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2™ WORKSHOP

IEAGHG INTERNATIONAL
OXY-COMBUSTION RESEARCH NETWORK

Hilton Garden Inn
Windsor, CT, USA

25™ and 26™ January 2007

EXECUTIVE SUMMARY

The 2" IEA Greenhouse Gas R&D Programme International Oxy-Combustion Workshop was held
at Windsor, CT, USA on the 25™ and 26™ of January 2007 and was hosted by Alstom Power Inc.
The workshop brought together 88 participants from industry, research institutes and universities
covering 16 countries worldwide. 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-combustion technology.

Regarding the future direction and the different issues involving the development of oxy-
combustion technology for power generation with CO, capture the workshop concluded that this
will have three strands namely:

e In the short term, development would concentrate on enabling technologies that would be
suitable for retrofit of existing plant or new build. This technology would be totally based
on current conventional power plant designs but would be equipped with new high
efficiency and air-tight boilers. This type of boiler would also allow operation of the boiler
in air firing mode. (i.e. Projects developed by Vattenfall, CS Energy/IHI and TOTAL)

e In the intermediate term, development would look at the enabling technologies that would
build the next generation power plant purposely for oxy-combustion. It could be perceived
that this type of boiler would be similar to the current conventional boiler but never planned
for air firing. (i.e. CANMET development in HYDROXY Burner)

e In the longer term, development of oxy-combustion technology would look at new
technologies that would be totally different from current conventional boilers (i.e. Chemical
Looping Combustion, Praxair’s OTM membrane, CES technology).

The workshop also highlighted that there are two main development issues common to any type of
oxy-combustion technology which are; the need to address the energy penalty related to the oxygen
production and the need to address the requirements for the CO, quality. As far as the development
of the oxygen production is considered there are two routes forward:

e The near term development would look at the improvement of current cryogenic distillation
processes. In this case the questions to answer include: what could be the optimum oxygen
purity in terms of minimising the CAPEX and the OPEX?, what is the potential for
integration with the boiler island and the CO, processing unit?, and what could be the
permissible maximum capacity of current ASU cryogenic technology? (e.g. could we have a
single train ASU > 5000 TPD?)
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e In the medium to long term focus would be on the development of various breakthrough
technologies such as: membrane technologies (i.e. ITM, OTM, CARS) and/or chemical
looping combustion processes (no oxygen production required)

The workshop stressed the need to discuss the issue on CO; purity. Particular questions that needed
to be addressed include:
e What are the requirements of the CO, storage site with regard to the major impurities (i.e.
0,, N; and Ar)?
e What are the different technical issues involving the removal of minor impurities (i.e. SOX,
NOx, Hg and other trace metals)?

For the short term development of oxy-combustion process, the following points should be noted:

e Validated simulation of the oxy-combustion process will be the key to allow existing plants
to be retrofitted with confidence. There is a need to develop simulation tools that would
allow modelling of heat transfer, ignition, devolatililisation and char burnout kinetics, and
ash partition and deposition.

e There is already a good understanding in NOx and SO, formation (including sulphation of
the ash). However, there is still a need to obtain more data for SO;, Hg and trace metal
emissions.

e The compression and condensation process proposed by Air Products is considered one of
the most elegant solutions for CO, processing. However, the reaction mechanisms and
capture efficiency of these minor impurities should be verified.
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INTERNATIONAL OXY-COMBUSTION NETWORK FOR CO, CAPTURE
Report on 2™ Workshop

Hilton Garden Inn
Windsor, CT, USA

25" — 26" January 2007
1. INTRODUCTION

This report highlights the key points of all the presentations of the 2" workshop of the International
Oxy-Combustion Network for CO, Capture that was organised by the IEA Greenhouse Gas R&D
Programme (IEA GHG) and was hosted by Alstom Power Inc.. The workshop was held at the
Hilton Garden Inn, Windsor, CT, USA on the 25" and 26" of J anuary 2007. A visit to the Alstom’s
Power Plant Laboratories was arranged in the afternoon of the 24™ of January.

IEA GHG would like to acknowledge and thank Dr. John Marion and Dr. Woody Fiveland for their
full support to this workshop.

2. WORKSHOP OVERVIEW

The least developed among the three leading CO, capture technology options for the power
generation industry is oxy-combustion. In recognition, of the different efforts by industry, academia
and research institutes to develop and demonstrate the techno-economic feasibility of oxy-
combustion technology as a CO, capture option for power plant application in the near future; the
IEA Greenhouse Gas R&D Programme has initiated the establishment of the International Network
for Oxy-Fuel Combustion.

The aim of this Network for Oxy-Fuel Combustion is to provide an international forum for
organisations with interest in the development of Oxy-Fuel Combustion Technology to discuss
various issues relevant to the development of the technology.

The inaugural workshop was hosted by Vattenfall AB and was held at Cottbus, Germany on the 29"
and 30" of November 2005 and a visit to the Schwarze Pumpe Power Plant, the future site of the
first complete oxy-coal combustion pilot plant with CO, capture demonstration, was part of the
meeting. To follow up the discussion undertaken during the 1% workshop, IEAGHG in co-operation
with Alstom Power Inc. organised the 2™ Workshop which was held in Windsor, CT, USA. The 2™
workshop started with a facility visit to Alstom’s Power Plant Laboratories. This included a visit to
their 25MWy, boiler simulator, 3MWy, Oxy-CFB test rig, chemical looping combustion test rig, and
their analytical and material testing laboratory. The opening session of the meeting started with two
keynote presentations by Prof. Adel Sarofim of Utah University and Dr. Woody Fiveland of
Alstom. This was followed by 19 other excellent presentations over the two day meeting which
presented a wide range of topics looking at the experimental results, on-going studies, new
developments and discussion on various issues regarding the oxy-combustion technology for power
plant application.
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The first day of the meeting ended with a discussion forum led by Prof. Janos Beer of MIT; wherein
the discussion highlighted the various key issues related to power plant efficiency, operational
issues and flue gas processing.

Finally, the main highlight of the workshop that concluded the meeting was the panel discussion
where the six on-going large scale oxy-combustion demonstration projects worldwide presented any
updates to their projects.

The agenda of the workshop is presented and described in the succeeding section.

3. PROGRAMME / AGENDA

The agenda is presented overleaf. Over the 2 days, the workshop covered the following topics:
e Experimental and Modelling Studies — A Review of Oxy-Fuel Combustion R&D Activities.
e Work-in- Progress, Development in Oxy-Fuel Combustion Studies.

e Oxygen Production, Membrane Technology and CO, Processing — Overview to the
Different R&D Activities for Power Generation Industry.

e Advance oxy-combustion concepts (Chemical Looping Combustion)
e An Overview, Progress and Development in Large Scale Oxy-Fuel Combustion Project

The workshop featured an update to the progress in the development of large scale oxy-coal
combustion pilot plant studies currently on-going in Europe, Australia and USA.
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2" Workshop

IEAGHG International Oxy-Combustion Network

Hilton Garden Inn
Windsor, CT, USA

25th and 26th January 2007

24th January 2007 - Facility Visit (Please register for this activity)
Visit to Alstom’s 3MW Oxy-CFB and CLC test rig.

Meeting Point: Hotel Reception
1500 - 1745 Time: 1445

Welcome Drink Reception at Alstom Facility

ALSTOM

ALSTOM’s Power Plant Laboratories in
Windsor, Connecticut is world renowned
for its work in combustion, fuel science and
firing systems, heat transfer, fluid dynamics
and process modeling, advanced control
systems, and measurement technologies.

1800 - 1900 Pre-Registration (Hilton Garden Inn Reception)

25t January 2007 - AGENDA (Day 1)
0730 - 0830 Continental Breakfast

0830 - 0900 Welcome Address — ALSTOM Power Inc.
John L. Marion, VP Global Technology - Boiler Business, USA

IEA Greenhouse Gas R&D Programme: Background to International Oxy-Combustion Network
John Topper, Managing Director, IEA Greenhouse Gas R&D Programme (IEA EPL)., UK

SESSION 1: Keynote Presentations
Chairperson: John Topper, IEA Greenhouse Gas R&D Programme, UK

0900 - 0940 Overview of Oxy-Fuel Combustion Technology: Progress and Remaining Issues
Prof. Adel Sarofim, University of Utah, USA

0940 - 1020 An Overview to Alstom’s R&D Activities on Oxy-Combustion Technology Application for Power
Generation Industry
Woody Fiveland, Alstom Power Inc., USA

1020 - 1040 Coffee Break
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1040 - 1100

1100 - 1120

1120 -1140

1140 - 1200

1200 - 1220

1220 - 1340

1340 - 1400

1400 - 1420

1420 - 1450

1450 - 1510

1510 - 1530

1530 - 1550

1550 - 1610

1610 - 1630

SESSION 2a: Oxy-Combustion Experimental Study and Modelling
Chairperson: Prof. Klaus Hein, University of Stuttgart, Germany

Combustion Tests & Modelling of the Oxy-fuel Process — An Overview of Research Activities at
Chalmers University
Klas Andersson, Chalmers University, Sweden

Stability of Axial Pulverised Coal Flame Under Oxy-Combustion Conditions
Prof. Jost Wendt, Reaction Engineering / University of Utah, USA

Pilot Scale Experiments Giving Direct Comparison Between Air and Oxy-Firing of Coals and
Implication for Large Scale Plant Design
Toshihiko Yamada, IHI, Japan

Coal Particle Ignition, Devolatilisation and Char Combustion Kinetics During Oxy-Combustion
Christopher Shaddix, Sandia National Laboratory, USA

CFD Modelling for Oxy-Combustion Processes
Karin Eriksson, Vattenfall R&D, Sweden

Lunch

SESSION 2b: Oxy-Combustion Experimental Study and Modelling
Chairperson: Klas Andersson, Chalmers University, Sweden

Ignition of Oxy-Fuel Flames
Prof. Terry Wall, Newcastle University, Australia

Thermoacoustic Instabilities in a CO: Diluted Oxy-Fuel Combustor
Mario Ditaranto, SINTEF Energy Research, Norway

Experimental Investigation of Oxy-Coal Combustion at IVD Using 20 and 500 kW PF Test Facilities
Joerg Maier, IVD - University of Stuttgart, Germany

Modelling, Design and Pilot-Scale Experiments of CANMET's Advanced Oxy-Steam Burner
Carlos Salvador, CANMET, Canda

Coffee Break

SESSION 3: CO:2 Processing, Oxygen Production and Membrane Technology
Chairperson: Nicholas Perrin, Air Liquide, France

Purification of CO2 from Oxyfuel Combustion
Vince White, Air Products, UK

Oxy-Fuel Combustion Using OTM for CO2 Capture from Power Plants
Minish Shah, Praxair, USA

ITM Oxygen : Progress Toward Reduced CO2 Capture Cost
Kevin Fogash, Air Products, USA
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1630 - 1730

1900

SESSION 4 : OPEN FORUM
Chairpersons: Prof. Janos Beer, MIT, USA

THE REMAINING ISSUES FOR OXY-COMBUSTION TECHNOLOGY

- Summary to Day 1 Presentations
- Discussion on various issues relevant to development oxy-combustion technology
o0 boiler and burner development
0 oxygen production
o0 CO:2 processing
0 Process integration

Workshop Dinner (Sponsored by Alstom Power Inc.)

26t January 2007 — AGENDA (Day 2)

0730 - 0820
0820 - 0830

0830 - 0850

0850 - 0910

0910 - 0930

0930 - 0950

0950 - 1010

1010 - 1030

1030 - 1050

1050 - 1110

1110 - 1130

1130 - 1245

Continental Breakfast

Session Opening — Administrative Announcement

SESSION 5: On-Going Oxy-Combustion Studies

Chairperson: Prof. Jost Wendt, University of Utah / Reaction Engineering, USA

Development of Cost Effective Oxy-Combustion for Coal Fired Boilers
Hamid Farzan, Babcock & Wilcox, USA

Doosan Babcock Oxy-Fuel Development Plans
Ragi Panesar, Doosan Babcock Energy Ltd., UK

State of Development of Oxy-Coal Combustion Research Initiative by Fundacion Ciudad
de la Energia in Spain
Prof. Vicente Cortes Galeano, University of Seville, Spain

Oxy-Fuel Process for Hard Coal with CO2 Capture — A Part of the ADECOS Project
Prof. Alfons Kather, Technical University of Hamburg-Harburg, Germany

Mini-Discussion Session

Coffee Break

SESSION 6: Advance Oxy-Combustion Concept
Chairperson: Greg Liljadahl , Alstom Power, USA

Development in Chemical Looping Combustion
Tobias Mattisson, Chalmers University, Sweden

Fixed Bed Membrane Assisted CLC
Sander Noorman, University of Twente, The Netherlands

CLC R&D Efforts of Alstom
Herb Andrus, Alstom Power Inc., USA

Lunch
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1245 - 1525

1525 - 1530

SESSION 7: Panel Discussion — Large Scale Oxy-Combustion Demonstration Project
Chairperson: Sho Kobayashi, Praxair, USA

Coal-Based Oxy-Fuel System Evaluation and Combustor Development
Leonard Devanna, Clean Energy System, USA

Oxy-Combustion and CO2 Storage Pilot Plant Project at Lacq
Nicolas Aimnard, Total, France

The Saskatchewan Advantage: SaskPower Clean Coal Project Update
Bob Stobbs, SaskPower, Canada

Callide-A Oxy-Fuel Project Status
Chris Spero, CS Energy, Australia

CO:2 Free Power Plant Project: Status Oxy-Fuel Pilot Plant
Lars Stromberg, Vattenfall AB, Sweden

Moving Oxy-Combustion Forward:- Overview of Jupiter Oxygen’s R&D Activities
Brian Patrick, Jupiter Oxygen, USA

Closing Session
Wrapping Up and Future Activities
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4.

WORKSHOP ATTENDEES

The workshop brought together 88 participants from the power generation industries, boiler and
combustion equipment manufacturers, oxygen production and CO, processing industries, research
institutes and universities covering 16 countries worldwide. The attendance list is given in
Appendix 1.

Figure 1: Participants of the 2" International Workshop held at Windsor, CT, USA (24th January 2007)

Excluding participants from Alstom Power, breakdown of participants shows that there are:

5.

33 participants from N America (44.6%);
33 from Europe (44.6%);

4 from Australia (5.4%);

2 from Japan (2.7%); and

2 from South Korea (2.7%)

PRESENTATION HIGHLIGHTS

5.1. WELCOME ADDRESS - ALSTOM POWER INC.

John Marion, VP Global Technology — Boiler Business, Alstom, USA

John Marion, Vice President of the Global Boiler Business Technology of Alstom, welcomed the
participants of this workshop held in the meeting room of Hilton Garden Inn, CT.
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His welcome address presented an equipment manufacturer’s opinion on reduction of greenhouse
gas emissions from power generation industry:

e It was stressed that Alstom’s belief in providing a diverse mix of technologies for power
generation is a critical element in providing affordable, reliable, and environmentally sound
energy.

e Alstom has been active in developing technology for CO, reduction for power plant
applications.

e It could be noted that improving efficiency in the power plant is a no regret strategy that can
be implemented today. It was mentioned that efficiency improvement is a key element to
the viability of CO, capture and storage technology.

e Although Alstom has been active in developing several carbon capture technologies, this
presentation clearly explained why Alstom decided to pursue the development of oxy-
combustion. It was particularly pointed out that oxy-combustion technology is
complimentary to current development in the boiler/steam power plant and environmental
control.

The presentation concluded by stressing the following:
e It is essential to design new coal fired power plants with highest possible efficiency to
minimize CO, and other emissions.
e It was indicated that there is no single technology answer in mitigation of CO, emission of
power plants.
e It was clearly noted that cost attractive options are needed and should be actively supported,
especially in:
0 developing technology that could provide a significant Breakthrough specifically in
cost terms (i.e.: chemical looping and advanced oxygen production )
O highlighting the importance of developing technologies that could be Retrofitable
(i.e.: oxy-firing and ammonia scrubbing )

5.2. Oxy-Fuel Combustion: Progress and Remaining Issues
Prof. Adel Sarofim, University of Utah, USA

The first keynote presentation for the 2™ workshop was presented by Prof. Adel Sarofim of
University of Utah. An important aspect for this workshop was to provide a clear understanding of
the progress in the development of oxy-combustion and identify the different technical issues that
should be dealt with in preparation for the demonstration and deployment of this technology.

The keynote address by Prof. Adel Sarofim explained the current understanding of the principles of
this combustion technology. The keynote speech clearly identified the gaps in knowledge, and
presented the different issues in the development of oxy-combustion. Specifically, this presentation
discussed the following points:
e Basic principles of oxy-combustion looking at the aspects of heat transfer, emissions and
combustion considerations.
e Different technical considerations for external recirculation of flue gas for greenfield and
retrofit application.

Page 10 of 50



Different technical considerations for internal recirculation of flue gas for new plant design
(therefore considering the reduction of cost).

The issues involving the cost of oxygen production and development in new oxygen
production techniques.

The review presented the current understanding of oxy-coal combustion relevant to the impact of
the amount of flue gas recycled to the heat transfer of the boiler. The following points were
summarised:

The recycle ratio R (as defined by Praxair as the molar ratio of recirculated flue gas to
oxygen supplied) is determined as the value required to match the heat transfer for the air-
fired furnace (not adiabatic flame temperature).
To match the heat flux of the air fired combustion, R is predicted to be in the order of 3.
This value increases with increasing gas emissivity (size of furnace), oxygen purity, coal
type, and temperature of the recycled flue gas; and this could be reduced by solid recycle (in
case of fluidized bed combustion).
The mean velocity of gases is reduced by the factor of = 0.84. This will provide a longer
residence time in the radiant section of the furnace.
The effect of lower velocity in the convective section is more than offset by lower kinematic
viscosity for the oxy-combustion, so the Reynolds numbers and convective heat transfer
coefficients will increase. The balance of heat transfer between the water cooled walls,
radiant and reheat panels, and convection section will differ slightly between air and oxy-
combustion but can be compensated for by either

0 Changes in the operation for plant retrofits or

0 Changes in the design for new units.
The developments of zone models or CFD models are important tools for designing oxy-
combustion boilers. However, predictive capability is constrained by the uncertainty in the
thermal resistance of the ash deposits.

With regard to NOx emissions, Prof. Sarofim noted that the mechanisms presented by Prof. Ken
Okazaki (as shown in Figure 2) clearly explain consistent reduction of NOx due to (1.) reburn
mechanism caused by recirculation of the NOy component in the flue gas and (2.) decrease of fuel
nitrogen conversion due to increased NO concentration in the combustion zone.

FN—b |

Fu D > (NO),

R (NO),

OH ki (1N(OH) 1k —
ks ol
2 ki (I(OH) + k; (I)(NO) T+ (OH)

NO N,

Figure 2: NOx formation and destruction mechanism under oxy-combustion conditions as proposed by Prof. K. Okazaki
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where:
¢ (R+1)(NO).=aFx+ R(NO)(1 -n)
¢ (NO).=aFn/{Rn+1}
e where a is fraction of fuel nitrogen converted to NO and 7 is fraction of NO destroyed by
reburning

With regard to SO, emissions, the following points were noted:

e It was noted that sulphur removal with ash is increased up to 30% from the experimental
trials of Babcock & Wilcox and IHI. Prof. Okazaki explained that an increase in the
sulfation of the ash was caused by higher concentration of SO,.

e An additional factor to be considered is the direct reaction of sulphur with CaCOs.

Considering the issues with regard to the operation of the boilers under the oxy-combustion with
recycled flue gas conditions, the following points were summarised:

e It was noted that it is essential to understand the impact to the flammability limit, flame
stability, char and soot burn out by the CO, enriched flue gas as comburrent, and by the
level of oxygen near the burner throat.

e It was clearly indicated there is a requirement to address the issues of design scale up, turn
down operation, development of design tools, and operational safety.

The importance of quality of CO, toward the operation and design of the oxy-combustion capture
plant was clearly stressed. It was indicated that the primary concerns will be in the constraint of the
composition of the CO; to the processing plant and transport system.

The discussion with regard to the issue of CO, quality was reinforced by explaining the process
suggested by Air Products in purification of the CO,. It was clearly explained the impact of the non-
condensable gases and the sources of these gases (from air ingress, excess O, in the oxidant and
non-condensable from the ASU) in relation to what extent the CO; rich flue gas could be purified.

The background of the development oxy-combustion with external flue gas recirculation was briefly
discussed. It was noted that the current commitment toward its development could largely
contribute toward the commercialisation of the technology.

The development oxy-combustion with internal flue gas recirculation was introduced by presenting
the use of aspirating burners (normally found in some glass and metal reheating furnaces) as
example. It was noted that the potential of such application in future boiler design.

The cost of producing oxygen is one of the main concerns toward the development of oxy-
combustion technology. On this issue the following were noted:
e The current ASU producing 95% pure oxygen would require 200 kWh/tonnes of Os.
e It was noted that there are huge potential energy saving in various innovative design, for
example:
0 Chemical looping technology
0 Membrane technology
0 CO; in-furnace capture technology
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Finally, the presentation concluded by stating:
¢ that on-going pilot plant and laboratory scale studies showed the feasibility of the near term
implementation of oxy-combustion technology for CO, mitigation;
e that oxy-combustion technology will be advantageous over IGCC due to better reliability,
availability and familiarity; and
e that the long term prospect in the development of oxy-combustion technology would require
the reduction of cost through technology breakthrough and innovation.

5.3. An Overview to Alstom’s R&D Activities on Oxy-Combustion Technology - Application

for Power Generation Industry
Woody Fiveland, Alstom Power Inc.

The second keynote presentation was given by Dr. Woody Fiveland of Alstom and the following
were presented:
e An overview of the current technology available for conventional oxy-firing of coal.
An overview of the advanced oxy-combustion concepts.
Economic analyses of recent studies.
Current test programme being undertaken by Alstom.

The motivations of Alstom in developing oxy-combustion were clearly defined presenting their near
and long term strategy in the development of oxy-combustion technology for power generation
application as:
e Most near-term solution: The use of commercially available air fired PC/CFB technology
and enabling technologies
0 O, production by commercial cryogenic air separation
0 CO; capture, compression, and liquefaction
e Long term solution: Would require intermediate step leading to the more advanced
processes, for example:
0 Oxygen Fired PC/CFB with Oxygen Transport Membrane
0 Chemical Looping Combustion
0 Chemical Looping Gasification

It was noted that economic analysis looking at the near term solution for oxy-coal combustion could
be viable for commercial application of EOR considering:

e Electricity for sale

e (CO; sale for oil field stimulation

e Nj sale for oil field pressurization

The different options for oxy-firing technology were presented and compared to a conventional air
fired case.

e For the oxy-PC case using flue gas recirculation to moderate combustion temperature and
maintain 30% oxygen in the comburrent, the volume of the flue gas produced is about 65%
of the flue gas volume of the conventional air fired case.

e For oxy-CFB case, the flue gas recirculation is much reduced due to the effect of solid
recirculation. Oxygen in the comburrent is maintained at 70%, and the flue gas volume
produced is about 28% of the flue gas volume of the conventional air fired case.
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e Engineering study for a CFB based power plant producing 210MW, gross indicated that the
oxy-CFB case when compared to conventional air fired CFB case would have:
0 51% less plant area
0 56% less volume
0 65% less weight
0 68% less cost

The most important aspect in potential cost saving for the oxy-combustion technology is the
development of advanced oxygen production process. Cases for membrane technology and ceramic
autothermal recovery for oxygen production were presented as examples.

Various economic studies were presented (See Figure 3). Alstom noted the following results
indicating that oxy-combustion technology could be economically competitive as compared to other
CCS options (based on levelized cost of electricity):
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Figure 3: Economic analysis of oxy-coal combustion technology with
considerations for EOR application

For an oxy-CFB case (producing 210 MW, gross) with CO, capture for EOR application, Alstom
economic studies indicated that the plant could achieve break even in terms of the COE if:

e CO;is given a credit of $17 / tonne and N; is given a credit of $4 / tonne (2003 study) or

e (O, is given a credit of $28 / tonne (2003 study)

Various test programmes in Europe and N. America for oxy-PC combustion development
participated by Alstom were presented. Some of these test programmes include:
e 100 kW, oxy-combustion test with Chalmers University under the ENCAP' project
e 500 kWy, oxy-combustion test with [VD-University of Stuttgart (under the ENCAP project)
and Technical University of Cottbus (under the ADECOS? project)
e 30MWy, Vattenfall Pilot Plant study

! ENCAP Project — EU FP6 Project - “Enhanced Capture CO2 from Power Plant”
> ADECOS Project — “Advanced Development of the Coal-fired Oxyfuel Process with CO2 Separation" — under the
COORETEC Programme of Germany
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Figure 4 shows the conceptual design of the 30MWy, furnace and boiler to be supplied to Vattenfall
Schwarze Pumpe Oxy-Combustion Pilot Plant Project:

" Vattenfall 30 MW,, PC

Flame Characteristics
Ignition Gaseous Emissions
Heat Transfer
Slagging and Fouling
Materials Analysis

In-leakage

ALETOM Copy ighl 210

—p  ESP

54 IEAGHG Imarnational Cory-Comibustion Netwark, Windsor, CT USA, 2007 A LSTO M

Figure 4: Schematics of the Vattenfall 30MWth Pilot PC Boiler

The importance of using Computational Fluid Dynamics (CFD) modelling was clearly mentioned as
an essential design tool. The limitation of these tools in predicting char burnout and NOx emissions
was also mentioned.

Finally, the presentation was concluded with the following statements:
e Oxy-firing for CO; capture in power generation application is a relatively near term cost
competitive approach built on current technology

¢ On-going trials in various R&D activities for the development of oxy-PC or oxy-CFB
present no show stoppers.

e Future development of oxy-combustion will be focused toward large scale oxy-PC / oxy
CFB technology.

5.4. Combustion Tests & Modelling of the Oxy-fuel Process — An Overview of Research

Activities at Chalmers University
Klas Andersson, Chalmers University, Sweden

This presentation reviewed the research activities of Chalmers University under the ENCAP project.
Primarily, the focus of research is in understanding the:

e Combustion chemistry

e Heat transfer mechanisms

e Fluid mechanics

The 100 kW test rig developed for their oxy-combustion study using dry recycle flue gas was
described. The test work undertaken involved:

e Oxy-combustion test using propane

e Oxy-combustion test using natural gas

e Oxy-combustion test using lignite
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Results from the gas fired and lignite fired test were presented; and the following results as
compared to the air fired case were summarized:

e The temperature level for OF21 (i.e. 21% global O, fraction in feed gas) case drops
drastically and leads to a delayed burn-out as detected from in furnace HC and O,
measurements.

e For the OF27 (i.e. 27% global O, fraction in feed gas) case, the in-furnace temperature
measurements showed very similar profile to the air fired case; of which, it could be noted
that together with an increase in O,-concentration in the recycled feed gas resulted to
comparable combustion performance/burn-out behaviour to the air fired case.

e The radiation intensity of the OF27 flame increases with about 20-30% despite similar
temperature profiles as compared to the air fired case. This was attributed to possible
thermal, chemical and dispersion effects of soot formation in the flame.

e Increased emissivity in the OF27 case is attributed both to the contribution of the increased
gas band radiation as well as to the increased soot volume fraction.

Preliminary results of the lignite oxy-combustion test case were presented. The test rig has achieved
1000 hours of continuous operation using lignite as fuel. 300 hours were fired under oxy-
combustion condition.

Some of the results presented are summarized as follows:
e Flame temperature:

0 OF27 for lignite fired case compares well to the OF27 for gas fired case in terms of
temperature and flame stability. The flame temperature is slightly higher than the air
fired case.

0 OF29 has reached a temperature near the ash melting condition (around 1350° C)

0 OF25 results present a rather similar temperature profile in the flame zone as
compared to the air fired case.

e Emissions:

0 There are no significant differences in CO emissions between air-fired and oxy-fired
cases.

0 Accumulation of SO, and NOx were observed in the recycle loop,

0 The measured SO; level in the exhaust was reduced to about 40% (in terms of
mg/MJ) as compared to the air fired case; whilst, the measured NOx level in the
exhaust was reduced to about 30%.

e Radiation intensity

0 Radiation intensities were comparable for Air and OF25 cases — in agreement with
the measured temperatures.

0 Radiation increases with decreasing recycle rate.

0 Particle radiation dominates the radiation in both air-fired and oxy-fired cases.

Finally, the presentation concluded with an outlook toward scaling up of current results to the
500kWy, and 30MWy, pilot plant studies.
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5.5. Stability of Axial Pulverised Coal Flame Under Oxy-Combustion Conditions
Prof. Jost Wendt, Reaction Engineering / University of Utah, USA

This on-going research activity undertaken by Utah University looking at the stability of a Type 0
oxy-combustion co-axial flame was presented. The following points were noted:
e The 100kW down fired test rig to be used for these experiment trials was described.
e The test trials will focus on investigating heat transfer profile and flame stability.
0 The primary task will be looking at the minimum oxygen concentration that would
allow stable ignition; and
0 Investigating the effect of oxygen and CO, concentration of the primary jet to the
flame attachment (an important parameter for NOx control).

Results of previous studies undertaken, based on oxygen enrichment principles looking at the NOx
emissions were presented. The previous studies looked at the impact of oxygen enrichment in the
transport air, introduction of coal fines and control of wall temperature on NOx emissions. The
results based on oxygen enrichment could be summarized:
e NOx emissions could be reduced by promoting flame attachment (up to 64% reduction was
observed).
¢ Promoting flame attachment could be achieved by:
0 Increasing oxygen concentration in the transport air,
0 Introduction of higher level of coal fines,
O Increasing wall temperature,

The on-going study will make use of the same approach to investigate the impact of flame stability
and attachment on a oxy-combustion case with Type 0 flame typically used in corner fired boiler or
cement kiln.

5.6. Pilot Scale Experiments Giving Direct Comparison Between Air and Oxy-Firing of

Coals and Implication for Large Scale Plant Design
Toshihiko Yamada, IHI, Japan

The on-going study undertaken in the IHI test facility based in Aiolo, Japan was presented. The key
points of the presentations were as follows:

e The primary objective of the test programme was to confirm the combustion performance
when operating under oxy-combustion mode; wherein at this mode, the heat transfer profile
should be similar to the conventional air fired case

e Three types of Australian coal were tested for oxy-combustion trials. Coal A has lower
volatile and similar ash content as compared to Coal B; whilst Coal C has lower ash content
and high fixed carbon as compared to Coal B.

e The test rig was described in the presentation. It could operate with a maximum of 150 kg/h
of coal. The Furnace has an ID of 1.3 m and a height of 7.5 m. The burner used is
pulverised coal burner with adjustable swirl.

e The tests undertaken involved the monitoring of the emissions, the flame stability test over a
range of thermal loads and the heat transfer profile / flame temperature.
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The following results presented could be summarised:
e Heat transfer profile and flame temperature
0 For oxy-combustion mode to have a similar heat transfer profile and flame
temperature as compared to air combustion mode operation, it was determined that
approximately 27% O, concentration should be maintained.
e Emissions:
0 The NOy concentration when operating at oxy-combustion mode is 60% to 70%
lower compared to the air combustion mode.
0 The SOy concentration is about 30% lower and attributed to a higher sulphation level
in the ash.
e Ash Characteristics:
0 Carbon in ash is about 30% to 40% lower during oxy-combustion mode, which was
attributed to the higher residence time in the furnace.
0 The ash properties were similar for both oxy-combustion and air-combustion modes.
e A flame blow out was observed when operating oxy-combustion mode at lower load (~60%
of full load). It was considered that direct oxygen injection could be used to stabilise the
flame when operating at lower load.

5.7. Coal Particle Ignition, Devolatilisation and Char Combustion Kinetics During Oxy-
Combustion
Christopher Shaddix, Sandia National Laboratory, USA

A bench scale test under a laminar flow regime was used to investigate the coal particle ignition,
devolatilisation and char combustion kinetics when operating under oxy-combustion conditions.
The presentation highlights the following:
e The test rig used is based on a combustion driven entrained flow reactor using a compact
diffusion flamelet burner. The particle size, temperature and velocity were measured using
a 2 colour pyrometer and a laser triggered image converter camera device (ICCD).
e The test involved, varying the O, concentration from 12% to 36% under a N, or CO;
environment.
e Three types of coal tested: the Pittsburgh high volatile bituminous (hvb) coal, High Vale
sub-bituminous (sb) coal and Black Thunder sub-bituminous coal. About 1 g/hr of coal was
fed into the burner with particle sizes ranging between 75 and 125 pm.

The experimental trials involved the following activities:
e Determination of char kinetic when burning Pittsburgh hvb coal and Highvale sb coal (106-
125 pm) in 6% - 36 % O, in N, at 1400, 1600, and 1800 K.
e Determining the ignition profile of individual particles of Pittsburgh hvb coal and Black
Thunder sb coal (75-106 um) in 12% - 36% O, in N; and in CO, at 1250K and 1700K
O Measuring ignition time and duration of devolatilisation.
0 Measuring the soot and char particle temperature.
e Determining the combustion profile of Pittsburgh hvb coal and Black Thunder sb coal (75-
106 um) in 12% - 36% O, in N, and in CO; at 1700 K.
0 deriving char kinetics — work in progress
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The test results presented the following conclusions:

Results indicated that both O, and CO, concentrations affect single-particle ignition,
devolatilization, and char combustion processes — considering that the test undertaken
removed the macro level impact of flame temperature and radiation.

Oxygen effects are much stronger than the CO, effects.

The initial heat up profile of the coal particle tested was observed to be independent of O,
and CO, concentration.

The mechanism describing the effects of CO, on particle ignition and devolatilization were
presented.

0 The particle ignition time strongly depended on oxygen concentration. The ignition
time is slightly longer under CO; environment as compared to N, environment. For
both cases, ignition time is under 10 ms.

O It could be noted that the mass consumption rate during devolatilisation could be
lower under CO; environment due to lower diffusivity. This could be observed
during trials showing that the duration of devolatilisation of the coal is longer when
firing under CO, environment and lower O, concentration.

Relative to air, micro scale O,/CO, effects on ignition and devolatilisation approximately
cancel each other out for 30% O, in CO, (similar to macro scale cancelling).

CO, appears to decrease char burning rate, but the data requires further analysis and
verification.

5.8. CFD Modelling for Oxy-Combustion Processes

Karin Eriksson, Vattenfall R&D, Sweden

CFD is a useful tool in problem solving and optimisation of air fired cases. Vattenfall believes that
a CFD tool would be useful in understanding oxy-fuel combustion.

The presentation highlights the following:

Commercially available CFD software used for air combustion mode operation was adopted
and used for analysis of oxy-combustion mode operation. It was stressed that development
and validation of the sub-models under oxy-fuel combustion mode are necessary to provide
acceptable results.
Main parameters to be estimated using the CFD codes are:
O Heat transfer profile
0 Flame shape and length
O Emission and char burnout
0 Oxidising or reducing conditions along the furnace wall
To estimate these parameters, the following sub-models under oxy-combustion mode should
be adapted from previous sub-models developed for air combustion and validated against
experimental results. These include:
0 Radiation modelling
0 Homogenous gas phase reaction modelling (i.e. gas phase reaction kinetics, NOx
mechanisms)
0 Heterogenous reaction modelling (i.e. char combustion kinetics and gasification
reactions)
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On-going activities in the development of CFD codes undertaken by Vattenfall and its partners were
specified and these include:

e Development of gas phase reaction schemes under oxyfuel conditions

e Measurement of soot in oxyfuel combustion and development of soot model

e Coal characterisation under oxyfuel conditions — including gasification reactions

e Validation of models against laboratory coal flames

5.9. Ignition of Oxy-Fuel Flames
Prof. Terry Wall, Newcastle University, Australia

This presentation examined the mechanisms for flame ignition in terms of differing gas properties
and gas velocity through the burner. Results obtained from FLUENT™ CFD modelling were
compared against the experimental data obtained during trials when operating a thermal load from
480kW to 800kW for air and oxy-fuel combustion cases.

The experimental data are obtained from the trials using Coal A burned in the test rig of IHI as
described in the previous presentation by T. Yamada (Section 5.6). The burner was set at low swirl
number for both air fired and oxy-fired cases; therefore the resulting flame was a Type 0 flame.

It could be noted that, estimated momentum flux ratio (which is the ratio between the momentum
flux of the primary air injection and the secondary air injection) was significantly higher when firing
oxy-combustion mode as compared to air combustion mode operating at full and partial load.

The test conditions wherein experimental data are obtained to validate the FLUENT™ CFD model
were presented and described.

The CFD model results presented used GAMBIT and FLUENT 6.2 software. The meshing scheme
was described to have finer grid near the burner zone. The sub-models used in the FLUENT™ CFD
code were enumerated. The coal devolatilisation and char burnout sub-models were based on the
experimental data obtained from Drop Tube Furnace experiments.

The FLUENT CFD model presented the following results:
e Temperature field and ignition location
e Velocity field and flow pattern
e Burnout and residence time, heat transfer, and species concentration

All results were validated against the experimental data obtained from the trials. The results of the
CFD model compare satisfactorily with the experimental data obtained for the gas temperature
profile.

CFD predictions have indicated differences in the:
e Location of the flame ignition. Results showing that ignition when operating under oxy-
combustion mode were slightly farther away from the burner quarl as compared to the air
combustion mode.
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e Burner jet flow significantly varies between oxy-combustion and air combustion cases with
the latter having a higher velocity profile and significantly intensive external gas
recirculation (see flow contour).

The difference in the flame ignition between oxy-combustion and air-combustion cases was
attributed to the difference in the momentum flux and gas properties. The combined effects of both
properties defined the flame ignition location. The initial temperature spike observed due to ignition
of the fuel could be significantly affected by the swirl number for any Type 0 flames. Higher swirl
number was observed to have a temperature spike nearer the burner quarl.

5.10. Thermoacoustic Instabilities in a CO, Diluted Oxy-Fuel Combustor
Mario Ditaranto, SINTEF Energy Research, Norway

This presentation illustrated the basic principles of oxy-combustion flame with recycled flue gas for
gas turbine application.

The experimental setup for this investigation was described in the presentation. The test rig has the
capability to measure the acoustic pressure, CH radical chemiluminescence (heat release rate),
velocity using Laser Doppler Velocimetry and temperature measurement at the wall and at the
exhaust. The trials investigated the flame stability regime of oxy-gas combustion with flue gas
recirculation. It has been noted that typical thermal acoustic instability would result in flame blow
out and subsequent flashback. These situations are typically experienced in any air fired pre-mixed
type low NOx combustor.

For oxy-gas combustion with flue gas recirculation application, operating under stoichiometric
condition presents a sensitive area of combustion profile that could contribute to thermoacoustic
instability. However, the variability of controlling CO, from the recirculated flue gas as diluents and
the O, injection for possible local enrichment could provide a possibility of controlling the flame
stability by “zoning”. To appreciate such phenomenon, it is essential to understand the chemical
timescale and heat release rate toward the thermo acoustic interaction.

This presentation noted that for an oxy-gas combustion flame with flue gas recirculation, three
stability regimes could be established dependent on the Reynolds number, equivalence ratio and
oxygen concentration. The three regions of stability were explained in great detail. Illustrations of
the flame and the parameters affecting such stability regimes were presented.

Finally, the presentation concluded with the following statements:
e Oxy-fuel combustion systems for gas turbine applications offer more complex instability
patterns than air supported combustion.
e The increase in burner stability due to local O, enrichment can lead to an increase in
dynamic instability.
e Knowledge of the flame properties in CO,/O, systems is necessary to predict flame
structure.
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5.11. Experimental Investigation of Oxy-Coal Combustion at VD - Using 20 and 500 kW PF

Test Facilities
Joerg Maier, IVD — University of Stuttgart, Germany

Research activities on oxy-combustion undertaken by IVD — University of Stuttgart were presented.

The primary objectives of the research activity at IVD are focused on understanding the impact of
the combustion operation and the impact of re-circulated NO present in the flue gas to the NOy
emission.

The research activities presented included the following:

e Works on fuel characterization (using Klein Kopje bituminous coal and Lausitz brown coal)
were investigated using their 20kWy, drop tube furnace under air-fired and oxy-fired
conditions. Information gathered on these experiments was used to set up the boundary
condition for combustion modelling.

¢ On-going work on adapting 500kWy, test furnace for oxy-combustion operation. Detailed
description of the furnace was presented. Preliminary results comparing the emissions of
burning pre-dried Lausitz Coal under air-fired and oxy-fired conditions were presented.

e Development of AIOLOS combustion modelling code. The work on adapting the codes
which are widely used in modelling furnaces or boilers under air fired conditions was
presented. Work on this aspect includes development of various sub-models suitable for
oxy-combustion conditions (as enumerated below).

0 heterogeneous char combustion modelling
turbulent gas phase reaction
radiative heat transfer modeling in CO, enriched conditions
gas phase combustion modelling
NOx formation and destruction

O O0OO0Oo

Most interestingly, the results on the impact of NOx emission under staged and un-staged oxy-
combustion conditions were noted. It could be observed that the recycled NO resulted in reduction
of NOy emissions of about 46% in un-staged combustion conditions and seems to be dependent on
the amount of NO recycled back into the furnace. Approximately 99% reduction of NOx emission
in staged combustion conditions was observed and it was noted that NOx emissions were not
dependent on the amount of NO recycled back into the furnace. Clearly, the role of NO in the
recycled flue gas toward NOx formation and destruction was presented.

Finally, the presentation concluded with an insight to various future works which include:

e Investigation of the impact on combustion of the impurities (Hg, SO etc...) in the recycled
flue gas

e Validation of data for combustion modelling with particular stress on char burnout and gas
concentration.

e Pyrolysis of coal under CO, and N, environment.

e Investigation on fly ash quality, and slagging, fouling and corrosion propensity when firing
under oxy-combustion conditions.
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5.12. Modelling, Design and Pilot-Scale Experiments of CANMET's Advanced Oxy-Steam

Burner
Carlos Salvador, CANMET, Canada

The hydroxy-fuel combustion (oxy-steam combustion) concept was introduced in this presentation.
The primary objective of this study is to develop next generation burners that could minimise or
totally remove the necessity for flue gas recirculation. This research will investigate the feasibility
of hydroxy-fuel combustion as a variant of next generation oxy-fuel systems looking at the use of
water/steam, preferably with no FGR, to moderate the flame temperature. A prototype burner was
developed and was described in the presentation. This burner consists of secondary and tertiary
injection ports with independent swirl control, and is capable of burning coal or other fuel with
various operating modes which include:

e (,/steam
O,/Recycled Flue Gas
0,/CO,
Air or Enriched air
O,/steam/Recycled Flue Gas
Oy/steam/CO,

The experimental rig to test the prototype burner was described. The experimental trials will make
use of an Advance Fuel Imagery System to diagnose combustion characteristics of this burner
operating under different oxidising gas (comburrent).

5.13. Purification of CO; Derived from Oxyfuel Combustion
Vince White, Air Products, UK

The questions of what the quality of CO, derived from any oxy-combustion based power plant
should be or where to remove the SO, and NOx and other impurities, are some of the most
important issues which need to be addressed.

The presentation by Air Products illustrated the different options on how to purify the CO, rich flue
gas produced from any oxy-combustion based power plant. It should be noted that CO, derived
from oxy-fuel combustion requires purification due to various reasons (i.e. for removal of moisture,
inerts removal or compression). If the CO, captured is to be used for EOR application, then the O,
content should be reduced down to less than 100 ppm.

The process design based on a standard cryogenic cycle using two flash column to separate out the
inerts from the CO, rich flue gas as presented in the previous study commissioned by IEA
Greenhouse Gas R&D Programme (IEA GHG Report No. 2005/9) has its limitations namely:

e Removal of SOx and NOx

e Removal of O,

e Recovery of CO; limited by phase separation

However, the recent recognition of possible reactions between NOy and SOy in the presence of

water during the preliminary compression of the CO; rich flue gas prior to water removal was noted
to result to production of dilute H,SO4 and HNO; acids. This would involve a series of reaction
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steps wherein NO; could catalyse the oxidation reaction of SO, to SO3; which then, in the presence
of H,0O, could form the dilute H,SO4 (lead chamber process). It was further noted that these rates of
reaction will be much faster at higher pressure; and HNO; will not start to form until all SO, has
been consumed. Likewise, HNO; would also react with Hg. Therefore, it is possible to allow the co-
capture of NOx, SOx and Hg during the preliminary compression stage.

With these principles in mind, a new concept for co-capture of Hg, SOx and NOx was presented.
Likewise, the new design concepts to improve the recovery and purification (primarily removal of
oxygen) of CO, were also introduced.

In relation to removal of oxygen, the presentation clearly explained the following basic principles of
recovery and purifying of CO»:
e -55°C is the coldest temperature that could be reach for a viable phase separation
e (O, purity would depend on pressure
0 At 30 bar and -55°C, CO; purity is 95%;
0 Higher pressure gives lower purity CO,
e (CO; recovery would depend on pressure
0 Lower pressure gives lower CO, recovery
0 At 15 bar and -55°C, CO; recovery is 75%
0 At 30 bar and -55°C, CO; recovery is 90%
e (CO; recovery would depend on feed composition (therefore a reduction of air ingress would
benefit CO, recovery rate)
O Increases from zero at 25mol% (wet basis) to 90% at 75mol% (wet basis)

From these principles, it could be concluded that oxygen can be removed down to 100 ppm for
EOR-grade CO,. The presentations presented three different options for removal of inerts/oxygen.
In their studies, the following could be summarised:
e Option 1 would involve the removal of the first flash column and with addition of one
distillation column operating at 17 bar after the 2™ flash column and prior to compression.
e Option 2 would involve the addition of an extra distillation column operating at 30 bar after
the 2™ flash column and compression.
e Option 3 would involve the addition of a membrane in the vent to recover vitiated flue gas
that could be recycled back to the boiler.

Their studies presented the following results showing the relationship between purity, CO, recovery
and relative power demand (as shown in Figure 5 overleaf):
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Purity, Recovery and Power

® Power includes ASU and CO; system power

:

Coa 10000 mo

Figure 5: Relative power demand, CO, purity and recovery of various CO, Clean-up Processes

Finally, based on the results of the study done by Air Products, it could be concluded that the
addition of a membrane could result in an increase in recovery of CO, and reduction of the ASU
capacity requirement by 5%.

5.14. Oxy-Fuel Combustion Using OTM for CO, Capture from Coal Power Plants

Minish Shah, Praxair, USA
The presentation introduced the application of oxygen transport member (OTM) technology for
CO; capture from coal based power plants. A schematic diagram describing the OTM application
was described.

The process scheme consists of a gasifier producing syngas and this is burned in an advanced partial
oxidation reactor (POx) and boiler using OTM to produce electricity. It could be noted that the
design of the POx and boiler will consist of banks of OTM tubes interspersed with steam tubes.
With this arrangement (i.e. alternate heat source and sink), it is expected that temperature profile
will be uniform. Likewise, flue gas recirculation will not be necessary. It is expected that the final
CO; concentration in the stack would range between 85% to 95% depending on air ingress, and
excess O, level.

A natural gas fired OTM boiler has been developed and demonstrated successfully. The potential
benefits of this application were:
e The use of OTM based advanced boiler concept has the potential of achieving up to 99+%
of CO, capture
e OTM oxygen separation power reduced by 70% compared to cryogenic process.
e A 4% efficiency gain as compared to conventional oxy-fuel combustion process.
e Low NOx emission without use of SCR.

Finally, the presentation concluded presenting the challenge in the development of OTM application
for coal based power plant:
e Achieving high oxygen flux through OTM whilst maintaining reliability
e Technical feasibility of combusting coal-derived syngas using OTM
0 Looking at the interaction with coal impurities
0 Investigating the tolerance of the OTM material to the sulphur compounds
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0 Understanding the extent of cleanup required before exposing OTM to syngas
e Longer term challenges include the development of:

O Manufacturing infrastructure for OTM

0 Design and engineering of a large scale OTM boiler; and

0 Reduction of gasifier and boiler costs

5.15. ITM Oxygen: Progress Toward Reduced CO, Capture Cost
Kevin Fogash, Air Products, USA

The presentation introduced the ion transport membrane (ITM) technology for oxygen production.
The development of this technology is aimed to reduce cost and energy requirements for oxygen
production as compared to the conventional air separation unit.

The ITM technology is based on a mixed conducting non-porous ceramic membrane typically
operated at 800°C to 900°C. The ceramic membrane consists of materials having crystalline
structure with oxygen ion vacancies, therefore, allowing oxygen ions to diffuse through to these
vacancies. It could be noted that this material is 100% selective for O, Development of this
technology started in 1999. Current research activities include the commissioning, operation and
testing of a 5 TPD O, production plant. Preliminary results indicate that performance is well above
expectation. The next phase to the development of this technology aims for pre-commercial
development and design of the ITM oxygen production plant to be demonstrated. This would
include the construction and demonstration of a 25 TPD O, production plant and the development
of engineering design for a 150 TPD O, production plant. The final aim of the development is to
scale ITM oxygen production for the FutureGen programme

The techno-economic studies (as shown in Figure 6) indicated that ITM technology requires 35%
less capital cost and 35% to 60% less energy for oxygen production compared to a conventional
ASU. The performance of ITM as compared to conventional ASU for oxygen production in various
applications in terms of capital cost savings and energy savings are summarised below:

Product
Oxygen | Power |Capital for | Power for

Application (sTPD) (MwW) Oxygen Oxygen

IGCC 3200 458
Decarbonized

Fuelt 2400 300
Enrichment™ 1500 260
Oxyfuel™ 8030 500
GTL 12,500 nia

enables carbon capture
. . . . A
. ™uses existing gas turbine offerings rrooudlS =

Figure 6: Relative performance of ITM in comparison to conventional ASU
with respect to various applications.
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5.16. Development of Cost Effective Oxy-Combustion for Coal Fired Boilers
Hamid Farzan, Babcock & Wilcox, USA

The presentation described the past and current activities of Babcock and Wilcox in the
development of oxy-combustion technology for power generation application. Their past
experiences in the development of oxy-combustion include:
e 1979 — did a numerical modelling study on retrofit of power plant with CO, capture for
EOR application. (Note: The study was required by a major oil company).
e 2000 — as member of the CANMET consortium.
e 2001 to 2006 — development work in collaboration with Air Liquide.
0 Completed oxy-combustion experimental trials firing I11#6 and PRB coal at their
Small Boiler Simulator - SBS (1.5 MWy,) facility.
0 Completed techno-economic analysis of oxy-combustion based power plant with
CO; capture (also in collaboration with Parsons).

Their current activities include:

e Development, construction and commissioning of 2 new oxy-combustion facilities.
0 SBS I facility (based in Ohio) - 2MWy, boiler.
0 Clean Environment Development Facility (CEDF) - 30MWj, boiler.

e Development of an oxy-cyclone combustion facility.

¢ Planning and implementation of oxy-combustion experimental campaign for 30M Wy,
o 2"to 4™ Quarter 2007.

e The SaskPower Engineering study.

One of the major programmes to be implemented by B&W is the use of the SBS II facility to
investigate oxy-combustion technology for plant retrofit application. This project aims:
e To expand applicability of oxy-combustion to different coal ranks and boiler type.
0 Work will include process optimisation.
0 Oxy-combustion trials firing lignite using conventional wall fired low NOx burner.
0 Oxy-combustion trials firing bituminous coal, PRB and lignite using cyclone boiler.
0 Initiate engineering feasibility study based on wall fired and cyclone unit.
e Investigation of boiler material options for oxy-combustion USC application
0 Perform experiments to evaluate fire side corrosion propensity under oxy-
combustion USC boiler conditions.

The 30MWy, oxy-combustion test campaign (2““1 to 4™ Quarter, 2007) was briefly described. The
test would evaluate three different coal types (lignite, PRB and eastern bituminous coal) using 1990
design AEROJET DRZ burner. The project aims:
e To demonstrate near full scale burner oxy-combustion trials with on-line pulveriser.
e To develop a new burner concept.
e To develop the B&W novel concept for flue gas moisture control using a wet scrubber and
integrated cooling.
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Finally, the presentation concluded with short description of support activities to be undertaken by
B&W for the SaskPower Oxy-Combustion project which will include the following work scope:
¢ Boiler selection and data gathering
e Preliminary system design (i.e. ASU design specification and oxygen delivery systems,
boiler modification, flue gas processing and compression, CO, transport and system
integration)
e Economic evaluation

5.17. Doosan Babcock Oxy-Fuel Development Plans
Ragi Panesar, Doosan Babcock Energy Ltd., UK

This presentation described the current oxy-combustion development programme undertaken by
Doosan Babcock. Primarily, the development programme would involve three stages namely:

e Stage | : Fundamentals and a System Design Study

e Stage 2 : Modified Design Tools and Component Testing

e Stage 3 : Reference Power Plant Design Development

Stage 1 would involve the following studies:

Oxyfuel safety issues and design guidelines

Oxyfuel combustion fundamentals (lab & CFD studies)
Oxyfuel NOx formation (lab & CFD studies)

Oxyfuel corrosion studies

Oxyfuel heat transfer characteristics

Basic design and flowsheets

Basic efficiency calculations

Basic costing information

These activities were integrated into the development work funded by RFCS under the Oxy-coal
AC project.

Stage 2 would involve the proposal of converting the Multi-Fuel Burner Test facility for oxy-
combustion operation. Pending on the UK DTI funding support, the project aims to develop and
evaluate full scale burner testing (~ 40MWy, to 60MWy,).

Primarily, Stage 2 planned activities would incorporate the development of the following:
e Modified Design Tools and Component Testing
Design rules for combustion efficiency prediction in oxyfuel flue gas
Design rules for NOx prediction in oxyfuel PF flue gas
Design rules for furnace and boiler performance in oxyfuel PF flue gases
Design rules for oxyfuel PF burners
Continuation of oxyfuel corrosion studies
Full scale rig test of oxyfuel burner
Other component testing via participation in the Vattenfall 30MWy, pilot plant testing
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Stage 3 would involve the development of a reference power plant design which includes:
Development of a full reference design as a basis for commercial plant offering

Cost of the reference design

Analyse and predict the availability and reliability of the commercial plant offering
Analyse and predict the system efficiency and finalise the integration with other equipment

5.18. State of Development of Oxy-Coal Combustion Research Initiative by Fundacion

Ciudad de la Energia in Spain
Prof. Vicente Cortes Galeano, University of Seville, Spain

This presentation described the CO, capture and storage development programme (including oxy-
combustion development project) to be initiated by the Spanish government under the Fundacion
Ciudad de la Energia (cooperation between Ministry of Education, Ministry of Energy and
CIEMAT).

The Spanish CCS programme aims are:
e To provide support and contribute toward the European R&D efforts in the development of
CCS technology.
e To become the focal point for activities in Spain in CCS — bringing together industry,
academe and research institution.

The focus of the oxy-combustion test facilities aims to demonstrate the viability of this technology
firing low volatile fuels (i.e. anthracite and petcoke). The facilities’ design criteria were described,
and it was designed to be:

e Modular in nature (i.e. facilities are designed to operate independently).

e Flexible (i.e. possibility to operate a wide ranging activities)

¢ Extendable (i.e. possible expansion or later stage development)

The test site for the CCS facility has been chosen. The different plant components were described.
These include:
e Fuel preparation systems
0 Should be suitable for wide range of coal types (from Anthracite to Lignite)
Combustion section
0 Consists of two types of boiler with similar thermal load. One boiler will be suitable
for oxy-combustion and the other boiler will only be operated as air fired.
0 The boiler will be equipped with U Type furnace (longer residence time) and down
fired low NOx burner with variable swirl.
¢ Flue gas recycle system
0 With recycle capacity between 65% and 75% of the total flue gas.
e Flue gas cleaning section
0 Equipped with SCR, FGD, dust separator and gas cooler.
0 Dust separator consists of hybrid system which includes ESP and fabric bag filter.
e (CO; compression and transport.
e Utilities and auxiliary units.

The presentation concluded with the proposed time scale for the project (as shown in Figure 7):

Page 29 of 50



BASIC ENGINEERING [ REWISION]

DETATL ENGINEERING AND FERMITTING
FROCUREMENT

DETAILYOFF SITES ENGINEERING

SPECIFICATION FROC. AND DETAIL
ENGINEERING OF MAIN UNITS.
ENGINEERING FOR INTEGRATION

FREFARATION OF FERMITTING
DOCUMENTS

CONSTRUCTION FERMITS

CONSTRUCTION

OFPERATION FERMITS

Figure 7: Proposed time schedule for the Spanish CCS Demonstration Project

5.19. Oxy-Fuel Process for Hard Coal with CO, Capture — A Part of the ADECOS Project
Prof. Alfons Kather, Technical University of Hamburg-Harburg, Germany

The Oxy-Combustion project undertaken by the Technical University of Hamburg-Harburg funded
under the ADECOS programme was described. The primary objective of this project is to develop
and evaluate the design considerations of an oxy-combustion process firing hard coal with CO,
capture. This project will support the Vattenfall Oxy-Combustion Pilot Plant project. Basically, the
project aims are:

e To identify key factors that would have significant influence to the decision making steps in

any technical feasibility and economic study of any oxy-combustion based power plant.
e To establish realistic design boundaries for evaluation purposes.

The range of interest of various controlling parameters in relation to the operating parameters of the
oxy-combustion power plant was identified. These could be summarized as follows:

e The range of interest for the temperature of the recycled flue gas was noted to be between
200°C to 350°C.

e The overall oxygen concentration in the combustion atmosphere was noted to be a function
of recycle rate and excess oxygen level. The O, concentration rises by reducing the amount
of flue gas recycled. To match the heat transfer profile of the air fired case, the oxygen
concentration is always greater than 21%.

e The consideration for the quality of the recycled flue gas could be a choice between
operating with low dust or high dust loading. The practical pros and cons were identified
for the two options.

The main sources of impurities within the oxy-combustion power plant were identified. Its impact
to the final concentration of the CO, was illustrated. The impurities could be derived from the
amount of excess oxygen introduced into the boiler, the amount of other inerts from the oxygen
supplied and the amount of air ingress. It was suggested that a target of 1% of air ingress should be
set since up to 10% of air ingress could be experienced over the lifetime of the plant. Primarily, it
was stressed that the impurities could have some impact to the energy requirement and CO, capture
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rate of the power plant. It was noted that the extent of removing the impurities using cryogenic
separation could be limited by the phase equilibrium concentration between CO; and the impurities.

The binary phase equilibrium diagram of Ar-CO,, SO,-CO, and O,-CO,; and the ternary phase
equilibrium diagram of O, — N, — CO, were presented. Experimental results were compared to the
modelling results. For oxy-combustion case, where lower purity of CO; is required for transport and
storage, it was noted that only about 3 % to 4% of the total flue gas treated by the FGD and SCR
would be sufficient. For cases where higher purity of CO, is required, the power plant design
consideration was presented. It was noted that the position of the DeNOx unit within the power
plant could be critical and it was suggested that it should be located prior to the flue gas recycle
branching.

The presentation concluded with a brief discussion on the power demand for purification of the CO,
and the impact of the purity of the O,. The ranges of interest for the operating pressure and
temperature of the cryogenic process is shown in Figure 8.
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Figure 8: Range of interests (Pressure and Temperature) and it relative energy demand
in the CO, clean-up process of oxy-coal combustion based power plant

5.20. Development in Chemical Looping Combustion
Tobias Mattisson, Chalmers University, Sweden

This presentation explained the concept of chemical looping combustion (CLC) using gaseous and
solid fuel. Primarily, CLC is the combustion of fuel using metal oxides as oxygen carrier. The
burning of fuel does not contact air therefore the combustion product is nearly pure COs.

The presentation started by explaining the work done and development of CLC at Chalmers
University since 2002. It was noted that since then more than 300 studies have been published:

e Looking at the possibility of various materials as the oxygen carrier.

e Development of support materials

e Looking at the possibility of mixing ratios of active and support materials

e Development of construction method for carrier preparation
Experimental work done using batch reactor, fluidized bed reactors, TGA and continuous
CLC reactor.
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Some results for active material evaluation were presented and could be summarized below (See
Figure 9). Results from TGA apparatus looking at the variations to the metal oxide preparation
were presented including some results looking at the reactivity of the metal carrier were presented.

Pros and cons for the active oxides

Fe Mn Cu Ni
Reactivity -— - + ++
Cost ++ o+ _ -
Health -
Thermodynamics =
Reaction with CH, 42
Melting point _3

!maximum conversion 99-99.5%

Zexothermic reaction in fuel reactor

‘melting point Cu: 1085 C

Figure 9: Summary of results — metal carrier evaluation.

The 300W and 10kW CLC test rig of Chalmers was described.

Results from the 300W experiments were presented. The investigation focused on reactivity of the
3 different metal oxygen carriers with reaction with the NG. Some of the key observations using this
test rig were enumerated. Results of 10kW experiments were noted. This included tests with natural
gas and coal. Operational considerations were mentioned. A summary of what has been presented
can be seen in Figure 10.

Testing in chemaical-looping combustors:
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Figure 10: Range of test undertaken in the 300kW test rig.
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5.21. Fixed Bed Membrane Assisted CLC
Sander Noorman, University of Twente, The Netherlands

The evaluation of the feasibility of packed bed CLC as an alternative power production technology
was presented. This presentation introduced a packed bed reactor concept for chemical looping
application. The work done (i.e. modelling and experiments) was described.

The advantage and disadvantage of the packed bed reactor concept as compared with a fluidized
bed concept were noted:
e Disadvantage of a fluidized bed reactor.
0 Recirculation of particles could result to difficult gas-solid separation.
0 Higher propensity of formation of fines.
e Advantage of packed bed (membrane-assisted) CLC:
0 Stationary solids — simple operation could be expected.
0 This involved only periodic switching of gas streams.
0 It is expected that to be dynamically flexible operating in a parallel reactor mode
(gas switching system).
0 Could be suitable for natural gas fuel.

The methodology for evaluating the metal carrier reactivity test was explained, see Figure 11:

Oxygen Carrier Properties
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Terperature diference [k]
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Figure 11: Methodology for evaluating the oxygen carrier properties in a fixed bed reactor

The model results of the packed bed oxidation and reduction cycle were demonstrated. The model
validation by using the experiments was described — see Figure 12 overleaf.
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Figure 12: Model results and experimental validation using a fixed bed CLC reactor.

It was noted that the model improvement should include the:
e Correct implementation of the heat losses in the model
e Coupling of the particle model and the reactor model

Finally, the presentation indicated some potential application of this technology in power generation
using the combined cycle principle and discussed about the different issues that could be
encountered during the design of such a process.

5.22. CLC R&D Efforts of Alstom
Herb Andrus, Alstom Power Inc., USA

This presentation explained the main activities of Alstom in the development of chemical looping
combustion. It could be noted that CLC offer good advantage in terms of capturing CO,. The
perceived advantages are enumerated below:

e Potential for > 90% CO, capture from coal combustion.

e Low avoided cost of CO; capture

e (Capital cost — lower than CFB Boiler Island (without CO, capture)
e Competitive with Steam Power and IGCC on a worldwide basis

The economic considerations for possible application of CLC as CO, capture options were
presented (see Figure 13 overleaf).
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Figure 13: Techno-economic analysis — CLC as compared to other carbon capture technologies.

The technical aspects of CLC application in the power generation industry was noted to be
comparable with circulating fluidized bed boiler.

Alstom’s involvements in various research activities were presented. Various test facilities were
described. Some of their results were presented. These include:

Involvement with Chalmers University activities using their 10kW pilot plant and 300W
process development unit

Fluidized bed reactor test unit development

Cold flow analysis

Finally, the presentation was concluded with future development of CLC for gasification
application and hydrogen production.

6.

SUMMARY OF OPEN FORUM DISCUSSION

The discussion forum was led by Prof. Janos Beer and identified the following points critical to the
development of oxy-combustion technology:

Potential impact to the coal preparation using recycled flue gas as “transport air”.

Variation to the combustion, pollutant formation and destruction mechanisms compared to
conventional air fired boiler.

Experimentally tested models for ignition devolatilisation and carbon burn-out with O,/CO,
as the oxidant.

Burner and boiler design; balance of radiative and convective steam/superheat generation
over turn down ranges.

Flue gas clean-up: for FGR, and for CO, compression, pipeline transportation and
sequestration.

Coal type effects on combustion and on corrosion of a PC or USC boiler.
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e Dynamic models for start up, turn down and shut down (transfer functions of plant
elements).

e New plant PC/USC and FBC/SC?

e Was the retrofitting of existing low efficiency PC boiler feasible?

e ASU plants are expensive and a drain on efficiency, what are the prospects of plant with
reduced cost and lower energy demand?

e Commercial size Oxy-fuel demonstration plant? When? What are the conditions?

During the open discussion, the following statements were recorded:
e Power Plant Efficiency Issue:

o

(0]

(0]

The next generation of lignite fired boilers without fuel drying will have efficiencies
of 45% LHV basis. The next generation of lignite fired plants will have fuel drying,
which will increase the efficiency from 45 to 49%.

The efficiency improvement would be greater for plants with capture because low
grade heat could be used for drying.

The LHV/HHYV difference is particularly large for lignite boilers.

e New Build vs. Retrofit

o
o

o

It is better to build a new plant with a high efficiency than a retrofit.

There is a lot of sunk investment in moderate efficiency systems. We need to look at
mechanisms for including capture in to these systems.

Building new plants versus retrofits is often a political decision. There are a range of
degrees of retrofit and rebuilding.

Because of constraints on equipment supply rapid retrofitting may not be possible. It
is best to concentrate on fitting capture to new plants.

Plant sites in the US are constrained, after having already fitted FGD and deNOx etc.
This is also true in much of Europe. There may be no space to retrofit CO, capture.
Adding CO; capture will reduce the power output, so more replacement capacity
will be needed. This makes improvements to efficiency even more necessary.

e Public Acceptance Issue:

o
o

(0}

The public is not discussing CO; capture. Getting permissions may be a constraint.
There has been significant progress on storage of CO,, in particular amendment of
the London Protocol to include acceptance of CO, underground storage.

In China, many plants are inland, so overland pipelines will be needed.

e Corrosion Issue

(0]

o

(0}

Corrosion related issues are important. Increased sulphation of ash was mentioned.
A reduction of SO; in the flue gas has been seen but not increased sulphur in the fly
ash. Is there any sulphation of metals?

NETL has an ongoing programme on ash. Attendees were asked to send them oxy-
combustion ash.

There is more corrosion when high S coals are used, e.g. 4%. With high S coals
there is a need to scrub SO, before recycling, otherwise the corrosion would be too
high.
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(0]

(0]

Scrubbing recycle gas would add 10% to the efficiency loss. We need to look at
materials solutions if we want to have high efficiency.

High S0O;:SO; ratios have been observed in pilot plant work. One coal showed a
drastic difference in slagging with oxy-combustion, which could not be predicted.
Two other coals showed no difference.

e Issues Relevant to ASU and CO,; Processing

(0]

There could be greater integration with oxygen production. There is a need to work
closely with ASU suppliers. However, there was bad experience with integration in
IGCC plants, resulting in low availability.

Perhaps we need to do NOx cleanup before the back end of the plant?

Oxygen plants have 99% availability. No spares are needed. There may be some
back-up O, stored to help for start-up etc.

Air cannot be used as a back-up if back-end clean-up of CO, is used.

There are challenging relationships between gas specifications. What should this
group be focussing on?

e (CO, Purification Issue

(0]

Impurities in CO, are low for post-combustion capture. There may be H,S in the
CO; in IGCC but it can be easily removed. According to the presentation by Vince
White it is not possible to get much non-inert impurities with oxy-firing, so perhaps
CO; purity is not a problem.

There are already US standards for CO, pipelines. There is experience of high H,S
concentrations in Canada but no experience with SO,.

(Comment from NRDC): We want to see technologies mature quickly. There is
debate in the US about whether CCS should be regulated. Impurities are an issue. It
is important to have certainties. Guidelines would help for design of systems.
Impurity concentrations depend on a trade off between capture, transport and
storage. It is still an open question which needs resolving. There is a need to agree
specifications for pipeline grids.

The power industry will not operate the infrastructure for CO, transport and storage.
The optimum O, purity was discussed. Increasing the O, purity above 95%
significantly increases the power consumption, but reduces the back-end clean-up.
98+% O, purity will be used in the Vattenfall plant. It is difficult to remove Ar from
O, but also from CO,. A high oxygen purity enables a high overall percentage CO,
capture.

7. SUMMARY OF PANEL DISCUSSION

The panel discussion was led by Dr. Sho Kobayashi. The objective of this discussion was to present
the current status and future development of large scale demonstration of the oxy-combustion

technology.
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The discussion started with Dr. Kobayashi presenting a historical view on the development of oxy-
combustion for boiler application and indicated what could be an important milestone in the
development of this technology (As shown in Figure 14).
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Figure 14: Historical perspective in the development of oxy-fuel combustion boiler projects.

7.1. Coal-Based Oxy-Fuel System Evaluation and Combustor Development
Leonard Devanna, Clean Energy System, USA

The CES Oxy-Combustion Technology was briefly described. Development milestones from
successful operation of their 110 kWy, bench scale unit to the development of their SMWe
Kimberlina facilities were presented (including development of a 20M Wy, burner).

These activities could be summarized below:

e 2001: Test completed using 110 kWy, CES oxy-combustion burner system. Project funded
by the California Energy Commission.

e 2002: Development and design of 20MWy, CES oxy-combustion burner system. Project
funded by the US DOE/NETL Vision 21 programme

e 2003: Acquisition of Kimberlina Power Plant (5SMWe); supplemental funding from
California Energy Commission was awarded for its development

e 2005: US DOE funded development of oxy-syngas combustion using CES process. Work in
collaboration with Siemens.

Development of CES Oxy-Combustion Technology application for coal based power plant was
introduced. The concept involved the gasification of coal and the use of syngas as fuel for the CES
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oxy-combustion technology (see Figure 15).

asirier

Condenser

Figure 15: Schematic diagram of the coal based CES Oxy-Combustion Process.

Finally, the future project involving the partnership with Southern California Gas Company
building the ZEPP-1 (~50MW) power plant was introduced. It was expected that commercial
operation would start between 2008/9.

7.2.  Oxy-Combustion and CO; Storage Pilot Plant Project at Lacq
Nicolas Aimard, Total, France

Total presented their activities regarding the Lacq Pilot Plant Project (involving an integrated
capture, transportation, injection and storage project) indicating their main commercial motivation:
e To evaluate and assess options of reducing greenhouse gas emission during the production
of Extra Heavy Oil using the steam assisted process.
e To develop experience and knowledge on CO, storage into a depleted reservoir pilot
(modelling, monitoring)
e To assess the Lacq field potential for long term and larger scale CO, storage

The capture project would involve the retrofit of existing oil fired steam production plant (boiler)
with oxy-combustion technology (As shown in Figure 16).
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Figure 16: Schematic diagram of the boiler to be retrofitted with oxy-combustion for the Laqc project.

The study will include the following activities:
Development of industrial scale 30MWth oxy-combustion unit with gas
Revamping of a 35MW+ conventional boiler
High sulphur liquid fuel to be tested in the second phase
First CO; injection for storage in France
0 150kt CO; storage in a depleted reservoir

It was noted that due to lack of French or international legal framework, it was decided that the CO,
transport and injection into a Lacq satellite would be limited only to 2 years.

The boiler revamping will be managed by Alstom. The burner development will be supplied by Air
Liquide using 4 x S8MWy, dual fuel burners as shown in the slide.

The following considerations in the design of the plants were noted:
SOx content and its impact

Pressure of the boiler

Drying of the CO,

Consideration for de-rated operation

Environmental impact assessment
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The project will be commissioned in the later part of 2008. The project schedule is shown in Figure
17 below:
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Figure 17: Schedule of the Lacq Pilot Plant Project

7.3. The Saskatchewan Advantage: SaskPower Clean Coal Project Update
Bob Stobbs, SaskPower, Canada

SaskPower presented its motivation towards the development of its clean coal project. It could be
noted that there is an economic opportunity toward the development of clean coal power plant with
CO; capture by recognising the fact that two products could be produced namely electricity and oil
via CO; flooding.

The economics of building the clean coal power plant with CO, capture was explained. It clearly
pointed out the uncertainly of the value of carbon that could possibly impact the viability of the
project.

An overall view on the environmental and sustainability assessment was presented.

The project schedule is presented in Figure 18. The results of the business case analysis will
determine the final decision by Saskpower for the project to proceed.

The SaskPower Clean Coal Project Proposal (end June 2007) will include:

Business case analyses addressing cost, risk and revenue expectations

Provisional equipment and construction contracts for immediate acceptance

Provisional CO, sales agreements for immediate acceptance

Project Execution Plan
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Figure 18: Schedule of the SaskPower demonstration project

Provisional EPC contract has been announced:

Boiler Babcock & Wilcox
Air Separation Unit Air Liquide
Compression & Purification Unit Air Liquide

Steam Turbine Generator Marubeni/Hitachi
Owner’s Engineer Neill & Gunter
Balance of Plant TBD

7.4. Callide-A Oxy-Fuel Project Status
Chris Spero, CS Energy, Australia

The Callide Oxy-Fuel Project update was presented. This included:
Project milestone achieved

Boiler assessment activity including plant condition assessment and design review
Burner requirement assessment and modification development

Project scope

The project schedule is shown in Figure 19:

Task 2006 2007 2008 2009 2010 2011 2012 2013 2014
Stage 1 - Boiler refurb/retrofit
Project development

Construction

Operations

Stage 2 - Geological storage
Site selection

Detailed design

Construction

Operations

Stage 3 - Project conclusion
Post monitoring
Commercialisation & rehab

o

Figure 19: Schedule of the Callide demonstration project
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The project was designed to achieve the following milestone (as of start of 2007):

Date Milestone
Sep. 04 Feasibility study MOU signed ($1.3 million cash + in-kind)
Sep - Dec. 05 Pilot-scale tests conducted in Japan (addition $350,000 funding obtained)
Mar. 06 Demonstration Project MOU signed
Low Emission Technology Demonstration Fund Application submitted
Jul. 06 Feasibility study completed
Oct. 06 « Funding announced by Commonwealth Government ($50 million)

« Callide plant condition assessment completed (CBH, Siemens, IHI, Auspower, Energen)

Nov. 06 Preliminary design and hazard review completed (CS Energy, IHI, Gas Plant supplier)

The current plant / boiler condition was briefly described. It could be noted that evaluation result
indicated a better than expected condition. Burner development was also described and summarized
as shown in Figure 20 below:
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Figure 20: Current boiler conditions and burner configuration.

Project scope includes the following:

e Nominal 660 tpd O, supply (@ 98% purity)
Overhaul and refurbishment of 1 x 30 MWe boiler/STG
Retrofit of boiler for oxy-combustion and flue gas recirculation
Flue gas processing and CO; capture (80 — 100 tpd)
Road transport of up to 100 tpd CO, (max)
Geological storage (~100,000t over 4 years)
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7.5. CO; Free Power Plant Project: Status Oxy-Fuel Pilot Plant
Lars Stromberg, Vattenfall AB, Sweden

Vattenfall stressed their commitment toward development of carbon mitigation. It could be noted
that they believed that currently oxy-combustion is their most attractive option at this time but they
would not discount other technology options.

Prof. Lars Stromberg presented a roadmap on the development of oxy-combustion with an aim to
demonstrate the technology by 2015 and for commercial operation by 2020. They considered their
30MWth pilot plant as a stepping stone toward these goals.

Vattenfall aims to use the pilot plant as a platform:
e To demonstrate the process chain.
e To investigate the interaction of the different components
e To validate the basic design and scale up criteria
e To understand the long term dynamic process

As of January 2007, the ground had been cleared for construction. The figure below illustrates the
different statuses of the component packages (See Figure 21).

Crrder- lot Supplier Included components Status

Boiler Alstom Boiler, ESP, preheater, fans,

FG-ducts, stack coallash-silo

Detailed engineering

FGO Babcock Flue gas cooler, FGD Cetailed engineering
Moell

FGGC TREMA FGC Detailed engineering

ASL Linde ASU, 02-Stand-by-system, M2 Detailed engineesring

CO2- Linde CO2-cleaning, -liquefaction, back | Detailed endineering

processing evaporation, imtermediate storage

Coolingtower | GEA Cooling tower Detailed engineering

| & C Siemens Main instrumentation, control OrderJan 2007

BOP MCE, Pipes, fittings, pumps, insulation, Order dec 2006 Planning
Berlin/CEB | Tanks, Compressed air station

Civili=hell DBAG Underground pipes, foundations, Order dec 2007 Planning
Bautzen ways, building

Figure 21: Status of the different work packages (as of January 2007).

Prof. Stromberg also mentioned about their experience on their environmental permitting process.
Its status is shown in Figure 22 (As of January 2007):
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Figure 22: Permitting process (as of January 2007).

The schedule and status of the project (as of January 2007) is given in Figure 23:

Time Schedule

| Permit achieved 21+ Mov 2006 |
1

2005 Eﬂﬂk 2007 2008 2009 2010 2011
Q—-Q|P|a:-.ning for tender procedure |
——el=rET]

| Petziled engineering |

' . Erection
+ Cormmissioning
Ground Breaking

‘ Operation I-_q

e . WATTENEALL Se

Figure 23: Schedule of the Schwaze Pumpe pilot plant project.

Regarding to the status of the captured CO,, it could be noted that it is of high quality that could be
stored anywhere or sold in the commercial market. The CO, captured from the pilot plant is
classified not as waste but as a product. Prof. Lars Stromberg noted that several storage options are
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being examined at present and they anticipate having the CO, storage components be ready by the
time that considerable amounts of CO, start to be produced.

Finally, the presentation concluded with the following statements:
e Present total budget is estimated at close to 70 million € for the investment in the plant and
23 million € for operating costs during the test period. Vattenfall has taken decision to
finance the Pilot Plant fully. There is presently no public funding at all
e Vattenfall have invited partners to participate and utilise the facility and contribute to the
funding.
e Vattenfall is currently seeking partners for the storage option.

7.6. Moving Oxy-Combustion Forward:- Overview of Jupiter Oxygen’s R&D Activities
Brian Patrick, Jupiter Oxygen, USA

This presentation described the current oxy-combustion development undertaken by Jupiter
Oxygen. Previous testing experience and experimental trials were discussed. It could be noted that
their trials indicated fuel savings and reduction in NOx if operating as standalone process.

Results taken when operating with integrated pollutant removal system developed by NETL were
presented.

e Capture of 80% CO,; when operating at pressure would capture up to 90%.

e  60% to 90% mercury removal

e  99% sulphur removal

e 99% particulate removal and 80% removal of PM;s.

The facility in Hammond was described. Major components of the plant include the combustion
chamber, 105 TPD cryogenic ASU plant (producing 95% purity), coal pulveriser, and automated
data acquisition system.

The test programme was explained. This will involve single burner testing, flame stability test, and
evaluation of the integrated pollutant removal system.

The Orville Retrofit Project was introduced. The boiler to be retrofitted was built by Combustion
Engineering and was installed in 1969. The boiler was installed with a pressurized regenerative air
heater and ESP; RO front wall fired burners with gas igniter, coal pulverisers and 25MW steam
generator. It was noted that the Orville project would also include a facility to allow a slip stream for
testing the integrated pollutant removal system.

Finally, the presentation concluded with a brief discussion of their economic assessment work.
7.7. PANEL DISCUSSION
Below are some of the discussions highlighted during the forum:

e The advantage of oxy-combustion over IGCC was discussed. It was noted that if greater
than 95% CO, capture is required, oxy-combustion may have more potential than IGCC.
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8.

Uncertainties in cost estimates were highlighted. Costs tend to increase and real cost figures
are still not known. All technologies are improving, e.g higher GT temperatures and >700°C
steam turbines. It is difficult to compare systems which do not yet exist.

PC boilers have excellent availability. Utilities are very hesitant to introduce technologies
which will be less reliable. IGCC has the advantage of being able to produce hydrogen,
which may be valuable in future in the transport sector.

Regarding the SaskPower oxyfuel plant, it was said that it was virtually impossible to find a
technology supplier for IGCC for lignite. The technology guarantees were better for oxy-
combustion than for post-combustion.

Chemical looping combustion was discussed. This avoids the high energy consumption of
oxy-combustion. CFB boiler experience can be used but use of sophisticated bed materials
for coal is a concern.

Coal has a variety of properties, which will affect the choice of optimum technology.

The issue of air ingress and its impact on CO; clean-up was discussed. Oil boilers are run at
positive pressure but there are safety challenges for large boilers. Ancillaries such as air
heaters and fabric filters are major potential sources of leakage. Manufacturers could build
gas tight boilers — for a price. CO, processing was said to be the biggest unknown in oxy-
combustion processes.

SUMMARY AND CONCLUSIONS

The workshop covered a wide range of topics from current on-going studies and experimental
results to development of new technology for oxygen production and CO, processing; and up to
date briefing on the status of different large scale oxy-combustion demonstration and pilot plant
projects.

This section summarised the main points of discussion and identifies briefly the current state of the
technology and the different issues important to the development of oxy-combustion process for
power generation with CO, capture.

The future directions for the development of the oxy-combustion technology would have three
different legs namely:

The short term development of the oxy-combustion technology would look at the enabling
technologies that would be suitable for plant retrofit or new built; and would be totally based
on the current conventional power plant equipped with new highly efficient and air-tight
boiler. This type of boiler could also allow operation of the boiler based on air firing mode.
(i.e. Projects developed by Vattenfall, CS Energy/IHI and TOTAL)

The intermediate term development of the oxy-combustion technology would look at
enabling technologies that would build the next generation power plant purposely for oxy-
combustion. It could be perceived that this type of boiler would still be similar to the
current conventional boiler but never planned for air firing. (i.e. CANMET development in
HYDROXY Burner)
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The longer term development of the oxy-combustion technology would look onto new
technologies that would be totally different from the current conventional boilers (i.e.
Chemical Looping Combustion, Praxair’s OTM membrane, CES technology).

For the short term development of oxy-combustion process, the following points could be
highlighted:

Validated simulation of the oxy-combustion process will be the key to allow plant retrofit
with confidence. It is important to establish how to extrapolate what has been learned (i.e.
sub-models developed) for an air fired case to oxy-fired case.

(0]

There is still a need to develop simulation tools that would allow modelling of heat
transfer, ignition, devolatililisation and char burnout kinetics, and ash partition and
deposition.

Particularly, there are still a lot of uncertainties in the understanding of impact of ash
deposition to the heat transfer model. This also includes the gap of knowledge in the
gas to surface thermal resistivity.

It could be identified that there is a critical gap of information on the ash deposition and its
impact to the fireside of the boiler (i.e. corrosion).

(0]

(0]

There is limited information on particle deposition and slag formation under oxy-
combustion firing mode.

Critically, it is important to note that further data should be gathered to establish the
relationship between flue gas recycling, impact of CO; rich environment, recycling
of SOx and NOx to the deposition and slag formation (which are also dependent on

coal types).

There is already a good understanding in NOx and SO, formation (including sulphation of
the ash). However, there is still a need to obtain more data for SO;, Hg and trace metal

emissions.

o It is well accepted and established that recycling of flue gas containing NOx species
could reduce NOx emissions (on mass emissions basis).

0 The reduction in NOx was primarily attributed to the reburn mechanism.

O It could be established that there is about 30% reduction in sulphur emission due to
higher sulphation rate of the ash promoted by the ash’s Ca content.

O There is still some uncertainty on the SO, concentration that can be tolerated in the
recycle loop, and whether desulfurization before recycle is necessary for high sulfur
coals.

0 Likewise, there is some indication that SOs; formation could be potentially higher
during oxy-combustion. But further data should be obtained to validate such an
indication. It should be noted that understanding of SO; formation is important to the
operation and estimating the performance of downstream units (i.e. ESP and Fabric
filter operation — primarily its implication to the dew point temperature).

0 The issue of air ingress is very critical to the viability of oxy-combustion process.

= The limit on non-condensables is driven by the limit on the physical
separation process and the cost of separating these impurities from CO,
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during compression. (This would definitely impose the severe constraints on
furnace inleakage or air-ingress for plant retrofit).

For the intermediate term development of oxy-combustion processes, the very focus of the research
would be in the aspect of reduction (or elimination) of externally recycled flue gas. This could be
achieved by use of steam as the attemperation medium or application of combustion techniques
applied in the glass furnaces (i.e. high velocity jet burner / flameless combustion technique).

e The critical barrier to such developments are identified which are:
0 Furnace / boiler materials selection.
0 Understanding the aerodynamics of directed O, injection point.

e Simulation tools necessary to aid boiler / furnace developments are essential.
O Heat transfer that would allow flame temperature cooling (including the prediction
of aerodynamics and temperature profile differentiated by high jet injection of
oxygen and fuel).

The longer term development would probably involve the development of techniques and processes
that could reduce the energy penalty from oxygen production. There are two main common
development issues in any types of oxy-combustion technologies.

e To address the energy penalty related to the oxygen production

e To address the requirements for the CO, quality

The longer term development addressing the energy penalty due to oxygen production would
include:
e Development in chemical looping combustion

e Development and integration of alternative oxygen production system
0 OTM (development undertaken by Praxair)
0 ITM (development undertaken by Air Products)
0 CARS (development undertaken by BOC / Linde)

Efforts in the development of the oxygen production could be subdivided into two directions:

e Near term development would look onto the improvement of current cryogenic distillation
process:

0 What could be the optimum oxygen purity in terms of minimising the CAPEX and
the OPEX?

0 What are the potential for integration with the boiler island and the CO, processing
unit?

0 What could be the permissible maximum capacity of current ASU cryogenic
technology? (i.e. Could we have a single train ASU that could produce greater than
5000 TPD O,?)

e Medium to long term development would look into the development of various
breakthrough technologies: (It should be noted that this leg of development would be a
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merger between the long term development of oxy-combustion boilers / furnaces and
oxygen production). Breakthrough technologies include:

0 Development in membrane technologies (i.e. [ITM, OTM, CARS)

0 Chemical looping combustion process (no oxygen production required)

It is important to discuss the issue of CO; purity. It should be noted that concentration limits for on-
site storage are uncertain, both technical and regulatory.

e Would the CO; rich products be considered as a waste? or as a resource?

e What are the requirements of the CO, storage site with regard to the major impurities (i.e.
0,, N; and Ar)

e What are the different technical issues involving the removal of minor impurities (i.e. SOX,
NOx, Hg and other trace metal)?

The compression and condensation process proposed by Air Products is considered one of the most
elegant solutions for CO, processing presented during the workshop. It is important to note that
possible reaction between NOx and SOx during the compression stage of the CO, rich product is
considered an important learning. However, the reaction mechanisms and capture efficiency of
these minor impurities should be further verified.
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Farmington River Bridge, Windsor, CT

2nd Oxy-fuel Combustion
Network Meeting

25th-26th January 2007
Hilton Garden Inn, Windsor, Connecticuct

Organised by Objectives
Provide scene setting overviews
IEA Greenhouse Gas R&D Feedback from participants
Programme. Review of new initiatives on oxy-

combustion R&D activities.

Program Highlights

Hosted by Wednesday: Visit to Alstom's 3MW
Oxy-CFB and CLC test rig.
Alstom Power Thursday: Disscusion Forum on Vari-

ous Oxy-Combustion Technical Issues.
Friday:Panel Disscusion on Large
Scale Pilot Demonstration Projects.
Monday: Optional visit to CANMET
Oxy-Combustion Facilities

ALSTOM



23rd January 2007

1500 to 1800 Visit to ALstom’s 3MW Oxy-CFB and CLC test rig

ALSTOM

ALSTOM s Power Plan Laboratories in
Hindsor, Conmecficuf iz world renowned for ifs
work in combusfion, fuel science and firing
spsfems, heat fransfer, fuid dynamics and
process modeling, advanced confrol spsfems,

and measurement fechnologiss.

17.00 Welcome Drink at Alstom Facility
18.00 to 19.00 Pre Registration at Hilton Garden Inn Reception Hall



25th January 2007 Day 1

08.30 to 09.00 Welcome Address-Alstom Power Inc; John L. Marion VP Global Technology- Boiler Business, USA
IEA GHG-Background to International Oxy-Combustion Network; John Topper MD IEA Greenhouse
Gas R&D Programme.

Session 1-Keynote Presentations; Chair;John Topper

09.00 to 09.40 Overview of Oxy-fuel Combustion Technology:Progress and Remaining Issues; Adel Sarofim, Univer-
sity of Utah, USA

09.40t0 10.20 An Overview to Alstom's R&D Activities on Oxy-Combustion Technology Application for Power Gen-
eration Industry; Woody Fiveland, Alstom Power Inc, USA

10.20 to 10.40 Break
Session 2a- Oxy-Combustion Experimental Study and Modelling, Chair; Klaus Hein

10.40to 11.00 Combustion Tests and Modelling of the Oxy-Fuel Process-an Overview of Research Activities at
Chalmers University; Klas Andersson, Chalmers University, Sweden.

11.00 to 11.20 Stability of Axial Pulverised Coal Flame Under Oxy-Combustion Conditions; Jost Wendt , Reaction
Engineering/University of Utah, USA

11.20to 11.40 Pilot Scale Experiments Giving Direct Comparison Between Air and Oxy-Firing of Coals and Implica-
tion for Large Scale Plant Design; Toshihiko Yamada, IHI, Japan.

11.40to 12.00 Coal Particle Ignition, Devolitisation and Char Combustion Kinetics During Oxy-Combustion; Chris-
topher Shaddix, Sandia National Laboratory, USA

12.00to 12.20 CFD Modelling for oxy-combustion process; Karin Eriksson, Vattenfall R&D, Sweden.

12.20 to 13.40 Lunch

Session 2b- Oxy-Combustion Experimental Study and Modelling, Chair; Klas Andersson

13.40 to 14.00 Performance of PF Burners Retrofitted to Oxy-Firing; Terry Wall, Newcastle University, Australia.
14.00 to 14.20 Thermo Acoustic Instabilities in a CO2 Diluted Oxy-Fuel Combustor; Mario Ditaranto, Sintef Energy
Research, Norway
14.20 to 14.50 Experimental Investigation of Oxy-Coal Combustion at IVD using 20 and 500kw Test
Facilities; Joerg Maier, IVD-University of Stuttgart, Germany.
14.50 to 15.10 Modelling, Design and Pilot Scale Experiments of CANMET’S Advanced Oxy-steam Burner;

Kourosh Zanganeh, CANMET, Canada

15.10 to 15.30 Break
Session 3- CO2 Processing, Oxygen Production and Membrane Technology, Chair; Jean-Pierre
Tranier

15.30 to 15.50 Purification of CO2 from Oxy-Fuel Combustion; Vince White, Air Products, UK.
15.50 to 16.10 Oxy-Fuel Combustion using OTM for CO2 Capture from Power Plants; Minish Shah, Praxair, USA.
16.10 to 16.30 ITM Oxygen: Progress Toward Reduced CO2 Capture Cost; Kevin Fogash, Air Products, USA

Session 4 -Open Forum: Chair; Janos Beer

16.30to 17.30 The remaining issues for oxy-combustion technology
- Summary to day 1 presentations
- Discussion on various issues relevant to development oxy-combustion technology
1. Boiler and burner development
2. Oxygen production.
3. CO2 Processing.

ALSTOM
19.00 Dinner sponsored by Alstom Power Inc.



26th January 2007 Day 2

08.20t0 08.30  Administrative Announcement
Session 5 -On-Going Oxy-Combustion Studies; Chair Jost Wendt

08.30 to 08.50

08.50 to 09.10

09.10 to 09.50

09.50to 10.10

Development of a Cost Effective Oxy-Combustion Coal Fired Boiler; Hamid Farzan, Babcock & Wil-
cox, USA.
Application of Oxy-Fuel Technology for Retrofit/New Build Power ; Ragi Panesar, MBEL, UK

State of Development and Results of Oxy-Coal Combustion Research Initiative by Fundacion Ciu-
dad de la Energia in Spain; Vicenté Cortes, School of Engineering, University of Seville, Spain.

Oxy-Fuel Process for Hard Coal with CO2 Capture-a part of the ADECOS project; Alfons Kather, Tech-
nical University of Hamburg, Germany.

10.10 to 10.30 Break

Session 6- Advance Oxy-Combustion Concept, Chair; Nysakala y Nysakala

10.30 to 10.50
10.50to 11.10
11.10to 11.30

Development in Chemical Looping Combustion; Tobias Mattisson, Chalmers University, Sweden.
CLC R&D efforts of Alstom; Herb Andrus, Alstom Power Inc., USA
Fixed Bed Membrane Assisted CLC; Sander Noorman, University of Twente, The Netherlands.

11.30 to 12.00 Lunch

Session 7- Panel Discussion — Large Scale Oxy-Combustion Demonstration Project ; Chair

Sho Kobayashi

1245 - 1515

Coal Based Oxy-Fuel System Evaluation and Combustor Development

Leonard Devanna, Clean Energy System, USA

R&D Objectives of the Lacqg Oxy-Boiler Retrotit Project: Development for Oxy-Combustion of
Crude Oil, Transportation and Storage of CO2 in Depleted Gas Reservoir

Nicolas Aimnard, Total, France

Project Overview of the SaskPower's 300MWe Oxy-Combustion Demonstrafion Power Plant:
Bob Stobbs, SaskPower, Canada

Status of Calide-A 30MWe Demonstration Project

Chris Spero, CS Energy, Australia

Status of Schwarze Pumpe 30MW, Pilot Plant Project

Lars Stromberg, Vattenfall AB, Sweden

Jupiter Oxygen Projects Moving Oxy-Fuel Forward — Overview to their Large Scale Demo Pro-
ject.Brian Patrick, Jupiter Oxygen, USA

Closing Session-Wrapping up and Future Activities
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= Who is ALSTOM ? ALSTOM

N°2 worldwide in rail transport
Alstom makes 1 metroin 4 and 1 tramin 3

N°2 worldwide

in urban transport
(metro and trams)

N°1 worldwide
in high speed

N°3 worldwide in electricity production

Alstom supplies 27% of global capacity for the production of electricity

N°1 worldwide N°1 worldwide N°1 worldwide N°1 worldwide

in turnkey in hydroelectric in environmental in services for
power plants control systems electricity utilities

A global leader for Power Generation and Rail Transg%oélgt%



E\Nhat’s ALSTOM doing about CO,?

0 ALSTOM is a world-leading supplier of power generation equipment, turnkey
power plants and services, and is an industry leader in providing modern, high-

efficiency clean power generation equipment and enerqy solutions

o ALSTOM believes that providing a diverse mix _of technologies for power
generation is a critical element in providing affordable, reliable, and
environmentally sound energy.

o There is no single, all-encompassing, long-term technological option for
greenhouse gas mitigation; rather, there will be a variety of options that will be
needed.

0 ALSTOM continues to focus its major R&D investments in the demonstration of
cost effective and practical power generation systems aimed at both improved
efficiency and emissions control (including capture). Through these principles,
ALSTOM is committed to the continuous improvement of its technology portfolio
in order to meet the present and future needs of its customers.
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' C02 Mitigation Options - for Power

B Conservation

B Increase efficiency
[ of fossil fuel energy conversion ]

B Fuel Switch

B nuclear
B renewables
B natural gas

B CO, Sequestration
B> Capture
B> Sequestration

Fossil Fuel use is projected to increase

World Carbon Dioxide Emissions by
Fuel Type, 1980-2030
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%CO2 Mitigation Options - for Power

B> Conservation

i Increase efficiency
[ of fossil fuel energy conversion |

Efficiency (%)

B combined cycle
B Steam turbine plant
B Gas turbine

e Reduces emissions

//  Reduces CO2
- e Saves limited fuels

KFGSOUI’CGS -

|
T T T T T T |
1900 20 1940 1960 1980 2000 2020

Efficiency improvement is a “no regrets” strategy we can
Implement today! J&o ¢



F _"(“'302 Mitigation Options - for Power

B Conservation

B Increase efficiency
[ of fossil fuel energy conversion ]

B> Fuel Switch
B> nuclear
B renewables
B natural gas

: pp CO, Sequestration
: B> Capture Needed in the long run if
: B> Sequestration we continue to use fossil
SIStaI=IeaI=Ie eI ==l I It I=[=Ia = [= = I=[=l=I=l=l=I=l=l=|=l=l=]=[=I=]=[=I=]=[=I=]=[=I=]=(=I=]=l=I=]=l=l= fuels and COmmIt to COZ
emissions stabilizati(&

N
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F CO, Capture Approaches - for Power

B> Post Capture

B Adsorption

B Absorption

B> Hydrate based

B> Cryogenics / Refrigeration based
B Oxy-fuel Firing

B> external oxygen supply

B integrated membrane-based

B oxygen carriers
B> Decarbonization

B reforming (fuel decarbonization)

B carbonate reactions (combustion
decarbonization)

Innovative options continue to emerge and develoé&%
N



Oxy-fuel Firing

CO2
N, CO, Recycle

T

Air Separation

g Unit (ASU)O, T Boiler [—¥»Condensel| g

Fuel H,O Compressor

‘ Front-End ‘

y
Gntegrated)

Oxygen Firing to produce concentrated CO2 y
stream ‘ Tail-End ‘
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- Oxy-fuel Firing

B> Complimentary with current boiler and steam
power plant technology, including efforts
towards ultra-supercritical conditions, and
environmental control developments

B Applicable for new and retrofit plants

Evolutionary development for coal power

JL O



Oxy-CFB

CO, -RICH PRODUCT
TO GASPROCESSING
SYSTEM

CFB Steam Generator Unit iy
FAN
AIR
INFILTRATION
< Gas
CONDNESATE Cooler
|
PPWH
|
PARTICULATE
»| REVIOVAL
OXYGEN SYSTEM
HEATER GAS
. ) RECIRCULATION
COAL FAN
LIMESTONE -
| ‘ OXYGEN
ASH — AR, SEAP::?'Z'I'IOI\I - DITRQGEN
COOLER FLUDIZING UNIT ‘ ‘
GAS 3 MWt pilot CFB
l <JBLOVFR
Reduced recycle FGR and resultant
smaller boiler & APC
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0 MWth Oxy-fuel PF Pilot Plant —
Vattenfall

Location of pilot plant in the In

liLIE

First of a kind large demonstration
of Oxy-PF Power Plant
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dustrial Park Schwarze Pumpe
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Development | Scale-up |Objective Com | Partners
Steps Factor
Laboratory Fundamentals of 2004 | Universities (Stuttgart,
= Tests oxyfuel combustion 2005 | Chalmers, Dresden)
10/55 kwth Vattenfall, ALSTOM..
Test Plant 1:50 Fundamentals of 2005 | CEBra, BTU Cottbus,
500 kWth oxyfuel combustion Vattenfall, ALSTOM
with flue gas
recirculation
Pilot Plant 1:60 Test of the oxyfuel 2008 | Vattenfall...,
30 MWth process chain ALSTOM, others
Demo Plant 1:20 Realisation with CO2 | 2015
600 MWth sequestration,
Commercial approx. 2020
Plant approx. 4-5
1000 Mwel

ALSTOM




F Oxy-Fuel Power Plant with Advanced
O, Production Technology

CO, Rich

Cleanup & Flue Gas
Cooling

Combustion & CO,

Boiler System 0, + CO,

Fuel ,\/v\, N Ioz ............
Advanced Turbine /
ASU Generator

Compressor

O, Depleted Air
Breakthroughs WI|| Improve oxy-firing

age 12 erformance and economics
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! Chemical Looping

Metal oxides oxygen carriers — a type of oxy-fuel firing
— shown here in connected CFB’s

N2.02 CO2,H20 (_—,_i—ﬂuegas

¢
Fe203 . 2
Combustor Reductor i ds
g —
]
3 e fusl
Fe304 =E:3,:,:; J J |
B R
@ f.g. gggcondensible 0,
8
Air Fuel
air < bleed

Chalmers U., ALSTOM, others

Chemical Looping is a potential breakthrough technogglggy
3



' | Chemical Looping

CaS - CaS0O4 loop in CFB reactors
CO, N,

To Steam Cycle

Reducer Oxidizer
Coal Air
CaCO,
Steam
CaSO, CaS Ash, CaSQO,
to Disposal

Combustion with CO2 Capture

Calcium-based oxygen carrier process Is suited to %,Q@I,
N



- Economics of Electricity Production with
: Carbon Values

‘Economic Assumptions‘

e Coal Cost 1.50 ($/MM-Btu)

e Natural Gas Cost Range: 5.0 - 9.0 ($/MM-Btu)
«Capacity Factor 80% - 7,008 (hrs/yr)
 Performance (thermal efficiency) Taken from referenced studies
* Investment Costs ($/kW) Taken from referenced studies
 Annual Capital Charge Rate 13.5% of investment cost

e Operating & Maintenance Costs Taken from referenced studies

*CO, allowance price Range: 0-50 ($/Ton of CO,)

COE vs CO, Value g o



Cost of Electricity
(Common Basis Results)

10.00

onomics of Electricity Production with
Carbon Values
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CO- Allowance Price (/Ton CO; Emitted)

[

——+— NGCC 9FA-Class w /o Capture (5%/MM-Btu) IEA
12-Solid Regenerative Absorber

13-Membrane Seperation

NGCC 9FA-Class w ith Capture (9%/MM-Btu)
EéCC 9H-Class w ith Capture (9%/MM-Btu) IEA
NGCC 9FA-Class w /o Capture (9%/MM-Btu) IEA
PC CO2 Scrubbing - MEA (Parsons)

Ref - IGCC 7FA (GE—Texaco Heat Recovery)
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Ref - IGCC 7FA

w /o Capture - Sp

Ref - IGCC 7FA (GE—Texaco Heat Recovery)
w /o Capture

Ref-Air fired CFB w /o Capture

GE Texaco Heat Recovery)

NGCC 9H-Class w /o Capture (5%5/MM-Btu) IEA
NGCC 9H-Class w /o Capture (9%/MM-Btu) IEA
Ref-Chemical Looping Gasification 7FA w /o
Capture (CaSs)

16 - 2026 Biomass co-fired PC w /o Capture
17 - 20%6 Biomass co-fired CFB w /o Capture
8-0O2 Fired PC Pre-Dried Lignite w ith Capture
15-CO2 Frosting

Ref - IGCC 7FA (GE-Texaco Heat Recovery)
w ith Capture

7a-0O2 Fired CFB w ith Capture (US)
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Oxygen Transport Membrane CFB
6-Regenerative Carbonate Cycle w ith Capture
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Metal Oxides) A 3
-Chemical Looping Combustion w ith Capture

(cas)

Many cases — look at Dispatch then COE vs COZ2 values
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conomics of Electricity Production with
Carbon Values
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(Cents/kwhr)

CO, Capture in Power Plants

—mgem_ CO2 Scrubbing - MEA (Parsons)

— - % - — Ref - IGCC 7FA (GE-Texaco Heat
Recovery) w/o Capture - Spare

— -6 - — Ref - IGCC 7FA (GE-Texaco Heat
Recovery) w/o Capture

- - -@- - - Air Fired PC w/o Capture
(3915/1085/1148)
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mm 2w Ref - IGCC 7FA (GE-Texaco Heat
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10.00 w/ capture
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Incomplete picture of Capture Options
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Plants

9.00
- - -@- - - Air Fired PCw /o Capture
(3915/1085/1148)
Reference case
8.50 —aA— Ref - IGCC 7FA (GE-Texaco Heat
Recovery) with Capture
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~
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Capture

mEm R Oxygen Transport Membrane CFB

6.50
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CO, Allowance Price ($/Ton CO, Emitted)

Oxy-firing with conventional or advanced O2
generally lower COE than IGCC J&o ¢
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Advanced concepts have great potential
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Conclusions

e New coal fired power plants shall be designed for highest efficiency
to minimize CO2 + other emissions

e Several technologies for CO2 capture are currently available,
several are actively being developed, and many more are emerging

e Including --- Oxy-fuel firing for CO2 capture for Combustion-based
Power

e Cost Attractive Options are needed and should actively supported,
particularly:
— Breakthroughs ( example: chemical looping & adv. oxygen )
— Retrofitable ( example: oxy-firing and ammonia scrubbing )

e Thereis no single technology answer

e Our workshop will provide a comprehensive update of Oxy-fuel
firing development and the challenges ahead.
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[EANGreenhouse Gas R&D Brogramme

International Network for Oxy-Combustion
with CO2 Capture

Introduction to 2"d Workshop
Windsor, CT, USA

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.

 |ts main role Is to evaluate technologies that can
reduce greenhouse gas emissions.

« Aim Is to:
Provide our members with informed information on the

role that technology can play in reducing
greenhouse gas emissions

www.ieagreen.org.uk



[EANGreenhiouse &as R& D Brogramme

Current Membership
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[EANGreenhouse Gas R&D Brogramme

! 9

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
» encourage development
* minimise cost of participation
« enhance technology credibility
* reduce risks

www.ieagreen.org.uk



[EANGreenhouse Gas R&D Brogramme

15t 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.

13 presentations were made covering topics ranging from
modelling and laboratory studies through to
demonstration plant build intentions

www.ieagreen.org.uk



[EANGreenhouse Gas R&D Brogramme
At this Meeting

» We have had to close registration list early because of
the demand — over 85 people are attending (~20 persons
In the waliting list)

» Excluding participants from Alstom Power, breakdown of
participants shows that there are:
» 33 participants from N America (44.6%);
» 33 from Europe (44.6%);
» 4 from Australia (5.4%);
» 2 from Japan (2.7%); and
» 2 from South Korea (2.7%)

» Participants from 16 different countries are present today

» Excellent networking

www.ieagreen.org.uk




Today: Housekeeping Points
» Coffee breaks around 10.20 and 15.10

» Lunch, 12.20 followed by photos

» Afternoon session will finish at around 17.30

Dinner this evening in the 19.00 — Alstom to
provide detalils.

» ALL PRESENTERS ensure Stanley gets a
copy of their presentation on data

storage stick iIf you want it on the GHG
website next week

» Mobile phones off or on vibrating alert

www.ieagreen.org.uk




Other Matters

We are now looking for a host for our next
meeting.

If you would be interested to host the next
workshop please approach IEAGHG team (myself,
Stanley or John) to be considered.

Planning to hold the workshop between March and
April next year.

Announcement will be made to everyone by the
end of June 2007

www.ieagreen.org.uk



Thanks to Alstom

* For local organisation
* And for Sponsoring the Dinner this evening.

» and for the facilities visit and welcome drink
yesterday

www.ieagreen.org.uk



Oxy-fuel Combustion:
Progress and Remaining Issues

Adel F. Sarofim

University of Utah
Reaction Engineering International

2"d [IEAGHG International Oxy-Combustion
Workshop

Hilton Garden Inn, Windsor, CT
January 25-26, 2007
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Definition of Recirculation Ratio (adapted from Praxair, '05)

The present manifestation of oxy-fuel combustion is to have oxygen mimic air by
mixing 1 mole of oxygen with R moles of recirculated flue gases

steam

exhaust
cumpressmn

D @ supercrltlcal

water

FUEL

1+R feed water
flue gas recycle R

| | R is the volume (molar) ratio of
1 oxygen alr recirculated flue gas to oxygen
% Recycle =100 R/(R + 1)
N2 off gas Inlet O, (%) = (R(O,), + O, »s )/(R+1)

= 100/(R+1) when (O,), = 0 and
O, Asu=100




Heat Transfer

“For a boiler retrofit, what is the optimum
recycled flue gas ratio where heat transfer
profile could be similar to the air-fired system,
and will this be dependent on the type of boiler
and its configuration?”



The ratio R of recirculated CO, to Oxygen is around 3 if
heat flux for air combustion is to be matched

Case O2, eff TAF Pc Pw g, T=1500 K Umax:
K L=15m kW/m?2
Air 21% | 2302 | 0.16 | 0.089 0.51 812
O, 51% | 3176 | 0.64 0.34 0.68 3,946
R=1
O, 35% | 2330 | 0.64 0.34 0.68 1,140
R =2
O, 2/% | 1891 | 0.64 0.34 0.68 496
R=3

The recycle ratio will depend upon furnace size, oxygen purity, coal
type, temperature of recycle (Prof. Kather) and will be reduced by
solid recycle in FBC (Alstom)



Zone method for a 50 MWe plant
shows a match for the furnace at a
value of ~ 3.3 (Payne et al., '89)
Black Thunder Coal 107 Btu/hr with

small local differences
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Progress in our understanding of heat transfer

The recycle ratio R is now determined as the value required to match the heat
transfer for the air-fired furnace (not adiabatic flame temperature). R is
predictable, increases with increasing gas emissivity (size of furnace), and is
of the order 3. The value will be smaller for FBC where the recirculating solids
can be used to control peak temperatures.

The mean velocity of gases is reduced by the factor of (R+1)/4.76 =0.84. This
will provide a longer residence time in the radiant section of furnace.

The product of velocity and average heat capacity of the predominantly
CO,/H,O mixture is greater than that of conventional combustion products so
thaf the exit gas temperature for the O, firing is lower when the recycle ratios
are selected to match the heat transfer in radiant chamber (Wall, 2007).

The effect of lower velocity in the convective section is more than offset by
lower kinematic viscosity for the oxy-combustion, so the Reynolds numbers
and convective heat transfer coefficients will increase. The balance of heat
transfer between the water cooled walls, radiant and reheat panels, and
convection section will differ slightly between air and oxy-combustion but can
be compensated for by either

— Changes in operation (burner tilt, attemperation in superheater and reheater, ...) for

retrofit or
— design changes for new units.

Zone and CFD models (Vattenfall, Newcastle, IVD, Chalmers) are extremely
valuable. However, the predictive capability is constrained by the uncertainty
in the thermal resistance of the ash deposits, typically of the order of 1
(m2)(K)/Kw, which is of the same magnitude as the gas to surface resistance
for radiative heat transfer in the radiant section.



Emissions

“It has been reported that NO, and SO, emission tend to reduce during
oxy-firing conditions; unfortunately, the mechanisms behind these
reductions have yet to be understood.”

“What is the purity of CO, for transport and further storage?”



Gas compositions (omitting non-condensables)
and volumes for bituminous coal (CH; ;04,Ng 01750.015) fired
with air and oxygen

Air Firing Oxy-Firing

CO, 17 % by volume | 64%

H,O |8.9% 34%

NO, 27/ 7T0XCR* ppm |10,700xCR* ppm

SO, 2470 ppm 9400 ppm

Moles |1 0.26

CR* = fractional conversion of coal nitrogen to NO,



Options for Control of trace gas contaminants
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Major NO, Reduction with Oxy-
Combustion (Payne et al, 1989)

NO/(NO)air
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Reduction Consistent with 1. Reburning Due to Recirculation and
2. Decrease of Fuel Nitrogen Conversion with Increased NO
Concentration

Simple Model (based on Okazaki, 2003)

N —Rd — (N,
1
R (NO),
OH NO k, (1)(OH 1
Fn — | /kév o= —— - k, (NO)

NO N,

(R+1)(NO), = aF + R(NO), (1 - n)

(NO), = oF {Rn + 1}

where a is fraction of fuel nitrogen converted to NO and n is
fraction of NO destroyed by reburning



Sulfur Oxides

Sulfur removal with ash is increased by up to 30% (1.5 MW, Air Liquide
and B&W, 2003, IHI 2007), explained by higher kinetics of sulfation of
ash due to high concentrations of SO, (Okazaki, 2003)

An additional factor may be the direct sulfation of CaCO; which is not
constrained by the problems of pore-mouth plugging encountered
with CaO

CaCO, + SO, + % O, = CaSO, + CO,

*Recarbonation is 100%
observed by
Alstom (2006) in
CFB as flue gases
cool

For CFB
operation at

higher pressures 0%
will lead to direct 1400 1450 1500 1550 1600 1650

sulfation in bed Temperature, °F

80% Typical Oxygen Fired

60% Caco;

40%
CaO

20% Typical Air Fired

CO; Partial Pressure, atm

1700



“What is the purity of CO, for Transport”
ENCAP, Dakota Gasification)

In the absence of regulation, one measure of the purity of the CO, for transport is the product
of tne Dakota Gasification Plant now being piped to the Weyburnzfor enhanced oil recovery. A
typical compositionof the gas product is: 96% CO,, 2% C, + Hydrocarbons, 0.3 CH,, 1% H.,S,
0.6 N,, 0.01% O,,

CO,

-CO2 > 95%

*H,0 <100 ppm

*H,S <1450 ppm
*Non-condensables (N,, Ar, O,) < 4%
*HC < 5%

*O, <100 ppm

The limit on non-condensables is driven by the cost of separating them from CO, during
compression and imposes severe constraints on furnace inleakage for retrofits.

Concentration limits for on-site sequestration are uncertain, both technical and regulatory.

Also uncertain is the SO, concentration that can be tolerated in the recycle loop, and whether
desulfurization before recycle Is necessary for high sulfur coals



“What is the purity of CO, for
Transport” ENCAP, Dakota
Gasification)

ENCAP guidelines and average
concentrations from South
Dakota Gasification plant (5
million tons successfully piped
200 miles to Weyburn field for
EOR) are provided as
guidelines of what to expect in
the absence of current
regulations.

The limit on non-condensables
Is driven by the cost of
separating them from CO,
during compression and
Imposes severe constraints on
furnace inleakage for retrofits.

Component ENCAP ENCAP Dakota
WP 1.1 WP 1.1 Gasification
EOR Severe Limit | Typical
Guidelines Case Concentration,
molar molar molar

CO, > 90 % > 95% 96 %

C, + Hydrocarbons | --- 2%

H,S <50 ppm <5 ppm 1%

N, See Sum of See Sum of 0.6 %
Inerts Inerts

CH, 0.3%

O, 100 ppm 100 ppm 0.01%

Mercaptan & other See See 0.03%

sulfides individual individual

cpds. cpds.

H,O <500 ppm <5ppm 2 ppm

Sum of Inerts (N, <4% <4% See O,, N,

0,, Ar, CO)

SO, < 50 ppm <5ppm -

HCN 5 ppm -

Mercaptans < 50 ppm 10 ppm -

NO <5ppm -

COS <50 ppm 10 ppm -




CO, Compression and Purification System —
Removal of SO,, NOx and Hg (Air Products, 2006)

« SO, removal: 100%

1.02 bar
30°C
67% CO,
8% H,O
25% Inerts
SOx
NOX 15 bar
bfw
condensate 8
cw
Dilute H,SO,
HNO3
Hg

30 bar
CW

©

)

NOx removal: 90-99%

30 bar to Driers
Saturated 30°C

76% CO,
Water 24% Inerts
@ cw
Dilute &)
HNO,

NO + % 0, = NO,
NO, + SO, = SO, + NO
SO, + H,0 = H,S0,

H,0 + NO, = HNO, + HNO,



SOx/NOx Removal — Key Features (Air
Products, 2006)

e 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



Oxygen can be reduced to low level by
replacing simple phase separation with
1.1 bar distillation (Air Products, 2006)

20°C
25% CO, Al Plate Heat
75% Inert i Exchanger :
p— — - —— — -
‘ T -55°C
%% 20

Vent <

Driers -
: bar T n
@ 0 110
bar
4 bar ’C& s
o T~ 96% CO,
— 4% inerts
30 bar Raw CO, S— _60°C dew
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Oxygen can be reduced to low level by
replacing simple phase separation with
1.1 bar distillation (Air Products, 2006)

Al Plate Heat \
~Exchanger \
- — - —— — - ‘
‘ T -55°C
Tt 20

Driers : L - -<—(><)<J

: bar
110
+ bar

""" 99.89% CO,

. 0.1% Ar

30 bar Raw CO, 0.01% O
Saturated 30°C © -
76% CO, 24% Inerts

Vent <




Sources of Non-condensables (Kather for details)

* Air leakage

— Mainly in air heaters (especially Lungstrom design) and
ESPs; values typically > 3% increasing with age of plant

 With oxygen from ASU

— Cost of oxygen can be reduced with reduction in purity.
Optimum purity of 95% O,, 3% Ar, 2% N suggested,
corresponding to an increment of about 2.3 % Ar, 1.6% N,
In flue gases

e From excess oxidant

— 3% Oxygen in product gas (~4% excess for O, firing versus
18% for air)



Combustion considerations

“What are the different flame properties in
terms of varying flue recycle ratio?”

“What are the data available in characterization
and performance of different types of coal
under the firing conditions of an O,/CO,/H,0O
environment?”



Combustion ramifications of replacing N,
by CO,

Flame stability (Wall, Wendt & Eddings, Hals, Zanganeh)

— “Flame stability performance was unchanged in spite of use of
oxygen deficient recycle flue gas as the transport medium for the
pulverized coal” (Payne et al, 1989). Issues of scale up, design,
turn down, design tools...need to be addressed.

— Oxygen in near burner region can greatly increase flame stability
and be used to advantage for high velocity burners

— Use of oxygen deficient recycle flue gas has not impacted flame
stability

— CO, is known to decrease flammability limits and soot formation
Carbon Burnout (Shaddix, Maier)

— Increased residence time and augmentation of the char
gasification rate by reaction with carbon dioxide and water vapor
will enhance char burnout, supported by data on reduction in
carbon in ash on conversion to oxy-combustion (Payne et al.,
1989, IHI, 2007).
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External Recycle (Stromberg, 2004)
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Status of ‘Practical Plant Operation and Safety Issues’

Panel CES, Total, SakPower, Vattenfall, Jupiter
Existing Pilot Scale (<5 MW,)

*EER (CA), 3.2 MW; IFRF (Netherlands), 2.5 MW; IHI (Japan); Air Liquide, B&W
(OH), 1.5 MW; CANMET (Canada), 0.3 MW; Alstom (CT), 3.0 MW CFB, IVD
(Germany) 0.5 MW

*Planned Pilot Demonstration (>20 MW,)
*Vattenfall 30 MW, Schwarze Pumpe Germany. Ground breaking 5/06

Japan (IHI) —Australia (Queensland) Oxy-Fired Retrofit with oxygen plant, CO,
compression and sequestration (including combustion and heat transfer evaluation);
PF boiler (Callide A 30 MWe Unit owned by CS Energy).

eHamilton (OH) B&W 24 MW, retrofit

Commercial Installations

«Commitment to oxy-fuel evident from investments of € 50 M ($63.6 M) for Vattenfall
pilot and A$ 180 M ($138 M) for Callide retrofit, SaskPower: potential $ 1.5 billion 300
MWe

*Applications for EOR
*Economic Assessments

*Many with general conclusion that IGCC, Oxyfuel, and Amine scrubbing, with cost of
IGCC = Oxyfuel (depending upon coals used, assumptions made) > Amine scrubbing.
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Aspirating (A) burner for having oxygen designed to
mimic air at fuel jet (Kobayashi, 2005)

1 ity
(e VAV /it | %
FURNACE R#Ia:mf‘:ﬂt % FURNACE

FUEL TUBE CASES

GASES

ut“!

ANNULUS OXYGE?

" ﬁ\\ﬂ

OXYGEN TO
OXYGEN NOZZLES ’
NOZZLES

OXYGEN TO
= ANNULUS

] FUEL ——

Picture here is for aJ Burner
one of the family of aspirating
burners

Aspirating burners using internal gas recirculation are widely used in
industry (e.g., steel reheating, and soaking pits)



New Plant Design with Internal Flue Gas
Recycle (Praxair, '05)

steam

exhaust
mmpressmn

D i@ su pern:rltlr.:a
T~

water

FUEL

feed water

N2 off gas

New boiler designs are needed where most of heat transfer surface is in
radiant section since 70 - 80% of available energy for oxyfiring is above
typical exit temperatures (2000 — 2300 F, 1400 — 1550 K). Flue gas volume

will be 24% that of air fired system.
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Energy flows for Conventional Lignite-Fired Boiler
(Stromberg, 2004)

Net electricity output
Energy input 865 MW — 42,7 %
Fuel
2026 MW

100 %

Auxilliaries
68 MW — 3.4 %

Cooling

1093 MW —53,9%



Energy Flows for the case of Oxy-Fuel Firing Showing
Losses with Air Separation Unit and CO, Compression
(Stromberg, '04)

Net electricity output
689 MW — 34,0 %

Energy input vs. 865 MW - 42.7%

Fuel
2026 MW
100 2%

CO2 compression
71 MW -3,5%
Air separation

137 MW - 6,8 %

Auxilliaries
45 MW - 2,2 %

Cooling
1084 MW — 53.5 %



Cost of Producing Oxygen (Praxair, 2005)

 Current technologies to produce 95% purity oxygen
require ~ 200 kwh/ton O,

 Theoretical energy required to compress oxygen
from 0.21 to 1 atmosphere is about 30 kwh/ton O,

* There is potential for enormous savings with
Innovative designs

— Chemical looping combustion being pursued by several
groups [Chalmers (Sweden), GE-EER (USA), Zaragosa
(Spain), KIER (Korea), NNTU (Norway),...] using Fe, Mn, Cu,
Ni based oxygen carriers.

— CO, in-furnace capture and recovery using solid sorbents

(e. g CO
= New concept by Praxair using oxygen transport membranes
appears to be exciting alternative.




Oxygen Transport Membranes Integrated into
Boiler Offer Potential for Major Cost Reduction
(Praxair, 2005)

O, Flux = C:In(P,/P.)

Oxygen Partial Pressure Driven High fluxes can be obtained

N with P,/P, > 3 achievable by
compressing air to 14.3
atmospheres (P, =14.3x 0.21 =

Mixed 3, P, =1) to produce pure O,
& ( )ED" Conductol corresponding to an ideal
compression power of 80

kwh/ton O,, basis for current

(P) O2+4e” > 20

(P2) 20— > Oz+4e” ITM processes, e.g., DOE/Air
Product (target 30% cost
Low Pressure Oxygen reduction) OR by using air at 1
atm (P,=0.21) and dilute
P is oxygen oxygen combustion at < 7% O,

partial pressure (P»,<0.07)



Conceptual sketch of OTM-Dilute oxygen
combustion (Praxair, 2005)

Flue gas
“2"f°2} FIJEI c02+gH20+1% 02
i “— 1% 02 T
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Chamber - Combustion
0"1' 1,000 C n H Chamber
R
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One Praxair Concept for OTM Furnace
Because of the nitrogen elimination greater fraction of energy is
transferred in radiative section (Praxair, '05)

—
STEAM
ﬂ, HE]
AIR (N,)
Exhaust -~ n'ﬁm
preheats air CO,H 0
and water
2N e Integrates air separation
CONVECTIVE using oxygen transport
bl membranes and
RADIATIVE combustion
SECTION
» Uses chemical potential
to minimize air separation
power required

» Produces flue gas
containing only CO,, H,0O
and inerts from fuel that

FUEL X can be readily cleaned up

for sequestration.

*OTM boiler reduces air separation power by 90%



Outline

« Oxy-fuel combustion principles
e Heat Transfer
« Stoichiometric considerations
e Emissions
e Combustion Consideration

« External Recycle for Greenfield and Retrofit
Applications

 Internal Recycle for New Plants

Reducing the Caost of Qxygen
< Concluding comments >




Concluding Comments

Laboratory and pilot scale studies have demonstrated the feasibility of
near term commercial implementation of oxy-combustion for CO,
production. Advantages to industry over IGCC are reliability,
availability, and familiarity. If emissions of carbon are to be stabilized
it is important to have implementation and wide-scale deployment of
CCSin the near future. However, there is a need to develop the ‘clean
coal’ image for oxy-combustion that IGCC has succeeded in
achieving.

Long term prospects, especially the involvement of developing
economies, depend on reducing costs of oxy-fuel or other emerging
CCS technologies

— Near term reduction in cost: CFBC first, Internal Gas Recycle later for
capital costs, ITM for operating costs.

— Longer term potential for major cost reductions should come from
chemical looping and in-furnace OTM.
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e

xygén firing: Concept

ALSTOM Copyright 2007

Fuel is burned in a boiler in a mixture of oxygen and recirculated flue gas
(principally CO,), essentially eliminating the presence of atmospheric
nitrogen in the flue gas. The resulting flue gas is comprised of primarily CO,
and H,O vapor along with some N,, O,, and trace gases like SO,, and NO,.
Consequently:

« The flue gas can be processed relatively easily (through rectification

or distillation) to enrich the CO, content in the product gas to 96-99*
percent for use in enhanced oil or gas recovery (EOR or EGR), or
« Theflue gasis simply dried and compressed for seqguestration only
N, Recirculated Flue Gas O, Prooél:;tufgsrtlria(t)ilz,nEGR, or
T Gas Processing
Air ; ; ; @] System
— A|rSep(2rSaLtJ|;)n Unit : Condenser » (CO, Compression,
Purification, and
Liquefaction)
0O,, N,, H,0O Vent Gas H,O
Air Infiltration Coal Liquid 0O,, N,, CO,, H,0 Liquid

3 IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007 ALST©1M
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Today’s Discussion

e Overview
— Conventional oxy-firing
— Advanced concepts
— Economics of recent studies
— Ongoing test programs

IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007

ALSTOM



O, Capture Options
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Post-combustion capture

Fue| =

Air e

Flue gas

Power & Heat

N», Op, HO
T

CO5 separation

Pre-combustion capture

Gasification or
Fuel = partial oxidation
shift + CO, separation

oz

st 02: HZO

Hz o | |
Power & Heat

—>

Air separation

02/CO3 recycle (oxyfuel) Fuel >

combustion capture

Air ——p

1002 cO,
v

CO, dehydration,
compression,
transport and

storage

CO; (H20)

Power & Heat

t Recycle (CO5, H,0)
8 ]

Air separation
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!’“ EOZ Capture Options
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Oxidant
Post-combustion Air Fired
Pre-combustion O, for Gasification

Oxyfiring

Air for Final Combustion

O, for Combustion

CO, Removal

Extract from Flue Gas

Shift CO to CO,

Extract from Fuel Gas

Dry and Purify
Flue Gas

IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007 A LSTOM



onventional Firing
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B —
C A —
O C —/
M K =—
B P —
U A —
FUEL S S
T S
O
AlR R \/\/\/
N, CO, H,O O, Rel Vol
AIR 75 15 7 3 100
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! Conventional Firing with Amine Scrubbing

ALSTOM Copyright 2007

B —
C A —
O c —
M K
B P E COZ
U A — I
FUEL S S
T S
O —
Al A \/\/\/ Amine
Capture
N, CO, H,O O, Rel Vol
AlIR 75 15 7 3 100
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~ Stream of Oxygen
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‘Conventional Firing using ASU to Produce a

AIR

T B —]
C A —
N, v K —
B P =
U A —
FUEL S S
A T S
SR W/
\_/
N, CO, H,O O, Rel Vol
AlIR 75 15 7 3 100
100% O, 5 67 25 3 22
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AIR

FConventionaI Firing with ASU and Drying to
~ Purify the CO, stream

T B —]
C A —
N O C —
’ 4 — VENT
FUEL S s l_co
A (T) S GPS —
> | O, R \/\N | > 90%
\_/
H20
N, CO, H,O O, Rel Vol
AlIR 75 15 7 3 100
o, 5 67 25 3 22
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- Eree Oxygen-fired firing options

|
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! Conventional Firing with ASU produces high
- _combustor temperatures
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AIR
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ECombustor temperatures can be mitigated with
- upper furnace heat absorption
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AIR
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~ flue gas recirculation
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‘Combustor temperatures can be mitigated with

14

AIR

B —
C A —
N, Y K —
o = VENT
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A i S Gps |—"
S O O
o i \YAVAY; 1
\_/
H20
N, CO, H,O O, Rel Vol
AlIR 75 15 7 3 100
o, 5 67 25 3 22
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FRetroflt option: Recirculate flue gas to a 30%
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O, blend maintains unit performance

AIR

B —p4—
C A —
\ v || RS
5 f\ =1 VENT
FUEL S s CcO
A : S GPS b——°
S O O
o | AR
\_/
\ H20
N, CO, H,O O, Rel Vol
AIR / 75 15 7 3 100
0, / 5 67 25 3 22
30% O, 5 67 25 3 64
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FRetroflt option: Recirculate flue gas to
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AIR

a 30% O,
blend maintains unit performance
r 1
C A —
\ v || RS
5 f\ =1 VENT
FUEL S s CcO
A : S GPS b—"
S O O
i i V\VV 1
w 7
/ \ H20
/ N, CO, H,O O,| Rel Vol
AIR / 75 15 7 3 100
0, / 5 67 25 3 22
30% O, 6 83.5 71 35 65
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FGreenfleId option: Circulating Fluidized Bed
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reduces recircu

AIR

ation of flue gas
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20.0% External

Heat
Exchanger

30.4% 68.0%

48.3% 12.5%
Combustor 18.8%

AlIR 70 % Oy

IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007
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Overview of ALSTOM Studies

Developments Related to Oxy-
firing for CO, Capture

IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007 A LSTOM
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ALSTOM CO, Capture Efforts

1998 ALSTOM Technical Feasibility of a CO,/O, Combustion Retrofit to an Existing Coal-Fired Bolier for CO, Extraction
1999 TransAlta Preliminary Design and Costing of a CO,/O, Combustion Retrofit to an Existing Coal-Fired Bolier for CO,
Extraction
1999 ABB Investigation of Ceramic Oxygen Transport Membrane Processes with Coal Fired Power Plants
2000 Suncor CFB Boiler Integrated with 300 Tonnes per Day CO, Removal System for Suncor Thermal Solvent Process
Proiect
2000 I Iri . I ext Generation CO
12 of 18 CO, studies focused on O, firing: a variety of z
2001 I iliti e Percentage for
partners EU, DOE, State agencies and utilities 9
1999 - 2001 OCDO /DOE/ ALSTOM Engineering Feasibilty and Economics of CO, Capture on an Existing Coal-Fired Power Plant
2001 - 2004 DOE / ALSTOM Greenhouse Gas Emissions Control by Oxygen Firing in Circulating Fluidized Bed Boilers
2002 - 2003 EU GRACE — Chemical Looping Combustion — Feasibility Study
2003 - 2004 ADEME / ALSTOM CO, Capture — (cascade cryogenics) — ECS/BUB
2003 - 2004 ADEME / ALSTOM CO, Capture - Calcium Cycle
2003 - 2005 DOE / ALSTOM Hybrid Combustion Gasification Chemical Looping Coal Power
2003 - 2005 ADEME EDF - 2015
2003 - 2006 EU ENCAP
2004 EU / IPFP6 ENCAP (Oxyfiring — Chemical Looping)
2004 - 2006 DOE / ALSTOM Commercialization Development of O,-Fired CFB for Greenhouse Gas Control
2005 - 2006 DOE CO, Capture from Existing Fleet Feasibility Study
2006 — 2009 DOE /BOC / ALSTOM Pilot Scale Demonstration of CAR Technology on Oxygen Boilers
20 IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007 A LSTO I'I
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Advanced O, Technologies
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ﬁparison of plant layouts: 210 MWe Gross
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!omparison of plant power output: 210 MWe Gross

250 - ASU requires 18% of

net plant output
200 - Aux A
Air
S Separation
5 150 Gas
2 Processing
= MWe
&
2 100 - Net
Net
50 -
O |
AIR 0,
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Advanced Oxygen Separation

Combustion &
Boiler System

CO, Rich
Cleanup & Flue Gas
Cooling
co,
0, + CO,
____________ 10
Advanced Turbine /
ASU Generator

Compressor
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Evaluation of Ceramic Autothermal Recovery

CO, Rich
Cleanup & Flue Gas
: Coolin
Combustion & J
Boiler System
Oxidant _/
Fuel
Al O, Depleted
Air

Perovskite materials have the
capacity to absorb oxygen from air
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!’“ Evaluation of Ceramic Autothermal Recovery
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Combustion &
Boiler System

Fuel

Cycle the valves to recharge

Cleanup &
Cooling

CO, Rich
Flue Gas

Oxidant

Bed B while Bed A Is used.

\
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!ﬁ'fdvanced vs. Cryogenic ASU

AIR CRYOGENIC ADVANCED
ASU ASU
Total Aux Power, % of Gross 8 36 20
g, Plant Efficiency, % HHV 35 25 30
= Capital Cost*, $/kW 1300 2500 2400
COE*, ¢/kWh 4.5 8.0 7.0
Summary from DOE Phase | Study *in 2003 dollars

27 IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007 ALSTOM
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ALSTOM Economic Studies
CO, Capture with Coal Power

IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007
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ALSTOM CO, Capture for Power Studies:

# Project Name Sponsors Years
Technical Feasibility of a CO,/O, Combustion Retrofit to an Existing Coal-Fired

1 . . ABB 1998
Boiler for CO, Extraction

5 Preliminary Design and Costing of a CO,/O, Combustion Retrofit to an Existing T Alta C 1999
Coal-Fired Boiler for CO, Extraction ransAita orp.

3 Integration of Ceramic Oxygen Transport Membrane Processes with Coal Fired ABB 1999
Power Plants

4 CFB Bo| E c 2000
suncor- FOUIteen economic studies from 1998 — 2006
SeNeE g . . 0[Ono

:caWith a variety of partners: DOE, EU and utilities

5 Project f 2000
Sequestration
CO, Capture in a Coal-Fired Boiler: Economic and Performance Sensitivity to

6 . ALSTOM Power Inc. 2001
CO, Capture Percentage for Amine-Based Processes

7 Epglneermg Feasibility and Economics of CO, Capture on an Existing Coal- OCDO/DOE NETL 1999-2001
Fired Power Plant

8 Greenh.ouse Gas Emissions Control by Oxygen Firing in Circulating Fluidized DOE NETL 2001-2004
Bed Boilers

9 GRACE - Chemical Looping Combustion - Feasability study EU 2002 - 2003

10 |CO2 capture (cascade cryogenics) - ECS/BUB ADEME 2003 - 2004

11 |CO2 Capture - Calcium cycle ADEME 2003 - 2004

12 |EDF -2015 ADEME 2003 - 2005

13 |ENCAP (Oxyfiring - Chemical Looping) EU /IPFP6 2004

14 |EnCap EU 2003 - 2006

IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007
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!evelized COE
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Ee’\}élized COE
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!evelized COE

9
8 4‘:// _ OxyPC
7 = = Oxy CFB
,é ¢ N P ;k
%kWhG ///
° : _~" Reference PC
) _-~ wl/o capture
4 <"
0 10 20 30 40 50

CO, allowance price, $/ton

33 IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007 ALST©1M



!evelized COE
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CFB Greenfield/Retrofit for EOR

Pet ]_
Coke

AIR
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CFB Greenfield/Retrofit for EOR

LE
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Pet
Coke
AIR |4 Y

= GPS CO;
w 02 l
Use CO, and N, for Enhanced Ol
Recovery
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!-‘HE'C_)R Economics (210 MWe Gross, Greenfield)

Breakeven COE met with )
. Breakeven COE met with
credits credits
e CO,: 17 $/ton
2 e CO,: 28 $/ton
* N,: 4$/ton 2
s 10.00 ~_ /
% 8.00 -
% 6.00 W Total
‘2) O Variable O & M
o) < 4.00 - .
- = OFixed O & M
b1 X
< @ 2.00 - W Fuel
é 0.00 - O Capital
B CO2 Credit
-2.00 - - B N2 Credit
-4.00 -
-6.00

Air-Fired CFB O,-Fired CFB  O,-Fired CFB
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CFD as atool to evaluate

Oxy-firing
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!FD Evaluation

| ———

eObjective: Simulation studies with Fluent™ of Conesville
#5 to evaluate water-wall heat flux distribution and overall
heat transfer in the furnace.

e Approach:

* (1) Calibrate ALSTOM Power Inc.’s version of Fluent™
CFD code with a baseline Conesuville #5 coal
combustion case

* (2) Use calibrated code to evaluate impact of the
same coal combustion in various CO,/O, ratios.

ALSTOM Copyright 2007

eQutputs:
* Relative radiation heat fluxes
e Heat transfer

* Furnace outlet temperature
* Unburned carbon
* NO, emissions.
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315,000 Cells (Unstructured Mesh)
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: Base Case Temperature Contours

3480

3146

2812

2478

2144

1810

1476

ALSTOM Copyright 2007
Temperature, deg.F

1142

808

474

BASE CASE CONCEPT-B CASE

140
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3480
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2812
2478
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> 2144
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5 1810

S

o

o 1476

e

2
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808
474
140

. Temperature Contours

CCOFA-B

COAL-C

CCOFA-B

QQ

:IASE CONCEPT-B CASE
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. Temperature Contours at elevations
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i

; !
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I
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ALSTOM Oxy-firing Testing
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!_ LSTOM Oxyfuel Testing

| ———

PC Firing

100 MW
[ ]
g 10Mw
8
3
7 1 MW
<
[ ]
100 kW =
European u
Universities
10 kW
2002 2004 - 2005 Current 2008
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%*STOM Oxyfuel Testing

Small Scale Test Results
Test facilities in WP 3.1

Gas Emissions
Concentration Profiles

2 Ignition and Burnout
‘g Ash Characterization
S Temperature Profiles | . | :
% Radiation Intensity
100 kW oxyfuel test rig at Chalmers 20 kW test rig at U. Stuttgart

 cxcass = 2 =105 O goroms = 25%
mass flow: 1.363 kgl fuel mass flow: 1.965 kg/h
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!_ LSTOM Oxyfuel Testing
E

PC Firing

100 MW
|
g 10Mw
3
3
5 1 MW
< m Burner Tests
w/ Recycle
100 kW =
|
|
10 kW
2002 2004 - 2005 Current 2008
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ngTOM Oxyfuel Testing

500 kW test facility at U. Stuttgart Burner Development
e < S with Flue Gas
‘ B Recirculation

........................

e, R e R -

encapco>

500 kW, at both Cottbus

and Stuttgart Universities
with ALSTOM
participation
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PC Firing

100 MW
Vattenfall .
Pilot Plant
3 10 MW
8
3
7 1 MW
<
[ ]
100 kW =
[ ]
[ ]
10 kW
2002 2004 - 2005 Current 2008
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attenfall 30 MW,,, PC

Schwarze Pumpe Power Station

Brandenburg, Germany

Y& <L is boiler and firing
systems supplier

IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007 ALST@‘M



attenfall 30 MW,,, PC

WATTENFALL. EUEYRE ¥
POVERCORSALT EREH VATTEMFALL —_

h
A

Complete Oxy-Fired Pilot Plant <
Startup in 2008

H _E
Cualsno Achigils

3l -l i

Desulfurization

Co,

2 Flue gas
condensation | =

cooler

ALSTOM



' attenfall 30 MW,,, PC

|

Pre-Dried Lignite and Bituminous

Air Blown Reference Operation

21-39% Overall Oxygen Enrichment
Staged Combustion with Varying Enrichmentsé
Load Changes and Dynamic Interactions

CO, Compression vs. Inert Levels

Desulfurization

ALSTOM Copyright 2007

Coal silo Ak sl
o ——

CO,
condensation ‘

Masa Planty :

=] —_
o il :

e % i ’L.EW - G
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Hattenfall 30 MW,,, PC

Burner

Ignition
Burner .

Flame Characteristics

- Gaseous Emissions

Heat Transfer

Slagging and Fouling
Materials Analysis

In-leakage

ALSTOM Copyright 2007
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LSTOM Oxyfuel Testing

Fluidized Bed

100 MW
% 10 MW Windsor Windsor
5 MTF MTF w/ Advanced ASU
g * *
3
7 1 MW
<

100 kW U. Mulhouse

4" CFB
Windsor .
4" Bubbling Bed
10 kW o

2002 2004 - 2005 Current 200
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!F-fé'i\/IWth Multiuse Test Facility

Combustor

\ ., ___Cyclone

To * MTF Located at Power Plant Labs
Baghouse Windsor, Connecticut

& FDA ~ Sealpot

* 9.9 MM-Btu/hr (2.9 MW,,)

Heat
Exchangers e Furnace:

60 feet (18 m) tall
40 inch (1 m) I.D.

F
r

ALSTOM Copyright 2007
AN LY,

» 42 Test Campaigns since 1998

Coal & Limestone Silos
Screw

Cooler
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!—f"B_--I\-/IWth Multiuse Test Facility
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m

Firing Rate

ALSTOM Copyright 2007

Combustion

April 2004

Medium Volatile
Bituminous Coal

Limestone

2.2 - 4.8 MM-Btu/hr
(0.64 — 1.41 MW,,)

Air
and
20 - 30% O,

CO, Balance

June 2004

Medium Volatile
Bituminous Coal

and

Petcoke

Aragonite

4.2 - 7.9 MM-Btu/hr
(1.23 — 2.32 MW,,)

40 - 50% O,

CO, Balance

Summary of Concept Validation/Testing —
DOE Greenhouse Gas Program

June 2005

Medium Volatile
Bituminous Coal

and

Petcoke

Lime
Limestone

Aragonite

9.9 MM-Btu/hr
(2.9 MW,,)

Air
and
30% O,
70 % CO, Balance

Two fuels and three sorbents evaluated in air and O,/CO, mixtures of
up to 70% O%(b y vol.) ALSTOM
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" Issues Addressed

Furnace
Emissions Heat Transfer
& Fouling
Combustor 3
7 N I--1.¢/ Air-Cooled ID Fan
: I 3 Convective
Heat [N, ~ Fouling Probes Trace < 5
Transfer

\ Metals
\\ . Scrubber
\ \ RRec arbonat|0\

\ BH /FDA

7

«—— Sulfur

CcO
> % Capture
=1l = Fly Ash
@ s Unburned
m Gas Cooler - ————— Carbon
Water
e Mixer/ Hydrated Lime (Optional)
Hydrator

4 — Fuel
. Limestone (optional)
Agglomeration / &

Potential Screw Cooler Ash
Unburned
Carbon
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Test Results: no show stoppers

59

Heat transfer as expected
No bed agglomeration

Emissions (SOx, NOx, CO HC and trace
monitored)

NOx lower

CO somewhat higher

IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007
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.... Next Steps

e Future

— Oxyfiring
« ALSTOM plans to demo PC/CFB technologies
« Vattenfall a 200 MWe PC by 2015
« ALSTOM scaling CFB technology for demo

— Post combustion technologies
« Ammonia scrubbing

e Conclusion

— Oxy-firing is arelatively near term and cost competitive
approach built on current technology

IEAGHG International Oxy-Combustion Network, Windsor, CT USA, 2007 A LSTOM
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CHALMERS

The oxy-fuel group at Chalmers consists of 7 researchers
at the dept. of Energy and Environment:

* Prof. Filip Johnsson

e Prof. Bo Leckner

» Associate Prof. Henrik Thunman

« PhD cand. Stefan Hjartstam (CFD modeling & experiments)

e PhD cand. Robert Johansson (Heat transfer modeling)

* PhD cand. Fredrik Normann (Chemistry modeling)

« PhD cand. Klas Andersson (Experiments and heat transfer modeling)

Experimental and combustion modeling work performed in
various projects

* Close collaboration with Vattenfall, FLUENT and IVD/Uni-Stuttgart,
AGA/Linde and DOOSAN/Mitsui Babcock etc.

Introduction Klas Andersson 25t January 2007



CHALMERS

The focus of the Chalmers group is on the combustion
fundamentals of the process — for gas and coal-firing so far

* Combustion chemistry
e Heat transfer
 Fluid mechanics

* Both gas- and coal-fired experiments required in CFD model development —
SCALING

e The combustion tests comprise:

- Propane fired tests: to identify and characterize differences in flame
properties between oxy-fuel and air combustion conditions

Emphasize put on the difference in radiation characteristics, without the
influence from particles and ash

9

—> Lignite fired tests: to evaluate the combustion fundamentals of lignite-
fired flames in air and various O,/CO, environments

9

Focus on combustion chemistry and heat transfer/radiation

Introduction Klas Andersson 25t January 2007



CHALMERS

CHALMERS 100 ka oxy-fuel test facility

[ Coal from

pneumatic feed
- ry, pressurize + LEEm
100 kW, test unit g
-Gas-firin
1o 2
-Coal-firing
-Oxygen enriched ming i |
1 ue gas Air inlet
combustion (I
pre-heater X Y_Dq
(separate lance) A
Wet flue gas 74@ Dry fl 74@
@7 @Di recydg r)rlecl;/ilgas
Combustor: X
-Di=0.8m ;
= H = 2.4 m ! I b ! ><] | |? LTiI
- Refractory lined S | ll Aoz b’ Fueges
- 7 X 4 meas ports ° 0 HH NH —
- optical access ) : |
fue gas fo cust ii Y |
contro! and fuel Cooling water )
carrier gas

Test Unit Klas Andersson 25t January 2007
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CHALMERS

Test conditions and measurements during Gas-fired tests

e |n-furnace measurents:

High broadband Electronic
reflectance mirror shutter

— gas composition | | — Calimating ube
— Temperature 7
— Radiation intensity profiles e =y #7/7/
. ol — =
— Velocity profiles (@STP) T
Fuel input 80 kWth Fuel C;Hq Stoich ratio 1.15
Primary Fin angle Swirl No Secondary Fin angle Swirl No
register 45 0.79 register 15 0.21
et Combustion | Temp feed Feed gas composition (vol %) Theoretic CO, conc.
est case media gas [°C] o, N, co, @ stack (vol %)
Air air 25-30 21 79 - 12
OF21 02/CO2 dry 25-30 21 - 78 96
recycle
OF27 02/CO2 dry 25-30 27 - 72 95
recycle

Results gas-firing Klas Andersson 25 January 2007




CHALMERS

Flame emission from propane-flames, 215 mm from burner inlet

— The flame emission changes significantly for different oxy-fuel conditions

— This effect is caused by different rates of soot formation, which is affected
by the CO, (and recycle rate) through the following mechanisms
- Thermal effects (soot formation 1s dependant on temperature)
- Chemical effects from CO, (The CO oxidize soot-precursors)

- Dispersion (The conc. of soot precursors, e.g. acethylene, vary with RR)

Air-firing, A = 1.15 Oxy-fuel, OF 21, A =1.15 Oxy-fuel, OF 35, A =1.40

Results gas-firing Klas Andersson 25% January 2007



CHALMERS

Radial temperature profiles: 215 mm from burner inlet

1600 i

Measurement port: R2
215mm from burner = Profile: centreline to

furnace wall
— = Reaction zone

=  Oxyfuel combustion:
temperature control by
flue gas recycle rate:

s e OF27
QOF 21

0 ) 100 200 ) 300 400
Distance from centreline [mm]

Gas temperature [OC]

600 ‘ 1 ‘ ‘ ‘ ‘ —
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CHALMERS

Radial temperature and radiance profiles

45 1600
| 215mm from burner  Meas. port: R2 . * OF 27 case similar
e Ar-q;
40 - o & @ OF2i-q temperature levels as for
¢ O O—O—0O OF27-q 1400 . .. . .
. Ne-Ty air. Radiation intensity
— 35 — % ; ; .
g = e - from the flame increases
= " lg
E 30 7( g 1200 20_30%o
> © A0 5
2 5 ¢ & * Changeinemissivity
£ r & . .
S o3 g e (@as radiation
.% 20 900 9
s - O e Soot radiation
o 5 —| — 800
- s— 700
10 — 8
i — 600
> | | | %00
0 100 200 300 400

Distance from centreline [mm]
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CHALMERS

Gas emissivity Mean Radiation Temperature Mean emissivity
Alr case: g, = 0.23 T, =930°C Air case: £, = 0.40
OF 27 case: €= 0.29 T, =950°C OF 27 case: €,= 0.52
0.36 0.36
02— AIr case Test case: Air 032 OF 27 case
0.28 — SCOZ 0.28 ;
/-;n . < %—%7 SHZO /?0 '
Q 0.24 M\e\e\e\g —O— 81:01: - 0.24 —1
& Sot — & -
2 02— \e\e\e\é\e\e\é 2
S =
g 0.16 9 @
= M CIE)
0 012 —
8 ‘%}: § | Testcase: OF 27
0.08 — / 008 — V V- €co2
0.04 — 7 dh—ds EH20
: 0.04 —|
oo ot
0 \ \ \ \ \ 0 \ ‘ ‘ ‘ ‘ ‘
Average gas temperature Tq [°C] " A\Zorage ggc;s terriz)oératurléong [oéc])o o
Test case Pcon Phoo T, [K] L [m]
Air 0.10 0.14 928 0.80
OF 27 0.78 0.18 953 0.80
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CHALMERS

Summing up

Compared to reference tests with air in the 100 kW unit:

e The temperature level of OF 21 case drops drastically and leads to a
delayed burn-out as detected from HC and O,-profiles

e The OF 27 case shows similar temperature levels, which together with an
increase in O,-concentration in the recycled feed gas results in similar
combustion performance/burn-out behavior

e The radiation intensity of the OF 27 flame increases with about 20-30%
despite similar temperature profiles as in air case

* Increased emissivity in the OF 27 case 1s both due to increased gas band
radiation as well as an increased soot volume fraction

Results gas-firing Klas Andersson 25% January 2007
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lOM LIGNITE-
TESTS
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CHALMERS

Test conditions Chalmers 100 kW test unit

Total operation time on lignite: ~1000 h
* With oxy-fuel conditions: ~300 h
* Total measurement time: ~220 h

Same overall stoichiometry for all test cases: A = 1.17

Oxy-fuel test conditions:
OF 27: (27% global O, fraction in feed gas)

* OF 27 for coal compares rather well to OF 27 for gas.
— combustion temperatures and flame stability are similar
— Slightly higher flame temperatures than for air

OF 25 and OF 29

e Temperatures around ash melting point achieved already for OF 29
(around 1350 C)

e OF 25 results in rather similar temperatures in the flame zone

Results coal-firing Klas Andersson 25% January 2007



CHALMERS

Measurements performed at Chalmers

* (Gas concentration profiles
- 0,,CO, HC, CO,,NO,, SO Air-fired lignite flame; probe inserted
— suction probe/online gas analysis

— SO, measurements

* Temperature profiles

— suction pyrometer (thermocouple
type B, 2000K)

« Radiation Intensity profiles

— Narrow angle radiometer (IFRF
type)

« Particle mass concentration profiles

— Isokinetic sampling probe

e Burn-out profiles (isokin. samp.)

Results coal-firing Klas Andersson 25% January 2007



CHALMERS

Flame emission from lignite-fired flames in air and OF 27
environments - Pictures taken @ burner inlet

Air-fired flame: A = 1.17 (O, excess in flue gas: 3.0 vol%o)

OF 27: A = 1.17 (O, excess in flue gas: 4.0 vol%o)

Results coal-firing Klas Andersson 25 January 2007
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O, profiles, 215 mm from burner inlet

0 100 200 300 400

- Difference in ignition 2 — | | 2
can be detected from ] 215 mm from burner inlet
18 — O . . . Luft I 18
O,-profile ] OF 27 7
measurements P O O OOF29
© 15— ° A A AOF25 15
O\o ] -
2
. Oxygep consumed S ., .
faster in OF 27 and s i
OF 29 flames g o
compared to OF 25 S i
and air-fired S o 6
conditions. O A, il
— 3
A A
o ° g
° O ©
| @ | | 0

0 100 200 300 400
Distance from centerline [mm]
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CO profiles, 215 mm from burner inlet

0 100 200 300 400

e  And marked o | ‘ | 2
differences 1n ignition 215 mm from burner inlet
can also be detected . N —
from the CO-profiles & OF 27 i
5 O O OO0F29 — 15
e  High centreline CO ?_g ] f
concentrations for < 1
OF 27/0OF 29 g i
1< — 9
S I
« Little CO formation s 2 o0 .
in air/OF 25 flames 3 i
on centreline 1 s .
OK . O
B T S — ¢ . &

0 100 200 300 400
Distance from centerline [mm]
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CHALMERS

Start-up sequence from air to OF 27 conditions
« 0,, CO,, SO, before condenser

« Total concentration level about 98-98.5%, i.e. very low

leakage levels (bGIOW 0.2%) Start-up sequence oxy-lignite
SO 1400 1 100
2 1'-"‘; .‘,. ‘“MM W “‘\ f _‘"‘T””W""MMYI"M””!|VAl““h'm”'"""ﬂl| " — 95 C02
R ! o ‘,'4 i
«  Stable CO,/SO,/0O, [ppm] - o — w0 [vol.%]
Levels after (dry) 1o ! L T® (dry)
. ,“}' i — 80
120-160 min | T i
| - — 70
L. 1000 — | s
o Feed gas C()mp()51t1()n L Gas composition at stack
| O SO —fo
as measured: L o =
I - Y%
26.9 vol% O, e - co, pS
71.6 vol% CO, (.
(Discrepancy from 100% 600 - o,
mostly due the Argon in the [vol.%]
Oxygen feed) ° d
(dry)
400 ’ ‘ ‘ ‘ ‘ 0
0 40 80 120 160
Time [min]
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CHALMERS

Emission concentrations measured at combustor outlet

->Small differences in CO emissions
between air and oxy-cases

->S0, and NO, accumulated in the recycle Bt
loop, but emission rates [mg/MJ]
significantly lower than for air

-> SO, level reduced to about 40%
-> NO, level reduced to less than 30 %

CcO NO, SO,

[ppm] | [mg/MJ] | [mg/MIJ]
Air 130 233 510
OF 25 210 56 181
OF 27 170 62 187
OF 29 150 65 199

Results coal-firing Klas Andersson 25% January 2007
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Temperature measurements 215 mm from burner inlet

Oxy-fuel 1400 1400
. I¢ 215 mm from burner inlet
temperatures icrease 1300 | ® o oA 1300
smoothly with A A AOF25
. 1200 OF 27 — 1200
*A\
decrea.smg.recycle ™ 6 O OOF29
rate with highest o 1100 — 1100
o
temps for OF 29 Py i
5 1000 — — 1000
. I .
. ?nlet VGIOC%’[IGS | 3 900 900
increase with higher = |
recycle rate — 800 7 80
700 — 700
 Impulse from primary ]
600 — — 600
stream stronger for |
Air and OF 25 500 | | | 500
compared to OF 29 0 100 200 300 400

Distance from centreline [mm]
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Temperature measurements 384 mm from burner inlet

1400 1200
384 mm from burner inlet
*  Temperatures for © ® ©:i
Air and OF 25 ) 4 4 Ao
.. — 1100
similar at most 1200 | O O OoF2

flame positions

Temperature [°C]

600 |

| | 700

0 100 200 300 400
Distance form centreline [mm]
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CHALMERS

Radiance measurements 384 mm from burner inlet

 Radiation intensities 36 36

. . f
similar for Air and OF / Decreasing recycle rate |

25 —1n analogue with
the measured
temperatures.

 Radiation increases
with decreasing
recycle rate.

N

° Particle radiation 384 mm from burner

Radiance with cold background [kW/m?sr]

) 22 — ® O 0 AiIrngyet — 22
donygates the A A A OF25 g
radiation in both air- 20 OF 27: dnet — 20
fired and oxy-fired s O O O OF29: qpe s
- | | | | |
environments. 0 100 200 300 400

Distance from centreline [mm]
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CHALMERS

CFD-modeling of the 100 kW combustor

Important tool in the scaling from semi-industrial to pilot to demo

— Evaluation of the various sub-models (here FLUENT) for
. 1.80e+03 o (Gas phase reactions

1.71e+03 o
1 oesga © Radiative heat transfer

153403 ¢ Soot formation and destruction

1:;9:'; » Results from propane-fired flame: temperature contours
. =]

1276403 — Turbulence model: Std k-eps

1. 18e+03 — Combustion model: EDCM

1.09e+03

1 D003 — 2D-axisymetric grid, 50 000 cells

9.15e+12 — Radiation model: Discrete Ordinates

827 aH12

?3; — propane 2-step e ]
Age+]2

B S0e+12 -

5 F2e+H12

474e+12

3 B5e+H12

297e+H12
2.0%+H12
1.20e+12
3.20e+11

Work in progress... Klas Andersson 25% January 2007
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Radiation modeling

« Using the radiation data from the gas-fired flame

— Down stream of flame with near pure gas radiation. EWBM and WSGGM
models tested against data

— Choose gas radiation model

— In-flame positions modeled to obtain soot volume fractions/absorption
coefficients

— Evaluate performance of radiation & soot formation models in CFD tool
(FLUENT)

« Using the radiation data from the coal-fired fame

— Add particle radiation model to evaluate the lignite-fired data

— Model will be a valuable tool in the evaluation of the radiance measurements in
the Schwarze Pumpe Pilot

* The ultimate aim is that the CFD modeling work can be scrutinized and that
the CFD model approach can be improved and/or made more efficient

Work In progress... Klas Andersson 25% January 2007
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Nitrogen and Sulphur chemistry

« Nitrogen chemistry

Fuel-N formation and recycled NO destruction need further clarification

Special designed experiments have been carried out for N-chemistry
modeling purposes

Sensitivity of NO formation to air ingress and stoichiometry has e.g. been
tested

*  Sulphur chemistry

As for the Nitrogen chemistry, the ultimate goal is to develop a model of
the Sulphur chemistry which works satisfactory for oxy-conditions

The mass balance need to be closed
SO, formation need to be determined for various oxy-conditions

Ash retention 1s an other important source for differences between oxy and
air-fired conditions

Work In progress... Klas Andersson 25% January 2007




CHALMERS

Industrial scale oxy-fuel combustion - outlook for pilot testing

* Scale up of experiments — 30 MW, pilot plant

From mid 2008: Participation in the Vattenfall pilot plant testing

Combustion research carried out by IVD, Chalmers and the other
industrial partners involved
Use gained knowledge from 20/100/500 kW, units

» Establishment of test conditions of interest

» Expected overall combustion behaviour

* Combustion modeling tools

Revisit smaller scale tests from 1ssues arising in 30 MW pilot

Outlook Klas Andersson 25t January 2007
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Jost O.L.Wendt & Eric Eddings
University of Utah

Presented at
2nd Workshop of the Oxy-Fuel Combustion Network
Hilton Garden Inn, Windsor, Connecticut
January 25 -26, 2007 U

THE
UNIVERSITY
CFUTAH



Acknowledgements

To those that have actually done the work.

« University of Arizona
— Gregory Ogden,Ph.D.,
o University of Utah
— Jing-Wei (Simon) Zhang, Ryan Okerlund

e Funding

— US Department of Energy, University of Utah Clean
Coal Center (UC3, Co-Directors Ron Pugmire and
Adel Sarofim)

— US Department of Energy University Coal Researc
Program (to U. Arizona) ™

U

UNIVERSITY
CFUTAH



Scope of this presentation.

1. Sample of current oxy-coal combustion
research at the University of Utah

— Work in progress
— Based on:
2. Previous completed research at University
of Arizona
— Oxygen enrichment
— Coal fines

R, U
i UNIVERSITY

CFUTAH



Oxy-Combustion:

Schematic of oxygen fired PC furnace with CO,
recycle (Sarofim et al, 2004)

< Can we predict heat

5 @ transfer profile under
é c oxy-coal combustion
£ 3 Furmnace (_g conditions.
69

: vO 2 S

o) 02 ' 5

> g

o) Coal P To Stack

2 =

o v

|_

\ 4

Can we predict ignition/kinetic/aerodyn@mic
Pulverizer iInteractionss here at the burner?

How much residual N,, NO, Hg,

SO, trace metals etc. can be removed with the CO, to be U

THE
sequestered? UNIVERSITY

CFUTAH



Oxy-fuel combustion issues

Recycle gas volume

Where to withdraw recycle gas
Heat transfer

~lame stability

gnition

NO,, SO,, Hg, trace metals

Model validation (coal, aerodynamics, heat
transfer etc.)

EU

TH
UNIVERSITY
CFUTAH



Oxy-Coal Combustion Research at U of U:

 Build experimental facility to address technical
Issues related to oxy-coal combustion with carbon
sequestration.

 Focus on understanding (high temperature)
processes involved rather than inventing devices
(burners).

« Develop enabling technology to allow
commercialization of oxy-coal combustion within the
near term.

—  Existing units?
— Build on current technology?
— “Baby step” approach? U

UNIVERSITY
CFUTAH



Oxy-Coal Combustion Research at U of U:

 Focus on simulation validation (for retrofit).

 Well defined, axial Type 0, pulverized coal
diffusion flames (no swirl)

e Simulates large class of practically relevant
near flame aerodynamics
— Cement kilns
— Tangentially fired bollers.

o Systematic control of axial burner variables
— Momenta, flows, velocities (using sleeves)

e Transport fluid
e Secondary oxidant U

— Wall temperature UNIVERSITY

CFUTAH



Task Oxy 1.1 - Progress

Design, construct, and troubleshoot a new down-fired

100kW, oxy-coal combustion furnace.

]
=3
=
B

——  [(24)BH0W
Elzetrical Heatars

A

© |0\ &= Z (-

e

-
= J—

|4—10.5" 1D . = 24" O.D.

Eadiant Zone

[l

1
O
o :\_‘,s—rm" Opposing
= LT Sample Ports
o

!

1

@ eyt
L =
View/Ash iR: LI
"ot

j_—'h Exhaust

T
i
‘_f__ Ash U
Dhischarge THE
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Task Oxy 1-1: Design attributes

C-SAFE Large-Scale Fire Facility

Location of combustor

Controll Center

Here s
OFC Facility

Lockroom

R

Fire Pool Combustion facility

3000

OF 2500 Exhx“‘ /

"““"I Inlet to HE #1

2000 I

Design temperature
profile

- \
1000
-\

500 ——

Temperature (F)

\

Outlet of HE #2
.- \

[u] 05 1 15 2 25 3 35 4 45
Residence Time (sec)

T, SeC

THEU
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Task Oxy-1: Completed (15t quarter)

1. Overall design of oxy-fuel
combustor
2. Fabrication of structure containing
combustor
3. Fabrication
o Steel shell, with refractory
lining
e Control panel
4. Design of
 Burner (axial, controlled
momentum burner for
o Air
¢ 0,
e  Quartz window for visual
observation

THEU

UNIVERSITY
CFUTAH



Task Oxy-1: Completed 15t quarter (continued)

Design and
placement of

electric wall Bl 2
@]

heaters (24 saow LTy
flanged ceramic plate e =
heaters - 3 rows and 8 Pf3
heaters per row) w ;} 4

ErS

| .

. O 20
Design of quartz
window for visual O N2
observation and N T
(later) optical s

diagnostics

THE U
UNIVERSITY
CFUTAH



Overview

Current status

View of inside of
upper chamber,

showing electric
heaters and view
windows.

THEU

UNIVERSITY
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Still to be completed

Task Oxy 1-1

 Complete fabrication of combustor
 Light of with pulverized coal and air
 Complete O, delivery train

Task Oxy 1-2

e Coal jet ignition experiments
— Minimum P, In primary jet to allow stable ignition
— Effect of Pg, & P, In primary jet on flame attachment

Task Oxy 1-3

* Preliminary validation of coal jet ignition
simulation models U

UNIVERSITY
CFUTAH



UU work Is continuation previous work at

University of Arizona
17 kW, downfired, heated walls, quartz window

O, enrichment and/or coal fines in primary |et.

Also restrict to coaxial flames

— Attachment of Type 0 Flames
* No secondary air swirl
* No internal recirculation zone

Represents corner fired boilers and cement
kilns
— Well defined aerodynamically

— Good prototype configuration to validate models
through systematic variation of known parameters.

— Flame standoff distance has been identified as keyu

parameter for NO, emissions in cement kilns
UNIVERSITY

CFUTAH



Type O Flames

Type-0 EXTERNAL RECIRCULATION
., ¢ G G

2l

O
)C‘C‘@C‘ ¢

ATTACHED DIFFUSION FLAME

Lifted Type-0
2",/://
=

PARTIALLY PREMIXED FLAME

—

|

!

THEU
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Flame aerodynamic issues and O,

enrichment: Questions addressed.
(Greg Ogden, Ph.D dissertation, University of Arizona, 2002)

* What is the relationship between O,
enrichment, near-burner aerodynamics and
flame detachment and how can that be
measured?

 What effect does oxygen partial pressure In
the transport stream have on flame stability,
flame detachment and NO,?

 How do coal fines affect combustion stability
and pollutant emissions? U

UNIVERSITY
CFUTAH



Project Motivation

 Flame attachment is a critical variable
for optimum performance of low NO,
burners for pulverized coal combustion

 Need to promote formation of fuel-rich
combustion zone

— Fuel-N devolatilization
— Reduction to N,

THE
UNIVERSITY
CFUTAH



Approach

 \Whereas, under well mixed conditions,
oxygen enrichment are known to:

— Increase combustion intensity, flame
temperatures

— Increase both Fuel and Thermal NO,
« Under diffusion mixed conditions, oxygen
enrichment of only transport air

— Should promote coal ignition and flame
attachment

— Reduce premixing
— Reduce NO,

TH EU
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Approach-Cont'd

e Restrict to coaxial flames
— Type O Flames

* No secondary air swirl
 No internal recirculation zone

* Represents corner fired boilers and cement
kilns

— Well defined aerodynamically

~lame standoff distance has been identified as
Key parameter for NO, emissions in cement

KIINs
i )

UNIVERSITY
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Laboratory Furnace Detalls

Heated Wall
Furnace

Top View

Sample Ports

Hot Section
hN T
N\ X
O

@)

Optical
Window

Cool
Section

Sectioned
Rear View

« 18" ID hot wall furnace

— Designed for “near flame”
analysis

— lightweight refractory
— Air preheater

3’ Hot section
— Multi-zone ceramic heaters
wall temperatures to 1,300 K

— Full length quartz window for
flow visualization studies

— 4 stationary sampling ports

TH EU

UNIVERSITY
CFUTAH



Axial Burner

PRIMARY
AIR/COAL

NATURAL

SECONDARY GAS

AIR
\ — | /—

Ol LT
k\
ADJUSTABLE AN
SEERE v DIFFUSION
~a PLATE

MIXING OCCURS
IN FURNACE

e Removable sleeves

—Velocity is controllable
* Fuel
« Combustion air

—Maintain constant
momentum at different
secondary air
temperatures

—Independently control
velocity and momenta
e Supplemental gas
Injection If reqd.

TH EU
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Furnace
Layout:
UA
17kW
furnace

THEU
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Oxygen Enrichment

o Varied transport air oxygen partial
pressure (Po,)

— 20-29% via O, enrichment
— 13% via N, dilution
* Furnace wall temperature
— 750° & 900°C
« General operating conditions

— 2 kg/hr Utah coal, 1.2 SR overall
— 450°C alir preheat

-V, ~31.2to 32.5 fps U

TH
UNIVERSITY
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NO, ppm (3% 02)

Furnace Validation

800
[ |
Montana Coal-Pershing —,
A

600 T A 4 . A [ ]

Kentucky Coal- A - -

Pershing i & =
A A _.-'nm - n &
A A _--T -
400 AA _ ms g SN N
™ :" - - ’,-’" g <
e I R R
\ _em T T %09 o
200 \//v" _--
Field Data Open Symbols R t Current Work
(Crawford et al.) pen Symbols Represent Current Wor
1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40
SR
THEU
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Coal stream

Detached U

Attached

UNIVERSITY
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Flame Detachment

THE
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1, Air)

NOX, ppm (SR

500

NO, Emissions Data

D

(@]

o
|

300 -

200

100

Open Symbols represent detached flame data

. A
a E ¢ o
0..
.& X .:.
.)K’( X
>K.‘ A
.0
B LA

1,000

1,050 1,100 1,150 1,200 1,250
Wall Temperature, K
O 12% A 20% X 21% m 22%-23% X 25% ® 29%

1,300
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Temperature Effect on NO,

1, Air)

NOXx, ppm (SR

500

400

300

200

100

Attached Flames

\
NOx =-0.0110T? + 25.6587T - 14649.7612
R?=0.8961
T T {if
1,000 1,050 L:ILOO 1,150 l,éOO :Lé50

Wall Temperature, K

¢ 20% A 21% m 22-23% X 25% @ 29%

1,300

TH EU
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Subtle P4, Effects

THE
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Coal Fines

 Investigate impact of fines fraction for a
normal PC distribution

— Fines-d; <10 microns

— 0, 15% (base), 23% and 31% fines
— 825 & 925°C wallls

— 21 & 29% transport air oxygen

EU

TH
UNIVERSITY
CFUTAH



Feeding Fines |
Co-Feeding

Transport
Transport Air

Initial Setup T

Transport

Air @C
Vqun:jetric
Feeder
~—
\Volumetric Blend I ng

Feeder
W L
o
e}
o

v

Blended

Coal 2M Furnace
2M Furnace
THE
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1, Air)

NOx, ppm (SR

NO, vs. Transport Air Oxygen

700

600

500

400 A

Detached

300

200

100

Attached

/

15.0%

17.0%

19.0% 21.0% 23.0% 25.0%
Transport Air Oxygen, %

m 0% Fines a 15% Fines e 31% Fines

27.0%

29.0%

TH EU
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Fines vs. NO, (attached flames)

600

500

o
o

1, Air)

S
o
o

w
o
o

N
o
o

n gin g

NOX, ppm (SR

[N
o
o

o

Co-Feeding Base coal and Fines
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Coal Fines Content, %
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Fines Reduce Flame Detachment

24

22

20
18 -
16 -
14

e

12 -

Flame Detachment, In

10

1,000

1,050

1,100 1,150 1,200

Wall Temperature, K

¢ 0 fines 015% fines @ 23% Fines

21% Transport Air Oxygen

1,250

1,300
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Conclusions: Axial diffusion flame
furnace

 Demonstrated the utility of the 2m
laboratory combustor in examining
near-flame combustion phenomena.

— Full-length quartz window
— Electrically heated walls
— Axial burner

— Allows for systematic adjustment and
evaluation of individual parameters

THE
UNIVERSITY
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Conclusions -Cont'd

* NO, emissions reduced through flame
attachment

— Up to 64% reduction

 Promote flame attachment by increasing
— Transport air Po,
— Fines
— Wall temperature

TH EU
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CFUTAH



Conclusions (Model B furnace)-
Cont'd

 For always-attached flames
— Po, had only slight effect on NO,

 For always-detached flames
— Increasing P, reduced flame detachment
— Slight increases in Po, promoted flame stability

— Increasing P, allowed otherwise detached
flames to become attached and thus lower NOx

— Produced stable detached flames

TH EU
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Stability of axial pulverized coal
flames under oxy-coal
combustion conditions

Back Up — Additional Slides

THE
UNIVERSITY
CFUTAH



Related research on oxy-coal

combustion:
Kinetic issues: premixed staged
combustion (reactor mode — no diffusion

flame)

o Studies on down fired laboratory furnace
firing ~2kg/h coal.
— Model A: reactor mode for kinetic issues.

* O, enrichment and staged combustion of
pulverized coal (Kinetic issues: Model A)

THE
UNIVERSITY
CFUTAH



Fuel NO, pathways

/COAL NITROGEN \

VOLA ILE N CHAR N
+ CHi [Femmore Prompt NO]
TA > _
+ N NHi 53
C N N H 3 +0 [ Zeldovich] *:aé o

Heterogeneous
+ CH i [ Reburning] Oxidation

TH EU
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Oxygen enrichment in staged combustion
2 kg/h coal

* First Stage

— Remove 10% of the total
air

— Replace 10% O2
removed in first stage

7.14 scfm 5.98 scfm

 Second Stage
— No change
— All air removed in first

stage 5.00 scfm 5.00 scfm

12.14 scfm 11.22 scfm

Flows are from a stoichiometric ratio ofmu

1.2 overall, 0.7 in first stage. UNIVERSITY
OFUTAH



Stoichiometric NOx (ppm)

Kinetic Issues and O, enrichment addressed through

experimentation on Model A laboratory combustor. Exhaust NO,

after staged combustion of pulverized coal vs SR in the first stage.

450

400

350

300

250

200

180

100

SRy Varied; SReyyaust= 1.2. Fixed staging location.

+Norma{
-l =02 Enriched
wgr==N2 Enriched
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IFA GHG International Oxy—Combustion Network

Pilot Scale Experiments Giving Direct
Comparison Between Air and Oxy-Firing of
Coals and Implication for Large Scale
Plant Design

Windsor, CT, USA
25t January, 2007

Toshihiko Yamada, IHI/Nobuhiro Misawa, J—Power
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Objectives
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— Combustion characteristics
— Ash characteristics

— Heat transfer
— Flame stability

5. Implication for Large Scale Burner Design

— Large scale plant
— Implication

6. Summary




Oxy—fuel Pilot Scale Testing

Objectives

To confirm the following items during
oxy mode combustion under the condition
that is assumed to be the same heat
transfer with air combustion mode.

— Heat transfer

— Flame temperature

— Combustion characteristics
— Ash characteristics

— Flame stability

— etc.



Oxy—fuel Pilot Scale Testing

.
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Photo of test

facilities
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Oxy—fuel Pilot Scale Testing

Test facilities

Combustion Capacity: max. 150kg/h
Furnace: Vertical type / I.D. 1.3m X L 7.5m
Burner: Swirl pulverized coal burner

Electrical .
heater Wind-box 02 control Flue gas 02
PAK <I> < measurement
- Flue gas 0, contro
Flrnace
Pylverized Ca Air Gas Bag Stack
coal codlor  heater  cooler f11lﬂte IDE ﬂ
R
N,
X X\Secondary flow
measurement
0, flow
2
P.C. flow control o etiTement
| (<) Air
L ’ N
Pri f1 i - /
rimary OW Rlectrical Steam gas Vater spray FDF/GRF
control heater heater tower 0,

System configuration




Test conditions

 —
Coal — Coal A Coal B Coal C
Coa]. HHV [dry: MJ/kg] 23. 7 27.9 30.0
analysis |Proximate
analysis [air dry%] 8.8 4.1 14.0
M [dry%] 19.3 18. 2 6.9
Ash [dry%] 25. 7 40.9 34. 1
WM [dry%] 55.0 40.9 59.0
Ultggate
analysis [dry%] 63.5 65. 6 74. 4
C [dry%] 2.8 5.3 4.2
H [dry%] 0.73 0.72 1.91
N [dry%] 13.5 9.7 11.8
0 [dry%] 0.24 0. 57 0. 88
N
Combustion | Combustion mode — Air mode Oxy mode
Fineness % under 74um 75
Flue gas 0, at AH inlet dry% 3.5 - 4.3
Wind-box 0, wet% 21 (Air) 35
Primary O, wet% 21 (Air) 3.5 — 4.3
*¥Without Total 0, content to wet%, calc 21 (Air) 27

staging

furnace




Application Study to Callide—A Power Plant

. . — 70 AT
Furnace simulation = - | ¢ A case
. = b e e - M Oxy case
Air Oxy 1 Oxy 2 Oxy 3 - L | |
4% 60 i | | : /(i
Total gas flow 142t/h 117t/h  140t/h  170t/h g ********* S RS PR EREEEEEE P
Total 0, conc.  21%  30.26  26.5% 2L7% S5 &7 T W T TTTTomC
© Ve ‘ ‘
FEGT Base Lower Nearly equal Higher <= i /./1 |
Heat absorption Base Higher Nearly equal Lower 2
2
=~ 30
20 25 30 35

. . . 02 content of totalgas Wwetvolh)
Simulation results of heat absorption

b

Oxy 2 Oxy 3




Heating elements during pilot—testing

Burner

Lo ————
W -—-lﬂ-—::‘--r-
it |

Tt Ll

Heating elements at radiation
section

Furnace




Heat transfer and flame temperature

Heat flux at the Flame temperature
radiation section
1800 |
300 Oxy—fuel 1700 a ——(CoalB/0xy
— Air o 1600 /\Q ——CoalB/A 1
250 | B J
= 2 1500 /\
S N 3 AN
= 200 Rl > 1400 |7 \\.
= S 1300 |
5 100 2 1900 N
— o) g
~ 100 & 1100 | \’"—.\2
5 B :
: 1000
900
0 o 1 2 3 4 5 6
000 020 040 100 D istance fiom bumer throat ()

Time (h)

Experimental results shows the same heat
flux both air and oxy combustion mode




Operation data & CO2 concentration

02/WB-02/C02 %)

Mode change to Oxy

e
*Negative furnace pressure

Mode change to Air

100 \ 4 \ 4 e Flie gas 02dry
90 ¢ CO 2dry
: Furnace exit .
80 L kiﬂw 5‘} kﬁwahwvam #]ﬁ Alr mOde
70 i
o | i TS (02 : BF outlet / Approx. 70dry%
50 | j
40 | ' WB-02 : Approx. 35wet% - BF OUtlet ,
A : : Furnace exit
30 | { -
L WB-02 : Air (21wet%)
20 |
10 *""“"*’”J R i .
. Flue gas 02 : Approx. ,3;.--5d-ry%-
O | 3 | | M s b | )
1200 1300 1400 1500 1600 1700 1800 1900
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Combustion characteristics

Combustion characteristics

NO xOxymode thg/MJ)

500 ® CoalA
® CoalB
® CoalC
400
300 |
200 |
100 "‘”—/.!C
_—
0
0 100 200 300 400  50C
NOx,Airmode @mg/MJ)
Ash =
characteristics -
(coal A) g

fig/MJ)

S02,0xymode
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10

500 ® CoalA 6 ® CoalA
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® CoalC [ ® CoalC o e
400
3
o
4
=
300 f / = @ //
< 3
[ | <
° S /
200 .
® T
é °®
100 f / S
0 ' 2 4 §) 8
100 200 300 400 50( ) '
S02,Amode @g/M]) Carbon—h—ash,Airmode @)
- OCoal
BFl ash / Oxy
i OFlyash / Air
L] ! |:i_‘ | ] | e ) [T ] |
SN2 ARO3 Fe203 Ca0 Mg0 TiD2 Na20 K20 P205 S03 MnO LR20
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Combustion characteristics in oxy mode

CO2 : Approx. 70 dry% CO2 will be expected in case of
negative furnace pressure.

NOx : Concentration without staging is almost same in
both mode. Emission in oxy mode is 60 — 70%
reduction due to the decomposition of NOx in the

recirculation gas in the flar- S BED
SO2 : Concentration in oxy mode is a OClikerash O Unknown

few time. However, emission in .
oxy mode is 30% reduction due =
to the moving to the ash.
Carbon—in—ash:Carbon—in—ash is 30 -
40% lower in oxy mode due to
the long residence time in the

furnace. ’ 2.0 ‘2.9 | 20 | 3.0

At 0 xy

Ash character : There is not so much E) M %wf> .
different in both mode. ./ ¥ass Dalalet 0

80 [ —

60

40

Ratb ofS em issbn

20




Flame stability

Flame stability

Flame is blown out from
the burner throat at the
burner low load operation.

v

*Direct 02 injection
*Limitation of low load

Secondary

mr/gai[

e

Furnace

Primary air
/. gas

—

Wind-box

| Air register

Air mode

Oxy mode




Implication

T
Implication for large scale plant from the test results, in case

of the application to existing large—scale boiler.

Items

Pilot—scale

Large—scale

Heat transfer

Same heat absorption in the
furnace at the approx. 27% of
total oxygen to boiler

Probably same

results

Combustion | C02 Approx. 70 % 60 — 80 %
& ash NOx Same concentration / 60 — 70% |Probably same results
character . .
emission reduction
S02 A few time concentration / 30% | Probably same results
emission reduction
Carbon— |30 — 40% reduction Probably same results
in—ash
Ash Same character Probably same results

Flame stability

Flame is blown out at the low
load, approx. 60%L.

Load limit or

consideration
kind

of some




6. Summary




Summary of Oxy—fuel Pilot Scale Testing

*Simulation is the effective method to confirm the heat
absorption.

*Total 0, to the boiler during Oxy would be considered
to be around 27% in order to have the same heat
absorption during Air.

*Flame during Oxy is different with air at the burner
low load operation because the gas volume to the boiler
1s reduced.

*C0, conc. will be expected to be 60 — 80 %

*Combustion characteristics are clear, that is NOx, SO,
H,0, Carbon—in—ash, ash characteristics etc..

*Necessity of direct 0, injection would be considered
in order to support the flame at low load operation, or
plant operation without low load would be considered
during Oxy.
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Coal Particle Ignition, Devolatilisation
and Char Combustion Kinetics
during Oxy-Combustion
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Motivation for Bench-Scale Studies
of Oxy-Combustion

e Better control of important variables:
T
velocity
local gas mixture ([O,], [CO,])

Tres

etc.
— allowing clear identification of governing phenomena

e Ability to apply advanced diagnostics to give better insight into
processes

« Ability to quantify rate parameters for use in CFD models

s sandia National Laboratories




Experimental Setup: Combustion-
Driven Optical Entrained Flow Reactor

1 atm

compact, diffusion-
flamelet burner

Micropore Filter . == Exhaust
Collection Probe Q coal or char
— Quartz Chimney Coded Aperture . .
> ot . particles introduced
cco D) i - N Beam Stop . .
Camera : along centerline

lens T s . Dea: Sy quartz chimney

"

,)I - 5 T
= N S e . coded-aperture, 2-
Flat Flame T N O color pyrometry

HeNe Laser Collection Band Pass Filters

Optics P o o oy diagnostic for char
: K %’/ size, T, and velocity

Laser Line Filter

ElilsRResy Photo Multipliers laser-triggered
ICCD for single
particle imaging

Sandia National Laboratories @




Oxy-Combustion Studies in SNL LEFR

« Combustion of Pittsburgh hvb coal and Highvale subbit coal
(106-125 pum) in 6-36 % O, Iin N, at 1400, 1600, and 1800 K

— char kinetics determined
— nonlinear regression used to optimize fits for different kinetic
expressions

 Ignition of individual particles of Pittsburgh hvb coal and Black
Thunder subbit coal (75-106 um) in 12-36% O, in N, and in CO,
at 1250 K and 1700 K

— measured time to ignition and duration of devolatilisation
— soot and char particle temperatures measured
« Combustion of Pittsburgh hvb coal and Black Thunder subbit
coal (75-106 mm) in 12-36% O, Iin N, and in CO, at 1700 K

— currently deriving char kinetics
—————— Sandia National Laboratories




EFR Gas Compositions Investigated

Composition Operating Condition
(%) N, 12 N, 24 N, 36 CO, 12 CO, 24 CO, 36
12.0 24.0 36.0 12.0 24.0 36.0
70.0 58.0 45.9 0.0 0.0 0.0
4.0 4.0 4.1 74.0 62.0 50.0
14.0 14.0 14.0 14.0 14.0 14.0

s sandia National Laboratories




Gas Temperature Profiles

F N2_12
- N2_24
O N2_36
& CO2_ 12
-4 CO2 24
o CO2_36
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=
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dev olatilization char combustion
-

Particle Residence Time (ms)
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About the Gas Temperatures

 CO, has a significantly greater (1.6 X) molar specific heat than
nitrogen (and oxygen)

 For combustion in CO, environments, flame temperatures are
lower (for a given initial O, concentration)

— CH,/air adiabatic flame T = 2226 K
— CH,/0,-CO, (21% O,) adiabatic flame T = 1783 K
— CH,/0,-CO, (32% O,) adiabatic flame T = 2226 K

 In our studies we independently vary concentrations of O,, CO,,
and T (i.e., we're focusing on microscale effects, rather than
trying to immediately jump to application)

s sandia National Laboratories




Single-Particle Imaging Studies

- char oxidation

o
O
[
o)

_edevolatilization

o
o
[
o

resindence time (S)

pre-ignition

Pittsburgh  Black Thunder
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Effect of O, and N,/CO, on Devolatilization

Pittsburgh Coal Black Thunder Coal
12% O, 24% O, 36% O,

. -

A
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Quantifying Image Data:
Characteristic Zones

pre-ignition devolatilization char oxidation
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Ignition and Devolatilization Times:
Pittsburgh Coal

N2 12 N2.24 N2 36 CO2 12 CO2 24 CO2_36

N2 12 N2 24 N2.36 CO2 12 CO2 24 CO2_ 36
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Mean Temperatures: 24% O,
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Understanding the Effects of O, and CO.;:
Particle Ignition

Initial particle heat-up:

dT _3
dtp - [ga(T;‘ —TV‘V‘)+ h(Tp—Tg)]

p,pPplp

h=k*Nu/d; Nu ~2; Kcoo~ K o
Initial heat-up should be independent of O, and CO,

Therefore, particle ignition differences due to homogeneous
Ignition process of volatiles in hot gas

Dependent variables for homogeneous ignition are:
— reactivity of local mixture (O, effect)
— combustion heat release (AH,,.,)
— pC,, of local gas mixture (1.7 X larger for CO,)

s sandia National Laboratories




Understanding the Effects of O, and CO.;:
Devolatilization Time

 From droplet combustion theory:
m = 47ZI’S (ps Dvolatiles)ln(1+ B)

where the Spalding transfer number is

B= [c:p,V(roo—TS)+(YO,OO/OF)hC ]/hV

* O, concentration feeds directly into Spalding transfer number

* mass consumption rate is lower in CO, because D, o, < D, \»
(€.9., Dcpa,coz = 0.8*Depianz)

» differences in local flame radiation (from surrounding flame)
may also play arole (ignored in droplet comb theory) — volatiles
flame is hotter in N, environments but has CO, line emission in
CO, environments

s sandia National Laboratories




Char Kinetic Study: O, Concentration

o Data for different gas temps and oxygen concentrations blend
together seamlessly

e Many particles at 6% O, and 12% O, burn in the diffusion limit;
for higher O, levels particles move away from diffusion limit

Pittsburgh coal

=
o
ol

Burning Rate, q (mol/s-m)
Burning Rate, q (mol/s-m)

0.5
2
1000K /T Diffusion-Limited Burning Rate, gy, (mol/s-m)
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Char Kinetic Study: O, Concentration

Fit of nth-order Arrhenius and nth-order Langmuir-
Hinshelwood kinetic models to complete dataset (6%-36% O,)
yields low reaction orders in O, (n = 0.2-0.3)

kzklpg S 4 )
—Kk_p" — 2 = Aex —y
0=KsPo,s Ps . + kg Ky RT

Fit of nth-order Arrhenius model to 24% and 36% O, data
yields n = 0.5, E, ~ 80 kJ/mol

Highvale coal is 30% more reactive than Pittsburgh

For more details, see Murphy and Shaddix, Comb. Flame 144
(2006) 710-729.

s sandia National Laboratories




Char Kinetic Study: N, vs. CO,

Char combustion temperatures consistently lower in CO,,
Implying lower char burning rate

Bigger effect seen for Black Thunder coal

Detailed kinetic analysis should shed some understanding

— 12% O, — 12% O,
24% O, 24% O,
— 36% O, — 36% O,
N, diluent: no symbols N, diluent: no symbols
CO, diluent: with symbols CO, diluent: with symbols

Pittsburgh seam coal ﬁder coal

40 60
time (ms) time (ms)
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Conclusions

Separate from the macroscale effects associated with overall
flame T and radiant heat transfer, both O, and CO,
concentrations affect single-particle ignition, devolatilization,
and char combustion processes

Oxygen effects are much stronger than CO, effects

CO, effects on particle ignition and devolatilization appear to
be understood

Relative to air, microscale O,/CO, effects on ignition and
devolatilization approximately cancel each other out for 30%
O, in CO, (similar to macroscale canceling)

CO, appears to decrease char burning rate, but data require
further analysis

s sandia National Laboratories
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End of Presentation
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Coals Investigated

Coal Type
Pittsburgh Bailey Black Thunder

wt%, as wt%, as
Proximate rec’d wt% dry rec’d wt% dry

moisture 1.43 10.80

ash 6.91 7.01 5.01 5.62
volatile 35.38 35.89 40.41 45.30
fixed C 56.28 57.10 43.78 49.08

Ultimate wt% dry wt% DAF* wt% dry wt% DAF®

C 77.20 82.93 60.90 64.11
H 5.19 5.58 5.18 5.45
O (by diff) 7.15 7.68 27.60 29.05
N 1.52 1.63 0.87 0.92
S 2.03 2.18 0.44 0.46

* dry, ash-free

Both coals were sieved to a 75-106 um size fraction

s sandia National Laboratories @




Conceptual Model of Single-Particle
Ignition and Devolatilization

~

) )

Initial heating initial devolatilization
volatile-fed diffusion flame
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Coal Ignition Studies

e Historically dominated by concerns over coal dust explosions
and fire safety

— minimum gas T for ignition of particles or cloud
(irrespective of ignition delay time)

— minimum gas T for ignition decreases with increasing O,
concentration

— highly variable ignition T found depending on method of dust
cloud preparation and injection

— single-particle studies recommended for consistency

 Few studies on pc ignition time in high temperature environment
— relevant criteria for burner operation
— Ignition times on order of 10 ms

s sandia National Laboratories




CFD Modelling for Oxyfuel Combustion

Karin Eriksson
Vattenfall Research and Development, Sweden
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Background

- CFD (Computational Fluid Dynamics) is
today a useful tool for problem solving and
optimization of air fired boilers.

It is foreseen that the tool will be very
S useful also for oxyfuel combustion.
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il

1.188403 ' | 1202403
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Position {m)
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Model development necessary

The models used for combustion simulations in commercial
CFD softwares are adopted to air combustion.

7~ O\

Oxyfuel combustion

Air combustion

Development and validation of the submodels are
necessary for oxyfuel combustion.

© Vattenfall AB 3 VATTENFALL I -’



Main quantities to estimate

Heat transfer characteristics
Flame shape / flame length
Emissions and burnout

Oxidizing/reducing conditions along furnace walls

© Vattenfall AB 4 VATTENFALL -"



Submodels affected

Radiation modeling
Gas radiation properties

Modeling of homogenous reactions
Gas phase kinetics
NOx mechanisms

Modeling of heterogeneous reactions

Char combustion rates

Gasification reactions

© Vattenfall AB 5 VATTENFALL -"



Validation of the models

Laboratory scale

gas flames

20 kW natural gas (IVD)
80 kW propane (Chalmers)

Laboratory scale
coal flames

20 kW coal (IVD)
80 kW coal (Chalmers)
500 kW coal (IVD)

Pilot scale
30 MW

Full scale oxyfuel
application

VATTENFALL ..::

© Vattenfall AB 6



Validation case 80 kW propane flame [1]

| N[Z
= ¢ ==

e _ & === I 80 kW propane flame, swirl burner
T] = § E====2, Cylindrical test furnace, top fired.

] ] 5 i I Height 2400mm; Diameter: 800 mm

R Measurement access at 7 positions

5 #16.1
=

4
\

Isolated walls; 4 cooling loops

BEENE
#i0.3

oo

(5}
w0
L]

| Both air and oxyfuel cases.
{

1338
Wi

[1] Andersson, Klas; Carbon Capture for Fossil Fuel Power Plants using O2/CO2 Recycle Combustion Process; Lic Thesis Chalmers University of Technology 2005

© Vattenfall AB 7 VATTENFALL ‘
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Validation case 80 kW propane flame

Air Combustion Temperature centre line
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1800 1
1.60e+03
1600 1
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o 1200 -
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& 1000 -
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g 800 1
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O
1.87e-02 o’ 1200 \d
1.08e+02 ‘510007 .
3.00e+01 g 800 *
. = 600 4 o
Temperature in 200
°C
200 |
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
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‘ ¢ Experiment —Simulations‘
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Validation case 80 kW propane flame

Oxyfuel combustion

+ Experiments air

2 Experiments myfucl Three submodels might
B be affected:

Temperature centre line

2000

» Gas radiation

1800 -

1600 » Gas phase reactions

1400 -
e Soot

N
)
o
S

>/e
> /e

1000 -

800 A

Temperature [C]

600

400 -

200 A

0 400 800 1200 1600 2000 2400
Radial Position [mm]

[1] R Gupta; T Wall; University of Newcastle, Australia
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Ongoing work

*Development of gas phase reaction schemes for oxyfuel conditions

Measurement of soot in oxyfuel combustion and development of
soot model

*Coal characterisation under oxyfuel conditions — including
gasification reactions

*Validation of models against laboratory coal flames

© Vattenfall AB 10 VATTENFALL [ -’



ENCAP: 1000 MW Alstom oxyfuel boiler

150e+03
1.442+03
1.382+03
1.33e+03
1272403
1.21e+03
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810402
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h22e+02
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4.082+02

3508402 Engineering calculations and CFD estimate

Temperature, scale

in°C, similar global conditions for full scale
applications, but what is reality?
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» CFD is expected to be a useful tool in the development of the oxyfuel
combustion technology.

» Development and validation of the submodels are necessary for oxyfuel
conditions.

» Detailed measurement data from well defined flames in different scale
are necessary as validation data.

* A lot of activities to develop and validate the CFD models for oxyfuel
combustion conditions are ongoing!

Example: “OxyMod” - Development and Experimental validation of a Mathematical Modelling
Methodology for Oxy-Fuel Combustion for CO2 Capture

Consortium including:

Vattenfall R & D AB, Universitat Stuttgart (IVD), Chalmers University of Technology,
National Technical University of Athens, Mitsui Babcock Energy Ltd, Fluent Europe Ltd
Financed by Reasearch Fund for Coal and Steel.

© Vattenfall AB 12 VATTENFALL -’



Ignition of oxy-fuel flames

TF Wall, S Khare, Z Farida, Y Liu

Cooperative Research Centre for Coal in Sustainable Development,
Chemical Engineering,

The University of Newcastle, Callaghan, NSW 2308, Australia.

Email:

2nd Workshop of the Oxy-fuel Combustion Network
25/26 January, 2007

Windsor, Conneticuct, USA @
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1. Introduction

Therefore Reduction of CO2 from PF power plant is called for ...

Solution :
CO:2recovery from PF power plant using
Oxy-fuel technology

N2  Coal CO2 CO:2 storage
A |_) Boiler CO2.H20, ... recovery
Y
. H20, ... CO»
© |
Recirculated flue gas Sequestranon@

CCSD




Introduction: lgnition

Differences in ignition in O2/C0O2 and O2/N2 enviro
been observed for

..... Coal particles
..... Particle clouds, and

..... Flames

The paper examines the mechanisms for flame ignition
differences, in terms of

..... Differing gas flows through the burner and resulting flame
aerodynamics

..... Differing gas properties,



Property/ratio

Impact for air to
oxyfuel retrofit

‘ Higher O2 thru burner

) (thermal conductivity)

Cp (molar heat capacity) 1,6

P (density) 1,7 Lower burner velocity, higher

coal residence time in furnace

oCp (energy volume™)

1.7
a(thermal diffusivity) o6 ‘ Slower flame propagation
velocity
Depa mass diffusivity) 08

03 04 0506 07 08 09 1 1112 13 14 15 16 1.7

value for CO;
value for N3

Gas property ratios for CO2 and N2 at 1200 K @)
e Propertie from shadaix 2006CCSD



‘herefore secondary | -

RFG reduced Recirculalsd
Flue Gas, RF(G Fixed for same HT
["'TL ................. -
' 27 % v/v fixed for same HT
I Oz |
' i
I

Secor dary :
arf RFG *
i

I

I Furrace p [ 1UB 083

I Primay Stack
Coal . arnl RFG ~3% Vv

Fixed velocity
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o
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|

N2_12

N2_24

N2 36 CO2_12 CO2 24 CO2_36

“CO2 affects (particle)
Ignition because of its
high rho.Cp and affects
devolatilization flame
because of decreased
diffusion of fuel vapor”

Shaddix, Clearwater Coal

Conference, 2006 @)

CCSD



Pittsburgh Coal

12% O, 24% O, 36% O,

Shaddix, Clearwater Coal CQ)

Conference, 2006 CCSD



Okazaki and coworkers, in experiments on pf clouds
In a spherical chamber (bomb) found that flame
propagation velocities were 1/3~1/5 in oxyfuel
compared to air

Explained in terms of low thermal diffusivity for
oxyfuel:

Alpha=k / rho.Cp



2. Objective

e Examines Flames from

- A pilot-scale study of ~0.8 — 0.48 MWt flames,
for which experimental data is available

- comparing using FLUENT

e Fired with both Air and as Oxyfuel



—

Secondary ~ Furnace output: 1.2 MWt
air / gas
Furnace size : ID-1.3m
L—7m
Burner : Swirl burner
Small burner quarl
i S ca— — Tests: Air & Oxy-firing
Flue gas
L &

e—— CCSD



Test Conditions

Heat Input

Flue gas O, at AH inlet | Dry %
Total O, at burner inlet | Wet 9%,
calc

Coal analysis

Coal-A
Heating Value (MJ/kg) | 23.7
Proximate Analysis
(% dry)
M 8.8
A 19.3
VM 25.7
FC 55.0
Ultimate Analysis
(% dry)
C 63.5
H 2.83
N 0.73
O 13.49
S 0.15

CCSD



Primary

Coal +
< Primary air/RFG

—:- ™= E| i
' 3 Secondary
i | : ) air/RFG
‘-—

______ [ Bu ner Th oat

Y Input boundary plane

0

I

s ! y Furnace Inlet

S\ = i &




Test Conditions C

—

p B

ontinued ...

i

i

Parameter Coal-A Full load Partial load

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

Preheated air: primary 350K and secondary 550 K, Wall conditions 1200 K

Q&

CCSD
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Flame shape &

lgnition dela
T ——— — - —
<
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i :‘ N.
p .

~  Burner throat

-

-“ " -t
. z . . " i1
TN
N — |
¥

o All Type-0 flames  o.8mwt

 Difficult to distinguish
between combustion
modes using stills 5 gamwt

0.48MWt

Air mode Oxy mode )
CCSD




external
¢ recirculation

oy

Hi S (5>0.6) ,
Lo v,

Hi S, Hiv,

Q&
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4. Theoretical Modeling

Modeling using ‘GAMBIT’ and ‘FLUENT-6.2
Software

Simulating domain: Furnace chamber
Model: 2-D Axisymmetric swirl
Meshing scheme (finer near burner zone)

Grids of 10000, 32000, 46000, 50000 cells
are tested

Air and Oxy combustion

Burner <:|
7t %_: Second
] - ary air/
an r}.u | =E
“]. | %;“

! 1

|

:; G —=-

gas




Models selected

ont uiy ea ion

e Momentums (axial -radial -tangential velocity)
components

e Turbulence: k - ¢ model
e Energy equation
e Radiation: P1 (tentatively)

e Gas-phase reaction and Disperse phase

» Coal Devolatilization: single reaction model Data from the
e Char burnout: kinetics/diffusion model DTF experiments
DTF: Drop Tube Furnace @)



e Temperature field and ignition location

e Velocity field & flow pattern
e Comparison of measured and predicted temperature

e Burn-out, residence time, heat transfer, species
concentrations

Sensitivity Study on
e Load (full and partial)

e Swirl Number



5. Results & Analysis

w
o

Oxy, x=0.5

Velocity profile (m/s)

0
Y

Air, x=0.5

Air, x=1.0

Burner centre
U T

CCSD



Flow Contours

EIFLUENT [0] Fluent Inc
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Gas Temperature Contours

.
7
025 =
1400
02 o

[
P
\
@
\\
Radial distance from bumer {m)
S
=
__,./Ci
o |
#

8 %]
L]
0.15 \ : 0.15 I
E L~ — \ 5 " / / T e
/’-]! ’\@Q/ \\7 3 / = 0" \
0] w7 % 0.1 7 7 60
S~ \ ZEmm = \
D¢ N2 )
0.05 S 7 A 005 =Sy
@/’.:1/.30""" —/ ﬁ‘j‘“ // ‘
% f
#ﬂu N 1 15 2 25 3 0 05 1 15 2 25 3
| Axial distance from bumer (m}) | Axial d e from b (m)

Ignition Ignition @)

CCSD




.

. s - ——

Gas Temperature Conta

B 3 e W
,“

3.53e+02 5.07e+02 6.61e+02 8.16e+02 9.70e+02 1.12e+03 1.28e+03 1.43e+03 1.59e+03 1.74e+03 1.89e+03

Air-case

B
I ——

Type-0 flame
Oxy-case

||
n




2000

1800 -
oxy
B air-expts

g 1600 - OXy-expts
o
5
= 1400 -

1200 -
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0 2 4 6

Axial distance from burner (m)
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Temp(K)

Full load

2000 - 'ﬂ\\ - = = :Low load
DTNl
1600 - | N TTmmsemeela
1200 - 1
800 - )
400 I I I I
0 0.2 0.4 0.6 0.8

Axial distance (m)
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Effect of Secondary Swirl NUmber, Prmﬁry
Is Unswirled

Air
2000 -
1600 -
3
o 1200 -
-
(¢))
= air-S=0.6
800 - ¢ | = —air-s=0.2
------- oxy-S=0.6
= 0Xy-S=0.2
400 I I I I
0 0.2 0.4 0.6 0.8 1

Axial distance (m)



Effect of momentum flux

o

OXy
2000 -
® OXy-sm

1500 -

Temp (K)

1000 -

500

0 0.4 0.8 1.2 1.6 2

axial distance from burner (m)

v Confirms the significance of momentum flux an&

Gas properties on flame ignition
—— CCSD



6. Conclusions

v CFD predictions have indicated differences in:

e Flame ignition location in air & oxy
e Burner jet flows

v Study confirms significance of flame
ignition location due to:

e Momentum flux
e Gas properties



v Flame Type-O is observed for all

flames

‘* Practical air-flames are Type-2, the possibility exists

for:
Type-2 (air) - Type-0 (oxy)

v’ Burnout, species profiles, residence
time and heat transfer are all well
predicted

Q&



/. Future Work

e Development of 3-D model for large
scale furnace

e New radiation coefficients testing

e Further validation, sensitivity testing
needed



Thank you!
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« Fuel characterization (electrical heated pf reactors)
« Combustion
« Rank of coal (bituminous, lignite...)
« Emission formation, recirculation (NO,, CO, SO,...

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

 Tar measurements

« Technical scale combustion tests (0.5MW,,)
« Combustion and emission behavior, slagging, fouling, corrosion
« Component development and test (burner...)
» Plant handling and operation, safety requirements

* Model development and combustion simulation (AIOLOS)
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Boundary combustion test conditons v e

Jetfswirl burner W

Om

Heating zones (T1-T5)

T1

T2

T3

Carrier Q2/CO

Primary O2/CO

Secondary O2/C0O2

/N

)

Multi-layer isolation

Ceramic tube

F 3

Lateral access port 0.9 m

0,/CO, mixing
station

Burnout air probe

Co-linear access port 1.556m

0,/CO, supply
tanks

Experiment Conditions

Air & 27% O,/73%

T4

TS

Qil-cooled sampling probe

Optical access ports 2.85

m

Gas analysis (O,, CO,, CO,NO,, SO, ...

Particle sampling {char and fly ash)

)

CO,
Coals Klein Kopje and
Lausitz
Oxidant flow through Constant for all cases
burner [6.7 m3/h]
)‘overall 1.15
A, (burner 0.75, 0.85, 0.95
stoichiometry)
T, 1, 2 and 3 seconds




NO, Emission- Klein Kopje Coal

400
& Air_3 sec | Air_2 sec
350
o 27% Oxy_3 sec 0 27% Oxy_2 sec
300
= S
g 250 7}
= Q
£ 200 - 8
O 150 - &
z s
100 ﬁ
50 - S
O l l l l l l l l l
0.7 075 08 085 09 0.9 1 1.05 1.1 1.15
Burner Stoichiometry

1.2

»Primary NO, reduction method is applicable for
Oxy-Coal Combustion




NO. — Formation - Lausitz Coal Universitt Stuttgart
X

Air Combustion Oxy-Coal Combustion (27% O,)
—A—NO 4 NGB & HON o2 ——00 | | ——NO —e—HON —a—NH3 —— 2 —%—00 |
800 ‘ 20

—_ 1 800
3 T
& 6001 IS £ 600 | 9
£ S £ 5
< 400 - 110 o Z 400 | =
pd O = @)
- SR g
o 200 +5 © T 200 o)
> - S

0. 8 0 0

0
Distance from Bumer [m] Distance from Bumer [m]

Overall Stoichiometry = 1.15, Burner Stoichiometry = 0.75, Residence time in reduction zone ~ 3 seconds

NO
+CHi
Tar N > T
I\|2

Precursors of NO,, both HCN & NH,, : Amino side chain produces NH,




Impact of recirculated NO Universitét Siutigar

Carrier Q2/C OM

Primary ozfcozf T ' <}

| Secondary 02/C0O2
Jetfswirl burner W W [ j

om X 2 Multi-layer isolation |
. 0,/CO, mixing 0,/CO, supply
T1 2 2
3 Ceramic tube station tanks
o
E T . Lateral access port 0.9 m
< Experiment Conditions | Air & 27% O,/73%
= Burnout air probe CO
g T3 2
i _ Corlinear access port 1.55m Coals Klein Kopje, Lausitz
=
S 1y Oxidant flow through Constant for all cases
. Oil-cooled sampling probe burner [67 m3/h]
TS )‘overall 1.15
_________ =y Optical access ports 2.85 m )\1 (_bu_rner 0'75’ 085’ 0.95
) stoichiometry)
_:| =
| I Gas analysis (O,, CO,, CO,NO,, 8O, ..)) T1 1 ! 2 and 3 seconds

Particle sampling {char and fly ash)




Un-staged Combustion (Lausitz Oxy-Coal) R

Fuel NO. . NOinj s NOpeasured
—®— Reduction of recycled NO
4000 100
2
-+ 80
3000 - CZD
1000 1050 T~ %
_ 5 N 160 3
£ Q § § 3
S 2000 N \ N\ 5
o 500 504% N 462% 1% 140
1341 kS
< § >\1080 § 1118 § 1180 S
1000 2 790 % 7 2
i / / v
542 /% 120
0 0

»For this burner set-up NO emission with recirculation is
much higher than NO emission without recirculation



00000

Staged Combustion (Lausitz Oxy-Coal) Universitit Stuttgart
Fuel NO_,, NO-injection s NO-measured
—&— Reduction of recycled NO

4000 98.9% ’99_2% 1 100 =
§
O
3000 180 %
z 1000 §
aQ N + 8
S 2000 \ 0 3
®) \ o
Z N 140 5§
1000 7 E
% 120 &

Burner Stoichiometry = 0.75, Residence time in reduction zone = 3 seconds

»For this configuration, NO emission is independent of NO
injection
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Universitat Stuttgart

Summary-Influence of burner stoichiometry

[%] ON pajoAdal Jo uoionpay

1.15

0.85

0.75

Stoichiometric Ratio

500 ppm, T, = 3 sec

NO injection

» A burner designed specially for oxy-coal combustion
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Universitat Stuttgart

Oxyfuel Combustion at
existing and adapted
0.5MW,, test facility of IVD (KSVA)



Existing 0.5MW,, PF Combustion Test Facility

L RAAA S
000

O OO
OO
OOCAS

Joerent e

ofetetete
odeteteseee
eesete
..

Universitat Stuttgart

ml”lng Un|t fuel gas sk—==

fuel gas
air -

[

,,,,,,,,,,

blending
unit

furnace with
burner

I
-

) to stack
| |
. recirc.
eater fan o

staging
air fan

flue gés duct

ash

dosing < fue,_QA
c coal S
Un|t dus(t} A compr. air

primary air  =——— ‘,Wv e
[ir “J

|
|
[
I
|
combustion :
air fan |
air ~——————(_r—L—
| A %

cooling water L

compr. air

PF Combustion
Test Facility KSVA

Firing Capacity
500 kW
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Configuration of 0.5MWth PF Oxyfuel Facility SRR

co,

Mixing

After
chamber

O.-injection

|I e
& * RG orlflce]
s
- T RG fan
= : Storage
i B3 tanks
1
In-flame probe oy : End of comb.
measurements: ':_ W Chamber O
- gas concentration ¢ - Beforeand — 1
- temperatures i - After APH after ESP
. p——
- char/fly ash sampling - O, O, 0,
’ ) B . ID fan
- deposition/ corrosion —
"
g — =
o
SCR ESP stack



Switch from once-through to re-circulation mode (l)

Universitat Stuttgart

100 —— e e e e e e e e -
O, in vol.-%g,,
- J
CO, invol.-%y,, .
80 — e -
| J

flap for flue-gas
re-circulation (FGR) opened

100 flap open

60

position
in %
40

20

0 flap closed

LA_OXY_1_20980-21450



Comparison of emissions at air and oxyfuel conditions

0,, CO, SO,, NOy
invol-%ay  LAUSITZ AIR in ppm
100 2000
80 - - 1600
i Averages |
60 - - SO, 583 ppm - 1200

= NOy 317 ppm
| - CO> 14.6 vol.-%g,, i
40 - 0> 2.7 vol.-%yq,y - 800

LA_LUFT_SO2_C8_20940-21070

8 s
Universitat Stl;ttgart
0,, CO, S0O,, NOy
invol-%qy, LAUSITZ OXYFUEL inppm
100 . 2000
v, 5
N
s s Y w0 4
. -~ . % P * .
80 o N W "\ 1600
Averages :
60 - SO, 1757 ppm -+ 1200
= NOyx 225 ppm
- CO, 91.1 vol.-%q,y I
40 4+ - 0 4.0 VOl.-%qyy |- - 800

LA_OXY_13_NOxS02_2_21700-21830



Lausitz pre-dried lignite — combustion temperatures
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Distance from
burner in mm
0

500
1,000
1,500
2,000
2,500
3,000

3,500 ~

4,000
4,500
5,000

AlIR

7 1100 o, 1185
1126 ® 1182

Global T 11516 &1196

1091 o #1132
: 1024 o #1095
1000 ¢ #1057

960 o #1013 ©GasT

1148 © 1210

850 1000 1150

Temperature in °C

1300

Distance from
burner in mm

0

500
1,000
1,500
2,000
2,500
3,000
3,500
4,000
4,500
5,000

OXYFUEL

1130 o # 1160
1086 o & 1131

1013 .0 #1047
1-9639- #1010 -
935 & €973

o 1256
Global T 1205,.0/I1248

850 1000 1150

Temperature in °C

1300



Program Code AIOLOS

Universitat Stuttgart

Numerical Modeling and Simulation, combined Simulation
(Furnace and Steam Side)

Turbulence wo Phase
Flow

Pulverized
Coal
Combustion

Burnout air

Burner level 3

Homo-
geneous
Reactions

Burner level 2

Heat
Transfer

Chemical
Reactions

Burner level 1

Hetero-
geneous
Reactions
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Current Model Developments for Oxy-Fuel @

Universitat Stuttgart

e Model developments for Oxy-fuel combustion

e Development of mathematical models for heterogeneous char
conversion under Oxy-Fuel conditions, including enhanced gasification
reactions

e Mathematical models for turbulent gas phase reactions:
e gas phase combustion, NO, formation and destruction

» Development of mathematical models for radiative heat transfer in CO,-
enriched atmospheres

e Validation of new modelling approaches with experimental results
e Combined coupled approach to furnace and steam generation
simulation

e Simulation and optimization of oxyfuel-combustion (0.5Mwth...



Overview about CO,-capture projects at IVD

Universitat Stuttgart

Oxyfuel—-projects

" ENCAP (IP)
Pre-combustion CO,-
capture (Oxyfuel, IGCC,
others)

" ASSOCOGS (RFCS)
Oxyfuel

" Oxymod (RFCS)
CFD-model on oxy-
combustion

" OxyBurner (RFCS)

Low-NO, coal burner for
oxy-combustion

IP Integrated project (6t EC framework program)

,Limestone* -
projects

C2H (RFCS)

LEGS with lignite with high
moisture content
Coordination IVD

ISCC (STREP)

LEGS with lignite: Focus

on calcination with oxygen
Coordination IVD

AER-Gas (STREP)

LEGS with biomass
Coordination ZSW
C3-Capture (STREP)
CO,-capture by absorption
with lime

Coordination IVD

AER-GAS Il (STREP)
LEGS with biomass

STREP Specific targeted research project (6" EC framework program)

RFCS Research fund for coal and steel

Post-Combustion-
projects

CASTOR (IP)
Post-combustion CO,-
capture

FLUEGAS (Industrial)

as from July 2006



C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

r
CETOC CANMET ENERGY TECHNOLOGY CENTRE

Modeling, Design, and Pilot-Scale Experiments
of CANMET's Advanced Oxy-Fuel/Steam Burner

CLEAN ENERGY TECHNOLOGIES

K. Zanganeh, C. Salvador, and M. Mitrovic
Zero-Emission Technologies Group, CEPG

2"d [EA GHG Oxy-Combustion Workshop
January 25-26, 2007

. * I Matural Resources Hessources naturelles
Canada Canada



CAMMET ENERGY TECHNOLOGY CENTRE

Technology Background

e Clean fossil fuel combustion with CO, capture pathways

Industrial Processes

Process Value Added Products

Raw Process Carbon stream i.e. Ammonia, NG,
Materials Release 20-95 % CO, Transport Fuels,
Cement, Steel etc.
Post-combustion Capture
] ] Power Flue gas coO CO,
Air-Com ion 2
S & Heat 5-10 % CO, Removal
A 4
. —>
Pre-combustion Capture
Coal/Coke Gasification/ Carbon
ING/Fuel Oil/ Reforming 20-40 % CO, | ilileNEl
Biomass
e —_— P

Oxy-fuel Combustion

€O,

Oxy-Combustion
>80 % CO,

. *l (N::ﬁlarg:l Resources Eﬁn?d:ms naturelles Cana’dlét



CHNOLOGY CENTRE

CETC CAMMET ENERGY TEGC

Technology Background (cont...)

 Oxy-fuel combustion pathways

Energy Conversion Operation Technologies

CO, Scrubbing:
Atmospheric » Amine

Combustion

O T I | \ Oxy-Combustion:
— Fossn Fuel Pressurized \ *Retrofits
*New boilers
CO+H, ™| "
Pressurized »leTurbines/Fuel Cells
GaS|f|cat|on
Reformin
J Pressurized H, Hydrogen
CO, removal > Combined cycles
Fuel cells

i+l
Matural Resources Hessources naturelles
Bl (oo feson (Canada



CANMMET EMNERGY TECHNOLOGY CENTRE

Technology Background (cont...)

 Oxy-fuel combustion systems

e 1stgeneration oxy-fuel combustion systems - Flue gas is recycled to control
the combustion temperature

CO, Product for EOR, EGR, or

N, Recirculated Flue Gas .
Sequestration

|

Air Separation Unit
(ASU)

Gas Processing
System
Condenser F+ (CO, Compression,
Purification, and
Liquefaction)

...... .

Air

0, N, SOH0 Vent Gas H,0
Air Infiltration \ Coal / ‘\\Liquil_:l_/’ O,, N,, CO,, H,O Liquid
Other fuels, Particulates,
e.g., NG, bitumen S0O2

i+l
Matural Resources Hessources naturelles
.* . Canada Canada Ca-nada



C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

Technology Background (cont...)

 No reduction in unit size/volume compared to air-fired combustion (up to
flue gas branch point)

 No energy efficient integration and optimization of the process
 No efficient recovery of low temperature heat
* Need to design the whole plant as a gas-tight system

— CO,and hot gas leakage out
 Operational safety considerations

— Plant has to operate at slightly negative pressure

e Air leakage in

 Need for flue gas recycle to transport coal from the mills

— Need for gas-tight mills

— Need for treatment of the primary recycle flow, etc

i+l
Matural Resources Hessources naturelles
.* . Canada Canada Ca-nada



CETC CAMNMET ENERGY TECHNOLOGY CENTRHE

Technology Background (cont...)

- 2"d generation oxy-fuel combustion systems - Energy efficient integration and
optimization of the process, recovery of low temperature heat

Partcle removal Non-condensable
N2 (Ar7) +C0, recycle 30, removal? ga;f :
- i Flue gas
ﬁm.'ﬂ"u . Air - 0, ™ Boiler cE +CO, +C0O,
Separation cleaning and P—
- = : pression
TUnit | condensation
A
“_“',* Ceal Combustion ¢ J/ + B!
7 heat Low- H,0 Low- Z |
; i Low- temperature temperature ?___ i
g : temperature Steam power ~ heat heat E :
= heat el k ol
=g cycle | =
Zi . Internal o
- ! Gross electric, lpower g
E ! p-:m'eri imusumpﬁn-ﬂ E !
é i t i =X
a1 Remmaaaa-- 4 (=
e A :

i Net electric —  » mass

I

W power to grid ) heat

__________ p clectricity

i+l
. o I Matural Resources Hessources naturelles Canada
Canada Canada



CETC CAMNMET ENERGY TECHNOLOGY CENTRHE

Technology Background (cont...

- 3'd generation oxy-fuel combustion systems — Minimizing or eliminating the flue
gas recycle (no FGR)

Recycled Flue Gas 1/5 exit gas volume relative to air
CO2 at 80-98% by volume

' €O
Fossil fuel Gas : Storage
combustion Purification -G-
DEIVER G i Compression

Ko !
l niEEL Other pollutants

and/or water

Air Separation |_g,
Unit N2 For process heaters, furnaces

and boilers

i+l
. o I Matural Resources Hessources naturelles Canada
Canada Canada



C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

Technology Background (cont...)

 Low NOx & excess O,,
« Higher radiative & convective heat transfer,
» process model, CFD, system and component design

O, H,O Heat
l recovery

Combustor

_ CO, to
(turbine)

Fuel == .
Compression

Ash

i+l
Matural Resources Hessources naturelles
.* . Canada Canada Ca-nada



C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

Motivation:

*Develop the technology base
necessary for the implementation
of efficient zero-emissions fossil
fuel systems

Overall Objectives:

eInvestigate the feasibility of
hydroxy-fuel combustion for the
3'd generation of oxy-fuel systems

sInvestigate the reduction in size
and capital cost of equipment

*Use of water/steam, preferably
with no FGR, to moderate the
flame temperature

. * I Matural Resources Hessources naturelles
Canada Canada




C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

ydroxy-Fuel Technology Development (cont...

o Selected power cycles

coz

02 —
CH 2700 F C,H, =
Reform & !
Separate E |
H20
AlR M2
(N2 Diluent) 02
Fuel I'
Decarbonization C,Hy=—> '?;? F

oG

Liquid H20 J
H20, CO2

Condenser

Advanced Steam Generators, Richards et. al, NETL

. * I Matural Resources Hessources naturelles
Canada Canada

oz NG Steam orwater
Gas HP Turbie
Genemmtor 02 £1~1’_-‘.
+ LP Tutbie
Reheater
570 F
10 Aim
2200 F
10 Afm

A reheat cycle with steam or
water as temperature moderator

Canada



CETC

CANMMET EMNERGY TECHNOLOGY CENTRE

Development,

Design and Integration

Zero-Emission Oxy-Steam Combustion

v

Process & System

Design

v

v

v

Oxy-Steam
Burner

VC Plant

Steam Generation
Delivery System

.

¥

Overall System
Integration

|

v

Optimization &

Testing

‘ Scale-Up ‘ =

'

. * . Matural Resources Hessources naturelles

Canada

Canada

Canada



CETC CAMMET ENERGY TECHNOLOGY CENTRE

Development, Design and Integration (cont...)

CED Simulation

» Gauged the suitability of a test burner for hydroxy-fuel
combustion. Temperature Profile

_Tc
. . . | . 8OOE+03
02 distribution 710E+03
.620E+03
. 530E+03
. 440E+03
. 350E+03

280E+03

.0BOE+O3

S.800E+02

1
1
|
1
1
1.170E+03
1
g
g

S.000E+02
8. |00E+OQ2

.200E+02

Flame leans to one side. .
1.800E.02
S . 000E.01

Mass Fraction

0.000E+00

I N I Matural Resources Ressources naturelles
Canada Canada




CETC CAMMET ENERGY TECHNOLOGY CENTRE

Development, Design and Integration (cont...)

CED Simulation

Temperature Profile

L o e e

Uniform temperature | . A———— e

distribution m”'"""'"'“"'"““fm-"-----...
—rrrm11111"1'*r11"11'mr'.' taea

(LD l""""-”‘h I 1 ||'|'|'|111|-4.____. 49
i ettt sy igeemme

'  woresnerrr TR s
T e s Stk T TT Ul g ="
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{1 ke ! e b b b 8 e «
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ITTTITEEERS et I 44 LEY ..'-I'I'“‘-I|.-|--.-\..-||U|‘I1‘J Plkds
" ....--rrrrﬂ:'fh'ﬂ'fﬂﬂﬂ‘.t‘ﬂ‘m-r!-.u,.__ SiEL Wikiae
L LALLM
. — sorpt TR t e ALY Ry
TanIews Stagnatlon ........... Winh &

rrmrrrrrrfrﬂ111'lﬂ*t'|"|ﬂ1uf

Jrre e .-
jEr e

W

¢ ! "SRR AL LA L L
Point 1o merttHEHTHI I A 1 440, o =
Temperature (°C) e SERREARBLALLIAMMIAMA LA
““I._..rrrHIrI'ﬂr!HHTI":'TI'I‘“HTTHrr.. LAV A A
. |||:-: g ey “w.,.1-|-rrrIHHH‘I'FW"'If!'IT!mTfrn,IlhumnI : -n....... :
LEER RN YYY W
Shces are viewed from top-do perspective -...-l"”T”””r"”""”r""“”t‘”""‘ e

Vector Plot of Speed

i+l
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C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

Burner prototype

Firing rate: 0.3MWth (1IMMBtu/hr)

Fuels:

— Natural gas

— Oil, Emulsion

— Pulverized coal and coal slurry
Operational modes

— O2/steam

— O2/RFG

— 02/C0O2

— Air

— Enriched air

— 0O2/steam/RFG

— 0O2/steam/CO2

Variable secondary & tertiary streams

Independent secondary & tertiary swirl

. * I Matural Resources Hessources naturelles

Canada Canada




C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

Development, Design

and Integration (cont...

Integration with Vertical Combustor

« Steam generation system

« O, and steam piping design

e Instrumentation and control

» Graphical user/control interface

) |
_. [\ { et
s =
= .
= L3
-

. * . Matural Resources Hessources naturelles
Canada Canada

Lid and Oxv-Burner

Vertical Combustor

(middle section)

Canada



C ETC CANMMET EMNERGY TECHNOLOGY CENTRE

Concluding Remarks

* All aspects of hydroxy-fuel process design,
technology development, and implementation were
performed at CANMET

— 1.e., design, manufacturing, system integration, and pilot-scale
testing

 The preliminary pilot-scale test results are very
encouraging

« Economic and scale up studies will be performed
after completion of all pilot-scale tests

« The oxy-fuel/steam burner design is novel and we
are in the process of applying for a patent

i+l
Matural Resources Hessources naturelles
. * I Canada Canada Ca-nada



CAMMET ENERGY TECHNOLOGY CENTRE

Advance Flame Imaging System (AFIS)

[\ COMBUSTOR ¢ pi==
IMAGE MONITOR SECTION {

PROCESSOR

" (FLAME ZONE)

BURNER

i/ASSEMBLY

\1’5_
B

CAMERA ‘&
PROBE

(AFIS) -

FIELD OF
VIEW

BURNER
EXIT PLANE

COMBUSTION
FLUE GAS
STREAM

i+l
Naiuml Resources Hessources naturelles
i+ Rese Canada



CETC CAMMET ENERGY TECHNOLOGY CENTRE
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CAMMET ENERGY TECHNOLOGY CENTRE

Thank You

. *l gam Resources g:ﬁ:udl;mas naturelles Cana’dlét



2™ Workshop

IEAGHG International Oxy-Combustion Network
Hilton Garden Inn
Windsor, CT, USA

25" and 26™ January 2007

Purification of Oxyfuel-Derived
CO, for Sequestration or EOR

Vince White
Air Products PLC, UK
25" January 2007




Purification of Oxyfuel-Derived
CO, for Sequestration or EOR

® CO, produced from oxyfuel requires
purification

— Cooling to remove water
— Inerts removal
— Compression

® Current design has limitations
— SOx/NOx removal
— Oxygen removal
— Recovery limited by phase separation

® New concepts for purification have been
developed (since the IEA GHG Oxyfuel
report)

AIR /.
PRODUCTS 4=




CO, Compression and Purification System —

Inerts removal and compression to 110 bar

Flue Gas I Flue Gas
Vent Flue Gas Ui
1.1 bar |EXpander

20°C I
25% CO, J
75% <

inerts

Aluminium plate/fin exchanger

Driers

> <

CO, product
110 bar
96% CO,
4% Inerts
-60°C dp

30 bar Raw CO, 1
Saturated 30°C ¢
AIR

76% CO, 24% Inerts PRODUSIR &=

3




CO,, Purity Depends On Feed
Pressure

1

0.98

co,

Composition
0.94 -

0.96 -

0.92

0.9

10 20 30 40

Feed Pressure, bar

At -55°C




CO, Recovery Depends On
Feed Composition

1

Recovery os

0.4

/
0 /

0 0.2 0.4 0.6

Feed Composition
At -55°C, 30 bar




CO, Recovery Depends On
Feed Composition

0.30

0.25 -

Vent
C02 0.15
Composition

0.05 -

0.00

0.20 -

/

0

0.1

0.2

0.3 0.4 0.5 0.6 0.7 0.8

Feed Composition
At -55°C, 30 bar




CO,, Purity and Recovery

-55°C Is as cold as we can make the phase separation

CO, purity depends on pressure
— At 30 bar and -55°C, CO,, purity is 95%
— Higher pressure gives lower purity CO,

CO, recovery depends on pressure
— Lower pressure gives lower CO, recovery
— At 15 bar and -55°C, CO, recovery is 75%
— 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%
— Reducing air ingress increases CO, capture rate

AIR YA
PRODUCTS 4=




Raw and Product CO, Compositions

Raw Flue Gas CO, Product Vent

@ 35°C, @ 35°C, @ 11°C,
1.02 bara 110 bar 1.1 bar
mol% mol% mol%

Prior Art Prior Art

95.8 24.6

48.7

19.4

7.1

0




CO, Purity Issues

Basic Design
Case
EOR Case

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 YA
PRODUCTS 4=




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.

® EO_Zdis converted to Sulphuric Acid, NO, converted to Nitric
cid:
NO + %2 O,
2 NO,
2 NO, + H,0
3 HNO,

NO, (1) Slow
N,O, (2) Fast
HNO, + HNO, (3) Slow
HNO; + 2 NO + H,O (4) Fast
NO, + SO, 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.

AIR /.
PRODUCTS 4=




CO, Compression and Purification System -
Removal of SO,, NOx and Hg

® SO, removal: 100% NOx removal: 90-99%

1.02 bar 30 bar to Driers
30°C Saturated 30°C

67% CO,
8% H,0 76% CO,

25% . . WEE] 24% Inerts
Inerts 15 bar

]0)4

NOX BFW_,Q_, 30 bar
Condensate CW_;

——

Dilute HNO3
Dilute H,SO,
HNO,

Hg PRODUETS £=:




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




Corrected CO, Purity

Raw Flue Gas CO, Product Vent CO, Product Vent

@ 35°C, @ 35°C, @ 11°C, @ 35°C, @ 11°C,
1.02 bara 110 bar 1.1 bar 110 bar 1.1 bar
mol% mol% mol% mol% mol%

Prior Art Prior Art Corrected Corrected

24.6

48.7

19.4




And Oxygen removal from the CO,?
Where does the distillation column go?

&

JI

Driers

30 bar Raw CO,
Saturated 30°C
/6% CO, 24% Inerts

14




Oxygen removal — Option 1

JI

&

Driers \
Remov <
this 1

/7

Feed to
distillation
column

30 bar Raw CO, g)
Saturated 30°C
76% CO, 24% Inerts PRODUSIR &=




Oxygen removal — Option 1

Recycle to
Feed

Pure CO,
To exchanger for
refrigeration duty

17 bar
column

Reboiler
heated

@ with feed
stream

AIR /.
PRODUCTS 4=




Oxygen removal — Option 2

JI

&

Driers

> <

Feed to
distillation

30 bar Raw CO,
Saturated 30°C
/6% CO, 24% Inerts

17




Oxygen removal — Option 2

Recycle to
Feed

Pure CO,
Pump to pipeline
pressure or flash to
tanker pressure

30 bar
column

Reboiler

heated
@ with feed

stream

AIR /.
PRODUCTS 4=




Can we improve on 89% CO, Capture?

Vent stream Is at pressure and is CO, (and O,) rich

Driers

30 bar Raw CO,
Saturated 30°C
/6% CO, 24% Inerts

19




Put membrane In vent stream

Recycle CO, and O, rich stream to boiler
T0 Boiler

Driers

30 bar Raw CO,
Saturated 30°C
/6% CO, 24% Inerts
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Purity, Recovery and Power

® Power includes ASU and CO, system power

Description

CO, Purity

Oxygen
Content

CO,
Pressure

CO,
Recovery

Relative
Specific
Power

Standard Cycle

95.90 mol%

0.91

mol%

110 bar

89.0%

1.00

High Purity Option 1

99.89 mol%

100.00

ppm

110 bar

87.4%

1.03

High Purity Option 2

99.98 mol%

100.00

ppm

110 bar

87.7%

0.99

30 bar liquid CO,

99.98 mol%

100.00

ppm

30 bar

87.7%

0.98

7 bar liquid CO,

100.00 mol%

5.01

ppm

7 bar

87.7%

1.02

Standard with
membrane

96.30 mol%

0.73

mol%

110 bar

97.7%

0.91

High purity Option 1
with membrane

99.86 mol%

100.00

ppm

110 bar

97.9%

0.97
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Conclusions

FGD and DeNOx systems are not required to meet tight
CO, purity specifications

Co-disposal of SO, with CO, Is not possible

Compressing CO, with NO + SO, + O, + Water will
result in H,SO, production

Low NOXx burners are not required for oxyfuel
combustion

Oxygen can be removed for EOR-grade CO,
No penalty if liquid CO, is required

Capture of CO, increased to 98% with CO, membrane
— Also reduces ASU size (~5% reduction)
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Conventional Oxy-Fuel Process #ZPRAXAIR

Inerts

SCR
Flue
ESP REL CO: Purification
— T| FGD & Compression
i Sulfur
A Boiler Ash

» Oxygen supplied from cryogenic ASU
» Flue gas recirculation for temperature control
» 3% O, in wet flue gas

» Suitable for retrofit and CO, capture ready designs



Need for New Oxy-Fuel Technology “=PRAXAIR

» Conventional oxy-fuel process (cryogenic ASU) will

have a large energy penalty for capturing CO,
o 15— 20% of power output is consumed by cryogenic ASU
« ~10% for compressing and purifying CO,

» Cryogenic ASU technology is mature
o Improvements likely to be incremental

» Need for a technology that makes a step-change
Improvement in efficiency



Oxygen Transport Membrane (OTM) z2ZPRAXAIR

“Electrochemical Filter and Pump”

O@
U
Oo
DIN/

g
O@
O
s

CO,, H,0

Ps
Flux oc In| —=
PO2

0O, + 4e — 207

Oxy-Fuel Combustion Without Producing Oxygen| 4

SCAINE
O 9
b@ N
00,
OQOOOOO

0
@,
2

®
0 O

o
OS5

O O d

0 ~ 500 psig CH,, CO, H,

00
0,
o O




Advanced Boiler Concept ZZAPRAXAIR

Patents » Array of OTM tubes interspersed with
» US 6,394,043 steam tubes
» US 6,562,104

» Alternating heat source and sink will
maintain temperature profile

Steam » Flue gas recircula