steam parameter 25 bar /350 °C
Coal: LHV 21.000 kJ/kg
pulverized lignite Moisture 10,5 %
(Lausitz) Coal demand 5,2 t/h
Media: Oxygen (purity > 95%) 8,5 t/h

Own consumption 8,5 MW

CO, (liquid) 9 t/h
Other: Required area 14.500 m?

Erecting time 15 month

Investment 70 Mio. €

Vattenfall AB

4

VATTENFALL 5"_,
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Overall Time schedule

2005 2006 2007 2008 2009 2010 2011

@=====@ |Pre- and Order planning

O el | PEIMission planning
*—

Execution planning

M Erection

@=0O [Commissioning

ﬁ Operation HI

Today

5 VATTENFALL o



Process scheme of the pilot plant
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Main Contractors

General planer VATTENFALL e

VATTENFALL EUROPE PowerConsult GmbH -"‘

ALSTOM oZintte (5wt

Boiler /| ESP ASU / CO,-plant Gremp EGD

SIEMENS [ TREMA )

EMISELECTRICS
|&C system FGC

8 VATTENFALL o
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VATTENFALL 5"__’,

The Oxyfuel boiler in cross section (3 passes)

Startup Main
burner burner

Burn out-
oxidant

014 012x



Measurement ports in the furnace and 2nd pass

/
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~
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The furnace in the making
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Measurement ports in the furnace

© Vattenfall AB VATTENFALL ,

-




© Vattenfall AB 14 VATTENFALL P

-—



Flue gas desulpherisation

© Vattenfall AB 15 VATTENFALL ?,



Flue gas condenser

16 VATTENFALL %
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Compression chiller & CO2 tank station

. 'J
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Pilot plant web camera

http://lwww.vattenfall.de/www/vi/vf_de/225583xberx/228227umwel/228407klima/228587c02-f/818970webca/index.jsp?WT.ac=content

ebcam Pilotanlage - Microsoft Internet Explorer provided by ¥attenfall AB

Arkiv Redigera  Visa  Favoriter  Verkbva  Hislp

Que- O M @AG Lo e @ 2-% B-JHA
F\dress@http:,i,l’www‘vattenFaII.de,l’www;’vF,l’vF_de,l’225583xberx,l’22822?umwe|J‘2284D?k|ima;’22858?:02-F,|’8189?Dwabca,l’indax.jsp?WT.ac=content V| GS bl | Links **

freie Braunkohlekraftwerk. Das Bild unsererWebcarm wird A~
regelmalio automatisch aktualisiert

1

- Rahmenbedingungen

- Effizienzsteigerung

- Grinet Strom i
CO, -fteies Kraftwerk ~

- Transportund
Speicherung won GO,

- Owyfuel-Prozess
- Yehcam Pilotanlage
- Meue Energien
Matur & Landschaft
Kreislaufwirtzchatt
- Daten & Fakien
+ Karriere

+ Investaren

+ Presse

=+ Transparenz

+ dialog@vattentall

O Seite drucken @ Seite empfehlen

@ Klar | [ R (R I | ‘E Local inkranet

© Vattenfall AB 18 VATTENFALL ?,



Boiler tests:

Tests with lignite (15t test period) and hard coal
Variation of moisture content in lignite (10.5 — 20 %)
Variation of oxygen excess (1 — 5 %)

Variation of recirculation (flow, temperature, O,-content)
Variation of oxygen content at different burner registers

Benchmark against air-firing:

Combustion performance

Ash qualities

Flue gas composition

Heat transfer

Combustion characteristics

Flame characteristics

Corrosion potential

Identification of optimal configurations

© Vattenfall AB 19 VATTENFALL P
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Presenter
Presentation Notes
In diesem Bild sehen Sie die Tests, die für den Dampferzeuger vorgesehen sind. Wichtig dabei ist, dass wir den Dampferzeuger in Zusammenarbeit mit der Industrie fahren werden, d. h.,  Lieferanten von kraftwerkstypischen Anlagen werden teilhaben an dieser Entwicklung, und diese Firmen werden wir über eine Vereinbarung zur Technologiepartnerschaft an den Versuchsergebnissen beteiligen. An dem Dampferzeuger werden verschiedene Brennstoffe, sowohl Braunkohle als auch Steinkohle eingesetzt. Wir werden die Brennstoffe in der unterschiedlichen Qualität testen. Wir werden Veränderungen in der Brennerfahrweise und in der Rezirkulationsfahrweise durchführen. Wichtig ist natürlich nach der Verbrennung ganz klar das Verbrennungsverhalten, Eigenschaften der Asche, Rauchgaszusammensetzung, die Strahlungswärmeübertragung in der Brennkammer, die Flammencharakteristik und insgesamt auch das Korrosionspotezial der Feuerraumatmosphäre zu testen und zu ermitteln.


Test Program for the Oxyfuel Pilot Plant (2)

Tests of other components:

= Interaction between ASU and boiler (load change)
Separation rates of ESP, FGD and FGC at different

flue gas compositions

Reachable raw gas qualities upstream of CO,-processing

Scrubbing efficiency of CO,-processing
= CO,-recovery rate of entire process (target > 90 %)

Benchmark:
= Requirements on process control / I&C
= ideal pH-value for FGD/FGC process

= Corrosion potential

= Minimum requirements for raw gas quality upstream of
CO,-processing

= |dentification of optimal operating conditions

© Vattenfall AB 20 VATTENFALL ‘;‘,
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Presenter
Presentation Notes
Darüber hinaus testen wir natürlich auch andere Komponenten neben dem Dampferzeuger. So ist es für uns ganz wichtig, das Zusammenspiel zwischen der Luftzerlegeanlage und dem Damfperzeuger in Bezug auf die Lastwechselfahrweise zu testen. Wir benötigen Erkenntnisse über die Abscheidegrade von E-Filter, REA bei verschiedenen Rauchgaszusammensetzungen. Wir möchten den CO2-Rückgewinnungsgrad der Gesamtanlage ermitteln. Ziel ist es dabei, mehr als 90 % zu erreichen. Und insgesamt soll uns der Versuchsbetrieb in die Lage versetzen, das Betriebsverhalten eines ganzen KW so zu ermitteln, dass wir mit guten Erfolgsaussichten in die Planung der Demoanlage einsteigen können.


Pilot CO, storage project in the Altmark gas field

JOURNAL

GDF, Vattenfall plan CO2 pilot program in Germany
Doris Leblond OGJ Correspondent

PARIS, Sept. 28 -- In a move it claims is consistent with its sustainable
development policy, Gaz de France has signed a cooperation agreement with
Germany's Vattenfall Group for a carbon dioxide pilot project in Germany.

Erdgas Erdol GMBH Berlin, GDF's wholly owned exploration and production
affiliate, will use COZ2 to enhance gas recovery from its nearly depleted
Altmark gas field—the second largest onshore field in Europe.

The project will take 15 months to implement and will contribute to GDF's
research program on CO2 capture, injection, and storage.

© Vattenfall AB 21 VATTENFALL ‘;',
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Altmark gas field

Altmark:

« One of Europe's largest on-shore
natural gas fields

« Gas findings at 3000 m depth
« Natural gas production since 1969

« 78% recovery rate

» The field is now at the end of its

i m"-u.-"-'aF‘
i i i | 88l - P‘IPIII#I*? 4
economic life s 1 A s Py v;}J _
N P NG g g i g, Y

- Methods for life time extension is
being investigated

« The R&D-project CSEGR has shown
that it seems possible to extend the
life time through CO, injection

« A 3 year pilot trial period will be
initiated using CO,, from Vattenfall’s wﬁn\);ﬁ\__,q
Schwarze Pumpe oxyfuel pilot

© Vattenfall AB 22 VATTENFALL ?,


Presenter
Presentation Notes
Der Rhätsandstein im Norddeutschen Becken ist ein Beispiel für einen tiefliegenden, salzwassergefüllten Aquifer

Er erstreckt sich im W nis in die südliche Nordsee, im Osten bis nach Polen



Weisse Flecken sind Salzstockdurchbrüche


()

Altmark — Schwarze Pumpe

« Estmated storage capacity 600 Mton

« Total planned injection: ca. 100.000 ton CO,
== 0,02% of the storage capacity

« Truck transport will be used for the
transportation of CO, from the Schwarze
Pumpe pilot to Altmark

.

Hambur ! — 7-8 Trucks in continuous operation
e L, - If the pilot trial shows that Altmark is suitable
| ; S for large scale operation it will be used for a
o demo plant:

— CO,-capture from a demo plant ~ year 2015 -
1,5-2 Mton per year

Schwarze Pumpel

A — Pipeline transport 330 km

e
‘iﬂl o —
} — A route could be arranged along the existing
natural gas pipeline

Dnsden

=i

#2150



Presenter
Presentation Notes
Der Rhätsandstein im Norddeutschen Becken ist ein Beispiel für einen tiefliegenden, salzwassergefüllten Aquifer

Er erstreckt sich im W nis in die südliche Nordsee, im Osten bis nach Polen



Weisse Flecken sind Salzstockdurchbrüche


Pilot- och Demonstration projects in perspective

10 years of R&D is now resulting in investments in
several large-scale projects:

|

Schwarze Pumpe, Mongstad, Demoplants,

Germany Norway Germany, Denmark,
Poland
Type Large scale pilot plant  Large scale pilot plant Demonstration plant
Capacity 100 000 ton CO/a (—-35 MW)
Fuel al Flue gas from CCGT & cracker
CO, Post-combustion
technology

Operation

2008 2010




Thank you!

© Vattenfall AB VATTENFALL g
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APP Oxyfuel Worklng Group
(OFWG)

3rd Oxy-Combustion Network, Yokohama,
March, 2008




Background

Oxyfuel technology has a number of
“demonstration “ projects

The demonstrations have common ISsues,
which can be progressed by collaboration

OFWG will not restrict its activities to APP
countries alone



OFWG objective and participation

The objective is to facilitate and support
the implementation of oxy-fuel
demonstration trials, and thereby
accelerate deployment of the technology.

OFWG participation is for proponents and
technology suppliers of oxyfuel
demonstrations and large pilot-plants.



OFWG - IEA Oxyfuel Network relationship

International Energy APP Cleaner
Agency Greenhouse Gas Fossil energy
R&D Programme Taskforce
http://www.ieagreen.org.uk/

APP Oxy-fuel OFWG
Working Group management
(OFWG) committee

» | OF demonstration proponents |
S OFWG
OFWG management Secreta”at
IEA GHG representatives

Annual IEA Oxy- Annual OFWG | | OFWG capacity OFWG
fuel Combustion working building and projects
Network meeting education
http://www.co2captureandstorage.in p rog ram

fo/networks/oxyfuel.htm




Inaugural meeting objectives

To explain and develop the objectives of the
OFWG

Establish interest in participation

Establish areas of research projects in which
participants are willing to work collaboratively,
and planning of initial projects

Plan first education course and future OFWG
meetings



OFWG support from APP

Meetings and management — OFWG and
education course

Web site

Some support for project development
Roadmap and updates

For an initial three year period



The demonstrations

Demao/pilot-plant

Paper to be presented at 3" Oxyfuel Network

Project leader

Technology
provider(s),
nominated by PLs

Vattenfall pilot Vattenfall Schwarze Pumpe Pilot Plant, Germany | Prof Lars ?
plant Strémberg,
Vattenfall

Callide Callide Oxyfuel Project — gg (Ijzhrls Spero, 'IY'oshltdukc:I_'I
C. Spero, T. Yamada, E. Sturm, and D. McGregor nergy S—
CS Energy, Australia

TOTAL Dr Nicolas ?, Air Liquide
The TOTAL CO2 Pilot at Lacq Aimard or
N. Aimard, and C. Prebende Claude Prebende,
TOTAL, France TOTAL

CIUDEN Test Facilities for Advanced Technologies for Prof Dr. Vicente Mr. Arto Hotta,
CO2 Abatement and Capture, J. Cortés, Foster Wheeler
Vicente J. Cortés CIUDEN
CIUDEN, Fundacion Estatal Ciudad de la
Energia, Spain

Youngdong Oxy-Combustion Research Activities in S. Korea Dr D CKIM, Not represen_ted, as
— Overview to the Youngdong 100MWe Oxy- KEPRI yet to be decided
Combustion Power Station Project Development E[A‘ZOQ?SSTOO

J. S. Kim, KIST, Korea

Jamestown/Praxair

Oxy-Coal Combustion Demonstration Project

D. Bonagquist, R. Victor, M. Shah, H. Hack, A.
Hotta, D. Leathers

Praxair, USA; Foster Wheeler, USA/Finland; and
Jamestown Board of Public Utilities

Dan Bonagquist,
Praxair

Horst Hack,
Foster Wheeler

Orville Project

Jupiter Oxygen -15 MWt Oxy-Combustion Boiler

Brian Patrick,

Gerry Hesselman,

Test Results Jupiter Oxygen DOOSAN
B Patrick, Jupiter Oxygen Babcock
Babcock&Wilcox | Scale Up of Oxy-Coal Combustion at B&W’s 30 | Kevin McCauley, | ?, Air Liquide

pilot plant

MWt CEDF
H Farzan, B&W

B&W

Saskpower

Not attending




OFWG Inaugural Meeting aims,
Tuesday, March 4th

Understanding of project

nterest in participation

Potential project areas, and action points
Education course




OFWG Inaugural Meeting outcomes

Roadmap for technology deployment, with IEA GHG?

Technology status. Issues delaying deployment. Path to
commercialization

Possible — collaborative - OFWG project areas

Regulations. CO2 quality for geological storage. Stack
(flue gas) emissions during operation — ppm or
gm/MJ.Emissions from compression operations

Plant specification guidelines. Plant design. Operation

Safety. Materials for high O2 environments.Higher O2
streams safety requirements, >23%02. Explosions less
possibility with O2/C0O2 than O2/N2.02 injection into ash
streams with ash containing unburnts

Coal quality tolerance. Sulfur, ash, moisture

Education course, annually



Closing comments

A good start!!

Oxyfuel demonstrations are being
developed, several starting in 2008-10
Of similar scales

Some OFWG projects identified for common
pre-competitive projects
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CO, Capture Ready Plants

John Davison
IEA Greenhouse Gas R&D Programme

3'd Oxy-combustion Network Meeting
Yokohama, Japan, 5""-6'" March 2008

www.ieagreen.org.uk



Overview

The need for capture ready plants

Definition of capture ready

Technical requirements

Economic considerations

Which technologies are best for capture ready?

www.ieagreen.org.uk
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Why are Capture Ready Plants Needed?

CCS is currently not economic in most cases
* No economic incentives in many countries
* Even where there are incentives they are usually too low and uncertain
CCS is still at the development and demonstration stage
« Demonstration plants are needed to improve investor confidence
* Regulatory issues are being addressed
There is a large demand for new power stations in the near future
* Developing countries — mainly new capacity
* Developed countries — mainly replacement capacity
Power plants have long lives (>50 years)
« Emission reductions are likely to be necessary during their lifetimes

www.ieagreen.org.uk



What Is meant by ‘Capture Ready’

* A CO, capture-ready power plant is a plant which can

iInclude CO, capture when the necessary regulatory or
economic drivers are in place.

* The aim of building plants that are capture-ready is to
reduce the risk of ‘carbon lock-In’ or ‘stranded assets’.

www.ieagreen.org.uk



Carbon Lock-In and Stranded Assets

Price of CO,
credits

Power plant marginal
revenue

............. » Shut down plant without
CCS: Stranded Asset
Cost of CCS

Retrofit CC_S, if possible. _
If not, continue to operate the plant and emit
CO,: Carbon Lock-in

$/t CO,

Time

www.ieagreen.org.uk
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Capture Ready Requirements

« ‘Essential’ requirements

 Carry out a design study on retrofit of CO, capture

* Include sufficient space and access for the additional
facilities that would be required

* ldentify reasonable route(s) to storage of CO,
« Optional pre-investments

* To reduce the downtime and cost of capture retrofit
* To optimise the plant operation after retrofit

www.ieagreen.org.uk R N
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Essential Requirements: Space and Access

« Space for new equipment etc
» Oxygen plant, flue gas cooler, CO, compressor etc
 Electrical distribution, cooling water, waste water treating etc
- Safety barrier zones, if required
» Extra space needed during construction
« Space for access within the existing plant
* Pipe work and tie-ins with existing equipment
« Additional generating capacity, if required
« CO, capture usually reduces net power output
* By about 20% for current oxy-combustion technology
* May need to build new capacity to maintain the site power output

www.ieagreen.org.uk



‘Capture
Ready’
area

Proposed ‘capture ready’ power plant at Tiloury  courtesy of RWE Npower
(One of the possible options for this site)

www.ieagreen.org.uk



Essential Requirements: Access to CO, Storage

* Where are potential CO, stores?

* What are their capacities?

» How to transport CO, to the stores?
* Rights of way for pipelines
« Safety

* Public acceptance

 Proximity to other potential CO, sources
» Large economies of scale for pipelines

« An alternative power plant site may be preferred

www.ieagreen.org.uk
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How to Establish a Credlble CO, Store?

 ldentify a broad area where a large amount of storage is
expected to be available, e.g. the North Sea

« ldentify specific reservoir(s)

« What needs to be done to characterise the reservoir?
¢ Seismic surveys
* Exploratory drilling

« Costs could be significant
» Purchase a reservoir or a contractual option to use it
« To avoid someone else using the reservoir

www.ieagreen.org.uk
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Pre-Investments — Maximising Efficiency

« The efficiency/capital cost trade-off is different for plants
with CO, capture

« Thermal efficiency is lower
« Cost of generation is higher

* The trade-off favours higher efficiency/higher capital cost
designs, e.g. ultra supercritical steam cycles

« Higher efficiency designs reduce emissions even before
capture retrofit

« An important environmental benefit

www.ieagreen.org.uk



Pre-lnvestments - General

Oversize pipe racks etc
Include flanges for connecting new plant

Provision for expansion of the control system, on-site
electricity distribution, cooling capacity etc

Some of these investments are expected to have low
costs and high economic returns

www.ieagreen.org.uk



Pre-Investments — Oxy-Combustion

Air Air Design ducts and fans to
— ) enable them to be re-used
separation

OX - 7
Minimise air Yo Recycled
in-leakage l T flue gas T
\ 4

Vent

Fuel Boiler FGD and Purification & CO,
ue ' : cooling ' compression ’
Ccirros?n anollc Il Steam Design for conditions after retrofit
ranster surtaces v (if FGD is still required)
Power
Steam

. P
. turbine _
Oversize the Use low grade heat from cooling &
generator compression for feedwater heating

www.ieagreen.org.uk - N
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Reasons for not Making Pre-investments

» Uncertainties
« Economic Discounting

www.ieagreen.org.uk
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Uncertainties

 If or when will capture retrofit be required?
* Future values of carbon credits
* Regulatory requirements
« Current uncertainties in large scale plant designs

* How will capture technologies develop in future?

Capture ready plants should be designed for current
technologies

Incremental improvements in future
Possibility of substantially better technologies

Future technologies should be considered to reduce the
risk of obsolescence

www.leagreen.org.uk



Economic Discounting

100

« Economic resources
are worth less in the
future than at present

* It may be several
years before capture
retrofit Is required

(0]
o
!

Discount
rate

—5%
— 10%
15%

(o)}
o
!

N
o

Net Present Value

N
o
!

o

0 5 10 15 20 25

Year

» Major pre-investment is unlikely to be worthwhile
If there is along time before capture retrofit

www.ieagreen.org.uk
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Which Process is Best for Capture Ready?

» Post-combustion capture
» Retrofit to capture ready plants is relatively simple
« Capture ready requirements are relatively well understood but technology
developments e.g. ammonia scrubbing could change the requirements
* |GCC pre-combustion capture
» Potentially attractive option for new-build power plants with capture

« |GCCs without capture are expected to be more expensive than pulverised
coal plants — choosing IGCC is a major pre-investment

« Capture retrofit impacts on many aspects of the plant, unless significant pre-
investment has been made
* Oxy-combustion

« Some risks for capture ready because oxy-combustion is still at the pilot
plant scale

« Plants could also be made capture ready for post-combustion as a fall-back

www.ieagreen.org.uk
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A Note of Caution

Capture Ready does not reduce emissions
» Unless a higher efficiency plant design is selected
* In some cases emissions may be slightly higher

Capture Ready Is not a substitute for capture
Some people may regard Capture Ready as ‘greenwash

Plants with capture need to be built to demonstrate
technology and increase investor confidence

www.ieagreen.org.uk
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Conclusions

Capture Ready can reduce the risk of Stranded Assets
and Carbon Lock-in

Main Capture Ready considerations are:

« Carry out a study of capture retrofit options

» Leave space and access for capture plant

* ldentify reasonable route(s) to storage of CO,

Major pre-investment is unlikely to be worthwhile unless
capture is going to be retrofitted soon after plant start-up

Capture Ready Is not a substitute for capture

www.leagreen.org.uk
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Thank you

Any questions?

www.ieagreen.org.uk
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1. Background

Oxy—fuel system is one candidate of the CO02
recovery from the pulverized coal power plant.

Flue gas from oxy—fuel includes many types of
impurities.

In the purification system, purity of CO2 can be
increased to be more than 98%.

However, the behavior of the impurities in the
recovered CO2 is uncertain during the liquefaction
process.

Therefore, flue gas analysis data for the oxy—
fuel combustion and the behavior of the impurities
during the liquefaction process are measured using
the pilot—scale combustion test facilities.



2. Flue gas analysis including Hg at
Oxy-fuel during combustion and CO2
liquefaction process

Objectives

* To obtain the analysis data of flue gas
and Hg using the pilot—scale oxy—fuel
combustion test facilities.

*To obtain the analysis data of liquefied
CO2 from the actual flue gas of oxy—fuel
combustion in order to have the basic data
during the CO2 liquefied process.



Coal analysis data

Items Coal A Coal B

HHV MJ/kg as fired 20. 6 29.0

C wt% dry 51.6 71.5

H wt%h dry 2.6 3.9

0 wth dry 15. 4 12. 3
Total-S wth dry 0.1 0.6
N wt% dry 0.3 0.4
Ash wth dry 24. 7 8.1
Moisture wt% dry 5.3 3.2
Hg ug/kg dry 50 10




Test facilities

System configuration

Combustion test

Furnace

facilities : cal
Fuarnace | Vertical furnace Gas  Air  Gas Bag
(Top burner) cooler heater cooler filter
. — D%D @eﬂ
Size I.D. 1.3m X L IDF Stack
7. 5m Electrica
: * 1 Pulverized1 heater Recycled
Burner Swirl & stabilized e flue gas
type S S -
Air
. PAF Electrica FDF/GRF
Capacity | 1. 2MWth T hoator / %
C02 liquefaction test [j Ej__;j u Thermostatic
. Compressor : :
: «/Pressure vessel
LASHitties essure | 4. 5MPa L :I-EI_L9
Receiﬁer' ' Gas ’
tan sampling
Temperature N.T. to -
70°C




Combustion test facilities

Furnace with

, inspection
Overview hole




CO2 liquefaction test facilities

Compressor

Pressure vessel in the

(Recipro & 0il free

thermostatic equipment
type)




Combustion condition

Coal - Coal A Coal B
Combustion mode - Oxy—fuel Oxy—fuel
PC feed rate kg/h 120 90
(Heat input) (MW) (0.7) (0.7)
Fineness (under 74pm) % 75~80 75~80
Flue gas 02 conc. vol%dry 3.3 3.3
02 conc. in Wind-box vol%wet 33 33
Total 02 conc. to the vol¥wet o7 o7

furnace




Test results of CO2 conc. at
the several point

Sampling point - Coal A Coal B
CO02 conc. at AH inlet vol%dry 63. 2 72.0
CO2 conc. at BF inlet vol%dry 60. 5 70. 6
CO2 conc. at ?601rculat10n vol%dry £3 1 64.0
polnt
CO2 conc. at the branch
point to liquefaction test vol%dry 50.7 56. 4
facilities
CO2 conc. at the compressor vol%dry 490 £3 5

outlet

*Furnace is the negative pressure, approx. —0.1kPa.

*Total volume of air ingress is 8 — 10 % for the volume of flue gas in our
calculation.



Test results of CO2

liquefaction test

Items Coal A | Coal B

CO2 conc. at compressor vol%dry | 49.0 53 5
outlet

Pressure in the vessel MPa 4.5 4.5
Partial CO2 pressure in the vessel MPa 2.2 2.4
Temperature C -50 -50
CO2 conc. of liquefied CO2 97

{Ref.> CO0Z liquefied | EES
condition | S al)

-50°C 2Av2.5MPa_;f??ﬁ*;;;};iﬁfﬁ*?fﬂi+?%f*?




Further analysis
1tems

Carbon-in-ash

Furnace

& Hg in
Gas Air Gas Bag
cooler heater cooler-filter CO”eCted ASh
HCI & HF at '—|v| =A== I_f@%ﬂ
AH inlet IDF Stack
Eﬂiftrlca
t
Pulver}z,ﬂ‘ e Recycled
coa
‘@ige J—% Air
0 2+ ‘ PAF Electrica FDE/GRF
Hg & Hg < g 1 heater / O
|n flue gas ________________________________________________________
______ o Thermostatic
equipment
Pressure vessel )
Recelver: ------ Gas FﬂEJ N _
LS sampling liquefied CO2

<Sampling has done conducted and now on analysis>



3. Behavior of Liquefied CO2 in the
various recovery condition using the
simulation model

Objectives

*To obtain the knowledge of recovered CO2
during the liquefaction process
— Modeling the simple liquefaction process
— Reflection of the analysis data at CO2
liquefaction
test

*To evaluate the behavior of the impurities
in the recovered CO02 at the next step



Simulation model

Simple process of the liquefaction test is Inlet flue gas
simulated by Aspen as below. (base)

CO,: 62Vol%

) H-O: 20Vol%
w2l o, 3.7Vol%
Ny 12Vol%
Ar: 1.3Vol%

(145)
0.02 0.02

) 52800.0 ) 52800.0
HEAT [ 0.835

(50
Hg: 1.03ug/Nm?
ouTtia Temp. 145C
S]] Draft  0.02kPa(g)
Y { MassFlow Rate (kg/hr)
I: Vapor Fraction

Q Duty (Gcal/hr)

w Power(kW)

{Liquefaction condition>
-50 C/2. 4MPa



COorecovery rate (%)

Simulation results

Behavior of CO2 recovery rate was confirmed at the various
condition.

94% 94%
92 Ezf 929 -
0 ~ -
90% g 90%
88% o 88U
5
86% 2 86Y%
\ O
84% N & 849
[aN]
82% O 899
&) 0 /
80% 80%
78% 78%
-60 -55 =50 -45 -40 50 55 60 65 70 75

Liquefaction temperature (°C) COy; conc. in the flue gas (%)



Further study using the simulation
model

*To confirm the behavior of Hg at the
various C02 liquefaction condition

*To compare the results of C02 and Hg
analysis data of CO02 liquefaction test and
to reflect to the simulation model



Conclusions

We will be able to obtain much information
from the results of combustion test and
liquefaction test and reflect such data to
simulation model.

Our target is to evaluate the behavior of
CO02, Hg etc. through the oxy—fuel combustion
and the purification system using the

%ﬂﬁgaded s'mulati?n model in the near future.
nowledgemen

“Thank you for your
attention!”
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Why Oxy-Coal Combustion?

Oxy-coal combustion has reasonable
potential to be the lowest cost, highest
efficiency, most reliable and easiest to

deploy large scale carbon capture
technology.

t generation improvements in p
USC technology development
Reduction of recycle

Simplified moisture removal
Elimination of gas reheating

Total plant integration

— B\w Power Generation Group | Research [ Development [ Deployment |-
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New Product Commercialization — R&D Process

Process
| Engineering Demonstration '}
land Economics '

I
| |
Pilot-Scale Micro-Scale

Testing | Testing

Macro-Scale
Testing

)
— Bsw Power Generation Group | Research [ Development [ Deployment |-

thebabcock&wilgoxcompany 3



30 MW,,, Oxy-Coal Tests at B&W Clean Environment

1

Development Facility (CEDF) for CO, Capture
(9 Aes
(» Managed and funded by B&W, 51
American Air Liquide, Inc. and Utility Advisory Group aAsIN ELECTRIC
CEDF modified to use and mix oxygen, added WFGD,
@ other auxiliary equipment for oxycoal S =
Utility Advisory Group providing end user design F"StE-——-—ine.’._!yf_
feedback for commercial applications ' ) ) |
-w_nnmtrpuw
Test campaigns underway include Saskatchewan lignite, I
sub-bituminous (PRB) coal and eastern bituminous coal 1:.13%“}’““““““
& MONTANA-DAKOTA
UTILITIES CO.
i1 SaskPower
‘% PACIF!CQRP ENERGY

E|A|R LIQUIDE|

SOUTHERN A

COMPANY

¢
e B‘W Power Generation Group | Research | Development [ Deployment -

sbcock&wilcox

4



30 MW,, Test Facility located in Alliance, Ohio

oo™ | * Built in 1994 with support
P of DOE and others

e 100 Million Btu/hr
(30 MW1th) input with coal

Limestone
storage
silo

)
— Bsw Power Generation Group | Research [ Development [ Deployment |-

babcock&wilcox« npany 5



CEDF Oxy-coal Campaign

Expected Major Goals
e  Optimum burner design for each coal
« NO, emissions
e Floxynator performance
e Pulverizer performance
e Furnace exit gas temperature
« Boiler/convection pass heat transfer
e Scrubber performance
« SO, Control
* SO,
« Potential enhancement of mercury speciation with oxy-combustion
« ESP performance
e Insights for materials development
« Air infiltration evaluations (future CPU design)

EAIR L|QU|DE|

¢
e B‘W Power Generation Group | Research | Development [ Deployment -

rabcock&wilcox ] 6




CEDF Furnace Views

(3m)

I Furnace
exit

Tube }

banks |

© Sight/access port ~— 10—~

Burner To flue gas
cooler
28 3 1II *
——s/\/\___
Y
- - ‘ T
Side view (62ft) Front view ar?a‘clj;zsers
(9.5m) (19m) rly ash

sampling port

— B\w Power Generation Group | Research [ Development [ Deployment |-

‘ebabeock&wilcoxcompany 7



CEDF Oxy-Coal Campaign - Coals

Mahoning 7 | Black Thunder Shand
Eastern Western

Bituminous | Sub-Bituminous Lignite
C 73.30 50.66 39.62
S 1.37 0.33 0.51
H 4.97 3.58 2.54
H,O 4,73 27.43 34.19
N 1.52 0.65 0.54
O 6.62 12.13 10.18
Ash 7.49 5.22 12.42
HHYV, Btu/lb 13,124 8,758 6,495
HHV, kJ/kg 30,251 20,367 15,104

¢
— Bsw Power Generation Group

Research [ Development | Deployment |-




EAIR LIQUIDE
CEDF Modifications for Oxy-coal Testing ’

 Recycle flue gas system and air intakes
 Oxygen supply and mixing system
 Moisture removal system
* Full flow wet flue gas desulphurization (WFGD) system
o Capability to direct fire (indirect-fired heater)
« Coal dryer for flexibility in testing
* Furnace panel for assessing heat flux and emissivity
* Instrumentation for data acquisition and control
— Desired process parameters
— Gas compositions at key locations
— Mercury at selected locations
» Controls upgrade for new equipment
 Maintenance and preparation of existing equipment
— Replace furnace refractory
— Upgrade fan shaft seals
— Service and refurbish all existing equipment

)
— B\w Power Generation Group | Research [ Development [ Deployment |-

asbcock&wilcox: pa 9



|
CEDF Modifications for Oxy-coal Testing pa A HOTE]

Oxygen l | N 4 Coal Dryer
Mixers N i Baghouse

Indirect-
fired
Airheate

Wet
Scrubber
Tower =~

Wet I | O\
Scrubber | = H ] -
Reaction & | ¥

Tank

~
7

E>

rabcock&wilcox: 1pa 10

¢
e B;w Power Generation Group | Research | Development [ Deployment -



Oxy-coal CEDF - SO, Scrubber system installation

Tower Inlet Flue

)
————— Bsw Power Generation Group | Research [ Development [ Deployment

thebabecock&wilcoxcompany 11




240 tons/day Oxygen supply and distribution system

LOX tanks & Ambient
vaporizers

i b
1

ﬂmn LIQUIDE  ? G NS

W

Oxygen
distribution
system
]
sw Power Generation Group | Research [ Development [ Deployment |-

k&wilcox: npany 12



CEDF Oxy-coal Program

* Project Timeline
—Jan 2007: Start site demolition/construction
—Jun 2007: Most major construction complete
— Aug 2007: Component shakedown completed
— Sep 2007: First fire on coal with oxygen
— Oct 8 2007: First full oxy-transition at 80 MBtu/hr
— Oct 2007: Begin baseline tests

— Nov 2007: Three days continuous operation on
oxygen, with bituminous coal

'''''''''''
S,

— Dec 2007: First test campaign complete, 100+ hours ...
— Early 2008: Lignite and sub-bituminous testing

¢
e B;w Power Generation Group | Research | Development [ Deployment -

13



Oxy-combustion CO, Control — 2007 nghllghts

100+ hours in oxy mode
(bituminous coal)

. > — b :
— Bsw Power Generation Group | Research [ Development [ Deployment |-

14




CEDF Baseline Test Campaign #1

*Test Plan Objectives
— Establish baseline for three major fuel types
— Verify process parameters for full scale design

* Multiple burner configurations,
with pulverizer

* Flue gas recycle with commercial
O, mixing system
*  Wet scrubber
* Flue gas moisture control
*Results to Date

- CO,: 70% (dry volume), air infiltration
high

— NO,: Similar to SBS tests, SBS achieved
60% reduction

— CO: Low

- S0,: No noticeable change in wet
scrubber removal

— Transition: First two very smooth over several
hours in manual

— Stability: Burner very stable,

[ ]
— B\w Power Generation Group

thebabcock&wilcox: E

brighter flame vs. air

™

EAIR LIQUIDE

GRS

Secondary Air Flow

ondary Recycle Flow l—

Primary Air Flow
1]

Primary Recycle Flow

qg;l Ll

1 1 A
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Floxynator™ for O,/FG Mixing ﬂ‘““ LIQUIDE |

Based on AL’s patented Oxynator™
— Air/O, mixing
— Radial injection with swirl
— Low pressure drop
— Commercial installations at 800 tons/day
 Challenges
— Up to 10,000 tons/day O, mixing
— Large turndown
— Additional safety constraints
* Flue gas impurities I s
» Coal handling 1.29
e Floxynator™ 124

— Mixing in the center, safe-guarding the
duct walls

— Extensive numerical and bench scale I i

tests

* Floxynator™ concept successfully validated
at CEDF

Ec -

: * TM, Patent pending
— Bsw Power Generation Group | Research [ Development [ Deployment |-

asbcock&wilcox: npany 16



Oxy-combustion CO, Control — 2007 Highlights

LESSONS LEARNED SO FAR:

The process works.

Oxy flame is bright and stable

NOX is significantly reduced (>50%)

SO, removal not significantly different than with air
Safe and efficient mixing of O,/flue gas with Floxynator
There’s more air infiltration at CEDF than expected

Transition is very controllable in both directions

© N o a0 bk WD RF

Unit tripping at high load on oxygen is safely manageable and
anticipated control scheme works

ﬂmn LIQUIDE

)
— Bsw Power Generation Group | Research [ Development [ Deployment |-

babcock&wilcox: 1pa 17



Temperature: 053F
Camera ID ’




Domo Arigato Gozaimasu

¢
e B;W Power Generation Group | Research | Development [ Deployment -
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Alstom Development of Oxyfuel PC and
CFB Power Plants

Frank Kluger & John Marion

3rd Oxy-Combustion Workshop
Yokohama, Japan
March 06, 2008




Improvement Measures for Fossil Power Plants

Regarding CO2 Mitigation

@ Efficiency Increase

S— @ CO, Capture & Storage

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I G)M 2



Pathway to “Zero Emission Power” for Fossil Fuels

A

Carbon “7ero
Reduction Emission”
Trajectory

90%

P " “The pathway to zero emissions can
Efficiency best be achieved by addressing the
Trajectory issues of improved energy efficiency

of fossil fuel power plants together

with the development, adoption and
effective integration of CO2 capture
technologies. These routes are not
mutually exclusive, and it is essential
that carbon dioxide capture plant is
based on the best available and
appropriate underlying
technology”.......... IEA

20%

>

Near-term Mid-term Long-term ~ Time

Integrated strategy for zero emission’

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I G)M 3




Oxy-fuel Firing

« Complementary with conventional boiler
and steam power plant technology,
including efforts towards ultra-supercritical
conditions (for efficiency improvement), as
well as environmental control
developments

* Applicable for new and retrofit plants

O/C0; recycle [oxyfuel) combustion capture

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I 6’ M 4



Oxy-combustion opportunities and challent

Opportunities Challenges

Cost

— Low technological risk option

- C [
— Large power plant size possible - Cgcz)g&r;gfig/xygen

| .7 Repowering and Retrofitpossible | | ~ 1o e lREERn
— All boiler technologies adaptable - Integration
— Fuel flexibile Time
— Steam Cycle increases possible = On time Development
| = Potential boiler size reduction Technology

— Scale-up validation
— Adaptation to installed base
— Innovation

— Advanced O2 supply

Innovation

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I C)M 5




CO2 Product Quality Discrepa

Table: Tolerances for the various contaminants of CO4

Tolerance
Component low high
CO, [%] = 90 =95
H., [%e] =4 =4
N5 [Yo] =4 = 4
Ar [%e] =4 =< 4
CH,, [%] < 4 <3
O, [ppm] = 10 = 1000
H.O [ppm] = 10 <= 600
CO [ppm] = 100 = 40000
NO_ [ppm] = 100 = 1300
SO, [ppm] = 100 = 1500
H.S [ppm] = 100 = 15000
Particulates [mag/MNm32] =01 = 10
Limiting factor: I I I | |
EOR H&S Corrosion unclear

Alstom compilation from published reference data

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008

ALSTOM



Oxy-PC Power Plant -

CO2 product quality impact on ASU, APC, and GPU eg

Flashing
Cartridge " Afktr?égi?fat& Vent Gas
Filter o H,Oto vent gas (N,, O,)
£ A CO,
@ ! liquid
@ @ ’
A H,0 —'E
Gas Heater
GPU _—
Regeneration

Steam
Turbine ]
FF/ESP FQD FQC v

= Cooler[™ ] Cooler ™
Gas CO,

Boiler Pre-Htr to pipeline
(Indirect |

Firing )

em — 1 AU
System) Heater
= Mill

- ALSTOM

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008



Oxy-CFB Concept

i
i
CO, -RICH PRODUCT

TO GASPROCESSING

H INDUCED
CFB Steam Generator Unit DRAFT

FAN

AIR
INFILTRATION

CONDNESATE ¢

PRAH

External Hea PAIRINCELAUZ
Exchanger > REMOVAL
9 OXYGEN SYSTEM
MBHE HEATER GAS
_ — ) RECIRCULATION
COAL 1 FAN
LIVESTONE —
| ) OXYGEN :
AR
ASH ——AR____»f SEAPARATION —NIRGEN
COOLER FLUDIZING UNIT .
GAS 3 MWt pilot CFB
l +JELQNER Windsor, CT, USA

* Potential for Reduced recycle FGR and resultant smaller boiler & APC
« Market segmentation as with air-fired CFB’s (low quality fuels)

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I O)M 8


Presenter
Presentation Notes
 Alstom completed three test campaigns of oxy fuel CFB process at its 3 MWth pilot plant

 Eastern Bit, Pet coke

 21 to 70 percent O2 by volume 

 Nearly 300 hours of testing

 Testing provided the design basis for scale-up of an oxyfuel CFB 

 Modest impact on boiler

 Emissions were equal to or lower than air firing

 Currently conducting a study to retrofit a 90 MWe air fired CFB to oxygen firing and CO2 capture

 Technology ready for CCPI type demonstration 


Going Down The Experience Curve for

Oxy Combustion CO2 Capture

Large ASU

Non cryo O2
production

N
@)
O
l_
=
=NCAP
=3 300(@68/
0
5
e 250 Demos
o N
=]
g 200 Chemical
— looping
>
> 150 —
c
- Process Integration & Scale Process
Optimisation Process Improvt economy Innovation
2000 2010 2020 2030
CO2 €T » lower

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I C)M 9


Presenter
Presentation Notes
Consomation ASU+GPS par tonne CO2 capturée qui drive pour une part importante le COE de l'oxy (Capex+Opex). Tu peux serrer l'echelle sur la gauche si tu souhaites booster un peu l'expérience curve (point fixe 375 en 2007)


Oxy-Fuel Power Plant with

Advanced O2 Production Technology

CO, Rich
Cleanup & Flue GaS
Cooling >

Combustion & CO,

Boiler System 0, +CO,
Fuel , W\, N Ioz ...........
Advanced Turbine /
ASU Generator
r"
Compressor
Air O, Depleted Air

Breakthroughs will improve oxy-firing performance and economics

What is the status of developments?
IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 p A LST@’ M 10



Oxy-combustion: Chemical Looping Combustion (€

Air reactor
Air » N2 + 02
Me or CaS MeO or CaS0O4
Fuel + CO, +H0
Fuel reactor
CLC features

e 100% CO2 Capture  * Lowest Cost CO2 Capture
* No Air Separation Unit* High Net Plant Efficiency

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008


Presenter
Presentation Notes
Owner: P. Paelinck/JF Léandri


Long term products: Oxy-fired PC,

Oxy-fired CFB and Chemical Looping

2004 | 2005 | 2006 | 2007 | 2008 § 2009 | 2010 § 2011 | 2012 § 2013 | 2014 § 2015 2016 - 20

Lab scale tests (500kWt)

? Demonstration scale tests

Oxy-fired (30MW1)
é Utility scale tests (250MWe)
q’ Commercialization
¢ Pilot scale (3MW1)
Oxy-fi red ? Demonstration Scale tests (10-40MWe)

$ Utility scale tests
(>150MWe)

¢ Commercialization

¢ Lab scale tests (10-100 kWt)

? Pilot scale (1-3 MWI)

Chemical
Looping

$ Demonstration scale tests 10-20 MWe

Utility scale 50-
100MWe

Com

Source : ALSTOM analysis )
IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 12



30 MWth Oxyfuel Steam Generator — V

g ) =S H.I‘

ESP
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< .-
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So'urcé:--\_\/attenfall |

Jan. 2008
IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I 6’“ 13




30 MWth Oxyfuel Steam Generator — Process

N Primary Flue Gas Recycle
Seal Gas <—@—N— Steam- | e
Dry <12 bar HEX Seal Gas
sorbent E— 6 bar
HEX |T% @—N— Alr —P—>
f — |
Furnace 1 Lzl ‘ #
arPath 1, Filt f CO
_ ler > L1 2
Sl i Aelb Fel Process |
e X IDFan1 ID Fan 2
» Secondary Flue
3¢ Path Gas Recycle
Ash
% Nitrogen
Steam-
_@ % ) 4 P @_‘“ pq | HEX —  Air ‘
SLeg)r?- Oxygen ASU | Al
IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 N ay T, )M 14



30 MWth Oxyfuel Steam Generator — Boiler C

DeNOx-Option

Ignition ~ Burner

Burner

E Gas HEX e

o ‘Hydrated
Lime ESP

GHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, ZOOSV A LS I C)M 15




30 MWth Oxyfuel Steam Generator — Boiler Manu

Sep. 2007 -

Py s e ey

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I 6’" 16



30 MWth Oxyfuel Steam Generator — Burner for

Indirect Firing Systems

Niederaussem-K : 8 x 90 MW, OxPP : 1 x 30 MW,,

ROW Wesseling K5 : 4 x 25 MW, HKW Senftenberg : 2 x 19 MW,,

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I G)M 17



30 MWth Oxyfuel Steam Generator — Bl

Indirect Firing Systems (Reference Nie

Niederaussem-K : 8 x 90 MW,

» Since 2003 in operation

» Start up / Support firing system
fora 1000 MW, unit

» T-fired

» 8 burners installed

» Fuel : Dried Lignite ; 19,5 .. 21.7 MJ/kg
» Furnace Width : 23160 mm

» Furnace Depth : 23160 mm

» Oil gun

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008

P.F. fire
(dried lignite)

ALSTOM
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30 MWth Oxyfuel Steam Generator — Burnr

Air or Oxygen & Flue Gas

Fuel

Air or Oxygen & Flue Gas y - .,

or Oxygen & Flue Gas or Pure Oxyge

Lﬁ: | :u ir or Oxygen & Flue Gas, Swirl

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I 6’“ 19
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30 MWth Oxyfuel Steam Generator — Burner

Operation Modes
Air RFG + 02 RFG

Fuel Fuel Violet: 02
Fuel

Air operation Oxyfuel operation Oxyfuel operation
(premixed oxygen) (direct oxygen injection)

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I 6’" 20



Conclusions

New coal fired power plants shall be designed for Highest Efficiency to
minimize CO2 and other emissions

Oxy-combustion is Complementary with conventional boiler and steam
power plant technology, including efforts towards ultra-supercritical
conditions (for Efficiency), and Environmental control developments

Cost Attractive Options are needed and should be actively supported,
particularly, breakthroughs like Chemical Looping & Adv. Oxygen

Scale-up and Validation is needed

The Schwarze Pumpe project is an important and significant
demonstration. Start-up is expected this year

IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008 A LS I G)M 21



ALSTOM — The Clean Power Specialist

Clean Power Today !

Thank you

Today we provide the cleanest air solutions
* For New Plants

+* For the Installed Base
IEAGHG Int. Oxy-Combustion Network, Yokohama, Japan, 5-6, March, 2008



DOOSAN Doosan Babcock Energy

Demonstration of an Oxyfuel Combustion System
Project Update

IEAGHG International Oxy-Combustion Workshop
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Date: 6" March 2008
Department: Research & Development



Doosan Babcock Energy Limited

1/1[17:7,"f Doosan Babcock Energy

Doosan Babcock Energy Limited is a global, multi-specialist, energy
services company, operating in the thermal power, nuclear,
petrochemical, oil and gas and pharmaceutical industries

Established in 1891 and headquartered in the UK, Doosan Babcock
Energy Limited is a leading Original Equipment Manufacturer (OEM) of
clean coal power plants and emission control technology

In December 2006, Doosan Heavy Industries and Construction
acquired Mitsui Babcock Energy Limited from Mitsui Engineering and
Shipbuilding

Doosan Heavy Industries & Construction forms part of the Doosan
Group — one of the top 10 conglomerates in Korea - active in
engineering, manufacturing and construction of power plants and
industrial facilities worldwide

Listed on the Korean Stock Exchange. Largest shareholder is Doosan
Corporation
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Doosan Babcock Energy Limited

Crawley

[1/4/1.9:7,") Doosan Babcock Energy

Headquartered in Crawley, England, with main
facilities in Renfrew, Scotland, and Branch
offices throughout the UK

FY 2007 annual order book £771 million
(US$1500m approx)

Employees 4,500 worldwide

The only remaining UK based boiler OEM
supplier

Strong local aftermarket service capability and
presence, combined with Engineer-Procure-
Construct (EPC) capability

Accreditations include:
- 1S0O9001 : 2000 (Quality)
- OHSAS 18001 (Health & Safety)
- 1S0O14001 : 1996 (Environment)

Dedicated to developing market leading
technology through investment in people
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Research & Development

Long tradition in R&D and technical support

250 multi-disciplinary scientists and engineers in
purpose built building (2001)

Specialised facilities and equipment

Dedicated R&D Centre established July 07
growing from 50 to 200 staff.

R&D Areas:

* Boilers

» Combustion

» Materials and Fuels
 Software and Tools

» Asset Management

Page 3
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Oxyfuel Technology - Three Stage Development Programme

» To Develop a competitive Oxyfuel firing technology suitable for full plant application post-2010
» A phased approach to the development and demonstration of Oxyfuel technology:

Phase 1: Fundamentals and Underpinning Technologies (2006 — 2008)

Phase 2: Demonstration of an Oxyfuel Combustion System (2007 — 2009)

Phase 3: Reference Designs (2009 — 2010)

02/CO; recycle (oxyfuel) combustion capture

steam turbine

carbon
Electricity 1: }—--‘ = dioxide
hanical ioxi
ior "“?:1 amca—? | carbon dioxide
gy compressor
cooling water sulphu

steam cooler and ~ remowa
conﬂenser condensear
cnuler and
. | Y 0 A B (| § condenser
W partlcle' Jq
removal
I B low
4 temperature
T M low water Neat
nitrogen " ) tempearature
1 heat sulphur
air L3 water
separatio
ﬂy ash

recycle
{mainly COz,water vapour)

bottom ash Page 4
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OxyCoal-UK : Phase 1 — Fundamentals and Underpinning Technologies

1) Combustion Fundamentals

The tests, supported by TGA, microscopic, and
elemental analysis, will establish the devolatilisation,
char combustion, and nitrogen partitioning behaviour
under air and oxyfuel firing conditions.

Drop tube furnace (DTF) characterisation of
devolatilization, char burnout and nitrogen partitioning
behaviour of six UK and world-trade coals under
oxyfuel firing conditions.

First coal completed

Development of devolatilization and char burnout
kinetic parameters from DTF data and application in
CFD models of oxyfuel burner and oxyfuel boiler.

In progress

Explosion bomb characterisation of coal ignition
behaviour under oxyfuel firing conditions (same coals
as DTF tests).

In progress

Page 5
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OxyCoal-UK : Phase 1 — Fundamentals and Underpinning Technologies

1) Combustion Fundamentals
Preliminary test results show the following:

— The effect of CO, on coal devolatilisation was negligible at low temperatures
(<1100°C) but became significant at higher temperature (1300°C). This may be
indicative of some gasification of the coal. As expected, higher volatile yields were
seen for the finer size fraction.

— Burnout varied dramatically with temperature (900-1300°C) and residence time (200-
600 ms). Much higher levels of char burnout were achieved with an oxygen level of
10%, compared to 5%.

— Chars burned off quicker in CO, and the 75% CO,/N, gas mix than in N, for both size
fractions. However, the improvement in char burnout performance appeared to
become less significant with increasing oxygen content. The promoting effect of CO,
on char burnout was greater for the coarse char fraction.

Drop Tube Furnace testing and analysis of the other coals in the programme is
ongoing at University of Nottingham

Page 6
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OxyCoal-UK : Phase 1 — Fundamentals and Underpinning Technologies

2) Furnace Design & Operation

To investigate the performance of the oxyfuel process and its key impacts on utility plant
operation and performance.

Pilot scale testing (1MW?1) of oxyfuel firing behaviour to two coals (parametric testing,
fouling and corrosion behaviour).

First coal completed (as presented in Session 2b by B. Goh, E.On)

Characterisation of 1MWt test deposit samples by Computer Controlled Scanning
Electron Microscope (CCSEM).

In progress

Laboratory-scale corrosion testing of candidate materials for final Superheater and
Reheater sections of boiler under simulated oxyfuel flue gas.

First test completed

Page 7
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OxyCoal-UK : Phase 1 — Fundamentals and Underpinning Technologies

3) Flue Gas Clean-up / Purification
A numerical modelling study of AP’s proposed CO,
purification system will be undertaken, with particular
emphasis on SO,, NO,, and Hg removal.

Conversion of 160kWt NO, Reduction Test Facility (NRTF)
to oxyfuel firing configuration.

Completed, Commissioning in Progress

Parametric testing of Oxyfuel Process.
Planned April 2008

Development and testing of novel flue gas clean-up /
purification system using simulated and real oxyfuel flue
gas.

Lab scale testing in Progress (as presented in Session 3 by
V. White, Air Products)
Pilot scale testing planned April 2008

Page 8
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OxyCoal-UK : Phase 1 — Flue Gas Clean-up / Purification Progress
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Flue Gas Recycle Fan

Doosan Babcock Energy




OxyCoal-UK : Phase 1 — Fundamentals and Underpinning Technologies

4) Generic Process Issues
A desk-top study, supplemented by test results from the other project activities, will be
undertaken to investigate the key process issues associated with an oxyfuel installation on
a large utility plant.

Assessment of oxyfuel power plant reliability, availability, maintainability, operability and
safety.

In progress

Front End Engineering Design (FEED) Study, including preliminary HAZOP study, for
oxyfuel conversion of 90MWt Multi-fuel Burner Test Facility (MBTF)

Completed

Page 10
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OxyCoal-UK : Phase 1 — MBTF FEED Study Results

HAZOP Study Key Concerns

e Material compatibility in oxygen enriched atmospheres.

» Effect of fly ash on oxygen safety.

« Leaks of CO, rich flue gas from Flue Gas Recycle (FGR) ducts.
 FGR spray cooler effluent disposal.

HAZOP Study Actions

e Discussions regarding material compatibility continuing.

 FGR off-take located downstream of grit arrester rather than downstream of economiser
to reduce FGR fly ash concentration.

* Primary FGR and Secondary FGR fans located as close to burner front as possible to
minimise length of pressurised FGR duct.

 Primary FGR / Transport FGR spray cooler design(s) to minimise effluent acidity and
discussions regarding appropriate disposal route.

Page 11
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OxyCoal-UK : Phase 2 — Demonstration of an Oxyfuel Combustion System

Project Aims:

* The aim of the project is to demonstrate an oxyfuel combustion system of a type and size
(40MWH1) applicable to new build and retrofit advanced supercritical oxyfuel plant.

» The specific objectives are:

— Demonstrate successful performance of a full-scale (40MWt) oxyfuel burner firing at conditions
pertinent to the application of an oxyfuel combustion process in a utility power generating plant.

— Demonstrate performance of an oxyfuel burner with respect to flame stability, NOx, flame shape
and heat transfer characteristics.

— Demonstrate operational envelope of an oxyfuel burner with respect to flame stability, turndown,
start-up shutdown and the transition between air- and oxyfuel-firing.

— Demonstrate safe operation of an oxyfuel combustion process under realistic operating conditions.

— Generate sufficient oxyfuel combustion process performance data to inform future investment
decisions.

— Demonstrate level of technology readiness of the oxyfuel combustion process.

Page 12
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OxyCoal-UK : Phase 2 — Multi-Fuel Burner Test Facility (MBTF)

« 90 MW Thermal Input

e Capability to Fire a Wide Range of Fuels
— Coals, Bituminous and Low Volatiles
* 8% to 40% Volatiles, Dry Ash Free
* Up to 35% Ash, As Fired
* Up to 20% Inherent Moisture, As Fired
— Heavy Fuel Ol
— Natural Gas
— Orimulsion

 Facility usage:
— New Burner Development
— Contract burner testing
— Third party burner testing

‘ - Page 13
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OxyCoal-UK : Phase 2 — Task 1

Task 1: Development of a Purpose-Designed Oxyfuel Demonstration Facility

Task 1.1: MBTF Oxyfuel Conversion Design
— Planning Approval
— Design (Process, Mechanical, Civil and EC&l)
— Safety
* HAZOP Study
* Risk Assessments
» Work Instructions
» Operating Procedures
» Method Statements
* COSHH Assessments
— Coal Characterisation by University of Nottingham

Task 1.2: MBTF Oxyfuel Conversion Installation
— Procurement
— Fabrication
— Installation

Page 14
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OxyCoal-UK : Phase 2 — Design Basis

* Design Coal: Kellingley (UK Bituminous coal, 28%VM)
» Design Heat Input: 16, 28, 40, 49 and 70MW,

* Flue Gas Recycle Rates: 50, 66 and 80%

* Excess Oxygen Range: 2 to 5% v/v (dry basis)

Page 15
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OxyCoal-UK : Phase 2 — Scope of Supply

* Retain air firing capability.

« Additional Equipment:
— Flue Gas Recycle (FGR) Fans.
* Transport FGR.
* Primary FGR.
e Secondary FGR.
— Transport FGR Cooler/Condenser.
— Primary FGR Cooler/Condenser.
— Primary FGR Heater.
— Oxygen Storage, Supply and Injection Systems for Primary and Secondary FGR.
— Ductwork.
— Isolating and Control Dampers.
— E, C &I, including Burner Management and SCADA System, Modifications.

Page 16
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OxyCoal-UK : Phase 2 — Task 2 and 3

Task 2: Finalising of Burner Design and Manufacture

Task 2.1: Oxyfuel Burner Design and Fabrication

— First generation oxyfuel burner design based on Doosan Babcock’s expertise and experience in air
firing technology for coal

Task 2.2: MBTF Oxyfuel Conversion Commissioning
— Cold commissioning
— Hot commissioning

Task 3: Demonstration of an Oxyfuel Combustion System
« Establish operational envelope of the burner and performance characteristics of the
combustion process. Key parameters to be investigated include:
— Change-over from air to oxyfuel firing at various loads.
— Turndown.
— Flame stability.
— Heat release and heat flux to furnace walls.
— Pollutant emissions.
— Flame visualisation by Imperial College London

Page 17
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OxyCoal-UK : Phase 2 — Progress

» Project Start: 15t December 2007
01-Dec-07 01-Mar-08 01-Jun-08 01-Sep-08 01-Dec-08 01-Mar-09 01-Jun-09 01-Sep-09 01-Dec-09

| Engineering Design |
| Procurement |
| Construction

Commissioning

Parametric Testing |
| Data analysis / Reportage |

« Planning application submitted

* Initiation Scottish Environmental Protection Agency (SEPA) Variation application

» Design in progress — all disciplines
— Site Layout
— PFD
— Duct and fan sizing
— Oxygen plant
— Civils
— Power supply requirements
— P&ID

Page 18
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OxyCoal-UK : Phase 2 — Planned Layout
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Concluding Remarks

Phase 1

 Investigate Combustion Fundamentals, Furnace Design & Operation, Flue Gas Clean-up /
Purification and Generic issues associated with Oxyfuel Process

— Lab and Pilot Scale test data being produced and under going analysis
— Safety issues associated with Oxyfuel Process identified

Phase 2
» Full Scale component test ready for application on Full Plant Demonstration

The current tasks complete the foundation for the development of an oxyfuel boiler
reference design

Page 20
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OxyCoal-UK : Phase 1 — Project Participants

Lead company
Doosan Babcock Energy Limited Eotpninipernsey Imperial College
London
Industrial Participants AIR University Participants
Air Products plc PRODUCTS Z=.  Imperial College London
. . . The University of
BP bp University of Nottingham ﬂl‘ Nottingham

E.ON UK Limited {:}
RWE -0 ‘ UK ng

Sponsors / Sponsor Participants

Scottish and Southern Energy ( Scottish and Southern ScottishPower

Scottish Power

EdF Energy ¢

Drax Power Limited ': "\‘

Dong Energy Generation A/S eDF DI-L@){ ) DONG
ENERGY energy

Government Support
Department of Business, Enterprise and Regulatory Reform BERR
Technology Strategy Board
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OxyCoal-UK : Phase 2 — Project Participants

Lead company
Doosan Babcock Energy Limited

University Participants

(1741 55:7,"f Doosan Babcock Energy

Imperial College

Imperial College London . o London
University of Nottingham w R‘le li:'i:'l’:lrs'ﬁ OfITI
= otiingna AIR 7.
Prime Sponsor Sponsors PRODUCTS 2=
Scottish and Southern Ener Air Products plc
» R e~ DONG
( Scottish and Southern i Dong Energy Generation A/S  energy
€DF Drax Power Limited
ENERGY
EdF Energy Drax ).
ScottishPower E.ON UK Limited
Scottish Power
e-0m |«

Government Support

Department of Business, Enterprise and Regulatory Reform BERR

HFCCAT Demonstration Programme

1/1[17:7,"f Doosan Babcock Energy

Department for Business
Enterprise & Regulatory Reform
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Thank you for your attention

Contact details:

ecameron@doosanbabcock.com

dfitzgeral@doosanbabcock.com

www.doosanbabcock.com

1/1[17:7,"f Doosan Babcock Energy
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3" Workshop
IEAGHG Oxy Fuel Network
Yokohama, Japan
March 5™ and 6t 2008

Brian R. Patrick
Director of Development

Jupiter Oxygen Corporation (USA)

WWW.jupiteroxygen.com

IEAGHG March 5t and 6t 2008
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Jupiter Oxygen Corp.


http://www.jupiteroxygen.com/

Keys for Carbon Capture Technology

— Key for successful carbon capture
technology development:

* Reduce parasitic power
losses associated with
carbon capture

Ambitious
Climate LY A ZMENY » Use cost effective
Protection e technology for carbon
Feasibility
Goals - capture

» Create a practical approach
for retrofits

« Design a truly CO2 capture
ready concept
Increasing

Energy
Demand
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Jupiter Oxygen — Hammond Indiana 15 MWth Test Facility

—-—-
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15 MWth Oxy-Fuel Test Facility - Hammond, Indiana

cooling cooling

tower 1 tower 2
Cooling Water - 3250 gpm
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Boiler PID Loop

Typical Chordal
Temperature Arrangement

Fire Side
Water Tube Inlet - D
Water Tube Outlet - E

Boiler Feedwater

Close

make u|
P —Ix el G
Vent to Atmosphere

Heat
Exchanger 2
Plate &
Frame
1047 ft2

From CW ToCW

Sheet 2 Sheet 2

&
@
&

Heat Exchanger 1 - Tube Side

Condensate Trap D

. on

Boiler Water Treatment

75 gpm, 175 psia L,

ToCW
Sheet 2

From CW
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" $&%

Chordal Temperature Measurement

H\R Port

IR Port

IR Port

ﬂ IR Port

FGR From Sheet 6
— Coal From Sheet 3

Traversing High Velocity TC (Type K) [EEESE S I,

Superheater

Center Line Burner

Primary Oxygen From Sheet 4
Staged Oxygen From Sheet 4

@

N

To Flue Gas System Sheet 6 Traversing High Velocity TC (Type K)

P
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15 MWth Boller Plan View

Chordal temperature
View ports |'IR PORTS AND CHORDAL marked in Red | measurement area (tube #10)
see detail sheet 2 see detail sheet 2
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—
*Superheater
Outlet

Three traversing type K, grounded junction TC's
maximum insertion length 5 ft

located on 36" vertical centers Boiler Plan View
HVT radiant sheilded type TC with gas sampling port.
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15 MWth Boller Front View

Three (3) traversing type K, grounded junction TC's

maximun insertion length 36"

Steam

on 34" centers Center line burner
1

1.5" OD 303SS tube

View ports 4, 5, 6
I'd P

drum J

Superheater __1_9@___

8 -6" outlet
O
Chordal temperature
measurement area
O Lower see detail sheet 2 —

drum

9. ...............

\View ports 1, 2, 3

Boiler Front Elevation View

View ports 7, 8, 9
Angled 60 deg from horizontal

6" length

Tube wall

Center line burner

Insulation
Compression fitting mounting
1.5" sapphire window

1/4" Argon purge line

Furnace outer wall

Furnace inner wall
View port detail

60"

Chordal temperature measurement area detail

TI-B20E (TC in well, 1" insertion length)
0.040" Type K, grounded junction

. —— 1I-B20A, B, C (0.040" type K Chordal TC)
locate at centerline of 60" tube section

¥ T1-B20D (TC in well, 1" insertion length)
0.040" Type K, grounded junction

Fire side of tube wall
.020" from surface
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Flue Gas Recirculation

To Coal Handling

Sheet 3 Coal motive FGR
Flue Gas
From Boiler Sheet 1 To Boiler
Sheet 1 Recycled Flue Gas:

NS
Heavy Particulate Removal W
To IPR
ﬂ/—% Sheet 7
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V (R
& B4 @)
) v
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N2/Air
8" Recycle Loop Inleakage
16"x20" test port

To Atmosphere:

Additional Fresh air 20"
Make-up ﬁ/—%
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Cooling Tower Loop

N

Cooling Tower 1

Blow Down

2" Make up water inlet

Cooling Tower 2
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105 TPD Cryogenic Plant

N 8" Carbon Steel Oxygen Header to Oxygen Train

N

I ——

(P 4
ey
N

Cryogenic 4L | 4
Vaporizer Nitrogen, 50,000 scfh,

60 psig, 70F, 3 ppm 02

®g

%

q
@

4" Carbon Steel Nitrogen Header to Test Facility

&

Cryogenic Oxygen Aftercool&_zr:
Vaporizer 95,000 scfh, 16 psig, 75F

PI-80

Oxygen BI :
% % % Q;OOgnscfl:),v;%r.25psig, 200F

Liquid Oxygen:
36,000 Gallons

epe

95,000 scfh 02, 3 psig,
70F, 95.5%
Liquid Nitrogen:
11,000 gallons AN N \ \
; Main Air Compressor:
Claypeire 560,000 SCFH
Distillation Air Intake
Columns A
Filter

4
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Oxygen Control

| 6' Staged oxygen control leg
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15 MWth Test Facility

IEAGHG March 5t and 6t 2008
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Heat Transfer
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Project Participants

« Jupiter Oxygen

— Construction of the test facility

— Operation of the test facility

— Technology provider for the Oxy-fuel
' Doosan Babcogk LLC

— Part of the data evaluation team

— Slagging and fouling studies

« USDOE - National Energy Technology
Laboratory

— Integrated Pollutant Removal System
— Data Collection design

— Materials analysis

— Final fate analysis

— CO2 Quality

&

Maxon Corporation

— Supplier of oxy-fuel burner

— Supplier of oxygen control systems
Coalteck LLC

— Consultant power generation
Michigan State

— High Temperature oxygen sensor

— Material coupon analysis
Purdue University

— Heat Transfer Radiant versus
Convective

— Thermal Transfer modeling

— Datareduction and Analysis
University of Wyoming

— Study on recycle with Wyoming coals

IEAGHG March 5t and 6t 2008
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Visionary Innovation  Scientific Approach  Operational Experience

. WEB:
s www.jupiteroxygen.com

P CONTACT US:

. Mark K. Schoenfield, Senior Vice President -
Operations & General Counsel

. Jupiter Oxygen Corporation

. 4825 N. Scott St., Suite 200, Schiller Park, IL 60176
. PHONE: 219 712 5206 FAX: 847 928 0795

. EMAIL: m_schoenfield@jupiteroxygen.com

. Brian R. Patrick, Director of Development

. Jupiter Oxygen Corporation

. 4825 N. Scott St., Suite 200, Schiller Park, IL 60176
. PHONE: 219 746 5586 FAX: 847 928 0795

. EMAIL: b_patrick@jupiteroxygen.com
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Large Scale Pilot and Demo Projects

PROJECT Location MWt Start Boiler Type Main Fuel CO2 Train
up

B&W USA 30 2007 Pilot PC Bit, Sub B., Lig.

Jupiter USA 20 2007 Industr. No FGR | NG, Coal

Oxy-coal UK | UK 40 2008 Pilot PC

Vattenfall Germany 30 2008 Pilot PC Lignite (Bit.) With CCS

Total, Lacq France 30 2009 Industrial Nat gas With CCS

Pearl Plant USA 66 2009 22 MWe PC Bit Side stream

Callide Australia 90 2010 30 MWe PC Bit. With CCS

Ciuden - PC Spain 20 2010 Pilot PC Anthra.(Petck) | ?

Ciuden - CFB | Spain 30 2010 Pilot CFB Anthra.(Petck) | ?

Jamestown USA 150 2013 50 MWe CFB Bit. With CCS

Vattenfall Germany? | ~1000 | 2015 ~250 MWe? Lignite (Bit.) ?

Youngdong Korea ~400 20167 ~100 MWe PC? ? ?




Oxy-Fuel Combustion Boiler Projects

(Conversion @ 1 MWe =3 MWt = 10 MMBtu/hr) Demo Projects
1000.0 -
L Vattenfall
i 250.0
B Utility Y:ngdong
Boilers
1 100.0
1000 E Jamestown ¢
-4 Callide A @ 500
B b2 0 Pearl Plant
i International Comb -
. 117 Vattenfall [3.3 Oxy-coal UK
4 v B&W  Y@lin.00.0
10.0 - Industrial _ . 6.7 C\UDEN
- | Furnaces JS'MgEE(?(O”) aupiter 40 K CIUDEN
B IFRF
ANL/EERC
1.0 = 4 @ Lo @ o ENEL. 1.0
E . 0.5 ngyzl PowerGen
L ANL/BHP IHI ' 0.3
. | Test 0.2 IVD-Stuttgart
Furnaces. CANMET . 0'. 0.2
O 1 0.1 RWE-NPOWER
1980 1990 2000 2010 2020

Year



Callide Oxyfuel Project
Technical evaluation of oxy-combustion and CO2 capture system

IEAGHG International Oxy-Combustion Network

Yokohama, Japan
5 & 6 March 2008

C Spero (CS Energy)
T Yamada (IHI Corporation)
E Sturm (Air Liquide Engineering)
D McGregor (GLP Engineering)

Callide

Oxyfuel Project (S csenergy

generations ahead




Presentation content

- Project overview

- Process description

- Evaluation of stack emissions
- Construction program update

The purpose of this presentation is two-fold:
1. To share technical data on the project; and

2. To highlight some of the practical considerations associated with
an oxyfuel retrofit

6 cs energy
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Project location

iEFanH Callide A Power Station
o 4 x 30 MWe
o mfr‘fé%@?% Steam 130 t/h at 4.1MPa, 460°C
< Y ansToNE Commissioned: 1965 — 69
* Refurbished 1997/98
Callide A

Power
Station

ﬂ#.IHMG

gh#ﬁéim
it
@ p— PMARVBOROUGH
I CHEL Kogan Ck
Power
*Station

i ————
jCapyrght §0) Departmam af Mimes and Enargy.  Map = GDASL.

123km

COZ2 storage areas:

Northern Denison Trough
. Southern Denison Trough
Fairview CSM Field

Roma Shelf

Burunga/Wandoan Anticlines
(CSM)

. Wunger Ridge

g RrwbhPE

o))

- Gas & Oil Pipelines

6 cs energy
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Project participants

Participants:
e CS Energy (QLD Government)
e Xstrata Coal
e Australian Coal Association - ACALET
e Japanese Partnership (IHI, J-Power, Mitsui & Co.)
e JCOAL — Supporting Collaborator
e Schlumberger

Other:

e Commonwealth Government (LETDF Program)
e METI (Japanese Government)

Plant suppliers

e Air separation unit (ASU) and CO2 compression and
purification unit (CPU), design & equipment supply — Air
Liquide Engineering

e ASU & CPU construction — GLP Engineering

e Boiler retrofit design & equipment supply — IHI

Boiler retrofit construction - CBH
6 Cs energy
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Callide oxyfuel project

CALLIDE OXYFUEL PROJECT
VISUAL AMENITY - AERIAL VIEW FROM NORTH EAST OF CALLIDE A

Scope:

4 Yr project
duration

Boiler refurb.
2 x 330 TPD ASU
Oxy-comb. Retrofit

75 TPD CO2
recovery

Trucking to CO2
reservoir

Injection and
monitoring (50kt)

CPU = GO COMPRESSNON EFLFIFID‘&'I'ION'_HIT
ALU - AIR JEFARATION LMIT

3 Energy - Commarclal in Confidenos

6 cs energy
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Boiler parameters

Coal

Total moisture % 12 - 16

Ash %, as-received 19-24
Gross calorific value MJ/kg, as-received 18 - 20.5
Greenhouse emission factor kg CO2/MWh 1.9-1.95
Steam @ maximum continuous rating

Mass flow (design) kg/h 136,080
Peak rating (design) kg/h 149,688
Pressure kPa(a) 4,410
Temperature °C 463

Unit conditions

Rating MWe 30

Coal flow @ MCR kg/h 18,300 - 21,000
Flue gas flow @ MCR kg/h 158,000 - 165,000
Typical steam condition: 115,920 kg/h, 4160 kPa(a) and 465°C

6 cs energy
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Retrofit flowchart

*02

To another N2
system —
I A | H,O
removal FDF/GM
H ] Air
¥ O~
Coal Oz A (/
Bunker
Feed
> 3 [ water P> _@'

heater IDE
\Mill /< Boiler FF To CO,

recovery unit

Gcsenergy
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Oxygen supply

2 x nominal 330 TPD Air Liquide Sigma cryogenic ASUs

Parameter Unit Value
O2 production t/day 660
Nm3/h 19,200
Product flow rate
kg/h 27,430
Delivery pressure kPa(a) 180
O2 purity vol. % 98

6 cs energy
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Flue gas mass balance

FDF

To boiler:
30 kg/s ¢ ‘

GRF

From boiler: . Stack:
44.9 kg/s > 13.2 kg/s

’ Blower

v
CPU: 1.7 kg/s

6 cs energy
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CO2 compression & purification plant (CPU): Flowchart

Scrubber 2-stage Dehumidifier CO2 Absorption  Mercury Non- coz Cold

compressor driers Removal Cosq[(:i;gzlrble Liquifier evaporator

Cold water — Cold

—» Cooling Vent ammonia
Water A vapour
‘ r Ll

Reagent

Lig.

N4 Ammonia

Raw flue gas

T T 7N (@n

Liquid CO2
Storage

Condensate and ash Condensate

Gcsenergy
Q. ' generations ahead




CO2 compression & purification plant (CPU): Inputs & outputs

75 t/day liquid product

Parameter Units CPU Inlet CO2 Product
Flow rate kg/s 1.3 0.9
Ama3/s 1.7

Temperature °C 145 -30

Pressure kPa (a) 101 1600

Composition
H20 mole % 20.0 < 0.002
02 mole % 4.2 < 0.003
N2 (+ Ar) mole % 18.6 <0.1
CO2 mole % 55.9 99.9
SO2 mole % 0.06 < 0.003
NOx mole % 0.03 < 0.003
Particulate mg/Nm3 < 100 <1
Trace elements (As, Be, Cd, Hg, V) ppbv <1 <0.1

6 cs energy
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Effect of air ingress on CO2 concentration and recovery

70
69

68 | | 7% air ingress
7 Rel. CO2 recowvery = 1.00

66 — \
65

12% air ingress

CO2 (vol. % dry)

64 - Rel. CO2 rec. = 0.93
63 | 10% air ingress
62 Rel. CO2 rec. = 0.96
61 -
60 ! ‘ ‘ ‘ ‘
5.4 5.6 5.8 6 6.2 6.4 6.6

02 (vol. %, dry)

Gcsenergy
’\ ' generations ahead




Stack emission modeling

GRIDDED MESDSCALE I " LAanD USE AMD
METEDROLOGICAL DATA TORCGRAPHICAL DATA

PROGNOSTIC UPPER ALR AND SURFACE
DATA GEMERATED FROM TAPM

DATA

< UBSERVED T?R[RDP\%[;:
e ||‘ CALME] -l LAMD LSE
DATA

3-D GRIDDED HOURLY l

METEOROLOG ICAL DATABASE
HOURLT FaRTING
EMISSION DATA Rng EDF;?;:EG%I .
mﬁ%{ﬁgfg I LALPUFF I RECERTCOR
Loz TIONS
HOURLT POLLUTENT s I
EACKER UMD DT CALPOST
[IF SRILAELE ]

! |

GROUMD LEVEL CONCENMTRATIONS OF
POLLUTANT(S) MODELLED FOE
SPECTIFIED AYERAGING PERTOD

cs energy
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Stack mass

emission rate data

Load Factor % 100 70

Fuel GJ/s 0.105 0.076
Firing mode AF OF AF OF
Gas to Stack Nm3/s 39.1 10.3 28.1 5.7
NOXx g/s 44.2 15.6 31.7 13.0
SOx g/s 22.4 15.8 16.1 13.2
Gas temperature |°C 143 143 138 138
Efflux velocity m/s 10.0 2.8 7.2 1.6

AF = Air-firing
OF = Oxy-firing

6 cs energy

genera
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S0O2 ground level concentrations (Scenario 1)

il

‘lﬂ" !
b ') I i
.
b | K\k
7k oy
i %
72 L
el
! 1
B 120 ma 124 e 158 =0 BT 24 258
 P——
i el 5 EFE T
Spacsn: Lezcabaan: Scanari: Parantiie Avmrapeag
50 Colide Pomer || Sosamnz 1 B Hime
Ginkisr Le-min
Model Usad: Wpikn: Caideine Hat datnc st
CRLUFLRF "o g TOO gt Jarun-y 008 - B Tl s
DscamEe 2504

10-min conc. SO2

Callide A: 100%06 LF, Air-firing
Callide B: 100% LF, Air-firing
Callide C: 110% LF, Air-firing

Worst coal
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S0O2 ground level concentrations (Scenario 2)

Scararia:

Parcantilec

Avarspog
Tirna:

=0, Calide Foeer Somario 2 Loh
Siekicr Lo-nin
Modal Usad: Fpikn: Gaidefine Hat datac L
CRLUFLIFF WE T Ty OO g Jarumy 3104 - E Caaiillz
I8 ook

10-min conc. SO2

Callide A: 100206 LF, Oxy-firing
Callide B: 100% LF, Air-firing
Callide C: 110% LF, Air-firing

Worst coal
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Project schedule

Task Calendar Year

2006

2007

2008

2009

2010

2011

2012

2013 | 2014 | 2015 | 2016

Stage 1 - Boiler refurb/retrofit

Project development

Finalisation of contracts

Site preparation

Unit 4 refurbishment

Operation in Air-firing Mode

Site Construction of Oxyfuel retrofitt ASU/CPU
Operation in Oxy-firing Mode

Stage 2 - Geological storage

Pre characterisation work - Data audits etc

Site characterisation, well design and construction
Field CO2 Injection works Construction

Injection & monitoring

Stage 3 - Project conclusion
Post monitoring & rehabilitation +
Commercialisation.

BN

6 cs energy
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Concluding comments

1. The Callide Oxyfuel Project is now entering the pre-
construction phase with funding approved, and project
agreements, and plant supply contracts at the final
negotiation stage.

2. The following key activities are running in parallel to the
Callide oxyfuel retrofit work program:

e (Geosequestration site selection & development (for 50,000 t CO2
over 3 - 4 years)

e Development of an International collaboration and supporting
R&D program

e Long-term implementation plan especially involving proving up of
large CO2 storage reservoirs and defining associated
infrastructure requirements

Gcsenergy
’\ ' generations ahead
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Oxyfuel Project
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The CO, Pilot at Lacq

An Integrated Oxy-Combustion CO, Capture
and Geologial Storage Project

Nicolas AIMARD, Claude PREBENDE Total
Denis CIEUTAT, Ivan SANCHEZ MOLINERO, Remi TSIAVA Air Liquide

3'Y Workshop
IEAGHG International Oxy-Fuel Combustion Network

|
AIR LIQUIDE
|

&

Yokohama, 5th and 6th March 2008 TOTAL




Why Total involved in Carbon Capture and Storage ?

D Another option to reduce our industrial CO2 emissions :

® Gas flaring reduction (world bank GGFR) on existing facilities
®"Improve power efficiency
® CCS as breakthrough technology

D Dedicated CCS program since 2001 :

® Capture technology development

" CO, injection and storage (iox | AGi Alberta | [ ENCAP |( cozRemove |[ Bigco2 |

> Storage integrity
> Well integrity

> Long term fate of CO,

> P&R, monitoring

34 Workshop IEAGHG Oxycombustion

Yokohama 5/6 March 2008
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[ Operational feed back ]
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ADEME study
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[ Analogues - scouting ] capture and ™

storage pilot

[ RG&D programs and JIP ]

Dr Claude Prébendé
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“Capture ready” plant....

Steam Power

s WK o

Energy

|

Natural Gas —,
or Sulfurcontent Fuel I
air

or O2

“A CO2 capture ready power plant
is a plant that will be able to include
CO2 capture when the necessary
regulatory and/or economic drivers
are in place, thereby avoiding the
risk of ‘stranded’assets and
consequent ‘carbon lock-in""’

3rd Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008

l

CO2
Capture

CO2 Pressure and purity

=
=

T

Dr Claude Prébendé 3

or CCS ready plant

CO2

k=5 | Transport

CO2
Storage

&
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Why Oxycombustion capture?
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Post Combustion

Steam Power
Energy l l
SNall}c:ural Gagﬁ RURGRRTA, ARy S AN ,
or SulTurcontent FUE : iti b .
conten | el 'alc_iﬂjlg(g];sal . Amine
alr absorption:

Cleanup |

___________________________

___________________________

CO2

Transport
& Storage

3rd Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008

Dr Claude Prébendé
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Oxy Combustion

Natural Gas s=——p

or Sulfurcontent Fuel I i additionnal

02 Flue Gas
Clean up

Cryogenic

. . S T ] Dehvdrati :
Air Separation Unit enydration

r
'Incondensables
- treatment

N2use | ﬂ _______

Lo e CO2
R Transport
& Storage

3rd Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé 6
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Oil sands production

Production of Extra Heavy Oil in Athabasca (Alberta, Canada)
Use of huge quantity of STEAM
- SAGD (Steam Assisted Gravity Drainage)

Stoean Min. overburden
Injection

Well

For production of 100000 bbl/d bitumen
and Steam/Qil=2,5
—->HP steam 39600t/d 100 bars and 312°C (1044MWt1h)

Steam generation by combustion of natural gas or an alternative fuel like
petcoke

FUEL BOILER CAPTURE
NATURAL GAS Post-combustion Oxy-combustion
GAS BOILER AMINES Unit Cryogenic ASU
No 90 % capture
PETCOKE CFB LP Steam (t/tCO2) 02 purity (%omol)
3 2 1.5 95 98 99.5

34 Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé 7 ToTAL



Oxycombustion vs Postcombustion

STEAM PRODUCTION

Efficiency and consumptions for base case — Gas or Petcoke

1200

Eq MWth | 1000

Perimeter :
Imported power
Auto consumed steam

Base Case :
Fluor Econamine
90% CO2 captured
2 t steam/tCO2

ASU 98% O2

34 Workshop IEAGHG Oxycombustion

800

600

400

200

Gas Petcoke
A
V. ~ ~ ~
81% 85%
70%
66%
59%
8%
i i
Gas Boiler Gas Boiler OXY- CFB CFB+ OXY-CFB
+ AMINE Boiler AMINE

O Boiler Aux. Power
O DeNOx steam
E Compression CO2

00 AMINE power

O CO2 drying power

W Fans and booster power 0O ASU power
B AMINE steam

|| Efficiency

Yokohama 5/6 March 2008

[Produced - Consumed Steam] (MWith)

x100

- Qe X LHV (MW1h) + Imported power(egMWth)

Dr Claude Prébende

8

ToTAL



Oxycombustion vs Postcombustion
STEAM PRODUCTION
Sensivity of Efficiency

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Oxy-combustion vs post-capture - Gas Boiler
Efficiency

Oxy-combustion

3rd Workshop IEAGHG Oxycombustion

o 2 oA Lo o S S =
5 2 28 20 20 2 E: D2 e
8 =% 5 Q a0 a0 > 0¥ >0 >0 =
n O Qm 0 S 0= o o 5 o) o F o) 9o o
T o T = ) = ) € S E S
© 2 2o B3 2 5 S S S
o - o o

Fluor Fluor MEA 959 02 98% 02 99,5% 02

Econamine Econamine

Planned target?

Yokohama 5/6 March 2008 Dr Claude Prébendé 9
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Oxyburners development
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Aln uoumE_\ Oxyburner concept for Oil & Gas applications

D Challenges for oxyburner concept:
» In-furnace heat flux management
= Minimize flue gas recycle (FGR)
= High viscosity / high density liquid fuels
= High sulfur and high metals content Oil Sands °API 5 ‘
= Use of usual materials

Bitumen °API 11

D Air Liquide’s oxyburner concept achieves:
= Fuel flexibility for gas & liquid fuels
= Variable flue gas recycle rate
= Air mode for transient operation
= |[mportant turndown ratio
= Oxyflame stability with difficult fuels
= Optimum operating procedures (air-oxy mode) @

34 Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé 11 ToTAL


Presenter
Presentation Notes
Air Liquide brings a thorough knowledge on combustion with pure oxygen, with industrial realisations in glass, steel, aluminium and other industries.

The application of oxy-combustion in boilers for power/steam production within Oil & Gas industry, using oil-sands residue or bitumen as feedstock, presents multiple challenges:

In-furnace heat flux management (from a wise combination of burner design and flue gas recycle within a boiler geometry)

Minimize flue gas recycle (FGR) (in order to further increase the advantage of oxy-combustion)

High viscosity / high density liquid fuels (see figures)

High sulfur and high metals content (with sulphur contents of the order of 5%, and high sodium/vanadium content)

Use of usual materials (not to increase the cost with respecto to air-fired boiler units)

Air Liquide’s oxyburner concept achieves:

Fuel flexibility for gas & liquid fuels (for any combination from 100% NG to 100% liquid)

Air mode for transient operation (making possible start-up with air and an air-fired fall-back mode)

Important turndown ratio (giving a good operating flexibility)

Oxyflame stability with difficult fuels (benefit of oxygento obtain a stable flame whatever the fuel quality)

Variable flue gas recycle rate (allowing FGR reduction and helping customizing heat release in boiler according to fuel quality)

Optimum operating procedures (air-oxy mode) (ensuring safe operation)


ar uoupe| 1 MWth Oxycombustion test rig

D Objectives:
= Expand scientific knowledge on oxy-flames. j§
= Contribute to industrial oxyburner design.

D Versatile and functional test rig
= Variable FGR rate and temperature
» Liquid / gas fuel feed capability
= Cold wall configuration
= Combustion monitoring
= Emission control

34 Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé 12 ToTAL


Presenter
Presentation Notes
This test rig has been built in 2006 in AL-CRCD in France.

Design of oxy-burner has been confirmed and tuned in this experimental facility.

The chamber is covered by cold water-walls, ensuring the oxy-flame stability and a complete combustion even with difficult fuels.

The test rig allows to explore variable FGR rate and FGR temperature for both gaseous and liquid fuels.

It is equipped for flame observation, heat flux measurement, temperature mapping, gas composition, etc.




AR Liouibe, EXperimental results at test rig

D Views of 1MW oxyburner prototype
with natural gas

v <

FGR=1 «

FGRrate =x/y

FGR=0

FGR=15 Q

3rd Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé 13 ToTAL


Presenter
Presentation Notes
Some views of the oxy-flame at power 1 MWth natural gas, with different FGR rates: 0, 1 and 1,5. One can already see the effect of dilution in contour definition.

The video shows the flame with zero recycle, showing the feasibility of the ultimate goal of FGR reduction, with controlled flame characteristics.


n x 30 MW
first of a kind
industrial
oxy-boiler

\

)

4 x 8 MW demo
Total-Lacq pilot plant

1 MW prototype
AL-CRCD rig

> 2010

P Upscaling know-how

P CFD modeling using proprietary code
= Specific to oxycombustion
= Calibrated with real oxycombustion data

34 Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé


Presenter
Presentation Notes
Both the AL-CRCD prototype and the Total-Lacq demo burner are placed within a burner development roadmap for upscaling to multiple oxy-burners of around 30 MWth, burning multiple fuel types.

Air Liquide possesses already wide upscaling experience on oxy-combustion, and applies a proprietary CFD code developed specifically for oxy-combustion.




Oxyburner implementation into Lacq boiler

D Retrofitting of an air-fired boiler
= Oil & Gas boiler configuration

» Fixed geometry:
= four horizontal burners
= Chamber: L5 m; W 4,5m; H 6-7m

D Careful sealing at every interface
to minimize air in-leakage

_ _ _ _ Openings for the four existing air-fired
D Fluid distribution control and natural gas burners

measurement
D Operating mode

D Safe operation Safety analysis

D Tests and measurement plans Existing measurement port

EAIR LIQUIDEJ @

34 Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé 15 ToTAL



Presenter
Presentation Notes
The four demo oxy-burners need as well to be implemented into the existing boiler at Lacq, and work has been performed by operating teams of Total and Air Liquide.


Oxycombustion
and CO2 storage pilot

16 - 3" Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 ToTAaL



General objectives of the Lacq pilot

CO, Capture CO, storage

D Contribute to a potential climate change mitigation technology
P Demonstrate the technical feasibility and reliability of an integrated CO,

capture, transportation, injection and storage scheme for steam
production at a reduced scale (1/10t of future facilities)

P Design and operate a 30MWth oxycombustion boiler for CO, capture

D Develop and apply geological storage qualification methodologies,
monitoring and verification techniques on a real operationnal case to
prepare future larger scale long term storage projects

34 Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé 17 ToTAL



Pilot location

Total Exploration & Production in France

lzaute
Lussagnet

= Pecorade
Vie-Bilh

3rd Workshop IEAGHG Oxycombustion

~ @ Gas field
@ Ol field
ONG Storage

Yokohama 5/6 March 2008

Dr Claude Prébendé

18
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CCS Lacq pilot to start beginning 2009

Water steam |==p Utilities o
40t/h 2

Natural Gas 60bar >
450°C 90%

v 4

Quench > Compression
27 bar

oxyburners

Dehydration :> Compression
50 bar

Air —

4 Flue Gas
ASU Recycle

et -

CHALLENGES

Industrial scale 30MWth oxycombustion unit with gas
Revamping of a conventional boiler

CO2 transport and injection for 2 years

150 kt CO2 storage in a depleted reservoir

First CO2 injection for storage in France

Public acceptance with consultation and dialogue

Water

Depleted Gas
Reservoir

AN N N N N SN

French and international legal framework not frozen @

34 Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé 19 ToTAL



B O I | er a.n d AS U Flue gas recycle Fan

» Existing boiler revamping with
CO2 recycling —
S .
» 40 t/h of steam 60b/450°C
(30MWth) to HP steam network 2
=——> Oxygen
=2 Natural Gas
—— Flue Gas _F'Uig:;t
- [ real
— Pfggu\év:éesrteam /
Blower for Flue Gas Treatment

> ALST@’M in charge of boiler revamping Works

> Cryogenic Air Separation Unit
P Standard ASU packaged plant %
| I
» 240tpd O, AIR LIOUIDE.“ |
P LP:1,8bar abs

P Variable purity (95-99,5% O,)

No oxygen storage

34 Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé



http://www.alstom.com/

ransportation and injection into a gas depleted reservoir

City of PAU

RGN

Typical CO, composition
CO, 92.0%

O, 4.0%

Ar 3.7%

N, 0.3%

34 Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé 21 ToTAL



CO, injection Into a depleted gas reservoir

Injection well S—— e

s
B e e e

GRAND RIEU pore/ c

6000- Rousse
depleted gas field

6000

T000

TC00_| I 2Km

=t

EAP - 1995

Existing unique well RSE-1 producing since 1972
Well work over planned mid 2008

34 Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé

Jurassic fractured

dolomitic reservoir
(in red)

Thick cap rock (in

green and orange)

Depth # 4500m/MSL
Temp. # 150°C

Initial P = 485 barg

Current P # 30 barg




Lacq CO:zpilot
CO0: injection - monitoring system

@ Micro-seismic surveillance
9 Ground-level gas measurement
6 Injector well monitoring

© Reservoir pressure and
temperature monitoring

© Down-hole shut-off valve @
@' C0z detectors

3d Workshop IEAGHG ¢ ToTAL

Marl and clay——"
Mano reservoir rock —=



Project schedule — main milestones

2006 2007 2008

J FMAMIJJASONDIJFMAMIJASOND|JFMAMIJIJASOND

Conceptual and pre-project studies _

- Project's approval +'
Public announcement -
Public consultation and dialogue

Basic engineering studies

Air separation Unit

CO2 capture and compression facilities
Well work over

Geosciences studies
CO2 injection permitting process
CO2 capture and injection start up

Beginning
2009

&

34 Workshop IEAGHG Oxycombustion Yokohama 5/6 March 2008 Dr Claude Prébendé 24 ToTAL
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Thank you for your attention

www.total.com

claude.prebende@total.com
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POWER GENERATION
UPDATE AND UPGRADE

Prof. Dr. Vicente J. Cortés
CO, Capture Program Director
CIUDEN, SPAIN
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Fundacion Ciudad de la Energia

Conceptual design. Size and technologies

The site. Design criteria and plant configuration
Virtual walkthrough

Project structure

Research Program

Time schedule

Prof. Dr. V. J. Cortés
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An initiative of the Spanish Administration
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Prof. Dr. V. J. Cortés
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Promote and financially support R&D+d for CO, capture and
storage technologies and abandoned mines restoration

PROGRAM PROGRAM PROGRAM
A B C

TEST FACILITY CO, GEOLOGICAL ABANDONED LAND
FOR CO, STORAGE ACTION PLAN
CAPTURE TECHNOLOGIES
ADDRESSING ADDRESSING ADDRESSING
OXYFUEL FULL SIZE INJECTION RESTORATION OF
AND POST-COMBUSTION TESTS LAND RESOURCES
TECHNOLOGIES IN SUITABLE THROUGH REVEGETATION
AT SR FOR LANDSCAPE
£l BIERZO FORMATIONS IN SPAIN —

Prof. Dr. V. J. Cortés



Gobierno de Espafia

Prof. Dr. V. J. Cortés



}ﬁ{ Gobierno de Espafia

ZEP

Technology Platform
Zero Emission Fossil Fuel Power Plants

Recommendations for RD&D priorities
within FP7 Energy and National RTD Work Programmes 2008

Revised Version 6th Draft
15th February 2008

R&D area: Developing and implementing OXY-FUEL
combustion for boilers

. Pilot plant tests (10s of MWth) of full oxy-fuel pulverised fuel (PF)
process, to validate results from scale-up based on laboratory tests.
. Development of PF burner designs and piloting in 10s of MWth scale

. Pilot plant tests (10s of MWth) of full oxy-fuel CFB

Prof. Dr. V. J. Cortés
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Technology

fﬁ{ Gobierno de Espafia

Suitable/applicable

Does not require

Existing
PF Plant

New
PF Plant

CFB
Plant

Capture-
ready
Plants

Slip-
stream of
flue gas

O, supply

CO, capture
prior to
compression

Post

®

®

®

®

®

®

X,
But
unlikely

X,
But
unlikely

X: Desirable characteristic

.Addressed at El Bierzo

Adapted from: Wall, T.F.: Combustion Processes for Carbon Capture. Proc.
Comb. Inst., 31 (2007) 31-47

Prof. Dr. V. J. Cortés
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ORIGINAL DESIGN JANUARY 07

OXYBOILER POST-COMBUSTION S OSTCOMBUSTION
(4 MWth) AEEOIRIPTION ADSORPTION

(0,5 MWth)

(1 MWth)

CONVENTIONAL
BOILER
(4 MWth)

REVISED DESIGN NOVEMBER 07

OXYBOILER

(20 MWth) POST-COMBUSTION POSTCOMBUSTION
ABSORPTION ADSORPTION
(4 MWth) (X MWth)

LFC
(15-30 MWth)

Prof. Dr. V. J. Cortés
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MODULARITY

FLEXIBILITY

INTEGRATION

EFFICIENCY

EXTENSION

LAY-OUT AS INDEPENDENT BUT INTERCONNECTED MODULES
(OXYCOMBUSTION, FLUE GAS TREATMENT...) ALLOWING
SIMULTANEOUS OR SEPARATE OPERATION FOR INDEPENDENT
STUDY OF PROCESSES

OPERATION UNDER A WIDE RANGE OF CONDITIONS, INCLUDING
DIFFERENTS COALS AND COMBUSTION FROM AIR MODE TO
OXYMODE

DESIGNED TO STUDY FULL PROCESS INTEGRATION OF THE
DIFFERENT UNITS AND SYSTEMS

CONCEIVED TO EXPLORE HEAT INTEGRATION AND PERFORMANCE
OPTIMISATION WITHOUT PUTTING INTO COMPROMISE
REQUIREMENTS FOR FLEXIBLE TESTING

LAY-OUT ALLOWING FOR EXTENSIONS AT A LATER STAGE IN LINE
WITH ANY TECHNOLOGICAL PROGRESS AND/OR STRATEGIC
DEVELOPMENT

Prof. Dr. V. J. Cortés
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A. COMBUSTION SECTION

v FUEL PREPARATION/FEEDING WITH INTERMEDIATE STORAGE
OF PULVERIZED COAL

v' LIMESTONE PREPARATION/FEEDING

v PC BOILER, 20 MWth

v' CFB BOILER, 15 MWth (AIR), 30 MWth (OXYGEN)
v HEAT RECOVERY SECTION

B. FLUE GAS CLEANING SECTION
v SCR v FF v. WET FGD

C. CO, CAPTURE SECTION
v" COMPRESSION/COOLING UNIT FOR OXY-FLUE GASES
v CHEMICAL ABSORPTION UNIT FOR AIR-FLUE GASES (PHASE II)

D. O, SUPPLY SECTION
v" CRYOGENIC STORAGE + VAPORIZING SYSTEM
v AIR SEPARATION UNIT (PHASE II)

Prof. Dr. V. J. Cortés
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—
UNLOAD I—'G'
-ni; -
" i
\
L

wwoon T

— | e
BUNKER

LT e o—r

FILTER

CRUSHED
COAL SILO

FGR1 TO COMBUSTOR

~ TO CFB FEEDER
RN

Prof. Dr. V. J. Cortés
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Proximate analysis as received
(wet)

Anthracite |

Bituminous
Coal

Sub-
Bituminous
Coal

Pet Coke

Moisture (%)

8.8

7.5

26.8

6.8

Volatiles (%)

6.5

22.3

36.8

10.6

Ash (%)

32.0

13.8

1.5

0.8

Fixed carbon (%)

52.7

56.4

34.9

Ultimate analysis as received
(wet)

C (%)

H (%)

N (%)

S (%)

O (%)

High heat value

H.H.V. (kcal/kg) as received
(wet)

Prof. Dr. V. J. Cortés
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Height (m) 19.5
Wide(m) 4.3
Depth (m) 2.4
Burners 2 vertical + 2 horizontal

Heat transfer system Evaporator + drum + superheater + economizer

Design data (for Cupo Bierzo Coal) Air mode Oxymode

Thermal Power (MW HHV) 20 20
Air flow (kg/h) 27068 0
Oxygen flow (kg/h) 0

Recirculation gas (kg/h) 0

Exhaust gas (kg/h)

Exhaust gas temperature (°C)

Coal consumption (kg/h)

Steam generation (t/h)
Steam Pressure (bar) / Temperature (°C) 30/ 250

Prof. Dr. V. J. Cortés
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Height (m) 21
Wide(m) 2.7
Depth (m) 2.4

Evaporator + drum + intrex + superheater +
economizer

Heat transfer system

Design data (for Cupo Bierzo Coal) Air mode Oxy mode

Thermal Power (MW HHV) 14 16
Air flow (kg/h) 21240 0
Oxygen flow (kg/h) 0 4748
Recirculation gas (kg/h) 0 24327
Exhaust gas (kg/h) 29520
Exhaust gas temperature (°C) 358
Coal consumption (kg/h) 2846

Limestone consumption (kg/h) 354

Steam generation (t/h) 22.7
Steam Pressure (bar) / Temperature (°C) 30/250

Prof. Dr. V. J. Cortés
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FROM COAL
PREPARATION

—&

PC BOILER

DeNOX

0, STORAGE
AND

VAPORISATION

AIR

OZ
PREHEATING

MIX

PREHEATING

STACK
CH-50

FGR2 FGR1

TRAIN

ERS

" LiJ

BAG FILTER HIGH
EFFICIENCY

DeSOX

FGR2 RECIRCULATION

\J

BAG FILTER

fi»llll‘

Slan d

EXPANDER

Prof. Dr. V. J. Cortés
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Chemical absorption |5,

Combustion
Island

Prof. Dr. V. J. Cortés
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Zona de depuracion
de gases de
combustion
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| Captura por

compresion /
|| enfriamiento

{ Captura por
absorcion quimica

Prof. Dr. V. J. Cortés
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OXYCOMBUSTION

INSTRUMENTATION BOILERS OXYGEN SUPPLY
AND CONTROL AND

CO, CAPTURE

MoUs signed
e

o
ENGINEERING / ciu ner  {§} | Gobierno de Espania
dad gia Contract awarded

INERCO (: de
- Conversations for
MoUs initiated

la

DETAIL ENG. EQUIPMENT

AND CONSTRUCTION SUPPLIERS

Prof. Dr. V. J. Cortés
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RESEARCH PROGRAMME

OF

EL BIERZO TEST FACILITY

SCIENTIFIC
PROGRAMME

PROMOTED BY CIUDEN AND
PERFORMED BY RELEVANT
SPANISH RESEARCH
INSTITUTIONS

EXPERIMENTAL
PROGRAMME

PERFORMED AT THE FACILITY IN
COOPERATION WITH RESEARCH
INSTITUTIONS, TECHNOLOGY
PROVIDERS AND TECHNOLOGY
USERS

Prof. Dr. V. J. Cortés
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v PROCESS PERFORMANCE IN CONTINUOUS,
PART-LOAD OPERATION AND LOAD FOLLOW-
UP

v'VALIDATION OF ENGINEERING AND DESIGN
TOOLS AND PROCESS MODELS FOR SCALE-
UP

Prof. Dr. V. J. Cortés
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BASIC ENGINEERING

SPECIFICATION, PROC. AND DETAIL
ENGINEERING OF MAIN UNITS

OFF-SITES DETAIL ENGINEERING

PERMITTING

CONSTRUCTION

OPERATION PERMITS
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Oxy-Combustion
Research Activities In

Korea —

An Overview to the
Youngdong 100MWe Oxy-
Combustion Power Station
Project Demonstration




Oxy-Combustion Research Activities In

Korea
An Overview to the Youngdong 100MWe Oxy-
Combustion Power Station Project Demonstration

Jong Soo Kimi, Sangmin Choi?, Youngju Kim3 and Sung Chul Kim3*

1 : Korea Institute of Science and Technology
2 : Korea Advanced Institute of Science and Technology
3 : Korea Electric Power Research Institute
* . Project Leader




Electric Power Companies

Korea Electric Power Corp. (KEPCO)

€ J)ICEDCO

Mother Company
Transmission & Distribution
Oversea Business

Hydro & Nuclear Power (KHNP)

VF
¢ JICHNP

Hydro (0.5GW) &
Nuclear (17.7GW)

Korea South-Eastern Power (KOSEP)

East-Western Power (EWP)

Western Power (WP)

Korea Middle Power (KOMIPO)

ICOMI~O

Southern Power (KOSPO)
%f
€ 5 Kosro

OAEA SOUTHEAN POLER CO.LTD

Thermal Power Generation
- Steam : Coal & Oil
-NGCC
- CHP
- 8~9 GWe for each comp.

6 Main Coal Power Stations
- 6~10 units per site
- One site each company
- KOSEP operates 2 sites

Korea Power Engineering Co. (KOPEC)

© KOPEC

Engineering Company

Korea Electric Power Research Inst.

KEPCO R&D Wing
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http://www.kepri.re.kr/index.php

. KOSER
Power Capacity & Generation (2006)

1 Plant Capacity 1 Power Generation

4. A9 N4 %0
17.9N

Nuclear Hydraulic

*Mass/Alternative Power Capacity: 1,622MW

e Mass/Alternative Electric Power Generation : 2,939GWh

€pcpo_ €5 Kenal



GHG Emission In Korea

Industrial
Process ,;o1mx

[y — Fomy-a-

12.1%

. ==
Agricultere:

+» Electric Power Sector
> 150 MtCO2/Annum
» 25% of GHG Emission
s Coal Firing Power
> 115 MtCO2/Annum
< 3.2MtC0O2/500MWe
» 10,000tCO2/day

» 0.5% of National GHG
Emission

Waste
"= 2.7%

Tramsportation

PCs 0.5%

A D
T &

20.3 %

& o
33.5%

Industry

Energy Sector

Emission by Sector Emission by GHG

NO 3. 1%

Power
Generation

¢ SJKEDRI


Presenter
Presentation Notes
국내 배출량의 개관입니다.

2003년이후 배출량의 증가가 연 2% 정도로 안정되어, 통계의 근본적 구성은 별로 차이가 없습니다.

최근 자료는 아직 공개가 되지 않고 있지만, 아마 전체 6억톤 근방으로 보시면 됩니다.



핵심적인 내용은 한전의 발전설비에서 전체 CO2의 30%를 배출하고, 

특히 40기의 석탄화력발전소에서 전체 CO2의 23%를 배출하는 것으로 자료가 나오고 있습니다.





따라서 석탄화력발전소와 같은 대용량 고정배출원이 단기간에 대용량 절감을 위한 핵심적인  Target이 될 수 있으며, 

본 사업의 근본적인 의도가 여기에서 출발한다고 할 수 있습니다.


 KOSEP
Key Technology Development in KEPCO

** Nuclear Power Generation

*» High Efficiency PC Power Generation
» USC Power Generation Technology

% CO, Capture from Thermal Power Plants

» Post-Combustion Capture

€ \Wet-Scrubbing : Amine Scrubbing (Currently 1TPD)

@ Dry-Scrubbing
» Pre-Combustion De-Carbonization

€4 |GCC (300MWe) Construction by 2014 : without CO2 Capture
» Oxy-Fuel Combustion

€ 100MWe Demonstration by 2018

€y £ 2 edml



~ KOSEP
Trend of the Standardized Coal Plants

500 MW, 41.1%, 246kg/cm2g, 538/541 C
24 units in service since 1984

2 units in service since 2006, 8 units u.c.

814(886)MW, 43.5%, 246kg/cm2g, 566/566(593) C
2 units in service since 2004, 2 units u.c.

519MW, 43.5%, 246kg/cm2g, 566/593 C ]

1,000MW, 45%, 265kg/cm2g, 610/620°C
Expected in service in 2015

s € 5 ceDmlI



Summary of the Progress- 2007
Korean Oxy-PC Project

s Oxy-Fuel Combustion R&D
» Started in 2002 for Oxy-NG Combustion in Industrial Furnaces

» Small Scale Oxy-Coal Combustion R&D from 2006 by CDRS

s New MOCIE Energy R&D Program
» 10 New Research Areas Proposed (2006)
» Planning Writer : J. S. Kim for CCS by Oxy-Combustion
€ Planning Report Submitted in May 2007.
* National R&D Program Led by the KEPRI group
» Launched in October 2007

» Industrial Participants
¢ KOSEP
€ Daesung Industrial Gas
@ Korea Cottrel

» Tentative Demonstration Site : Youngdong Power Station Unit #1

€y £ 2 edml



Why Oxy-Fuel ?

s Competitive Performance

» Efficiency Penalty : 8% (depending on system configuration)
» Cost of CO, Capture : Less than 20€/tCO, Possible

% Complete Separation of CO, Possible
» Perhaps Necessary for Deep Cut in CO, Emission

“* Improved Fuel Flexibility

“* Key Technologies Avalilable
» Oxygen Production, Combustion, Boiler, ...

“* Higher Level of Integration Needed

€y £ 2 edml



 KOSEP
Oxy-PC Technology Development Plan

0T TToTTooTTen "“"'11 ir' ------------------- B
Phase | (2007~10) . E i
Research and i i
Conceptual Design : i E ;
Development } :t J

Plant Conceptual Boiler & Environmental
. ! CO2 Storage
Design Combustion Control
KIGAM
KEPRI KEPRI/KITECH KIMM
KOSEP KOSEP
— — KOSEP — —
Daesung Indust. Gas Korea Cottrel
Design Concept for Boiler & Burner Flue Gas Cleaning for Fundamental Study
Optimum Operation Development Plant Maintenance CSLF : Otway Bay
Project
. = . = . = . =




1-1

Project Management

3-3
Oxy-Boiler
Air
2-1

l ________ : _ System Integration
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=| Separation | ‘: n

Lnit) )
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=
Oxygen Production | |
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| CO, Storage

Oxy-Combustion




_ . KOsE?
Proposed Demonstration Project

Replacing the Youngdong unit #1

» Current : 125MWe w. Domestic Anthracite
» Decommission by 2013
» Oxy-Fuel Repowering

nnnnnnnnn

e < 100MWe Class Demonstration
L | et » Design by 2013
Do » Construction by 2015

» Demonstration : 2016~2018

s € 5 ceDmlI



| KOSEP
Youngdong Opportunity

*» Youngdong Power Station
> Unit #1 : 125MWe
» Unit #2 : 200MWe
» Coal Type : Domestic Anthracite (Heavily Subsidized)

s Oxy-Fuel Opportunity @ Youngdong Unit #1
» Coal Supply for unit #1 : End by 2013
» MOEnNv will not Renew the Environmental Permit for the Current
Unit
€4 New Unit is Necessary

» KOSEP Intends to Convert the Unit #1 for Oxy-Fuel Option
@ Coal Type : Sub-Bituminous (Low Sulfur)
€ Optimize the Power Production Cost
€ Almost “Greenfield” Construction

€y £ 2 edml



Issue of Fuel Flexibility

¢ Increased Use of Sub-Bituminous Coal in Korea
» Sub-Bituminous : Blending with Bituminous Coal

» Cheaper

» Higher Moisture, Dust & Volatiles

» Low Ash Fusing Temperature
» Low S &N

*» Advantages of Oxy-Combustion for the Sub-Bituminous

Coal Characteristics

Oxy-Combustion Advantages

Tendency toward Explosion/Fire

Recycled Flue : Inert PC Carrier

High Slagging Lower Flame Temperature
Low S & N Simpler Environmental Control




Project Objectives

*»* Demonstration of Oxy-Fuel Operation by 2018
» Oxy-Fuel Repowering by 2015

s Target Coal Type : Sub-Bituminous
» Improved Fuel Flexibility

** Optimize the Power Generation Cost

» Minimize the Efficiency Penalty : 8%

> Minimize the Plant & Environmental Cost
€ No SCR, FGD (Possible ?), Stack

» CO, Capture Cost : Less than 20€/tCO,

€y £ 2 edml



| KOSEP
Technological Objectives

*» Performance Optimization
» Management of Incondensibles (Ar, N,, O,, ...)

» Combustion
€ Low NOx & Excess O, Combustion
€ Boiler Start Up : Additional Fuel Saving by Oxy-PC Start Up

» Boller Optimization : Capture Ready Possible ?

¢ Plant & Environmental Cost

» Bypass SCR & FGD
€ Dry DeSOx Process : Combined with Low S Coal Type & Hybrid EP

% CO, Treatment
» Currently No Full Scale CO, Storage Possible

» Main Concern
€ Post Capture Treatment (Purification & Compression)
@ Utilization of the Captured CO,

€y £ 2 edml



Future Uncertainties

L)

*

Deregulation of the Power Market

> Need to see how the circumstances
unfold

Increased Fuel Cost

» Constricted Cash Flow Stream from the
Power Companies

International CCS Regulations

How to Achieve the Capture
Readiness

L)

*

L)

*%

L)

*

Parang

> Do we have to go for the direction of A 7 q
CFB ? ‘ LR '
Weak Storage Resources | &
» No Confirmed Storage Resources Yet ! - A T | “Google
» Possibility in Saline Aquifers
» West & South-East Coasts

L)

*
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Oxy-Coal Combustion Demonstration
Project

Dante Bonaquist, Rick Victor and Minish Shah (Praxair), Horst Hack and
Arto Hotta (Foster Wheeler), Dave Leathers (Jamestown BPU)

IEAGHG International Oxycombustion Network — 39 Workshop
Yokohama, Japan
March 5 — 6, 2008
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U.S. Coal Capacity and CCS Potential
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Up to 100 GW of coal capacity with CCS in next 25 years

ASU + CPU potential $2 - $3 Bn/yr
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Objectives of Demonstration

« Demonstrate fully integrated CCS project

 Employ advanced technologies
= CFB Boiler
= ASU and CO, processing unit
= System integration

* Prove reliability and availability
« QOperate with typical load factor variations
» Learn transient modes of operations

Enable Direct Scale-Up to a Commercial CCS Operation
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Circulating Fluidized Bed
Process Advantages

Feature Benefit
Low furnace - Low NO,
temperatures - In-bed SO, capture

-Fuel flexibility (Biomass)
- ldeal for Oxy-coal CCS

Hot circulating - Tolerant to fuel variations
solids - Efficient heat transfer
- Simple feed systems
- Uniform heat flux
- Ideal for SNCR

Long solid - Good fuel burnout
residence time - Good sorbhent
utilization

Flue Gas

1500-1700°F

1500-1700°F

15-16 ft/sec |.¢ 1

N
Fuel ‘{;‘.’;:}‘,'.‘
” . ...:.."
1/2” x 0 \ ,..v‘.;:

Limestone ——— &g
1/20” x 0
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Foster Wheeler CFB

Experience
Unit Capacity (MWe)

600
> Project “E”
400 - Lagisza

B AIR-FIRED
300 o

OXY-FIRED
2007 Turow 1
Tri-Stat Nova Scotia
100 - Vaskiluod
Pilot Plant Oriental Chem G IT\‘: nuodon 20 MWt demo &Jamestown
t .
0 PN ‘ eneral Motors _ Pilot Plant |

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Start-Up Year



CFB Process Scale-up and ,rwm
Modularization

©)
400-600 MW ) 200-300 MW,
©
300-400 MW, 150-200 MWe
50-100 MW,

Demonstration will enable scale-up to 600 MWe
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Success Factors for ez
Demonstration

Proximity to a suitable geologic CO, storage site

Advanced coal power plants that capture and store CO,
= All plant components are advanced and scalable
= All learnings applicable to retrofit applications
Availability of financing for capital investment
Base plant investment on a commercial basis
CCS investment funded by government
Project timing on a fast track
= 2013 start-up

World class technology and project execution team

Boiler island, ASU and CO, processing, sequestration &
environmental permitting
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Jamestown BPU Background &= S-S

« Existing PC plants are reaching the end of their useful life.

* Proposed replacement with CFB boiler
= SO, - 94% reduction
= NO, - 89% reduction
Hg -95% reduction
= CO, - 20% reduction
= Ability to fire biomass, petcoke and TDF

« Oxy-fuel combustion significantly enhances environmental
performance

CO, mitigation plan required to obtain permit in NY state



tﬂ University at Buffalo The State University of New York

ecology and environment, inc
Intermational Specialists in the Environment

Batielle

The Business 0}[ Innovation

DRESSER-RAND

Advanced Integrated
Dual-Oxidant CFB
Power Plant with CCS

“*Oxy-Coal CFB”

JAMESTOWN




U.S. Oxy-Coal Technology W
Campus

University at Buffalo
oy New York State
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Jamestown Dresser-Rand
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Jamestown BPU Power Plant gm”?
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Potential CO,, Storage at
Jamestown
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Potential for Supercritical

CO, Storage .
No Potential

Source: Natcarb.org i
otentia

Jamestown

vith little or no potential for
supercritical CO, sequestration

eas with potential for
supercritical CO, sequestration

way A potential for
%//4 supercritical CO, sequestration

Source: NYSERDA
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Jamestown Area - Preliminary ~ ZAPRAXAIR
Analysis of Sequestration Targets

Potsdam Sandstone

-The Potsdam Sandstone is the basal sand in
SWNY L3
-Depth of about 7,000 ft i
-Thickness ranges from approx. 100-250 ft E
-Possible seal would be the Utica Shale F
-Additional storage potential may be presentin | | 1
overlying Theresa Formation carbonates s 2

T
. i'i 'JE»” "3
i

Potsdam

Clinton-Medina Group

-Commonly produces gas in Chautauqua Co.
-Average depth is between 3,000 and 5,000 ft
-Thickness ranges from approx. 50-100 feet L
-Possible seal in shales of the Hamilton Group | |1} -1

NYSERDA Sponsored Study

Planned to Identify Well Locations

Source: Battelle 14
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Project Timeline

« Q2 2008 Preliminary feasibility study

« Q4 2008 NYSERDA feasibility study for sequestration
« Q1 2009 Funding for the project secured

« Q1 2010 Detailed design completed

« Q1 2010 Begin Oxy-coal CFB construction

« Q1 2013 Oxy-coal CFB Start-up

15
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Challenges

« EPA regulatory framework for CCS
= Air and CO, injection permits
« CO, liability
« Cost of operating CCS beyond demonstration
« Value for CO,

 Government budget to support CCS demonstration

16
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Summary . HTEF'@WHEELEH

« 50 MWe demonstration project planned to enable direct
scale-up to a commercial unit

« Jamestown BPU project selected for demonstration
« Significant challenges ahead

 Technology roadmap is clear

 The commercial roadmap is getting clearer

* Regulatory roadmap will provide clarity

The time is now for fully integrated

CCS demonstration

17
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