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Abstract 
 
Within the ENCAP Project – ENhanced CO2 CAPture - the benchmarking of a 
number of novel power cycles with CO2 capture was carried out. Some of these cycles 
show good efficiencies but the ultimate implementation of any of them in commercial 
power plants depends upon the feasibility, technical and economic, of their 
components. In this paper, the methodology used to evaluate the components and 
some results are described. It had two stages. The first stage was a first evaluation of 
all components, based on expert opinion, resulting basically in three classes of 
components, involving: 1) current engineering practices, 2) new engineering practices 
but not new scientific developments and 3) substantial scientific developments. The 
second stage, still in progress, is a more elaborate numerical analysis, leading to basic 
design concepts. One example cycle is discussed in this paper. 
 
1. Introduction 
 
The ENCAP Project – Enhanced CO2 Capture is a European Union funded research 
project with more than twenty partners from industry and universities. Its objective is 
the investigation of technologies for power generation that would meet the target of at 
least 90% CO2 capture rate and 50% CO2 capture cost reduction. ENCAP focuses on 
pre-combustion and oxy-fuel types of cycles. Benchmarking of a number of novel gas 
turbine based power cycles with CO2 capture was carried out in work package WP6.1. 
These are shown in Fig.1. The first four cycles on the left are natural gas (NG) oxy-
fuel cycles, the following ten cycles are natural gas pre-combustion cycles, including 
different configurations of novel reforming reactors and/or selective membranes, and 
the last three are coal Integrated Gasification Combined Cycles with Chemical 
Absorption, with integrated Air Separation Unit and with Oxygen Transport 
Membrane respectively. For the meaning of other initials, please see Figs. 3 and 4. 

Fig. 1 – Efficiencies of the cycles studied in WP6.1 
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Work package WP6.2 of ENCAP has the objective of identifying the potential 
difficulties of practical implementation of these cycles in real world power plants, 
from the point of view of the equipment manufacturers. The ultimate practical 
implementation in power plants will depend upon attributes such as capital cost, 
efficiency, reliability, availability, maintainability and life expectancy. These 
attributes of the whole electricity generation system will depend on the corresponding 
attributes of its components: compressors, turbines, combustors, heat exchangers and 
novel components. The mission is thus to examine the components of those cycles 
and to evaluate them with respect to those attributes. If it is assumed that each cycle 
has on average five critical components, the task would involve around one hundred 
components. As a detailed study of all components would not be practical within a 
reasonable timescale, a two-stage approach was adopted. 
 
In the first stage, a so-called ‘component book’ was created, containing some basic 
information for each component: 
• Inlet conditions: streams, compositions, mass flows, pressures and temperatures 
• Power, polytropic and isentropic efficiencies 
• Outlet conditions: streams, compositions, mass flows, pressures and temperatures 
Expert opinion was then sought about the critical components, covering materials, gas 
turbines with or without cooling, compressors, combustors, steam turbines, heat 
exchangers and special reactors. The components were classified into three levels, 
technically and economically, as shown in Table 1. In the second stage, more detailed 
numerical analysis was made of selected components from the most promising cycles 
studied in WP6.1 - at this point in the project, turbo-machinery components and 
combustors. It would not be appropriate to report the whole set of data and results 
produced in the ENCAP project. So, only the summary charts of stage one and one 
example including the analyses of stages one and two are presented in sections 2 and 
3. 
 
Table 1 - Classification of components according to expert opinion 

Class Technical evaluation Economic evaluation 

Green 
commercially available or current engineering 
practice 

usual costs of commercially available 
equipment 

Yellow new engineering practices but not new 
significant scientific developments 

cost of new design or high capital costs due to 
size, quantity or special materials 

Red considerable scientific developments and new 
engineering practices  

high development costs, high capital cost  
and/or high operation  and maintenance costs 

 
2. The ‘Component Book’ 
 
Initially the example of the Semi-Closed Oxy-Fuel Combustion Combined Cycle 
(SCOC-CC) will be discussed. Its flow diagram is shown in Fig. 2 and its individual 
evaluation sheet is shown in Fig. 3. 
 
Basically, the main difficulties of this cycle result from the combustion process and 
from the working fluid in the compressor and in the gas turbine. The compressor and 
the turbine require a new design because of the working fluid, but it is unlikely that 
new scientific developments will be necessary. About the combustor, re-circulation of 
CO2 is necessary, so that a design exit temperature is achieved and combustor cooling 
is made with CO2. Also the starting transient process should be studied in a laboratory 
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first and then in large scale. Considering the need for re-circulation and the transient 
regime, where combustion starts with air, moving slowly to oxygen with re-
circulation, a new control system should be developed. However, all these 
developments, though outside the current engineering practices, do not include 
considerable scientific new developments. Finally, with regard to heat exchangers, 
low pressures are considered but they are not as low as the pressures of the Water 
Cycle.  

partly shown for space reasons - heat exchangers H1 and H6-H16 not shown - ASU = Air Separation Unit 
 
Fig. 2 – The Semi-Closed Oxy-Fuel Combustion Combined Cycle  
 

 
Fig. 3 – Evaluation sheet of the Semi-Closed Oxy-Fuel Combustion Combined Cycle 
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SCOC=Semi-Closed Oxy-fuel Combustion, GT=Gas Turbine, CC=Combined Cycle
Fig. 4.a - Summary of evaluation of components of all cycles studied 
 

NTNU = Norwegian University of Science and Technology, IFP = Institut Francais du Petrole
 
Fig. 4.b - Summary of evaluation of components of all cycles studied 
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UPB = University of  Paderborn, IGCC=Integrated Gasification Combined Cycle, CA=Chemical Absorption, 
ASU=Air Separation Unit, OTM=Oxygen Transport Membrane

 
Fig. 4.c – Summary of evaluation of components of all cycles studied 
 
These necessary technical developments are reflected in the costs. The concern about 
costs is moderate as new designs are necessary for compressor, turbine and 
combustor, but no scientific investigations seem to be required. As a consequence of 
these findings, no ‘red’ components are seen in the evaluation sheet of this cycle (Fig. 
3). 
 
The summary evaluation sheets shown in Fig. 4, obtained from all detailed individual 
sheets made for all cycles, are self-explanatory. 
 
3. The Semi-Closed Oxy-Fuel Combustion Combined Cycle (SCOC-CC) 
 
Considering the good position of the SCOC-CC cycle in the overall comparison made 
within WP6.1 and the absence of great challenges in the first-stage evaluation of 
components, a more detailed numerical analysis – second stage analysis - was made 
of some of these components. Highlights are given here about the compressor and the 
combustor. 
 
Compressor 
 
The gas in the SCOC-CC compressor is largely carbon dioxide. Compared to air, the 
gas has significantly lower values of both the gas constant and the ratio of specific 
heats. It can be shown that to achieve dynamic similarity with an air compressor, the 
‘CO2’ compressor should run with approximately a 25% reduction in the blade tip 
speed and a 15% increase in the mass flow. In this cycle the rotational speed is 3000 
rpm, i.e. the same value as that of existing 50 Hz power generation gas turbine 
compressors, while the mass flow is lower than that of typical heavy-duty 
compressors. Hence the diameter of the SCOC-CC compressor has to be reduced as 
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compared to a compressor running with air in order to reduce the blade speed and the 
associated Mach numbers. 
 
Further the pressure ratio of 40.13 is higher than that of current power generation gas 
turbines. At this high exit pressure the density of the gas is significantly higher than 
air. Hence in order to achieve a reasonable hub/tip ratio of the exit stage (to avoid 
large clearance losses) either the flow coefficient (axial velocity/blade speed) or the 
mean radius has to be reduced. If it is assumed that flow coefficients should not be 
reduced below a certain level, then the mean radius at the exit must be lower than in a 
conventional gas turbine compressor. The lower radius means that for a given limiting 
level of work coefficient (stage enthalpy rise over blade speed squared) more stages 
are required for a compressor using CO2. 
 
As a first step in defining the compressor a parametric study was carried out on the 
first stage in isolation. An ALSTOM in-house code was run over a range of inlet 
guide vane exit angles, mean radii, flow coefficients and work coefficients. Having 
defined the first stage, candidate compressors were investigated. It was found that 
around 24 stages were required to achieve a pressure ratio of 40 in order to stay within 
conservative limits of work coefficient. A parametric study was then carried out over 
a range of mean radii, flow coefficients and work coefficients for the last stage. 
Distributions of the above were assumed for each stage through the compressor. The 
code was then run to the required pressure ratio adjusting the level of the stage work 
coefficients. After several calculations involving considerations of losses associated to 
blade tip clearances and of surge margin, a configuration was selected with 24 stages 
and the following last stage mean line parameters: radius = 0.64 m, flow coefficient = 
0.45 and work coefficient = 0.25. A schematic view of the blade path of the final 
conceptual design is shown in Fig. 5 and the relevant parameters are given in table 2. 

 
Fig. 5 – Compressor profile 
 
Table 2 - Compressor calculated parameters 
Number of stages 24 Rotor 1 hub Mach number .841 
Rotor 1 hub/tip ratio .473 Stator 1 hub Mach number .819 
Rotor 24 hub/tip ratio .915 Exit Mach number .221 
Rotor 1 tip Mach number 1.17 Length (m) 6.654 
 
The working fluid of the SCOC-CC compressor necessitates the design of a radically 
different compressor from those currently in use in 50Hz power generation gas 
turbines and requires more stages at lower exit radius. The longer and slender rotor 
may result in rotor dynamics problems. Ways of reducing the overall length should be 
investigated. If the parameters are not significantly modified, high efficiencies should 
be attainable in line with the values currently assumed in the cycle calculations. 
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Combustor 
 
The input and output streams to the combustor (R1) with their compositions are given 
in Figure 6. The numerical investigations began from general concepts acquired in 
previous experience [1] and some specific design concepts were then defined for the 
combustor of the SCOC-CC cycle, briefly explained below. In this cycle, natural gas 
(S4) is burnt with an oxygen-rich stream (S5) in the combustion chamber (R1). The 
temperature is controlled by a recycled exhaust stream (S3). The combustor exit 
stream (S6) is a mixture of CO2 and steam.  
 

  

Fig. 6 – Input and output streams to 
combustor 

           Fig. 7 – Proposed flow split for the combustor 

 
 
The O2 (S5) and part (approximately 69%) of the re-circulating exhaust gas (S3) (after 
it has been used for primary zone cooling) are mixed and used to give the design 
combustor primary zone exit temperature of approximately 2000K. The design 
combustor exit temperature (1691 K) is achieved by diluting the combustor primary 
zone exhaust gases with the remainder (approximately 31%) of the re-circulating 
exhaust gas (S3). The proposed flow split for this combustor, given in Figure 7, is 
based on one-dimensional combustor calculations. 
 
4. Conclusions 
 
The evaluation of all novel cycles summarized in the sheets reproduced in Fig. 4 
suggests that the following cycles incorporating gas turbines would require least effort 
to turn them into real power plants: 
• Semi-Closed Oxy-Fuel Combustion – Gas Turbine (simple cycle) 
• Semi-Closed Oxy-Fuel Combustion – Combined Cycle 
• Integrated Gasification Combined Cycle – Chemical Absorption 
• Integrated Gasification Combined Cycle – Chemical Absorption with Air 

Separation Unit 
This does not mean that they are the best solutions for the problem of reducing CO2 
emissions. Within other sub-projects of ENCAP other solutions are being studied for 
coal and natural gas. In the remainder of the project, some refinement is to be made of 
the evaluation and classification of components shown here and deeper analysis will 
be made of further components of the cycles that are in the scope of work package 
WP6.2. 
 
References 
1. Mina, T. and Chen, J. X., 2005, ‘Combustion system design for GAS-ZEP cycle’, 
Fuels for the Future, Institute of Physics, Cardiff, April 14. 

S5
95% Oxygen

57 kg/s
4.12 MPa

288 K

S3
Re-circulation

88% CO2
284 kg/s
4.12 MPa

667 K

Primary
zone
exit

356 kg/s
4.12 MPa
2000 K

S3
Dilution
88% CO2

127 kg/s
4.12 MPa

667 K

S6
Combustor

exit gas
483 kg/s
4.12 MPa
1691 K

R1
Primary

Combustion
Zone

356 kg/s
4.12 MPa

579 K

R1-mix
70% CO2
20% O2
341 kg/s
4.12 MPa

610 K

S4
Fuel

89% CH4
15 kg/s

6.93 MPa
283 K

CO2/H2O (S6)

Natural Gas (S4)

CO2/H2O (S3)

O2 (S5)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


