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Abstract−To clarify the sulfur transformation behavior during oxy-fired circulating fluidized bed (CFB) combus-

tion, experiments on SO2 emission characteristics were carried out in a 50 kWth CFB combustor. Results show that

SO2 emission is quite dependent on the bed temperature in different atmospheres without limestone injection. With

Ca/S=2.5, SO2 emission in 21%O2/79%CO2 atmosphere is smaller than that in air atmosphere, but SO2 emission de-

creases with the increase of O2 concentration. The calcium forms in the ash prove the combination of calcination/car-

bonation and direct sulfation mechanism of limestone under oxy-combustion conditions. And the desulfurization effi-

ciency of limestone (as deducting the self-retention efficiency from the total sulfur removal efficiency) increases from

40% to 52% as the O2 concentration increases from 21% to 40%.
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INTRODUCTION

Oxy-fuel combustion is considered as a competitive technology

for CO2 capture from coal-fired power plant due to its technical fea-

sibility and economical advantages [1,2]. The SO2 emission char-

acteristics from oxy-coal combustion has been extensively studied

and summarized by Toftegaard [2]. Two main different conclusions

were obtained. Some investigators [3-6] observed that the conver-

sion of sulfur in coal to SO2 decreased in O2/CO2 combustion com-

pared with traditional air combustion because high SO3 concentra-

tions in the flue gas during O2/CO2 combustion resulted in sulfur

retention by ash or deposits in the furnace. Whereas, Zheng and

Furimsky argued that CO2 plays no insignificant role for the sulfur

release compared oxygen by equilibrium calculations [7].

Meanwhile, the in-furnace desulfurization by injection of lime-

stone has been suggested for oxy-fuel combustion because larger

desulfurization efficiency could be expected [8-10]. They explained

direct sulfation of limestone will occur because the high CO2 partial

pressure and the calcium conversion under direct sulfation is usu-

ally higher than that under calcination/sulfation due to the higher

porosity of the product layer.

Oxy-fuel combustion in circulating fluidized bed combustor (CFBC)

has attracted large attention in recent years due to its extensive ad-

vantages [11,12] such as fuel flexibility, in-furnace desulfurization,

low NOx emission and compact boiler size. Czakiet et al. [13] found

that the carbon conversion ratio and the sulfur conversion ratio can

be promoted by elevating O2 concentration on a laboratory scale

CFB apparatus. Lawrence et al. [14] studied the oxy-coal combus-

tion in a small-scale CFB and found the CO2 concentration in the

flue gas was more than 85% (dry basis). Foster Wheeler and VTT

are developing the near zero emissions oxy-CFB boiler and have

done the bench and pilot experiments at VTT [15]. CANMET has

carried the oxy-CFB experiment with full flue gas recycled [16].

However, the published paper contains contradictory results on the

SO2 emission characteristics of oxy-CFB combustion. Lawrence

[14] found even without lime injection the SO2 emissions were dra-

matically decreased with oxy-CFB combustion. VTT’s pilot experi-

ment showed that the desulfurization efficiency of limestone dur-

ing oxy-CFB combustion can reach 98% [15], much higher than

that in air combustion. Jia et al. [16] observed that the sulfur capture

was lower in oxy-CFB combustor at 850 oC than air-fired, ranging

from 65% to 78.2%. For petroleum coke, a 20% improvement in

sulfur capture efficiency can be obtained when the temperature is

increased to 950 oC. The different conclusions may be caused by

the different fuel types and operation conditions. Generally, there

are three forms of sulfur in the coal: pyrite sulfur, organic sulfur and

sulfate sulfur. And the forms of sulfur are coal-dependent. Different

sulfur forms have different release behaviors [17,18]. Pyrite sulfur

and organic sulfur release as SO2 at the CFB temperature, while

sulfate sulfur are quite stable. Also, the operation parameters of dif-

ferent experiments are different, such as the gas velocity, tempera-

ture, and Ca/S molar ratio. In any event, the sulfur transfer mecha-

nism during oxy-CFB combustion is still not clear now.

In this paper, the sulfur release and desulfurization behaviors dur-

ing oxy-fired and air fired combustion are investigated in a 50 kWth

CFB combustor. Tests with limestone injection and without lime-

stone injection are arranged to differentiate the desulfurization effi-

ciency of limestone from the self-retention efficiency of parent coal.

EXPERIMENTAL

The experiments were conducted in a 50 kWth CFB apparatus,

as shown in Fig. 1. The inner diameter of the primary zone is 122

mm and that of the secondary zone is 150mm. The total height of

the riser is 4,200mm. The system is equipped for various types of
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measurements and has facilities that make it possible to vary par-

ameters independently and in a wide range. The detailed descrip-

tion of the setup can be found elsewhere [19].

In this study, one Chinese bituminous coal was used and sieved

as the coal sample. The ultimate analysis and proximate analysis

are listed in Table 1. The sulfur forms in the parent coal are listed

in Table 2. The analysis of the limestone used is shown in Table 3.

The particle size distribution of the coal and limestone are shown

in Fig. 2. O2 and pure CO2 mixture were used to simulate the oxy-

CFB combustion with recycle flue gas (RFG) purified. Four atmo-

spheres including air, 21%O2/79%CO2, 30%O2/70%CO2 and 40%O2/

60%CO2 were conducted and the same excess oxygen was fixed

at 0.2. Conditions without limestone injection were used to study

the sulfur-retention ability of coal, while conditions with Ca/S molar

ratio of 2.5 were employed to study the desulfurization ability of

limestone. SO2 concentrations in the flue gas are measured online

by an IR analyzer. The calcium forms in the ash were measured by

EDTA complexometric titration (for total calcium), Barium sulfate

precipitation gravimetric method (for calcium sulfate), neutraliza-

tion volumetric method (for calcium carbonate) and gravimetric

differentiate method (for calcium oxide). The self-retention effi-

ciency ηs (%) of parent coal was calculated as:

Where SO2, t means the total SO2 emission when the pyrite sulfur

and organic sulfur in the parent coal convert to SO2 completely and

sulfate sulfur does not decompose, mg/MJ; SO2,wo means SO2 emis-

sion measured without limestone injection, mg/MJ.

The desulfurization efficiency ηL (%) of limestone was calcu-

lated as:

Where SO2,wi means SO2 emission measured with limestone in-

jection, mg/MJ.

RESULTS AND DISCUSSION

1. SO2 Emission Characteristics Under Different Atmospheres

Fig. 3(a) shows the SO2 emission under oxy-fuel and air-fired

conditions without limestone addition. SO2 emission in air atmo-

ηs = 

SO2 t,  − SO2 wo,

SO2 t,

------------------------------- 100×

ηL = 

SO2 t,  − SO2 wi,

SO2 t,

------------------------------ 100 − ηs×

Fig. 1. 50 kWth CFB setup diagram.

Table 1. Ultimate analysis and proximate analysis of coal sample

Sample
Ultimate analysis/wt% Heating value/

MJ/kg

Proximate analysis/wt%

Cad Had Oad Nad Sad FCad Vdaf Aad Mad

Bituminous coal 58.97 3.65 7.30 0.67 1.76 23.54 47.33 25.02 25.55 2.10

Fig. 2. Particle size distribution of the coal and limestone samples.

Table 2. Sulfur forms of coal sample

Sample Total sulfur Pyrite sulfur Organic sulfur Sulfate sulfur

Bituminous coal 1.76 0.30 1.11 0.35

Table 3. Analysis of limestone (wt%)

CaO SiO2 MgO Al2O3 Fe2O3 K2O TiO2 S Cl LOI

53.01 1.98 1.05 0.80 0.20 0.12 0.03 0.03 0.01 42.62
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sphere is a little higher than that in 21%O2/79%CO2 atmosphere,

while SO2 emission increases with the increase of O2 concentration

in O2/CO2 atmosphere. There are two possible reasons for this: first,

the sulfur release is closely related to the temperature. Different forms

of sulfur in the coal start to release at different temperature. Pyrite

will decompose at around 400 oC [20]. The decomposing tempera-

ture of inorganic sulfate is usually over 1,000 oC [21]. The release

of organic sulfur is very complex for the varied type. The aliphatic

sulfur and aromatic sulfur are decomposed at different tempera-

tures ranging from 400-1,000 oC. The bed temperature in different

atmosphere is shown in Fig. 3(b). Temperature in air atmosphere is

higher than that in 21%O2/79%CO2 atmosphere and lower than those

in high O2 concentration. The SO2 emissions are in good agree-

ment with the temperature. Pyrite sulfur should be release com-

pletely [20] and sulfate sulfur will not decompose [21] at the tem-

perature. Organic sulfur which is bonding into the coal matrix will

be partly retained in the ash due to the incompletely burnt condi-

tion. Fig. 4 shows the unburnt carbon content in the solid samples

(fly ash and bottom ash) and self-retention efficiency under differ-

ent atmospheres. Good agreement between unburnt carbon in ash

and self-retention efficiency indicates that the temperature is the

most important factor for SO2 emission and the elevated bed tem-

perature under high O2 concentration weakens the sulfur retention

ability of the coal matrix, mainly through removing more organic

sulfur. Secondly, oxy-fuel may promote the sulfur capture-ability

by alkali and alkaline earth metals (Na, K, Mg, Ca) in the ash due to

the high CO2 concentration in the atmosphere, but it is not clarified

in the paper.

2.Desulfurization Efficiency of Limestone Under Different

Atmospheres

The desulfurization efficiency of limestone with Ca/S molar ratio

of 2.5 is shown in Fig. 5. With limestone injection, the bed temper-

ature is slightly influenced. The desulfurization efficiency in air atmo-

sphere is lower than that in 21%O2/79%CO2 atmosphere, while it

increases with the increase of O2 concentration in O2/CO2 atmo-

sphere. To examine the desulfurization mechanism of limestone in

oxy-CFB combustion, the calcium forms in solid samples were an-

alyzed and the results are shown in Table 4. The experimental error

Fig. 4. Unburnt carbon content and self-retention efficiency under
different atmospheres.

Fig. 3. (a) SO2 emission under different atmospheres, (b) Bed tem-
perature in different atmospheres.

Fig. 5. Desulfurization efficiency of limestone under different atmo-
spheres.
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is ±0.5%. In air atmosphere, CaO and CaSO4 are the main forms

of calcium, which indicates that CaCO3 decomposes into CaO first

and then part of CaO reacts with SO2 to form CaSO4. The calcium

conversion to CaSO4 is about 30%, which is close to the results in

the references [15,16]. In O2/CO2 atmosphere, CaO, CaCO3 and

CaSO4 are all main forms in the ash. According to the relationship

[10] between CO2 partial pressure and calcination temperature of

CaCO3, CaCO3 decomposition will be prohibited under the oxy-

CFB combustion conditions. At the same time, direct sulfation will

occur. Based the calcium form under O2/CO2 atmosphere, a com-

bination of calcination/carbonation and direct sulfation exists during

the oxy-CFB combustion. At direct desulfurization, the desulfur-

ization efficiency is higher than indirect desulfurization and increases

as the temperature increases, as summarized in reference [22]. Jia

et al. [16] reported the sulfur capture efficiency increases from 64.5%

to 87.3% as bed temperature increases from 842 oC to 946 oC when

burning petroleum coke in a oxy-fired CFB. Also, the superficial

gas velocity at higher O2 concentration is lower when keeping the

same fuel and excess oxygen ratio in this experiment, which may

prolong the residence time of limestone in the combustor and pro-

mote sulfur capture. As shown in Fig. 5, the desulfurization effi-

ciency increases from 40.6% to 53.0% as O2 concentration increases

from 21% to 40%.

CONCLUSIONS

SO2 emission characteristics from an oxy-fired CFB combustor

with and without limestone injection were investigated to distinguish

the self-retention efficiency of parent coal and desulfurization effi-

ciency of limestone. Results show that self sulfur retention effi-

ciency under different atmospheres is in good agreement with the

unburnt carbon content in the ash, indicating that the difference of

SO2 emission originates from the organic sulfur in the parent coal.

The desulfurization efficiency of limestone in O2/CO2 atmosphere

is higher than that in air atmosphere. The calcium forms in the ash

prove the combination of calcination/sulfation mechanism and direct

sulfation mechanism during oxy-CFB combustion.
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Table 4. Calcium forms in the ash (wt% of Ca)

Atmosphere
Fly ash Bottom ash

CaSO4 CaCO3 CaO CaSO4 CaCO3 CaO

Air 30.3 04.3 65.4 28.8 07.9 63.3

21%O2/79%CO2 33.7 39.4 26.9 35.0 37.4 27.6

30%O2/70%CO2 35.6 34.9 29.5 37.7 36.1 26.2

40%O2/60%CO2 39.2 34.5 26.3 38.4 34.3 27.3



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /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 <>
  >>
  /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 [2834.646 2834.646]
>> setpagedevice


