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INTERNATIONAL OXY-COMBUSTION NETWORK FOR CO2 CAPTURE 
Report on 1st Workshop 

 
Vattenfall Europe Generation and Mining AG 

Cottbus, Germany 
 

29th and 30th November 2005 
 
 
1. INTRODUCTION 
 
This report summarises the presentations of the inaugural workshop on International Oxy-
Combustion Network for CO2 Capture that was organised by IEA Greenhouse Gas R&D 
Programme and was hosted by Vattenfall AB. 
 
The workshop was held at the head office of Vattenfall Europe Generation and Mining AG in 
Cottbus, Germany on the 29th and 30th of November 2005. A visit to the Schwarze Pumpe Power 
Station, one of the world’s most advanced lignite power plant and the future site of the 30MW 
Oxy-Coal Combustion Pilot Plant, was arranged in the afternoon of the 29th of November. 
 
IEAGHG would like to acknowledge and thank Prof. Lars Strömberg of Vattenfall AB for his 
full support to this workshop. 
 
2. NETWORK OVERVIEW 
 
Carbon dioxide capture and storage is now included in most OECD countries' energy policies 
and R&D programmes as one of the strategies to mitigate carbon dioxide emissions from large 
emitters. One of the leading carbon capture technology considered for power generation industry 
is the use of oxy-fuel combustion technique. 
 
In recognition to the different efforts by the industry, academe and research institutes to 
demonstrate the techno-economic feasibility of this technology as carbon capture option for a 
power plant in the near future; IEA Greenhouse Gas 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. 
 
Due to the broadness of this topic, it was decided to focus the theme of the first workshop on the 
“Oxy-Fuel Combustion for Coal Fired Power Plant”. Nevertheless, the future workshop will also 
attend to the development in Oxy-Fuel Combustion for Gas Fired Power Plants and other novel 
oxy-combustion processes. 
 
3. WORKSHOP ATTENDEES 
 
The workshop brought together 64 participants from the power generation industries, boiler and 
combustion equipment manufacturers, oxygen production and CO2 processing industries, 
research institutes and universities covering 17 countries worldwide. The workshop has been 
over-subscribed with 20 other potential participants in the waiting list.   The attendance list is 
given in Appendix 1. 
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4. WORKSHOP PROGRAMME AND HIGHLIGHTS 
 
The agenda is given in Pages 3 and 4.  Over the 1 ½ days, the workshop covered the following 
topics: 

• Technology Benchmarking and Modelling Studies – A Review of the Oxy-Fuel 
Combustion R&D Activities. 

 
• Work-in- Progress, Development in Oxy-Fuel Combustion Studies. 
 
• Oxygen Production and CO2 Processing – Overview to the Different R&D Activities for 

Power Generation Industry. 
 
• An Overview, Progress and Development in Large Scale Oxy-Fuel Combustion Project 

 
The theme of the first meeting focused on the “Development of the Oxy-Combustion 
Technology for Coal Fired Power Plant” featuring an update to the progress in the development 
of large scale oxy-coal combustion pilot plant studies currently on-going in Europe and 
Australia. 
 
The workshop started with the welcome address given by Mr. Reinhardt Hassa, Member of the 
Management. Board, Vattenfall Europe Mining and Generation AG.  He discussed about the role 
of Vattenfall Europe Mining and Generation its role in the power generation sector in Germany 
and their commitment toward sustainability and clean environment. 
 
This is followed by welcome address by Dr. John Topper, presenting the role of IEA Greenhouse 
Gas R&D Programme in establishing this network, its role and the objectives of the meeting.  He 
clearly stressed the importance of obtaining feedback from the participants firstly to enhance 
communications to develop collaborative action toward the deployment of carbon capture and 
storage technology. 
 
A keynote presentation was given by Prof. Keiji Makino, chief executive engineer of IHI, who is 
also one of the pioneers in the development of this technology in Japan which started in 1990s. 
He presented an overview of the different Oxy-Coal Combustion R&D activities carried out in 
Japan. He clearly noted the important role of coal in the power generation sector of Japan and 
highlights the potential of this technology for retrofitting existing coal fired power plants. He also 
provided a good insight to the technical background and feasibility study currently on-going in 
co-operation with the Australian consortium under the Callide-A project. A summary of his 
presentation was presented in succeeding section. 
 
A total of 13 other presentations were made during the one and half day meeting. Also included 
was a plant visit to the Schwarze Pumpe Power Station, the future site of the 30MW Oxy-
Combustion Pilot Plant with a plan to commission the facility by 2008. Figure 1 shows the 
proposed location of the pilot plant within the premise of the power station. 
 
Prof. Lars Stromberg and Mr. Uwe Burchardt provided an insight to the background and 
programme of the 30 MW Pilot Plant study of Vattenfall.  Prof. Stromberg stressed the 
importance of reliability and availability of the power generation plant as one of the primary 
reasons to proceed with their study. 
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Inaugural Workshop 

Oxy-Fuel Combustion Research Network 
 

Vattenfall Europe Mining and Generation AG Head Office 
Vom Stein Strasse 39 

Cottbus, Germany 
 

29th and 30th November 2005 
 

Day 1  – Outline Agenda 
 
0900 - 0930  Welcome Address - Vattenfall Europe Mining & Generation: The Backbone of the Energy Group 

Reinhardt Hassa, Member of the Mgmt. Board, Vattenfall Europe Mining and Generation AG 
 

   
  IEA Greenhouse Gas R&D Programme: Background and Introduction to Oxy-Coal Network 

 John Topper, Managing Director, IEA Environmental Project Ltd. 
 

   

0930 – 1030  Overview of the Oxy-Fuel Combustion Studies in Japan 
Keiji Makino, Chief Executive Engineer, IHI, Japan 
 

   
1030 – 1045  Coffee Break 
   

Technology Benchmarking and Modelling Studies: 
 Review of the Oxy-Fuel Combustion R&D Activities 

Session Chairman: John Topper, IEA Greenhouse Gas R&D Programme, UK 
   
1045 – 1115  Oxy-Fuel Combustion Application for Coal Fired Power Plant: What is the Current State of 

Knowledge… 
Stanley Santos, IEA Greenhouse Gas R&D Programme, UK 
 

   
1115 – 1145  Fundamentals of Oxy-Fuel Combustion 

Prof. Terry Wall, University of Newcastle, Australia 
 

   
1145 – 1215  Technology Choice and Benchmarking Studies 

Prof. Lars Stromberg, Vattenfall, Sweden 
 

   
1215 – 1300  Lunch 
   

1330 – 1515  SCHWARZE PUMPE POWER STATION: Plant Visit & Grp. Photo 
Co-ordinated by Vattenfall Europe AG  
 

  Coffee Break 
   

Development in Oxy-Fuel Combustion Studies: Work in Progress 
Session Chairman: Prof. Klaus Hein, University of Stuttgart, Germany 

   

1515 – 1545  Vattenfall’s Activities on Oxy-Fuel Combustion Studies 
Prof. Lars Stromberg, Vattenfall, Sweden 
 

   
1545 – 1615  An Overview of Oxy-Fuel Combustion  R&D Programme in CANMET 

Kourosh Zanganeh, CANMET, Canada 
 

   
1615 – 1645  Fundamental Oxy-Fuel Combustion Research Carried Out within the ENCAP Project 

Klas Anderson, Chalmers University, Sweden 
 

   

1645 – 1715  Development in Oxy-Coal Combustion Boiler: A View from Boiler Manufacturer 
Timo Hyppänen, Foster Wheeler Oy, Finland 
 

   

1930  Workshop Dinner 
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DAY2  – Outline Agenda  
 
0845 – 0900  Opening of Day 2 Sessions 

Review of the Progress of the Workshop 
 

   

O2 Production and CO2 Processing  
Overview of R&D Activities for Power Generation Industry 

Session Chairman: Roger Dudill, Air Products, UK 
   
0900 – 0915  Air Liquide Air Separation Units – Mastering Design and Operations 

Guillaume de Souza, Air Liquide, France 
 

   
0915 - 0930  Oxy-Combustion for CO2 Capture in Pulverized Coal Boilers 

Guillaume de Smedt and Guillaume de Souza, Air Liquide, France 
 

   

0930 – 1000  Capturing CO2 from Oxy-Fuel Combustion Flue Gas 
Minish Shah, Praxair, USA 
 

   

1000 – 1015  Coffee Break 
   

An Overview, Progress and Development in  
Large Scale Oxy-Fuel Combustion Project 
Session Chairman: Sho Kobayashi, Praxair, USA 

   
1015 – 1030  Vattenfall Oxy-fuel Pilot Plant Study – Programme Overview 

Uwe Burchardt, Vattenfall Europe Generation and Mining, Germany 
 

   

1030 – 1115  Australian Japanese Co-operation on OxyFuel Pilot Project for Plant Retrofit – Callide-A Project 
Chris Spero, CSEnergy, Australia 
 

   
1115 – 1230  Discussion Forum 

Session 1: Boiler and Burner Development – Future R&D Requirements 
Session 2: Development in O2 Production and CO2 Processing – Requirements for Energy & Cost Reduction. 

   
1230 – 1245  Closing Session 

Wrapping Up and Future Activities 
 

1245 – 1400  Lunch 
 

Figure 1: Proposed site for the 
30MWth Oxy-Coal Pilot Plant in 
Schwarze Pumpe Power Station. 
(Picture courtesy of Vattenfall) 

2009 2010 20112005 2006 2007 2008

Pre- and Order planning
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Execution planning
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Erection

Operation

Time Table for Implementation of Oxy-Fuel Project
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Dr. Chris Sphero presented an overview to the programme of the Callide-A Project. This project 
as mentioned earlier is the Australian-Japanese cooperation looking at the different aspects of 
retrofitting a coal fired power plant with an oxy-combustion boiler.  He also highlighted the 
proximity of the Callide–A Power Station to a potential CO2 storage site. Figure 2 presents the 
25MWe Callide–A Power Plant and the geographical location showing the proximity to CO2 
storage site. 

 
The workshop also provided the opportunity to look at the development of the Oxy-Coal 
Combustion Technology from the boiler manufacturer’s point of view. This was presented by 
Dr. Timo Hypannen of Foster Wheeler Oy.  A view in the development of oxygen production 
was presented by Mr. Guillaume de Souza of Air Liquide.  The impact and technical issues on 
the processing of a CO2 rich flue gas in relation to the operation of the oxy-coal combustion 
boiler was presented by Dr. Minish Shah of Praxair. 
 
With regard to on-going studies, Dr. Klas Anderson presented some of the results gathered from 
the studies undertaken by Chalmers and Stuttgart University with regard to combustion and 
radiation properties. Dr. Kourosh Zanganeh provided an overview of the works done by 
CANMET. Mr. Guillaume de Smedt of Air Liquide presented an insight to their work in-
cooperation with Babcock & Wilcox. 
 
The final agenda of the workshop was on the discussion of various issues.  IEAGHG in co-
operation with Prof. Terry Walls of Newcastle University released an issue paper during the 
meeting which was used as a guide for the discussion which was led by Dr. Sho Kobayashi of 
Praxair.   
 
The issue paper covers four general topics including: 

• Boiler and burner development 
• Plant operation and safety 
• O2 production 
• CO2 rich flue gas processing and compression. 

 

Nth Denison 
Trough

Callide-A Power Station 
 
Capacity: 4 x 30 MWe 
Commissioned:  1965 – 1969 
Refurbished:  1997/98 
 
Steam Parameters:  4.1 MPa, 460oC 
Steam Flowrate:    123 t/h steam  

Figure 2: Location of Callide-A Project.  A Planned retrofit to a coal fired power plant with an oxy-combustion boiler
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The issue paper is included in the Appendix. IEAGHG will still welcome any additional 
comments or reaction to the issue paper. 
 
5. PRESENTATION SUMMARY 
 
5.1. Overview of the Oxy-Fuel Combustion Studies in Japan 

Prof. Keiji Makino, Chief Executive Engineer, IHI 
 
Since the early part of the 1990s, Japan has been active in the development of oxy-coal 
combustion with recycled flue gas for the purpose of investigating its viability for plant retrofit 
suitable for capturing CO2.  This presentation provided a good overview to the work done under 
the NEDO programme during the last 15 years, the results of the current research activities, and 
the introduction to the Australian-Japanese co-operation under the Callide-A Project. 
 
Specifically, this presentation discussed the following points: 

• Japanese strategy for CO2 Reduction 
• Oxy-firing studies in Japan 
• Study of 1000 MW oxy-firing super critical unit 
• Japan-Australia oxy-firing project 

 
The presentation briefly explained the strategy undertaken by the Japanese government in 
dealing with the challenges of reducing CO2 and maintaining energy security.  Under the Kyoto 
Protocol, Japan is required to reduce 6% of their overall greenhouse gas emissions.  At the same 
time, the government also recognises the role of coal and its importance to the energy security of 
Japan.  Thus, the government has initiated the Clean Coal Cycle (C3) initiatives with the 
following key objectives: 

(a.) To promote and develop innovative clean coal technologies. 
(b.) To demonstrate other diversified clean coal technologies. 

 
Under the first objective of C3 initiatives covers the development of oxy-fuel combustion boiler 
for plant retrofit. In the past 20 years, IHI has initiated various fundamental studies in Japan and 
this covers the following: 

• Study on ignition and flame propagation. 
• Fundamental study on oxy-firing (experimental work done by Tokyo Institute of 

Technology - TIT) 
• In-furnace desulfurisation study of oxy-firing (also undertaken by TIT) 
• 1.2 MW Combustion test 
• CO2 compression demonstration test 

 
 From these fundamental studies, the presentation summarised the following results: 

• Ignition and flame propagation study was undertaken using small gravity test.  Results 
have indicated that ignition and flame propagation was shown to be slower in the O2/CO2 
environment as compared to that of the O2/N2 environment. 

• Fundamental study undertaken by Tokyo Institute of Technology covers the investigation 
of NOx formation and reduction mechanisms of oxy-combustion with recycled flue gas. 

• The study by Tokyo Institute of Technology also investigated the mechanism for in-
furnace desulphurisation of oxy-firing combustion based on CaCO3 injection. 

• IHI undertaken a pilot scale combustion test of oxy-coal combustion with recycled flue 
gas using their 1.2MW test rigs.  This covers various in-flame measurements looking at 
the combustion characteristics of two different types of burners and their pollution 
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emissions.  Unique to this study is their in-flame measurements taken for NH3 and HCN 
in attempt to understand NOx formation mechanism in an industrial scale boiler. 

• The study led by IHI during the 1990s also involves the demonstration of liquefaction of 
flue gas.  One of the aims of this study was to demonstrate the viability of connecting 
compression equipment to the boiler.  CO2 was successfully recovered under 0oC and a 
7MPa condition was noted. 

 
The fundamental experimental studies described above were complimented by simulation study 
of 1000MW class oxy-firing advanced super critical unit.  Primary results presented in these 
work include the attempt to understand the dynamic operation of a 1000MW power plant 
operating with an air separation unit and flue gas compression. 
 
Finally, the presentation concludes with an introduction to the Australian-Japanese cooperation 
under the Callide-A project. The overall schedule for this project was presented. It was aimed to 
demonstrate how to retrofit the 30MWe oxy-coal firing boiler by 2006-2010. 
 
5.2. Oxy-fuel Combustion Application for Coal Fired Power Plant: What is the… 

Stanley Santos, IEA Greenhouse Gas R&D Programme 
 
The results of the techno-economic study commissioned by IEA Greenhouse Gas R&D 
Programme on Oxy-Combustion for Coal Fired Power plant were presented.  This study 
(IEAGHG Report No. 2005/9) was undertaken by Mitsui Babcock Energy Ltd. in co-operation 
with Air Products and Alstom Power. The report consists of study for both natural gas fired and 
coal fired power plant based on oxy-combustion capture processes; however, only the results for 
the coal fired case were presented. 
 
The results of the study indicated an energy efficiency penalty of 8% as compared to reference 
conventional coal fired power plant operating with advanced supercritical steam and equipped 
with SCR and FGD. 
 
The second part of the presentation presented an overview to the early works done on Oxy-Coal 
Combustion pilot scale study. This includes the an overview to the study done by: 

• Argonne National Laboratory – which include some results gathered from the 115 kW 
pilot scale experiment of Battelle and 3 MW pilot scale test of EERC. 

• International Flame Research Foundation (3 MW) 
• Mitsui Babcock Energy Ltd. (120 kW) 
• International Combustion Ltd. (35 MW) 

 
Various key issues were raised regarding the development in boilers and burners and these 
include: 

• Effect of recycled flue gas to the heat transfer profile of the boiler 
• Effect of recycled flue gas to the ash deposition 
• Requirements for coal characterisation (devolatilisation and char combustion) 
• Issue regarding the air-ingress, start-up, turn down operation, and O2 handling 

 
5.3. Fundamentals of Oxy-Fuel Combustion 

Prof. Terry Wall, University of Newcastle 
 
The fundamental principles of oxy-coal combustion with recycle flue gas were explained.  The 
following issues were discussed in detail: 

• Pollutant emissions – including key results from various work on NOx and SO2. 
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• Heat Transfer – which include the impact of recycle flue gas to the radiative and 
convective heat transfer 

• Reactivity of coal under a O2/CO2/H2O environment 
• Mathematical modelling for furnace operating in oxy-combustion with recycled flue gas  

 
The presentation explained how the mathematical model for furnace firing in oxy-combustion 
mode was developed.  Specifically, it was noted that the significant difference in the adsorption 
and emission spectra for triatomic gases. This implies that combustion environment for oxy-
combustion will have a higher emissivity.  The radiation model was developed based on band 
model.  
 
The mechanisms for NOx formation were explained.  This is based on the results undertaken by 
Okazaki’s research during the 1990s.  The potential for increase in sulfur capture efficiency was 
also noted. The increase in desulfurisation efficiency was attributed to the inhibition of CaSO4 
decomposition at higher temperature (> 1500K) and increase in recycled flue gas at the 
intermediate temperature (< 1450 K). 
 
5.4. Technology Choice and Benchmarking Studies 

Prof. Lars Strömberg, Vattenfall AB 
 
The point of view of Vattenfall choosing Oxy-Coal Combustion for further development and 
validation as their choice of technology for CO2 capture for their power plant was explained. In 
this regard, it was clearly noted the following: 

• Oxy-fuel is currently the technology that provides the least cost within their 
benchmarking studies. 

• It is their view that oxy-combustion is suitable for coal and has little development work 
required. 

• It is their view that it could make good use of their experience with their present fleet of 
pulverised coal fired power plants. 

 
The benchmarking study done by Vattenfall presented a comprehensive review on the various 
results on techno-economic studies on CO2 free power plant published in the literature.  The gap 
and difference among the results presented in various literatures were critically analysed. A 
specific example was presented showing the big difference in cost analysis among the different 
studies published was due to higher assumption for their fixed and O&M cost. 
 
Results of their IGCC benchmark study were presented.  It was noted that reference IGCC today 
is not competitive with the current pulverised coal fired power plant. Likewise, it also explained 
why IGCC has been unfavourable in the point of view of several power generation companies.  
This is especially stressed on the requirements for high availability which could be easily 
achieved by PF power plant. 
 
One of the conclusions noted that with CO2 emission penalty of € 20 per tonne, the competition 
is between coal power plant with capture and natural gas fired power plant without capture. 
 
5.5. Vattenfall’s Activity on Oxy-Fuel Combustion Studies 

Prof. Lars Strömberg, Vattenfall AB 
 
The CO2 free power plant project of Vattenfall was introduced. An overview to the main driver 
of the current oxy-fuel combustion activities and the 30MWth pilot plant study were presented. 
This project has been active since 2001.  It consists of 5 stages and it will end with a proposal of 
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how to build a full size demonstration plant.  A pre-engineering phase for the demonstration 
plant is planned during 2008 – 2010.  
 
The five stages of the project include: 

• Phase 0: Is it possible? 
• Phase 1: Gap analysis 
• Phase 2: Concept development 
• Phase 3: Technology development and engineering 
• Phase 4: Construction and operation of a demonstration plant. 

 
The technical target for this project was as follows: 

• Total cost of capture should achieve below € 20. / tonnes CO2 
• Capture efficiency of 95% 

 
Currently, the project is now under Phase 2 which also includes the construction of the pilot plant 
and various test programmes. 
 
The allocated budget of the pilot plant project was € 37 million for construction of the plant and 
€ 20 million for the test programme.  The pilot plant consists of oxy-combustion boiler, gas 
cleaning, CO2 processing and cleaning, and air separation unit. Further details to the 
experimental programme will be presented in Section 5.11. 
 
5.6. An Overview of Oxy-Fuel Combustion R&D Programme in CANMET 

Kourosh Zanganeh, CANMET 
 
An overview to the Climate Change Plan of Canada was presented.  CCS technology was noted 
to have an important role in the energy future in the carbon constrained energy economy.  In line 
with Canadian Government programme on zero emission technology, various programme and 
activities were initiated and one these programme includes the CETC Oxy-Fuel Research 
Consortium. 
 
The goal consortium is to develop oxy-fuel combustion technologies for improved efficiency and 
capture of CO2 from flue gas streams.  Under this consortium, research programmes were 
initiated and currently on-going in the field of: 

• Burner development 
• Boiler performance simulation 
• Multi-pollutant capture integration 
• Advance process and cycle development 
• Field demonstration of oxy-fuel combustion 
• CO2 capture and compression unit development. 

 
The focus area of the current programme is working toward the development of 2nd generation 
oxy-fuel combustion systems for power generation. This will be looking at various oxy-fuel 
combustion developments in boilers and burners and these includes: 

• 2nd generation oxy-fuel combustor design and optimisation which will include study on 
oxy-firing mode with reduced amount or no flue gas recycle.   

• Oxy-steam combustion process development 
• Advance oxy-fuel and oxy-steam burner design and development. 
• Multi-pollutant sorbent for oxy-combustion process 
• Zero emission gas turbine combine cycle. 
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• Novel and efficient CO2 capture and compression process development, pilot scale unit 
design and implementation. The programme will also focus on CO2 capture and 
compression performance testing and optimisation 

 
5.7. Fundamental Oxy-Fuel Combustion Research Carried Out within the ENCAP Project 

Klas Anderson, Chalmers University 
 
The fundamental studies on oxy-fuel combustion under the ENCAP project were presented. This 
includes combustion study undertaken in the 20 kW test rig of Stuttgart IVD and the 100 kW test 
rig of Chalmers University. 
 
The objective of these combustion tests aims to establish combustion characteristic data for 
validation of CFD modelling and to support selection of flue gas treatment technology. 
 
The coal combustion test includes characterisation of emission behaviour, ash quality, particle 
temperature under oxy-combustion mode as compared to air combustion mode. From this study, 
the results for the gas emission and temperature profiles for air fired vs 27% O2 with recycled 
flue gas were shown. The effect of HNO injection and staging combustion on NOx emissions 
were also presented. 
 
The oxy-natural gas combustion test includes characterisation of flame properties, gas 
concentrations, in-flame temperature measurements and radiation characteristics. From this 
study, the calculated emissivity for oxy-fuel combustion determined using a narrow angle 
radiometer was presented.  
 
Finally, the presentation concludes with up-coming activities within the ENCAP experimental 
programme.  This will involve the development of burner concept and design, investigation of 
radiation characteristics, burnout and emission behaviour and slagging, fouling test in a 100 kW 
and 500 kW combustion test rig. 
 
5.8. Development in Oxy-Combustion Boiler: A View From Boiler Manufacturer 

Timo Hyppänen, Foster Wheeler Oy 
 
The point of view of the boiler manufacturer in the development for both oxy-combustion for PC 
and CFB boilers were presented.  
 
The development in oxy-combustion for PC boilers is primarily aimed to establish optimum 
plant design and to maximise overall efficiency.  This includes development and design of 
burners that will have stable ignition, safe operation and minimise NOx.  The development in 
boilers is now focused on the determination of optimum location of burner and ports (secondary 
and tertiary comburent ports) and the design of internal radiant surfaces. 
 
An update to the R&D effort in the development of oxy-CFB boiler development was presented. 
Advantages of CFB oxy-combustion were enumerated.  Opportunities to significant size 
reduction and high boiler efficiency were stressed during the presentation. Some of the results 
from the bench test done in VTT (Technical Research Centre of Finland) showed the combustion 
profile of an Oxy-CFB in terms of their emissions and performance.   
 
Finally, the presentation concluded by showing a roadmap of oxy-CFB development indicating 
the aim of demonstrating oxy-CFB power plant in the range of 20-50 MWe range in the next 3 
years and a 250 MWe  by 2015. 
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5.9. Air Liquide’s Air Separation Units: Mastering Design and Operations 

Guillaume de Souza, Air Liquide 
 
The requirements for large air separation units for oxy-combustion pulverised coal boiler were 
noted. Air Liquide noted that currently oxygen production companies are capable of the 
following: 

• Designing and operating very large ASU. 
• Optimising ASU with significant energy savings 
• Allow potential integration within the customer process 
• Provide reliability and high availability 

 
This presentation showcase that ASU could be designed and built based on customer 
requirements. This includes the possibility of providing an ASU which could be optimised 
depending on CAPEX and OPEX requirements and potential for process integration with high 
availability and reliability. 
 
5.10. Oxy-Combustion for CO2 Capture in Pulverised Coal Boilers 

Guillaume de Smedt, Air Liquide 
 
Air Liquide presented their experience in the development of oxy-combustion technologies for 
various types of fuel.  They have presented work on a 1.5 MWth boiler simulator and 
demonstrated the safe and smooth conversion from air-fired to O2/Flue Gas Recirculation 
operation.  
 
Test result has achieved significant reduction in flue gas volume, an increase in CO2 
concentration from 15% to 80% (dry basis) with 5% air ingress.  They noted an experience of 
NOx reduction by 60% - 70%.  Test results showed that by controlling the amount of flue gas 
recirculation, heat transfer profile is not significantly affected thus it is not anticipated that there 
will be adverse side effect on boiler performance. 
 
5.11. Capturing CO2 from Oxy-Fuel Combustion Flue Gas 

Minish Shah, Praxair 
 
Considerations for CO2 purity for use in EOR were discussed. Critical issues such as 
requirements for pipeline transport and reservoir safety were noted.  The following were 
recommended as the preferred quality of the CO2 for EOR application: 

• Minimum recommended purity of 95% 
• O2 content should be less than 10 ppm 
• H2O is preferred to be reduced to a very low level – but to what extent will require 

further investigation. 
• High level of impurities could potentially form a second phase therefore resulting to 

hammering 
 
Results and assumptions used for their techno-economic study were presented. Factors affecting 
power consumption in CO2 processing were noted and these include: 

• Excess O2 in combustion 
• Air ingress 
• O2 purity 
• CO2 purity requirement 
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From the results of their study, the following conclusions were noted: 
• Air ingress or leakage is a significant factor affecting power consumption; minimising air 

ingress will benefit oxy-combustion the most. 
• Power savings in 95% O2 vs 99.5% O2 more than offsets extra power in CO2 purification 
• Need to define CO2 purity requirement for sequestration 
• Two stage flash provide slight advantage over one stage flash. 

 
Research needs in CO2 processing were identified: 

• Purity specification for EOR and sequestration 
o Impact of impurities on pipeline materials 
o Impact of impurities on effectiveness of storage 
o Interaction with impurities from other capture sources 

• Drying of CO2 containing SO2 
• VLE of high pressure CO2 containing flue gas impurities 

 
5.12. Vattenfall Oxy-fuel Pilot Plant Study: Programme Overview 

Uwe Burchardt, Vattenfall Europe Generation and Mining AG 
 
The programme for their 30 MWth pilot plant study was presented.  The rationale behind the up-
scaling study for burner and boiler development was explained.   
 
This presentation briefly describes the following: 

• Combustion test programme for both lignite and bituminous coal.   
• Sources of air-ingress has been identified 
• Operation procedure to be implemented. This consists of the start-up procedure with air-

fired process, shift to oxy-combustion mode then to be followed by the assimilation of 
the CO2 liquefaction process. 

• Time schedule of the construction, commission and operation of the pilot plant 
 
The primary aims of the oxyfuel pilot plant operation were discussed in detail: 

• Test of the complete technology chain (C-input to CO2 purity) 
• Test the feasibility of oxy-combustion for lignite 
• Practical test of the interaction of all components 
• Determination of the actual CO2 capture rate and attainable CO2 purity. 
• Testing for start-up and break down.  Analysis of trouble cases 
• Knowledge for officially demanding monitoring 
• Experiences to the permission of a CO2 free power station 

 
5.13. Australian Japanese Cooperation on Oxy-Fuel Project for Plant Retrofit: Callide-A Project 

Chris Spero, CS Energy 
 
An update to the Japanese-Australian oxy-fuel combustion feasibility study and demonstration 
project was clearly spelled out in this presentation.  This project consists of a feasibility study 
and test programme evaluating the viability of the oxy-firing technology. The demonstration 
plant feasibility study has a primary objective of assessing the technical and economic merit of 
oxy-fuel combustion for a plant retrofit. 
 
The main deliverables for this feasibility study include application study based on 1000 MW 
plant simulation and the reference design for the Callide-A  30 MWe power plant. 
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The primary purpose of the test and evaluation is to provide data input to boiler model proposed 
by IHI and the optimisation of oxy-firing condition matching the heat transfer profile of the air 
fired case. 
 
The current project involves the following tasks: 
 

• Feasibility study under the CCSD R&D Programme which will include: 
o initial process design 
o assessment of primary design factors (coal reactivity, heat transfer properties, ash 

characterisation, and emissions) 
o process optimisation 
o preliminary design, layout and costing of ASU and product recovery train, 
o detailed design and costing of Callide-A retrofit boiler 
o preliminary assessment of CO2 storage  
o large scale application study. 
 

• Engineering design and funding 
o Reference design and EPC specification 
o EIS, risk review 
o Final costing 
o Contracts for construction 
o Incorporated Joint Venture Agreement 
o Agreements for funding, O&M and services 
 

• Test and evaluation 
o Combustion behaviour of oxy-firing as compared to air-firing 

 Volatile matter yield and char reactivity 
 Coal ash properties 
 Boiler heat transfer characteristics and design parameters 

 
The development programme and time schedule for this project was presented.  The value 
proposition for this project was enumerated. Basically, this project aims to: 

• Address to key knowledge gaps and issues relevant to oxy-firing in full scale boiler 
• Provide a platform for commercialisation of oxy-fuel technology and a new technology 

benchmark 
• Provide substantial IP benefit for future large scale plant design and project 

implementation experience 
  
6. WORKSHOP DISCUSSION – THE HIGHLIGHTS 
 
The workshop discussion was led by Dr. Sho Kobayashi of Praxair.  Specifically, the discussion 
is based on the various points raised in the issue paper prepared by IEA Greenhouse Gas R&D 
Programme (See Appendix 3). 
 
The discussion was focused on the following main topics: 
 

• Various operation issues relevant to the recycled flue gas and its impact to the flame 
properties. 
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• Availability of basic technical information required in understanding the combustion 
characteristics of the oxy-coal combustion with recycled flue gas. 

 
• The importance of establishing baseline information for the development of a reliable 

model that could be used as tools for design and analysis of the oxy-combustion flame. 
 

• Understanding the mechanisms of pollutant emissions from an oxy-combustion flame 
which includes for NOx, SOx, particulate matters and mercury. 

 
• Various operational issues involving plant safety, procedural routine for starting up, turn 

down and shut down, and dynamics involving the integration of operating the air 
separation unit, the power plant island and the CO2 processing and compression train. 

 
During the discussion, there are several points were highlighted.  A few of these issues were 
noted below: 
 

• The importance of ensuring high availability and reliability was clearly stressed during 
the discussion.  Primarily, the goal of the Vattenfall’s 30 MW pilot plant project and 
CSEnergy’s Calide-A project is to establish a good understanding and learn the 
fundamental operation requirements of an oxy-coal combustion power plant to increase 
their confidence of having the desired reliability similar to current fleet of pulverised coal 
fired power plant. 

 
• A discussion was on the potential benefits and possible failure of having an oxy-coal 

combustion boiler operating with minimal flue gas recirculation.  It was noted that there 
could be a gain in terms of reduction in capital cost due to a more compact boiler 
however it was clearly stressed that this should be balanced against potential problems 
(ie. slagging) that may occur due to the higher temperature condition created by a higher 
oxygen concentration. 

 
• An important point was raised with regard to regulations requirement with regard to the 

dispersion of the flue gas.  It was clearly noted that due to lower volume and higher 
density of the flue gas, the dispersion radius could be smaller as compared to current PC 
boilers. This issue was raised during the discussion to highlight the importance of 
knowing the minimum stack height of an oxy-combustion boiler in case where 
emergency release of the flue gas is necessary. 

 
• Another discussion was raised on the level of understanding toward processing and 

compression of CO2 with high level of impurities.  It was noted that there is still a 
significant gaps in knowledge with regard to the fundamental understanding of the phase 
diagram of CO2 especially in the presence of other impurities. 

 
7. NEXT STEPS 
 

• The IEAGHG will place the copies of presentations and this meeting report on 
http://www.captureandstorage.info. 
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• The IEAGHG will continually monitor any new development in the R&D areas of 
Oxy-Combustion for power generation. This will not be limited to Oxy-Coal 
Combustion Technology. 
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APPENDIX 3 
 

Oxy-Combustion Issue Paper 
 

1st International Oxy-Combustion Workshop 
Cottbus, Germany 

29th – 30th November 2005 
 
1. Background 
 
This issue paper was prepared by IEA Greenhouse Gas R&D Programme in co-operation 
with Prof. Terry Wall and Prof. Keiji Makino. 
 
This paper was distributed among the participants of the workshop with an aim to provide a 
brief overview of the various issues involving in development of oxy-combustion technology 
for power generation to be discussed during the workshop. These questions was used as the 
basis for discussion by Dr. Sho Kobayashi who was the moderator during the discussion 
session.  
 
Additional comments and feedback were collected after the workshop and the results were 
summarised below. 
 
This is an informal survey initiated by IEA Greenhouse Gas R&D Programme to help 
identify other issues that were not discussed during the workshop.  In the future, the 
discussion and other points arise from this informal survey will be reviewed and discussed 
during future workshop. 
 
2. Summary of Results 
 
The informal survey received 14 replies from the participants of the workshop. 
 
Among the 30 questions presented in the issue paper, the questions listed obtained greater 
than 4 votes from the respondents.  Table A3-1 shows the list of questions with their 
corresponding votes. 
 

Question Votes 
 
30. What is the purity of CO2 required for transport and further usage/storage? 
 

30.1. Is there a CO2 purity required for compression? Is a binary 
equilibrium approximation suitable for this estimation? 

 
30.2. To what extent it is necessary to remove non-condensable gas from 

the flue gas stream? 
 

30.3. To what level dehydration of the flue gas is necessary to prevent any 
corrosion within the transport line? 

 
30.4. To what extent should SO2 / NOx and other pollutant to be separated 

from the final flue gas stream? 
 
 

11 
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1. 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? – Clarification should be 
made from the different values reported in the literature. Different parameters 
that have an affect on the optimum amount of flue gas recycled should be 
elucidated. 

 

10 

 
8. What are the data available in characterisation and performance of different 

type of coal under the firing condition of an O2/CO2/H2O environment? 
 

8.1. Where are we in the understanding of the devolatilisaton and char 
burnout properties of the coal under oxy-firing environment? 

 
8.2. Where are we in the understanding of coal ignition (related to coal 

devolatilisation) and level of unburned carbon in ash (related to char 
burnout)? 

 
8.3. How could we consolidate available experimental data to develop 

models for devolatilisation and char burnout kinetics under oxy-firing 
conditions? What further experiments are required to compliment or 
supplement the available data? 

 
8.4. Will flame detection techniques differ for oxyfuel firing? 

 

10 

 
10. It has been reported that NOx and SO2 emission tend to reduce during oxy-

firing conditions; unfortunately, mechanisms behind these reduction has yet to 
be understood. What else to be done to reinforce the studies done during the 
1990’s funded under NEDO project to achieve a good understanding in aid to 
model development?  

 
 

10 

 
2. For new boiler development, what are the experimental data available to 

enable the development of CFD models that will aid in the determination of 
the optimum flue gas recycle ratio and the design of appropriate boiler size 
and configuration? 

 

9 

 
27. What is the dynamic matching between oxygen production,. boiler operation 

and CO2 processing? What is the process bottle neck when operating 
oxyfiring unit under higher load change? 

 

8 

 
9. What are the different flame properties in terms of varying flue recycle ratio? 

 
9.1. Where are we in the understanding gas phase chemistry and kinetics 

under a combustion regime of O2/CO2/H2O atmosphere? 
 

9.2. What is the optimum level of excess oxygen necessary for complete 
burnout of CO and char? 

 
9.3. For boiler retrofit, it is established that volume is reduced during oxy-

fired conditions with optimum flue recycle ratio – similar heat transfer 
profile to air fired system; do we have good understanding on issues 
relevant to the aerodynamics mixing? combustion rate?  

 
 

8 
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17. What is the behaviour of ash under O2/CO2/H2O atmosphere in terms of 

slagging and fouling propensity? Will the ash deposition characteristics differ 
to  the air-fired system? 

 
 

8 

 
6. What are the different issues to be considered in terms of the level of 

treatment necessary for the recycled flue gas? 
 
 

6 

 
19. What are the effect of O2/CO2/H2O environment to the metal and refractory 

materials and its propensity of high temperature corrosion? 
 

6 

 
11. Some literature has also reported increased in SO3 and retention of sulphur in 

the ash.  What level of understanding do we have on this issue? 
 

5 

 
16. Given our understanding regarding corrosion and SO2/SO3, will the oxy-fuel 

firing techniques be limited to low sulphur coal? 
 
 

5 

 
21. What operational factors must be established in demonstration, including O2 

supply for load following? 
 

4 

 
7. What correlations could be established between amount of flue gas recycled 

and the different heat transfer properties (ie. radiative heat flux to the wall, 
heat transfer coefficient and many others)? 

 

4 

 
12. Improvement of sulphur capture in FGD operation has been reported when 

firing coal under oxy-firing conditions. To what extent can we verify these 
results?   

 

4 
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Development of Oxy-Coal Combustion for Power Generation Industry 
Issue Paper 

 
 IEA Greenhouse Gas R&D Programme 

 
*************************************************************************** 

OVERVIEW 
 
This document provides a series of questions that are relevant to the development of the oxy-
coal combustion as an option for carbon capture technology in the power generation industry. 
 
The inaugural workshop of the Oxy-Fuel Combustion Network aims to address 
developmental issues through presentation of data and discussion of results. One of the 
primary objectives of this workshop is to list down the critical issues which limit oxyfuel 
applications and development. 
 
Submissions from participants regarding these issues will be welcome. Please feel free to also 
add any other issues required for the discussion. These will be circulated to participants of the 
workshop. 
 
*************************************************************************** 

 
AGENDA 

 
The main objective of the International Oxy-Fuel Combustion Network is to establish a 
forum where people could open up discussion on several issues important to the successful 
development and demonstration of this technology.  
 
The ultimate goal is to provide an avenue that will create environment where information 
could be shared in a manner that could be mutually beneficial to participants. 
 
It is envisioned that the inaugural workshop could be an opportunities where co-operation 
among interested parties could be established.  We aim to achieve this by bringing together 
engineers, researchers and scientists who are working on this area to initiate the discussion. 
 
For the inaugural workshop, the following agenda were put on the table for an open 
discussion and these could be subdivided in the following headings: 
 

• Burner and Boiler Development 
• Plant Operation and Safety Issues 
• O2 Production and CO2 Processing and Compression 
• Development of Large Scale Pilot Plant and Demonstration Studies 

 
For this document, a series of questions were presented under each sub-group to stimulate 
discussion during the workshop.  The discussion will not, however, be limited to these 
questions as participants will be free to raise other issues. 
 
Many potential issues are listed here, but the Network meeting should identify the critical 
issues limiting oxyfuel development, as well as considering those desirable. In other words, 
what are the real priority areas? 
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I. KEY ISSUES INVOLVING BURNER AND BOILER DEVELOPMENT 
 
It could be established that issues relevant to burners and boiler performance optimisation 
when firing under O2/CO2/H2O environment will require further experimental work and CFD 
modelling studies. Consideration should be stressed in the understanding of the effect of coal 
properties and the amount of flue gas recycled to the different flame properties, near-burner 
aerodynamics, burner-burner / burner-“overfire air” interaction and boiler configuration. 
 
Most notable difference between oxy-fired and air-fired system is the variation of the heat 
transfer profile due to the different properties of CO2 and H2O as compared to N2. This could 
clearly affect the thermal performance of the boiler, and there may be local regions of 
excessive heat transfer in some cases. 
 
Further studies are also necessary in the development where internal flue gas recycle could be 
used to reduce the amount of external flue gas recycle required. Several combustion 
techniques have been applied in controlling flame temperature in different oxy-fuel burners 
used in other industries.  This could help in the reduction of boiler size, reduction in the 
requirement of ID fan for flue gas recycle and as a result an increase in the overall efficiency. 

 
Issues Regarding Recycled Flue Gas  
 
It is expected that firing of any fuel with oxygen tends to increase temperature and reduce 
volume of the combustion products.  To moderate the flame temperature, a part of the flue 
gas is recycled. This determines the O2 level through the burner.  However, it is well 
established that there is an upper limit on the amount of flue gas that can be recycled to 
maintain a stable flame.  
 
On issue related to effect of flue gas recycle, a series of questions where presented below for 
further discussion. 
 
31. 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? – Clarification should be made from the different values 
reported in the literature. Different parameters that have an affect on the optimum 
amount of flue gas recycled should be elucidated. 

 
32. For new boiler development, what are the experimental data available to enable the 

development of CFD models that will aid in the determination of the optimum flue gas 
recycle ratio and the design of appropriate boiler size and configuration? 

 
33. What recycle ratio that will prevent any flame blow out or burner over heating?  
 
34. What are the different flame shapes / heat transfer profile at different level of flue gas 

recycle ratio and during turn-down operation? 
 
35. What are the different issues to be considered regarding the use of “Wet Recycle” or 

“Dry Recycle”? 
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36. What are the different issues to be considered in terms of the level of treatment 
necessary for the recycled flue gas? 

 
37. What correlations could be established between amount of flue gas recycled and the 

different heat transfer properties (ie. radiative heat flux to the wall, heat transfer 
coefficient and many others)? 

 
Flame Properties 
 
38. What are the data available in characterisation and performance of different type of 

coal under the firing condition of an O2/CO2/H2O environment? 
 

38.1. Where are we in the understanding of the devolatilisaton and char burnout 
properties of the coal under oxy-firing environment? 

 
38.2. Where are we in the understanding of coal ignition (related to coal 

devolatilisation) and level of unburned carbon in ash (related to char burnout)? 
 

38.3. How could we consolidate available experimental data to develop models for 
devolatilisation and char burnout kinetics under oxy-firing conditions? What 
further experiments are required to compliment or supplement the available 
data? 

 
38.4. Will flame detection techniques differ for oxyfuel firing? 

 
39. What are the different flame properties in terms of varying flue recycle ratio? 

 
39.1. Where are we in the understanding gas phase chemistry and kinetics under a 

combustion regime of O2/CO2/H2O atmosphere? 
 

39.2. What is the optimum level of excess oxygen necessary for complete burnout of 
CO and char? 

 
39.3. For boiler retrofit, it is established that volume is reduced during oxy-fired 

conditions with optimum flue recycle ratio – similar heat transfer profile to air 
fired system; do we have good understanding on issues relevant to the 
aerodynamics mixing? combustion rate?  

 
Pollutant Formation and Reduction 
 
40. It has been reported that NOx and SO2 emission tend to reduce during oxy-firing 

conditions; unfortunately, mechanisms behind these reduction has yet to be understood. 
What else to be done to reinforce the studies done during the 1990’s funded under 
NEDO project to achieve a good understanding in aid to model development?  

 
41. Some literature has also reported increased in SO3 and retention of sulphur in the ash.  

What level of understanding do we have on this issue? 
 
42. Improvement of sulphur capture in FGD operation has been reported when firing coal 

under oxy-firing conditions. To what extent can we verify these results?   
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43. What is the behaviour of mercury and other trace elements in coal when fired in an 

O2/CO2/H2O atmosphere?  
 

44. What are the level of PM10 and PM2.5 when firing coal under oxy-firing condition? 
 
45. Some pilot scale studies have reported mercury emission reduction, is this so? 
 
46. Given our understanding regarding corrosion and SO2/SO3, will the oxy-fuel firing 

techniques be limited to low sulphur coal? 
 
Slagging and Fouling 
 
47. What is the behaviour of ash under O2/CO2/H2O atmosphere in terms of slagging and 

fouling propensity? Will the ash deposition characteristics differ to  the air-fired 
system? 

 
48. What are the properties – composition and size distribution - of the ash? Is it similar to 

ash composition of the air fired system? 
 
Effect on Furnace and Boiler Material 
 
49. What are the effect of O2/CO2/H2O environment to the metal and refractory materials 

and its propensity of high temperature corrosion? 
 
 
II. PRACTICAL PLANT OPERATION AND SAFETY ISSUES 
 
50. For plant retrofit, the challenge will be on how to minimise air ingress.  One possible 

solution is to operate boiler with a slight positive pressure – in this case what are the 
different safety issues to be considered when boiler is operated under such condition? 

 
51. What operational factors must be established in demonstration, including O2 supply for 

load following? 
 
52. What factors should be considered in terms of starting up and turn down operation in 

the point of view of safety especially in the handling of oxygen? 
 
53. For plant safety, what kinds of safety interlock must be considered – especially in the 

oxygen supply side in cases where problem occur involving the recirculation fan? 
 
54. For plant retrofit, what is optimum operating temperature of the flue gas that will not 

reduce the performance of the ESP or bag filter? 
 
55. For plant retrofit, what are the different issues to be considered during the operation of 

soot blowers especially when handling a lower volume of flue gas? 
 
56. Handling of recycled flue gas for coal transport – What level of flue gas treatment 

necessary to prevent any disruption of the fuel supply side? – ie. effect of higher 
moisture content of the transport gas. 
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III. O2 PRODUCTION and CO2 PROCESSING & COMPRESSION 
 
The purity of the oxygen required and the level of final treatment of flue gas (ie. in terms of 
CO2 purity) will strongly depend on the target storage or final utilisation of the flue gas 
captured.  On this basis, consideration should be made based on assumptions that flue gas 
captured could be used in the following cases: 

• for Enhanced Oil Recovery (EOR) and Enhanced Gas Recovery (EGR) 
• for Enhanced Coal Bed Methane Recovery (ECBM) 
• for Storage in Saline Aquifier 
• for Geological Storage or Ocean Storage 

 
57. What is the dynamic matching between oxygen production,. boiler operation and CO2 

processing? What is the process bottle neck when operating oxyfiring unit under higher 
load change? 

 
58. What is the optimum purity of oxygen required to reduce electric consumption? 

 
58.1. Is there any other possible utilisation for cold waste N2 produced? 
 
58.2. Assuming oxygen will be produced via cryogenic process, what are the 

optimum arrangements for columns to produce the necessary O2 required to 
achieve minimum operation and capital cost? 

 
59. What level of backup supply of oxygen is necessary to ensure smooth operation of the 

power plant? 
 
60. What is the purity of CO2 required for transport and further usage/storage? 
 

60.1. Is there a CO2 purity required for compression? Is a binary equilibrium 
approximation suitable for this estimation? 

 
60.2. To what extent it is necessary to remove non-condensable gas from the flue gas 

stream? 
 

60.3. To what level dehydration of the flue gas is necessary to prevent any corrosion 
within the transport line? 

 
60.4. To what extent should SO2 / NOx and other pollutant to be separated from the 

final flue gas stream? 
 
 
Note: 
 
We would like to acknowledge the comments provided by Prof. Terry Wall and Mr. 
Keiji Makino in preparing this document. 
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*************************************************************************** 
 

GENERAL SURVEY 
 

To the participants / interested parties: 
 

The general questions prepared in this document are numbered accordingly. we would be 
glad to know what you think is important. What is the priority area for research? 
 
Please return this survey to Stanley Santos at  
 

stanley@ieaghg.org 
 
or bring this piece of paper along with you when you’re in Cottbus. 
 
*************************************************************************** 
 
What are the TOP 10 questions / issues you think should be the highest priority? – 
Please list down the question number. 
 
 

 

 

 

 

 

 
If you have any other specific questions that you would like to include please feel free to send 
it over to the workshop secretariat. 
 
Other questions / issues that you would like to raise? 
 
 

 

 

 

 

 

 
 
Name:  Organisation:  
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ABSTRACT 
 
In this paper the latest developments of high performance oxy-fuel combustion reheating furnace 
system including oxy-burner and high purity O2 generation is presented. The flame 
characteristics of CH4/O2 turbulent diffusion flames have been investigated in the present study 
with small amount of nitrogen doped to simulate oxy-fuel combustion in the industrial furnace. 
Results show that flame length and shape can be controlled by varying flow conditions. NOx 
formation was decreased by the high velocity injection of fuel or oxygen, which was made 
possible by oxy-fuel combustion due to enhanced flame stability. The high velocity injection 
enhances the entrainment of product gas to flame zone, decreasing flame temperature and 
resulting in NOx decrease, which is called as in-furnace recirculation effect. The heating 
performance of the oxy-fuel combustion were also investigated experimentally by using furnace 
simulator and compared with those of air-fuel combustion. A three-bed pressure vacuum swing 
adsorption (PVSA) process, combined equilibrium separation with kinetic separation, was 
developed to overcome the 94% O2 purity restriction inherent to air separation in the adsorption 
process. To produce 97+% and/or 99+% purity O2 directly from air, the PVSA process was 
executed at 0.33-0.45 to 2.5 atm. In addition, the effluent gas from the CMS bed to be used for 
O2 purification was backfilled to the zeolite 10X bed to improve its purity, recovery and 
productivity in bulk separation of the air. A non-isothermal dynamic model was applied to 
predict the process dynamics. Using the LDF model for the equilibrium separation bed and a 
modified LDF model for the kinetic separation bed, the dynamic model was able to accurately 
predict the results of the experiment. 
 
 
INTRODUCTION 
 
Industrial furnaces such as reheat furnace, melting furnace and so on shares about 12% of 
domestic energy consumption in Korea. Enhancement of thermal efficiency of reheat furnaces is 
an important issue in conjunction with global warming and fuel economy. Oxy-fuel combustion, 
which utilizes oxygen as an oxidizer instead of conventional air, has aroused considerable 
interest as a new industrial combustion technology. Energy efficiency can be greatly increased by 
oxy-fuel combustion since the unnecessary heating of nitrogen in air will be eliminated. Because 
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of the exclusion of nitrogen in the oxidizer, the volume of exhaust gas significantly decreases 
and the NOx formation can be eliminated theoretically, but not practically. This will be explained 
in the following paragraph. Further advantages such as higher temperature, faster flame 
propagation speed and better flame stability are expected from the oxy-fuel combustion. 
 
The oxy-fuel combustion, which will facilitate CO2 capture from exhaust, is reported to be one 
of the most effective and active ways to cope with the future CO2 regulation internationally 
agreed on by the 1997 Kyoto Protocol. However, the high cost of oxygen separation has been a 
main roadblock in the development of the oxyfuel combustion technologies. Pollutant emissions 
such as CO and NOx caused by high flame temperatures have also been a significant problem. 
NOx problems arise since it is impossible to totally eliminate nitrogen even with the oxyfuel 
combustion. The two main sources of nitrogen are the inherent nitrogen in separated oxygen and 
the air entrainment through leakages or the load inlet/outlet in furnaces. 
 
As the air separation technologies improve and the cost of oxygen diminishes, the oxyfuel 
burners recently have started to be applied for high-temperature industrial processes such as 
glass melting, steel refining and iron foundry to improve productivity and save fuel consumption. 
As the applications increase, the reduction of NOx emissions becomes important requirement in 
many burner designs. Various methods such as flue gas recirculation (FGR) and staged 
combustion have been developed and applied to reduce temperature and enhance temperature 
uniformity. 
 
For the meantime, the primary concerns in the steel industry are productivity, energy efficiency 
and reduced emissions. These demands can and indeed have been satisfied by the use of oxy-fuel 
combustion in a wide range of both batch and continuous type furnaces and, O2/pulverized-coal 
combustion is considered as a cost-effective CO2 capture technology in power plant as well.  
 
 
EXPERIMENT 
 
Burner Development 
 
The apparatus consisted of a combustor, a combustion chamber, flow controlling system and a 
gas analyzer. The combustor was a typical normal co-flow burner with fuel being supplied 
through the inner nozzle. The fuel was chemically-pure grade (> 99.9 %) methane and the 
oxidizer was oxygen doped with small amount of nitrogen. Nitrogen was added to simulate 
industrial combustion system using air separation unit. The resulting NOx concentration can be 
the indicator of maximum flame temperature. The flow rates of methane, oxygen and nitrogen 
were fixed at 50 lpm (0.03 MW), 110 lpm (10 % excess O2) and 3.3 lpm (3 % of O2), 
respectively. The flow velocities of fuel and oxidizer were varied by changing the inner and the 
outer nozzle diameters.  
 
A cylindrical quartz tube with 50 cm i.d. was used as a combustion chamber for visualization. 
Emissions such as CO and NOx were measured by a gas analyzer (Greenline MK-2) using a 
water-cooled sampling probe. 
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Heating Performance Test 
 
Oxy-natural gas burner was used and the heating performance was tested with small scale batch 
furnace system in the present study. Figure 1 shows a schematic diagram of the furnace simulator, 
and real view of simulator. 

 
Four burners were installed on both side wall (two burners in each for horizontal firing). The 
burner used here was designed to use oxygen only and/or air as an oxidant respectively by 
delicate control of fuel nozzle position. The fuel nozzle is located in center and the oxidant flows 
through the outer annulus. By positioning the burner eccentrically, about 70cm away from the 
center of burner block, the relative burner location to the steel can be changed by rotating the 
burner block. Methane base d town gas was used as a fuel and liquid oxygen was used as an 
oxidant. 
 
Measurements were performed on the steel materials (0.6 tons) and furnace inside temperature, 
and flue gas properties. The temperature was measured using R-type thermocouples for the 
inside of furnace and K-type for steel, and flue gas was measured by using a gas analyzer 
through the middle of exhaust duct with sampling probe. 
 
A Three-Bed PVSA Process for High Purity O2 Generation 
 
A schematic diagram of the three-bed PVSA unit is shown in Figure 2. Zeolite 10X (Baylith, 
WE-G 639) and CMS (Takeda Chem., 3A) were used as adsorbents in the PVSA experiments. 
Prior to the experimental runs, the zeolite 10X was regenerated at 613K overnight and the CMS 
at 423K. Each activated adsorbent bed was filled with pure O2 (99.9+%) to prevent 
contamination from the outside air. Prior to running each experiment, the adsorption beds were 
vacuumed for 2 hours. As an initial condition, the PVSA experiments were conducted at the bed 
saturated with pure O2 (99.9+%) under the same level of adsorption pressure as used throughout 
the experiment. The temperatures of the feed, bed, and surroundings were kept in the range of 
297K to 300K during the experiments. The ternary mixture (N2/O2/Ar; 78:21:1 vol.%, DaeSung 
Ind. Gas) was used as feed gas for the PVSA experiments. 
 

O

CooliD i

F
u

Figure 1. Schematic of the furnace simulator and its actual view 
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RESULTS AND DISCUSSION 
 
Behavior of Oxy-fuel Flames by Varying Flow Velocities 
 
Figure 3 shows the oxy-fuel flame images with increasing coflow oxidizer velocity at uf = 40 m/s. 
It is to be noted that flame stabilization is hardly achieved with either fuel or air velocities over 
10 m/s when air is use as oxidizer. As shown in Figure 3, the flames were attached to the fuel 
nozzle without a swirler or a quarl demonstrating that oxy-fuel combustion significantly 
enhances flame stabilization, which can be attributed to the 10-times higher flame propagation 
speed for oxyfuel flames than air-fuel flames. 
 
Figure 4 shows the variation of flame lengths by varying fuel and oxidizer velocities. Flame 
length decreases as either fuel or oxidizer velocity increases due to increased turbulent mixing 
effect. Flame lengths were reported to be well correlated with turbulent kinetic energy. As fuel or 
coflow velocity increases, yellowish flame luminosity from soot particles decreases as well as 
flame length and volume as shown in Figure 3 due to the decrease of residence time. Measured 
CO level was under 100 ppm for all cases meaning that the reduction of flame length does not 
affect overall combustion (CO even decreases with increasing co-flow velocity as shown in 
Figure 5.). 
 
In-Furnace Recirculation Effect 
 
Figure 5 shows the NOx concentration with increasing coflow velocity at uf = 40 m/s. NOx 
concentration monotonically decreases as coflow velocity increases while it was expected to 
decrease since the flame volume decreases. This result can be explained by in-furnace 
recirculation effect as drawn in Figure 6. Oxy-fuel combustion made high velocity injection 

Figure 2. A schematic diagram of the three-bed PVSA unit 
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possible, which entrains the significant amount of product gas in furnace recirculated to flame. 
Thus, NOx decreases with increasing flow velocities since adiabatic flame temperature decreases 
by the entrainment.  
 
This effect can be applied to DOC (Dilute Oxygen Combustion) and high velocity burners. In 
order to confirm the in-furnace recirculation effect, the inner fuel nozzle extrusion was varied to 
enhance or block the product-gas entrainment. As shown in Figure 7, NOx was increased by the 
nozzle intrusion and decreased by the nozzle extrusion from the burner surface, confirming the 
in-furnace recirculation effect. 
 
Based on these experimental results, scaled-up 300kW oxy-fuel combustors were tested as 
shown in Figure 8 and four 30kW oxy-fuel burners were installed in steel reheating furnace 
simulator.(Figure 1) 

Figure 3. Flame images with increasing coflow velocity; 
(a) uo = 8.7, (b) 20.0, (c) 40.2 and (d) 59.6 m/s 

(a.) (b.) (c.) (d.) 
Figure 4. Variation of flame length with 

increasing oxidizer velocity. 
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Figure 5. Variation of CO and NOx concentration with 
increasing oxidizer velocity. 

Figure 6. Schematic diagram of in-furnace
recirculation effect. 
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Steel Reheating Performance 
 
For the same burner position, it is easily expected that the more fuel rate, the higher temperature. 
In other hands, for the same fuel rate, there is no influence of burner locations in reaching the 
1200 oC of steel temperature. It is because the radiation heat transfer in oxy combustion is one of 
the main effects on raise of steel temperature. 
 
Figure 9 shows temperature profiles according to oxygen and air combustion for the same test 
conditions. Oxy-fuel combustion takes 310 minute to raise the steel temperature up to 1200oC, 
while air-combustion takes 800 minute. It is about 61% reduction of heating time, which related 
directly with energy saving and efficiency. At the aspects of operating cost, in addition, the fuel 
cost is about $58.2 for air-fuel combustion. On oxy-fuel combustion, however, its total costs are 
$44.5 ($22.4 for fuel and $22.1 for oxygen) based on current market price in Korea. It brings not 
only about 23% reduction of operation cost, but also higher productivity compare to air-fuel 
combustion. 
 
As can be presumed, measured CO2 concentration in flue gas leaving the furnace was about 89% 
and nearly 100% after condensation of water vapor in case of oxy-combustion. Higher CO2 
concentration provides a relatively cost effective CO2 capture and possibility of flame control by 
CO2 recirculation for various furnace operations. 
 
 

w/o QUARL 15° QUARL

Figure 8. 300kW oxy-fuel burners and flames 
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Figure 7. Variation of NOx concentration by varying nozzle extrusion. 
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A THREE-BED PVSA PROCESS 
 
Effect of Feed Composition 
 

First of all, the study about 2-bed PSA process to purify oxygen was performed before 3-bed 
PVSA study was developed. As reported in lots of studies [5-6], most of the O2 PSA systems 
using a zeolite molecular sieve showed a result of 90-93% purity with 50+% recovery or 95+% 
purity with below 30% recovery. Since various concentrations of nitrogen were included with the 
product from the O2 generation systems, there was a need to study the effect of a nitrogen 
composition in the feed gas on an O2 purification PSA process. In order to compare the effect of 
the composition of nitrogen impurity on the total cyclic performance, three different feeds 
containing 0%, 1%, and 6% nitrogen were applied, which the amount of Ar in the feed was fixed 
at 4 vol.%.  
 
Figure 10 show the effect of nitrogen impurity on O2 purity and recovery. The maximum purity 
of O2 was 99.8% or higher. The O2 purity was slightly decreased as increasing amounts of 
nitrogen impurities in feed, while O2 recovery became higher with an increase of nitrogen 
impurities in feed.  
 
Cyclic Performance of PVSA I with a Single Blowdown/Backfill step 
 
Figure 11 shows the pressure variation profiles at bed end under the cyclic steady-state of PVSA 
I . Since the effluent from the zeolite 10X bed during the AD step at 2.5 atm was supplied as feed 
gas for the PR and AD steps of the CMS bed, the CMS bed was pressurized to 1.6 atm. The 
effluent from the AD step of the CMS bed was backfilled into the other zeolite 10X bed. 
Therefore, the pressure of the zeolite bed increased slightly after the VU step (Figure 3(a)). It is 
noteworthy that the CMS bed underwent two cycles for every one cycle of the zeolite bed since 
each of the zeolite beds and the CMS bed was tied to the same cycle time. 

Figure 9. The effect of oxidants on temperature profiles
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Effect of Adsorption StepTtime in the CMS Bed on Performance of PVSA I 
 
As shown in Figure 12(a), as the AD step time of the CMS bed decreased from 30 to 10sec (the 
PR step time of the CMS bed increased from 10sec to 30sec), the purity of both the zeolite 10X 
and the CMS beds decreased linearly because of the reduced amount of backfill gas in the zeolite 
bed and the diminished time for impurity removal in the CMS bed. The effect of the AD step 
time of the CMS bed on the purity of each bed was slightly greater in the zeolite bed than in the 
CMS bed. As shown in Figure 12(b), with a decrease in the AD step time, O2 recovery 
substantially increased to 85% because the extended PR step time of the CMS bed led to 
increased adsorption pressure in the CMS bed.  
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Figure 12. Effect of Adsorption step time in 
the CMS bed on performance of PVSA I 
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Figure 13. The pressure variation profiles at 
bed end 
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Cyclic performance of PVSA II with double blowdown / backfill steps 
 
Figure 13 shows the pressure variation profile during PVSA II. Unlike PVSA I in Figure 11, an 
additional BF step (BF2) was added in the zeolite 10X bed and two consecutive BD steps (BD1 
and BD2) were applied to the CMS bed. The effluents from the AD and BD1 steps in the CMS 
bed were used to partially pressurize the zeolite 10X bed at the BF1 and BF2, respectively.  
 
Effect of Adsorption Step Time in the CMS bed on performance of PVSA II 
 
As shown in Figure 14(a), when the AD step time of the CMS bed increased from 10sec to 30sec, 
the purity of both the zeolite 10X and CMS beds increased linearly, similar to the results noted in 
Figure 12(a). Consequently, oxygen with 99.2% purity was produced at the AD step time of 30 
sec because a greater amount of impurities had been removed from the CMS bed and a greater 
amount of O2 had been supplied to the zeolite bed through the BF1 step. Therefore, the O2 purity 
of the zeolite 10X bed also increased to 97% under this AD step time. However, as shown in 
Figure 14(b), the recovery diminished as the PR step time decreased because the decreased PR 
step time of the CMS bed led to a lower adsorption pressure in the bed.  

 
Compared with the results of PVSA I, it is clear that PVSA II can produce higher purity of O2 
than PVSA I under the same conditions in cyclic time, pressure and feed flow rate. 
 
 
CONCLUSION 
 
1.)  The flame characteristics of CH4/O2 turbulent diffusion flames have been investigated by 

varying flow conditions in order to provide design factors of oxy-fuel burners. The results are 
summarized as follows: 

 

Figure 14. The effect of adsorption step time in 
the CMS bed on performance of PVSA II 
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 Flame stability was significantly enhanced by oxy-fuel combustion, which makes high 
velocity injection possible. 

 
 Flame length was decreased with increasing flow velocities caused by the increased 

turbulent mixing. 
 

 Oxy-fuel combustion with high velocity injection can facilitate the entrainment of 
product gas in furnace to flame, causing the decrease of flame temperature and NOx 
generation. 

 
2.) The heating performance of the oxy-fuel combustion were investigated experimentally by 

using furnace simulator and compared with those of air-fuel combustion. The following 
results were obtained. 

 
 Based on this furnace simulator, the reaching time of 1200oC on steel materials has 

about 61% fuel savings compared to air-fuel combustion and 23% reduction of 
operation cost. It can be noted that the reduction of operation cost is likely to dependant 
on the ratio of oxygen cost/fuel cost. 

 
 Further substantial dilution by combustion products (CO2 recirculation) is also 

essential to control the flame and furnace temperature in order to extend the technology 
to the industrial furnace applications and oxy-coal combustion power plant. 

 
3.) The PVSA process overcame the purity limit of common adsorption processes using zeolites 

because of the one or two-stage backfill steps supplied from the CMS bed. Thus, PVSA 
could produce an O2 purity of 95.4-99.2% with a recovery of 43.4-84.8% through the CMS 
bed. The increased AD step time of the CMS bed led to an increase in O2 purity and a 
decrease in O2 recovery in the PVSA process. However, because more highly concentrated 
O2 was supplied from the zeolite bed in PVSA II rather than in PVSA I, the CMS bed in 
PVSA II could be kept fairly clean after the production step, regardless of the applied AD 
step time in the CMS bed. Therefore, the CMS bed had more favorable conditions for the 
purification of feed in PVSA II. It is noted that the amounts of N2 in the product were in the 
level of 4000-5000ppm at the PVSA I and several tens of ppm at the PVSA II.. 

 
 
FUTURE WORKS 
 

 CO2 Recirculation Assimetric O2 Burner for Industrial Furnace Applications 
o Burner/furnace design and system integration 

 
 Field Demonstration of Oxy-Fuel Combustion Reheat Furnaces 

o Batch furnace (50ton-steel/charge), Continuous type furnace (10ton/hr) 
 

 O2/ CO2 – Coal Combustion for CO2 Capture in PC Power Plant 
o Low NOx O2/CO2-Coal combustion burner & control 
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Process Configuration Options

• Steam cycle: Sub-/ Super-/ Ultra-Super- Critical
• Oxygen generator: Cryogenic
• Flue gas recycle (FGR): Yes or No

• If FGR: Wet recycle or Dry recycle?
• Particulate removal: ESP/ cyclone/ bag house
• Flue gas cooler: Yes or No

• If FGR and FG cooler: Where should it be located?
• Need for FGD? Location?
• Need for SCR?
• Need for CO2 purification system?
• Heat integration features: APH, O2 heater, use of N2
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ASU

DCC
CO2

Compr

ESP/
Cyclone

Boiler

FGR
fan

FGD

Air

N2

O2

Recycled FG

O2/CO2

Coal
APH

O2
Htr

CO2
pdt

Proposed Configuration: IECM-CS

CO2
purification
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Process Performance Parameters

Parameter Typical Range

• Oxygen purity (%v/v) 95 90-100
• Excess air (%) 5 0-19
• Air leakage (%) 2* 0-19
• Flue gas recycle ratio 0.7 0-0.9
• FGR fan pressure head (psi) 0.2
• FGR fan efficiency (%) 75
• CO2 product pressure (psig) 2000
• CO2 product purity (%w/w) 97 95-99
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Process Performance Results

Performance indices:
• Boiler efficiency
• NOx emission factor
• Overall CO2 removal
• Overall SO2 removal
• Overall NOx removal
• Overall dust removal

Flow rates:
• Oxygen supply from ASU
• Recycled flue gas
• CO2 product 
• Emissions (if any)

Energy requirement:
• ASU 
• FGR fan 
• CO2 purification
• CO2 compression
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Process Cost Parameters
Process Area Costs

New:
• Boiler modification
• FGR fan
• FGR ducting
• APH/ O2 heater
• CO2 purification system

Existing (in IECM):
• ASU
• CO2 compressor

O&M Costs
• Operating Labor
• Maintenance Labor
• Admin./Support Labor
• Maintenance Materials

• Chemicals Cost
• Waste Disposal Cost
• Water Cost
• Power Cost*
• CO2 Transport Cost
• CO2 Storage Cost
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Oxyfuel option in IECM-CS: 
Current Status

• Basic performance and cost model is ready. 
• The module has been integrated with the IECM-CS 

modeling framework.
• Case studies and model applications are in progress.

Case StudyCase Study
• An on-going case study of CO2 retrofit options for 

existing coal-fired plants is presented here.
• The reference plants have been characterized on the 

basis of analysis of US power plants database.

8

Baseline Assumptions

30.830.4Coal HHV (MJ/kg)

~80%-SO2 Control Efficiency
FGD-SO2 Control

500 MW500 MW250 MW250 MWGross Plant Size
2.1%S Bit0.6%S BitFuel Type 

ESPESPParticulate Control
7762Capacity Factor (%)

32.732.1Net HHV Efficiency (%)

R2R2R1R1Reference PlantReference Plant ((Sub-critical))

Also: age of both plants ~40 years (capital cost of the plants is completely paid off); 
coal cost = $1.2/GJ; 
fixed charge factor = 0.148;
all costs in constant 2002 US$
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CO2 Retrofit Cases
ηηnetnet
(%)(%)

100*100*
9090

100*100*
9090
90
90
--

ηηCO2CO2
(%)(%)

OXYFUELOXYFUEL
OXYFUELOXYFUEL
OXYFUELOXYFUEL
OXYFUELOXYFUEL

MEA
MEA

--

COCO22 Capture Capture 
SystemSystem

--
--
--
--

99
99
--

ηηSO2SO2
(%)(%)

--
--
--
--

new
new

--

FGD FGD 

new, superB

new, superD2

old, subold, subR1(ref)
old, subold, subA

new, superD1
old, subold, subC2
old, subold, subC1

BoilerBoilerCaseCase

sub= Sub-critical; super = Super-critical; 
old = part of existing plant; new = installed as a part of  the CO2 retrofit option;
MEA = monoethanolamine based CO2 scrubber system; 
OXYFUEL = oxyfuel combustion with  flue gas recycle system for CO2 capture
*Oxyfuel combustion cases with zero emission to atmosphere, all the flue gas (predominantly CO2)
is assumed to be compressed for transport and disposal
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CO2 Retrofit Cases (contd.)
ηηnetnet
(%)(%)

100*100*
9090

100*100*
9090
90
90
--

ηηCO2CO2
(%)(%)

OXYFUELOXYFUEL
OXYFUELOXYFUEL
OXYFUELOXYFUEL
OXYFUELOXYFUEL

MEA
MEA

--

COCO22 Capture Capture 
SystemSystem

80
80
80
80
99
99
80

ηηSO2SO2
(%)(%)

old
old
old
old

upgrade
upgrade

old

FGD FGD 

new, superF

new, superH2

old, subold, subR2(ref)
old, subold, subE

new, superH1
old, subold, subG2
old, subold, subG1

BoilerBoilerCaseCase

sub= Sub-critical; super = Super-critical; 
old = part of existing plant; new/upgrade = installed/upgraded as a part of  the CO2 retrofit option;
MEA = monoethanolamine based CO2 scrubber system; 
OXYFUEL = oxyfuel combustion with  flue gas recycle system for CO2 capture
*Oxyfuel combustion cases with zero emission to atmosphere, all the flue gas (predominantly CO2)
is assumed to be compressed for transport and disposal
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Performance and Cost Results
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Performance and Cost Results (contd.)
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Clean Energy Systems, Inc. 
Summary and Update 

November 2005 
www.cleanenergysystems.com

 
Clean Energy Systems, Inc. (CES) is developing zero-emissions fossil-fueled power generation 
technology, integrating proven aerospace technology into conventional power systems.  The core of 
CES’ process involves replacing steam boilers and flue gas cleaning systems with “gas generator” 
technology adapted from rocket engines.  The gas generator burns a combination of oxygen and a 
gaseous hydrocarbon fuel to produce a mixed gas of steam and carbon dioxide at high temperature 
and pressure, which powers conventional or advanced steam turbines.  High efficiencies are obtained 
for utility-sized power plants, but without any atmospheric emissions.   Possible fuel sources include 
renewable biomass, natural gas, or coal syngas, and the cycle is a net producer of water when air 
cooled condensers are used. 
 
From the turbines, the steam/CO2 exhaust gas is cooled, separating into its components, water and 
CO2, with the latter either sold or stored.  The gas generator technology has been used successfully 
in aerospace applications for decades, including in the Space Shuttle Main Engines, where hydrogen 
and oxygen are combusted to produce pure steam at high temperature and pressure.  Likewise, high-
temperature, high-pressure turbines have been used successfully in aerospace applications.   
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The CES Process 

 
Achievements of the company include: 
 
Technology Status   
 

• CES has 23 issued patents and more than 30 pending applications, domestic and foreign. 
 

http://www.cleanenergysystems.com/
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“Proof of Concept” Prototype  
 

• In 2000 CES proved its concept with a 110 kWt pilot project at the University of California, 
Davis, with co-funding provided by the California Energy Commission (CEC).   

 
20 MWt Gas Generator   
 

• US DOE awarded CES a $2.5 million grant under the Vision 21 Program to design and build 
a 20 MWt gas generator.  CES has built and successfully tested in 2003 its 20 MWt, unit, 
operating at pressures of up to 100 bar and temperatures between 300 oC and 1650 oC. 

 
20 MWt Demonstration Project – Kimberlina Power Plant   
 

• The CEC awarded CES $4 million in funding to design and build a Demonstration Plant 
using CES technology, as part of a $12 million project.  Major corporations Mirant and Air 
Liquide are participants, along with the US Department of Energy.  In August 2003 CES 
acquired a 5 MWe idle biomass plant, which has been repowered as a multi-fuel zero 
emission plant.  Initial tests are being conducted with natural gas, with coal or biomass in 
subsequent phases.  First synchronization to the grid occurred in February 2005, and more 
than 900 hours have been logged to date.  Testing will continue through 2006. 

 
DOE-supported Oxy-Fuel Rankine Cycle Systems Development   
 

• In September 2005 the DOE signed two contracts with CES and Siemens Power Generation, 
Inc. to develop advanced turbines and combustors capable of operating on coal syngas.  This 
program will enable 100% separation and capture of CO2 and will achieve long-term power 
system efficiencies of 50% to 60%.   

 
• CES will develop and demonstrate a new combustor technology powered by coal syngas and 

oxygen.  The project team will evaluate and redesign the combustion sequence to achieve the 
ideal ratio of oxygen to fuel, a critical parameter in achieving optimum combustion and 
reducing costs.  The DOE portion of this contract is $4.5 million, and the project duration is 
39 months.  The kickoff meeting was held in November 2005.  Project participants include 
Siemens Power Generation, ConocoPhillips, Kinder Morgan, Air Products, and Air Liquide. 

 
• Siemens Power Generation will combine current steam and gas turbine technologies to 

design an optimized turbine that uses oxygen with coal-derived hydrogen fuels in the 
combustion process.  In this break-through project, system studies will show how this totally 
new turbine can be integrated into a highly efficient near-zero emission power plant.  The 
DOE portion of this contract is $14.5 million, and the project duration is 56 months.  The 
kickoff meeting was held in November 2005.  CES is a project participant with Siemens 
Power Generation on this contract.   

   
Commercial Applications 
 

• Funded feasibility studies are currently underway for 50 MW zero-emission plants in 
Norway (see www.co2.no)  and the Netherlands.  Projects are also under development in the 
United States.  Investment decisions on these “first generation” zero emission plants are 
expected in 2006. 

http://www.co2.no/
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20 MWt Multi-Fuel Testing Facility – Bakersfield, California  USA  
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Objective

Identification of key factors

that are decisive for the

feasibility

economic efficiency

particularly with regard to 

realistic design boundaries.
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Flue Gas Recycle Design Considerations

Low-dust recycle

+ enables high-efficiency axial-flow fan

temperature limited to 190 °C,

270 °C with blade cooling

mill internal coal drying

usually at approx. 300 °C

large dust precipitator

long recycle ducts

High-dust recycle

requires low-efficiency radial-flow fan

increases wear

+ short recycle ducts 

+ small dust precipitator

+ temperature up to 350 °C possible

mill internal coal drying

up to 26 g dust per m³ (@STP) 

max. dust load:

< 0.3 g/m³ @STP

Flue Gas Recycle

Ash
Coal

up to 76 g dust per m³ (@STP) 

max. dust load:

76 g/m³ @STP

Ash
Coal
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Factors that are Influencing the Recycle Requirement
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Combustion
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Oxygen Concentration in the Combustion Atmosphere

First Assumption: Oxygen

and recycled flue gas are 

mixed completely before 

combustion

Oxygen concentration

rises with reducing recycle,

is always above 21 vol%.

First combustion 

experiments (  )

Later experiments 

investigation of possible 

benefits using different 

oxygen concentrations at 

different phases of the 

combustion
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CO2 Separation

Air

Air Separation

Unit

N2

O2

Coal

Flue Gas Recycle

H2O

Flue Gas

Drying

CO2 Separation

Unit

almost pure

CO2

Ash

CO2

Ar,

N2,

O2, …

exhaust gas

CO2 Separation
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100 %

flue gas, dry
89%

25 bar

–30 °C
cooler

non-condensable

impurities

(O2, N2, Ar,…)CO2 25 bar

–50 °C
cooler

95 % of CO2

liquefied

Influence of Non-Condensables Impurities on the

CO2 Separation from dry Flue Gas (example)

11 %

liquid phase

13 %

exhaust gas

33%

76 %

liquid phase

An 100 % CO2 liquefaction is not possible in the presence of non-condensables! 

96%

Note: exact numbers cannot be predicted until phase equilibrium data are available

63%

98%

dissolved

all percentages as

molar percentage

CO2 Separation
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 O2-purity 95,0 %, O2-excess 15 %

 O2-purity 98,0 %, O2-excess 15 %

 O2-purity 99,5 %, O2-excess 15 %

 O2-purity 99,5 %, O2-excess 10 %

Sources of Non-Condensables

and their Minimization Potential

Sources of non-condensables

fuel‘s nitrogen (and sulfur)

oxygen excess ( O2 residue)

incomplete air separation ( Ar)

leakage air

Leakage Air

approx. 3 % of flue gas flow for

a new conventional power plant

up to 10 % over the years for

power plants in use

Leakage is the most influential 

source of non-condensables and 

could be radically minimized

achievable

long-term leakage air 

by means of design 

modifications

CO2 Separation
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IV

Overall Process Considerations

Air

Air Separation

Unit

N2

O2

Coal

Flue Gas Recycle

H2O

Flue Gas

Drying

CO2 Separation

Unit

almost pure

CO2

Ash

CO2

Ar,

N2,

O2, …

exhaust gas

Overall Process Considerations

12

Efficiency of an Oxyfuel Power Plant

Underlying reference technology

Reference power plant North-Rhine Westphalia: = 45,9 % (net)

power output: 556 MW (net), 600 MW (gross) = 46,9 % (gross)

Key power consumers (based on 600 MW gross power output)

Air Separation Unit:

approx. 110 MW to attain 98 vol% oxygen purity

70 MW at the expense of oxygen purity (95 %) using a new, not yet 

realized separation technology (3-column-process)

CO2 Separation Unit:

50 MW worst case 

< 30 MW possibly when using absorption refrigeration

Estimated efficiency loss: = 8…13 % (abs.)

Overall Process Considerations
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