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Rapidandstableanalysisofcoalqualityforfinemanagementofcoalisessentialforthecleanandefficient

utilizationofcoalinthermalpowerplants.Inthiswork,asoftware-controlledcoalanalyzerwithlaser-

inducedbreakdownspectroscopy(LIBS)coupledwithX-rayfluorescencespectroscopy(XRF)was

developed,whichincludesanLIBSanalysismodule,XRFanalysismodule,samplefeedingmodule,

controlmoduleandoperatingsoftware.TheinstrumentnotonlyplaystothestrengthsofLIBSinmulti-

elementanalysis,butalsoinheritstheadvantagesofXRFinhighstabilityanalysis,sothatitcanbeused

inpowerplantsforrapidandcontinuousqualityanalysisofcoaltablets.Basedonchemometric

regressionmethodsusingprincipalcomponentanalysis(PCA)andpartialleastsquaresregression(PLS),

aswellasthespectraofhundredsofcoalsamples,quantitativepredictionmodelswereestablished,and

theindustrialtestandperformanceevaluationoftheinstrumentwerecompletedintheShanxi

YangguangPowerPlantinChina.TheexperimentalresultsshowedthattheR2ofthepredictionmodels

forcalorificvalue,ash,volatilesandsulfurwere0.973,0.986,0.977and0.979,respectively,theRMSEs

were0.26MJkg−1,0.68%,0.33%and0.13%,respectively,theRMSEPswere0.62MJkg−1,1.46%,0.23%

and0.19%,respectively,andtheaverageSDswere0.11MJkg−1,0.49%,0.15%and0.09%,respectively.

Themodelsshowedgoodaccuracyandstability,andtherepeatabilityofthemeasurementsofcoal

qualityallmettherequirementsofnationalstandards,andthus,couldmeettheneedsofpowerplants.

ThisworkprovidesanewideafortheincreasinglymatureapplicationofLIBSincoalanalysisinvarious

industrialsites.

1 Introduction

CoaloccupiesaveryimportantpositioninChina'senergy
structure,whichisdeterminedbyitsresourceendowmentof
“coal-rich,oil-poorandgas-poor”.Thedatafrom China's
NationalBureauofStatistics1showsthatthenationalrawcoal
productionin2021is4.13billiontons,whichwasup5.7%year-
on-year.Withatotalenergyconsumptionwhichwas5.2%
higherthanthatofthepreviousyear,ofwhich,coalconsump-
tionwas2.934billiontonsofstandardcoal,coalconsumption
accountedfor56%ofthetotalenergyconsumption.Meanwhile,
China'spowergenerationin2021was8534.25billionkWh,up
9.7% year-on-year.Thermalpowergenerationwas580580.87

billion kWh,up 8.9% year-on-year,with thermalpower
accountingfor68%ofthetotalpowergeneration.Thisshows
thatforsometimeinthefuture,andevenlongerterm,coalwill
stillplayafundamentalroleinensuringChina'senergysecu-
rity.However,withtheimplementationofChina'senergy
conservation andemissionreduction,low-carbon environ-
mentalprotection,energytransformationpolicy,improvingthe
cleanandefficientuseofcoalhasbecomeatoppriority.The
cleanandefficientutilizationofcoalmainlydependsonthe
coalblendingandcombustionoptimizationofthethermal
powerplants.InChina,duetothelargenumberofcoaltypes
andvariationsincoalquality,itiseasytohaveamismatch
betweentheactualcoalusedinthermalpowerplantsandthe
designcoalusedinitsboilers,thusreducingthecombustion
efficiencyoftheboilers.
Thekeytoachievingoptimalcontrolofcoalblendingand

combustioninthethermalpowerplantistorealizetherapid
analysisofcoalquality,butatpresent,thepowerplantsstill
generallyusethetraditionalmanualassaymethod.2–4Although
thesetraditionalchemicalanalysismethodsaremature,accu-
rateandstable,andtheinstrumentsandreagentshavebeen
widelyused,theiranalyticalprocessesarecomplicatedand
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time-consuming.Therefore,itisnotpossibletoanalyzethe
qualityofcoalenteringtheplantpervehicleandanalyzeonline
thecoalenteringthefurnace,aswellastoimprovetheindus-
trialproductionprocess.Althoughthenewlydevelopedrobotic
assaysystem hasreplacedmanuallaborwithrobots,thetest
methodusedhasnotchanged,whichisalsotime-consuming,
bulkyand expensive.Thecommercialneutron activation
onlineanalysismethodhasaproblemofradioactivecontami-
nation.Therefore,thedevelopmentofalow-costrapidcoal
qualityanalyzerisamajordemandfrom thethermalpower
plants.
Laser-inducedbreakdownspectroscopy(LIBS)isoneofthe

mostpromisingtechniquesforcoalanalysisduetoitsadvan-
tagesofreal-time,online,rapid,safeandsimultaneousdetec-
tionofmultipleelements.5Thecompositionofthesampleis
determinedbyanalyzingtheradiationspectrumoftheplasma
generatedbythehigh-energypulselaser.Inrecentyears,there
aremanyreportsoncoalqualityanalysisbyLIBS.Yaoetal.6

combinedclusteranalysis,articialneuralnetworks(ANNs),
andgeneticalgorithms(GA)toanalyzetheLIBSspectraof
pulverizedcoal,andthemeanstandarddeviation(SD)ofthe
caloricvaluewas0.86MJkg−1.Luetal.7alsousedthespectral
analysismethodofANNscombinedwithGAtoconductLIBS
analysisonthecaloricvalueofcoal,withanSDof0.38MJ
kg−1.Lietal.8furtherreducedtheSDofthecoalcaloricvalue
to0.22MJkg−1byselectingvariablesthroughpartialleast
squares(PLS)regression.TheLIBSdevelopedbyBodyand
Chadwick9 can simultaneously determine the elemental
contentsofAl,C,Ca,Fe,H,K,Mg,Na,andSi,incoalwith
ameasurementrepeatabilityof±10%.Wangetal.10analyzed
thedeviationofthespectrausingthemutualinterference
betweentheelements,andthemechanismofmatrixeffect,and
therelativestandarddeviations(RSDs)ofcalibrationand
predictionwere5.79%and8.10%,respectively.Lietal.11opti-
mizedtheexperimentalparameters,andtheminimumRSDsof
Al,C,Ca,Fe,H,K,Mg,Na,andSi,incoalreached4.66%,4.10%,
3.14%,3.73%,4.45%,4.21%,4.91%,2.34%,and 4.35%,
respectively.Fengetal.12proposedaPLSmodelwithmultivar-
iatedominantfactorstoanalyzetheamountofCincoal,and
therootmeansquareerror(RMSE)ofthepredictionwas2.92%.
Wehavedesignedafullysoware-controlledLIBSsystem,13and
theRSDformeasuringCincoalwas1.49%.Houetal.14

measuredthecakingindex(G)andthemaximumthicknessof
theplasticlayer(Y)ofcoalusingLIBSbasedonthePLSmodelof
multi-variantdominantfactors,wheretheRMSEsofthe
predictionoftheGandYvalueswererelativelyimprovedby
17.9%and34.7%,respectively.Nevertheless,isstilldifficultto
meettherequirementsofnationalstandardsforthemeasure-
mentrepeatabilityofLIBSforthecoalcaloricvalue,ash
contentandotherindicators.15–17ThisisduetotheRayleigh–
TaylorinstabilityofLIBS,theinherentenergyuctuationofthe
pulsedlaser,thepoorrepresentativenesscausedbythesmall
focuspoint,andtheinstabilityofplasmaduetoexternal
disturbances,whichlimitthemeasurementrepeatabilityof
LIBS.18–20 How to break through the bottleneck ofthe
measurementrepeatabilityofthecoalquality,becomesthekey

todeterminingwhetherLIBScanbesuccessfullyappliedtothe
coalindustry.
TheX-rayuorescencespectrometry(XRF)hasshowngood

repeatabilityincoalqualityanalysis.TheSDofashincoalis
only1.7–2.5%,21,22andthemeasurementrepeatabilityoftheash
formingelementssuchasAl,Ca,Fe,K,Mg,Na,SiandTiisfar
superiortothatrequiredbythenationalstandards.23The
principleofXRFisthatwhenasingleatom ofanelementis
excitedbyexternalenergy,itwillemitasecondaryX-rayuo-
rescencewithcharacteristicenergy(energy-dispersiveXRF,ED-
XRF)orwavelength(wavelength-dispersiveXRF,WD-XRF),and
theelementcanbequantitativeanalyzedaccordingtothe
uorescenceintensity.24TheXRFhasalowuorescenceyield,
andasensitivityforelementswithlowatomicnumbers,25and
thecorrespondingdetectionlimitisgenerally50mgg−1,butitis
5mgg−1forelementswithhighatomicnumbers.Inthisway,
ED-XRFisonlysuitablefordetermininginorganicashforming
elementswithatomicnumberslargerthan11,butitcannot
determineorganicelementssuchasCandHincoal,soit
cannotdeterminethecaloricvalueandvolatilematterofcoal.
Insummary,LIBShaslowmeasurementrepeatabilitybut

cananalyzeallthekeyelementsincoal,whereasXRFcanonly
analyzetheashformingelementsbuthasexcellentstability.
Thecombinationofthetwomethodscannotonlymeasure
organicelementsincoal,butalsomeasuretheinorganic
elementswithhighstability,thusforminganewcoalquality
analysismethodwithhighmeasurementrepeatability.Wehave
previouslyusedachemometricregressionalgorithmcombining
principalcomponentanalysis(PCA)andPLSinexperimentsto
verifythefeasibilityofthismethod,26–28andthemeasurement
repeatabilityofthecoalcaloricvaluehasmettherequirements
ofnationalstandard.ItisworthmentioningthatPCAisan
unsupervisedlearningmethodthatcannotonlyadjustthe
combinationofmultivariatedatainformationtoextractfewer
integratedvariablefeaturestoexplainmostoftheinformation
obtainedfrom theoriginaldata,butcanalsoreducethe
dimensionalityofthehigh-dimensionaldataspacebyusingthe
principleofminimallossofdatainformation.However,the
dependentvariableisnotinvolvedinguidingtheconstruction
oftheprincipalcomponentsintheprocessofdimensionality
reductionbyPCA,therefore,PCAcannotguaranteethatthe
directionsofthepredictorvariablescanbewellexplained,
whereas the dependent variable can be predicted
satisfactorily.29–31ThePLSisasupervisedapproachthatincor-
poratestheideasofPCA,typicalcorrelationanalysis,and
multiplelinearregression.Itnotonlyenablesthefeaturevari-
ablesobtainedaerextractiontosatisfactorilysummarizethe
informationoftheoriginalvariables,butitalsohasastrong
explanatorycapabilityforthedependentvariable.ThePLS
methodobtainsthemutuallyorthogonaleigenvectorsofthe
independentanddependentvariablesbyprojectingthehigh
dimensionaldataspaceoftheindependentanddependent
variablesintothecorrespondinglow-dimensionalspace,and
thenestablishesaunivariatelinearregressionrelationship
betweentheeigenvectorsoftheindependentanddependent
variables.Notonlycanitovercomethecovarianceproblem,it
emphasizestheexplanatoryand predictiveeffectsofthe
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independentvariablesonthedependentvariablewhenselect-
ingtheeigenvectors,removestheinuenceofunhelpfulnoise
ontheregression,andensuresthatthemodelcontainsthe
minimumnumberofvariables.32–34

Inthisresearchdiscussedherein,wefurtherdevelopedan
LIBS-XRFanalyzerthatcombinesPCAandPLSregression
methodsforcoalqualitymeasurement,andcarriedoutindus-
trialtestinginapowerplanttoverifyitsperformance.

2 Experimental
2.1 Experimentalsetup

Fig.1showstheimage,3Dmechanicalmodel,andschematic
diagram oftheLIBS-XRFanalyzer,whichiscomposedofan
LIBSmodule,anXRFmodule,asampledeliverymodule,
acontrolmoduleandtheoperatingsoware.TheLIBSandXRF
modulesareencapsulatedinanaluminum shell,whichis
mounted insidethebox,with rubberpadsbetween the
aluminum shellandtheinnerwalloftheboxtogiveanti-
vibrationprotection.Allthemodulesaredescribedindetail
inthenextsections.

(1)TheLIBSmodule.The3Dmodelandschematicdiagram
ofthemoduleareshowninFig.2,whichmainlyincludesalaser
(M-NANO),beam expander(BE),half-waveplate(l/2),polari-
zationbeam splitter(PBS),energymeter(EM),focusinglens
(FL),concavemirror(CO),couplinglens(L),opticalber,
spectrometer(AvaSpec-ULS4096CL-EVO,Avantes,TheNether-
lands)anddustremovalfan.Theemittedlaserbeam with

awavelengthof1064nm,energyof60mJ,pulsewidthof8ns,
andrepetitionfrequencyof6Hzwasdividedintotwobeams
aerpassingthroughthe2×BE,half-waveplate,andPBS.The
reectedlaserbeam wasreceivedbytheEM,andthetrans-
mittedlaserbeamwasfocusedonthesurfaceofthecoalsample
bytheFL,withafocallength100mm,toformaplasma.The
radiateduorescencewascollectedbyaUV-enhancedconcave
mirrorwithafocallengthof50mm,coupledtotheopticalber
byaquartzplano-convexlenswithafocallengthof30mm,and
then introduced into thespectrometer.Here,thebeam
expandernotonlyprevented thehigh-powerlaserfrom
damagingtheopticalcomponents,butalsoreducedthediver-
genceangleanddiffractioneffectofthelasertoensuregood
alignment.Thel/2plateandPBSwereusedtoadjusttheenergy
ratioofthetransmittedandreectedlaserbeams.Thewave-
lengthrangesofthedual-channelspectrometerwere195–
321nm and496–732nm,andthecorrespondingspectrum
resolutionwas0.15nm,andtheminimumintegrationtimewas
1.05ms.Thedustremovalfanwasusedtosuckawaythe
pulverizedcoalgeneratedduringthemeasurement.

(2)TheXRFmodule.ThestructureoftheED-XRFmoduleis
showninFig.3,andiscomposedofanX-raytube(VF-50J,Varex
Imaging,USA),silicondridetector(SDD,DVH20,Ketek,
Germany),vacuum chamber,beryllium window(BW),colli-
mator(CM),high-voltagepowersupply(MNX50W),digital
pulseprocessor(DPP),vacuumpump(VP,SVF-E1,ScrollLabs,
USA)andvacuumgauge(VG,APG-500).TheX-raytubeandSDD
wereplacedonbothsidesofthechamberatanangleof45°.The
X-raytubewasconnectedtothehigh-voltagepowersupply,and
theSDDwasconnectedtotheDPP,andthesamplewaslocated
2mmbelowtheBW.Duringthemeasurement,theprimaryX-
rayemitted irradiated thesamplesurfaceaerpassing
throughtheCMandBW,andtheX-rayuorescencegenerated
wasdetectedbytheSDDandtransmittedtothecomputeraer
beingprocessedbytheDPP.Inordertopreventthedetection
windowfrom beingpollutedbydust,themoduleusesatop
illuminatedstructure.Thetubevoltageandcurrentofthehigh-
voltagepowersupplywere10kVand0.25mA,respectively,and
thepeaktimeoftheSDDwas4.8ms.Thevacuum ofthe
chamberwasmaintainedat100Pa,anditsbottomplatewasFig.1 (a)Image,(b)3Dmechanicalmodeland(c)schematicdiagram

oftheLIBS-XRFanalyzerforcoalqualitymeasurement.

Fig.2 (a)3Dmechanicalmodeland(b)schematicdiagramoftheLIBS
module.
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madeofbrasstoavoidinterferencewiththecoalquality
measurement.

(3)Sampledeliverymodule.Thismodulewaslocatedbelow
theLIBSandXRFmodules,andits3Dmechanicalmodelis
showninFig.4.FrombottomtotoparetheX-axistranslation
table,Z-axistranslationtable,rotationtableandsamplecell.
TheX-axistranslationtableisadouble-trackslidingtablewith
alengthof400mm,whichwasusedtocontrolthehorizontal
movementofthesample.TheZ-axistranslationtableisashear
typeliingstructuretopreciselycontrolthedistancebetween
thesamplesurfaceandtheBW.Therotarytableisdrivenby
awormgearandwasusedtocontroltherotationofthesample.
The3DmechanicalmodelofthesamplecellisshowninFig.5,

whichisusedtoholdthecoaltablet.Theslotsonbothsidesof
thecellareconvenientfortakingsamples.

(4)Controlmodule.Themoduleisusedtocontrolthetiming
ofthewholeinstrumentandspectralanalysis,includingthe
computer,programmablelogiccontroller(PLC,224XP),relays,
drivers,photoelectricswitches,andsoon.Here,thePLCisused
fortimingcontrol,andtherelaysareusedtocontrolthe
switchingonandoffofeachcomponent,thedriversareusedto
drivethetables,andthephotoelectricswitchesareusedfor
positioning.

(5)Operatingsoware.ThesowareusedwasLabVIEW
(NationalInstruments,USA),andtheuserinterfaceisshownin
Fig.7.Thelesideisusedtosetthecontrolparameters,andthe
rightsidedisplaysthespectraandanalysisresults.

2.2 Workow

Theoperatingprocessofthedevelopedanalyzerisasfollows.
First,thestartmeasurementbuttonwasclicked,andthe

Fig.3 (a)3Dmechanicalmodel,and(b)schematicdiagramoftheXRFmodule.DPP:digitalpulseprocessor,BW:beryllium window,CM:
collimator,VG:vacuumgauge,VP:vacuumpump.

Fig.4 The3Dmechanicalmodelofthesampledeliverymodule.

Fig.5 The3Dmechanicalmodelofthesamplecell. Fig.6 Thespiralpathoflaserablationonthesurfaceofthecoaltablet.
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samplecellrstdescendstothespeciedheight,thenmoves
tothebottomoftheXRFmoduleandrotatesat1r/min.The
amountofvacuum ofthechamberismaintainedaeritis
reducedto100Pa.Atthistime,theX-raytubeandtheSDD
startworking,andtheXRFmeasurementiscompleted1min
later.Aerthat,thesamplecellcontinuestomovetothe
bottomoftheLIBSanalysismodule,thenthedustfanstarts,
andtheLIBSmeasurementstartsandthenends1minlater.
Finally,thesamplepoolquicklyreturnedtotheinitialposi-
tion,andthesowareinterfacedisplayedthequantitative
results.IntheLIBSmeasurement,bysettingareasonable
speedfortherotarytableandtheX-axistranslationtable,the
laserablationpointsonthesamplesurfaceshowaspiralpath
(Fig.6),andthisincreasesthedistancebetweenthepoints,
ensuringthatthelaserablationpointisnewatthetimeof
measurement.

2.3 Samples

Inthisexperiment,334airdriedcoalsampleswithanaverage
particlesizeof200mm,andthecorrespondingstandarddata
wereprovidedbytheShanxiYangguangpowerplant.These
pulverizedcoalsampleswereallpressedintotabletswith
adiameterof40mmandathicknessof6mmunderapressure
of30MPa(Fig.6).Atotalof318sampleswereusedasatraining
setformodeling,andtheremaining16sampleswereusedas
avalidationset.Eachsampleinthevalidationsetwastestedve
timestoevaluatethemeasurementrepeatability.

2.4 Spectralanalysis

ThewholeanalysisprocessofspectraldataisshowninFig.8,
andmainlyincludesspectralpretreatment,modelingand
modelevaluation.Thedetailsareasfollows:

(1)Spectralpretreatment.Forthe LIBS spectra,the
pretreatmentmethods(Fig.9)includeremovingsaturated
spectra,removinglowsignal-to-noiseratio(SNR)spectra,aver-
agingandnormalization.Here,saturatedspectrum refersto
aspectrumwhosespectrallineintensityexceedstherangeof
thespectrometer.Theremovaloflowsignal-to-noiseratio(SNR)

Fig.7 TheuserinterfaceoftheLabVIEWoperatingsoftware.

Fig.8 Theanalysisprocessforthespectraldata. Fig.9 TypicalLIBSspectrumofcoal.
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spectraisdonebyrstcalculatingtheSNRoftheelement-
specicspectrallinesineachremainingspectrum,thensorting
thespectrabySNRsize,andnallyrejecting10%ofthelowSNR
spectra.Normalizationisdonebysubtractingtheminimum
valueintheaveragespectrum andthendividingitbythe
maximumvalueintheprocessedspectrum.
FortheXRFspectra(Fig.10),thepretreatmentmethods

include Savitzky–Golay(SG)smoothing,interception and
normalization.Here,theSGsmoothingusesve-point,third-
ordersmoothing.Interceptionisusedtoremovetheinvalid
spectralsegmentsandtoleavetheeffectivespectra.The
normalizationmethodisconsistentwithLIBSfortheelimina-
tionofthemagnitudedifferencebetweentheLIBSandXRF

data.Basedontheresultsofpreviousspectrallineselection,26

theC,H,NalinesintheLIBSspectrumandtheAl,Ca,Fe,K,Mg,
Mn,S,Si,Ti,linesintheXRFspectrumweredirectlyselectedfor
thefollowingmodeling.

(2)Modeling.Combiningthespectraaerpretreatmentand
thestandarddataofthecoalsamples,theprincipalcompo-
nentswereselectedbyPCA,andthenthepredictionmodelof
coalqualitywasestablishedusingPLS.Consideringthatthe
coalqualityiscloselyrelatedtothecontentofeachelementin
thecoal,andthattheLIBSspectrumhadinterferencefromthe
“matrixeffect”andthe“self-absorptioneffect”,35 multiple
spectrallineswereselectedastheinitialinputvariablesforthe
modeling.Firstly,theprincipalcomponentsoftheinput

Fig.10 TypicalXRFspectrumofcoal.

Fig.11 TheRMSECVvs.latentvariablesplotforeachPLSmodel.

Fig.12 ThePCAoftheLIBSspectrum.
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variableswereextractedtoeliminateredundantvariablesand
reducethearraydimension,andthentheregressionmodelwas
establishedusingthestandarddataofthecoalsamplesandthe
extractedprincipalcomponents.Forthecaloricvalue,itwas
notonlypositivelycorrelatedwithC,HandS,butalsonega-
tivelycorrelatedwithashcontent,sotheAl,C,Ca,Fe,H,K,Mg,
Mn,Na,S,Si,andTi,lineswereselectedastheinitialinput
variablesofthepredictionmodelofcaloricvalue.Theash
contentwasmainlyrelatedtotheinorganicelementsincoal,so
theAl,Ca,Fe,K,Mg,Mn,Na,Si,andTi,lineswereselectedas
theinitialinputvariables.Forvolatilematter,inadditionto
organicelements,theC,HandSlines,thespectrallinesof
someotherelementswithahighcorrelationwereselectedas

inputvectors.Forthesulfurcontent,thespectrallinesofSand
otherinterferingelementsweretakenastheinitialinputvari-
ables.Duetothedifferentelementalspectraselectedforthe
fourcoalqualityindicators,thenumbersofprincipalcompo-
nentswerealsodifferent.Toreducetheinuenceofthe
secondarycomponents,thenalnumbersofprincipalcompo-
nentsselectedata95%condenceintervalbyPCAwere12,11,
9and9.The10-foldcross-validationand15-foldMonteCarlo
cross-validationwereusedtoobtaintheoptimalparameters
whenbuildingthePLSmodel,toavoidoverttingasmuchas
possible,andtotesttheperformanceofthemodelonunfa-
miliardatasets.Aerrecalculationandfurtheroptimization,
thenumberoflatentvariablesselectedforeachPLSmodelwas
nallydeterminedtobe8,8,7,and8,whichwerechosenbythe
rootmeansquareerrorofcross-validation(RMSECV)parame-
tersandthelatentvariablerelationshipdiagram (Fig.11)of
eachPLSmodel.
Itshouldbenotedthatduetothelargenumberofcollected

samplesandthecombinationofLIBSspectraandXRFspectra,

Fig.13 ThePCAoftheXRFspectrum.

Fig.14 CalibrationresultsofthecoalqualityofsamplesinthetrainingsetobtainedusingtheLIBS-XRFanalyzer.

Table1 Performanceevaluationofthecoalqualitypredictionmodel
usingdataobtainedfromthePLS

Coalquality R2 RMSE RMSEP SD GBa

Caloricvalue(MJkg−1) 0.973 0.26 0.62 0.11 0.12
Ashcontent(%) 0.986 0.68 1.46 0.49 0.50
Volatilematter(%) 0.977 0.33 0.23 0.15 0.30
Sulfurcontent(%) 0.979 0.13 0.19 0.09 0.10

aGB:NationalStandardofthePeople'sRepublicofChina.
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theamountofdatausedformathematicalmodelingbecame
verylarge.IfthePLSmethodwasuseddirectlyformodeling,the
calculationprocesswouldbetime-consumingandrequire
ahighcomputerperformance.Moreover,theprocessingofdata
fromthecombinedspectraitselfwastedious.Inthisstudy,the
modelingwasbasedonPCAusingthePLSmethod.Therewere
twomainpurposesofusingPCA,onewastoeliminatethe
redundantvariablesintheoriginalspectraandperformdata
dimensionalityreduction,andtheotherwastoselectthevari-
ablesthatcontributedmoretoeachcomponentbytheirload-
ings.AerscreeningthespectrabasedonthePCAloadings,the
PLSwasusedformathematicalmodeling,whichdidnot
directlyusetheprincipalcomponentsofthePCAasinput
variablesforPLS.Fig.12and13showthenumberofeach
principalcomponentandtheircumulativecontributiontothe
respectivespectraaerPCAanalysisofLIBSandXRFspectra,
respectively.

(3)Modelevaluation.Theregressionmodelwasusedto
predictthecaloricvalue,ashcontent,volatilematterand
sulfurcontentofcoal.Itsaccuracywasevaluatedbythelinear
correlationcoefficients(R2)andRMSE,whereasitsrepeatability
wasevaluatedbySD.

3 Resultsanddiscussion

Thecalibrationresultsoftheanalysisofthecoalqualityofthe
coalsamplesinthetrainingsetareshowninFig.14.Itcanbe

seenthatthemodelshowsgoodcorrelationbetweenthepre-
dictedvaluesandthestandarddata,andallthevaluesofR2

weregreaterthan0.97.Table1liststheR2andRMSEvaluesof
themodelforsamplesinthetrainingset,theRootMeanSquare
ErrorofPrediction(RMSEP)andSDofthepredictioninthe
validationset,andtheSDspeciedinthenationalstandards.It
wasseenthattheLIBS-XRFanalyzerhadagoodmeasurement
accuracyandstabilityforcoalquality,andtherepeatability
meetsthenationalstandardrequirements.
Toverifytheactualperformanceoftheanalyzer,this

instrumentwaseldtestedinthelaboratoryoftheShanxi
YangguangPowerPlantforthreemonths.Acomparison
betweenthepredictionresultsofthecoalqualityof16newcoal
samplesandthestandarddataisshowninFig.15.Itcanbe
seenthattheaverageSDsofcaloricvalue,ashcontent,volatile
matterandsulfurcontentofthisinstrumentwere0.11MJkg−1,
0.49%,0.15%and0.09%,respectively,whichmeettheactual
requirementsofpowerplants.

4 Conclusions

Inthiswork,wedevelopedanLIBS-XRFcoalqualityanalyzer
basedonthehighlystableXRFassistedLIBSanalysismethod,
whichconsistsofanLIBSmodule,anXRFmodule,asample
deliverymodule,acontrolmoduleandoperatingsoware.The
analysisalgorithmincludesspectralpretreatment,PCAandPLS
modeling.The instrumentwas applied in the Shanxi

Fig.15 Comparisonbetweenthepredictedresultsof(a)calorificvalue,(b)ashcontent,(c)volatilematterand(d)sulfurcontentof16newcoal
samplesandthestandarddata.
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YangguangPowerPlantforindustrialtestingandperformance
evaluation,andthepredictionmodelsusedforcoalquality
analysiswereestablishedbyusingthespectraofhundredsof
coalsamples.ThetestresultsshowedthattheRMSEPsofthe
caloricvalue,ashcontent,volatilematterandsulfurcontentof
coalwere0.62MJkg−1,1.46%,0.23%and0.19%,respectively,
andtheaverageSDswere0.11MJkg−1,0.49%,0.15% and
0.09%,respectively.Themeasurementrepeatabilitymeetsthe
requirementsofnationalstandards.Next,theonlineanalysis
system willbefurtherdevelopedincombinationwiththe
sampler,crusher,grinder,andsoon,tomonitorthecoalquality
ontheconveyorbeltinrealtime.
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