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~(57)Abstract:Amethodforoperatingapumpedthermalenergystorage(PIES)systemincludescirculatingaworkingfluidthrougha 
Inworkingfluidcircuittheworkingfluidhavingamassflowrateandaspecificheatcapacityandbalancingaproductofthemassandthe 
(1 -specificheatcapacityoftheworkingfluidonahigh-pressuresideofarecuperatorandalowsideoftherecuperatorastheworkingfluid 
%~t%% circulatesthroughtheworkingfluidcircuit.ThePTESsystemincludesabypassintheworkingfluidcircuitbywhichafirstportion 
Cl 
Cloftheworkingfluidbypassesthehigh-pressuresideoftherecuperatorwhileasecondportionoftheworkingfluidcirculatesthrough 
0thehigh-pressuresideoftherecuperator.  
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THREERESERVOIRELECTRICTHERMALENERGYSTORAGESYSTEM 

CROSS-REFERENCETORELATEDAPPLICATIONS 

[001] Thhsapplhcationclaimsprioritytoco-pendingU.S.ProwAppi.No.63/123,266 
entitled"3~ReservoirETESSystem"7 filedDecember*8 I 

2020,inthenameofTimothyHeld 

andU.S.Non-ProvisionalPatentApplicationNo.17/54Q963filedonDecember9,2021.  

Thisapplicationisincorporatedhereinbyreferenceinitsentiretyforallpurposes7 

includingtherightofpriorityasifsetforthverbatimherein.  

TECHNICALFIELD 

[002] Thispresentdisclosureisdirectedtoanelectricthermalenergystorage("ETES") 

systemandmoreparticularlytoacarbondioxide("002")-basedpumpedthermalenergy 

storage("PTES")system.  

BACKGROUND 

[003] PTESsystems sometimesalsoknownaselectro-thermalenergystorage 

systemsareusedtostoreandre-generateenergy.PTESsystemsgenerallyusea 

configurablethermodynamiccyclewherethermalenergyistransferredbetweenahigh

temperaturereservoirandalow-temperaturereservoirviaworkingfluidinaworkingfluid 

circuit.Initssimplestversion7 aPTESconsistsofathermodynamiccyclethatoperates 

asaheatpumpinonedirectionofthermalandfluidflowandoperatesasaheatengine 

intheoppositedirectionofthermalandfluidflowwherethermalenergyistransferred 

betweentworeservoirsoneathightemperatureandtheotheratlowtemperatureas 

showninFIG.IA.TheoperationofaPTEScanbebroadlydescribedasincludinga 

"chargingphaseanda"generatingphase.  

2 
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[004] Duringthe"charging"phaseofoperationthermalenergyisupgradedfromalow

temperaturereservoir("LTR")toahigh-temperaturereservoir("HTR")byusingtheheat 

pumpcycleinthenominallyforwarddirection.Duringthisprocessanelectricalmotoris 

usedtodriveagascompressorwhichincreasestheworkingfluidpressureand 

temperature.Thethermalenergycontainedintheworkingfluidistransferredtothehigh

temperaturereservoir("HTR")byusinganindirectheatexchanger.Furtherthermal 

energyistransferredfromtheworkngfluiddownstreamoftheindirectheatexchangerto 

thefluidupstreamofthegascompressorinarecuperatorheatexchanger.Thefluidis 

thenexpandedthroughaturbinewhichproducesshaftworkthatisusedtohelpdrivethe 

compressor.Theworkingfluidattheturbineexitislowerpressure.andmuchlower 

temperature.Heatistransferredfromthelow-temperaturereservoir("LTFR")tothe 
r 

workingfluidwhichbringsitbacktotheinitialstateatthecompressorinlet.  
I' [005] Duringthegenerating"phaseofoperation.thedirectionsoffluidandheatflows 

arereversed.ThefluidexitingtheLTRiscompressedbutnowthecompressor"inlet 

andoutlettemperaturesaremuchlower infact.forthecarbondioxide(G02)-based 

versionofthesystemthefluidmaybeattheliquidstate.andthusthecompressoKis 

actuallyapump.Thefluidisthenheatedtoarelativelyhigh-temperaturebytheHTRand 

expandedthroughaturbineproducingshaftwork.Thisturbineworknowexceedsthe 

compressorworkandtheexcessisconvertedtoelectricalpowerbyageneratorandfed 

transferredtotheworkingfluidupstreamoftheHTRintherecuperatorheatexchanger.  

SUMMARY 

[006] Thetechniquedisclosedhereinreducestheimpactoftheheatcapacitymismatch 

acrossarecuperatorandtherebyavoidthelostexergyassociatedwithatemperature

heattransferred("TQ")slopemismatchdescribedbelow.Thepresentlydisclosed 

techniquealsomarkedlyimprovescycleperformance.Asusedherein,"exergy"isthe 

maximumusefulworkpossibleduringaprocessthatbringsthesystemr equilibrium 

withaheatreservoir.  

3 

backintotheelectricalgrid.Residualthermalenergyattheturbinedischargeis
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[007] Thepresentlydisclosedtechniqueincludesamethodandanapparatus.Amethod 

foroperatingapumpedthermalenergystorage("PTES")systemincludescirculatinga 
U 

workingfluidthroughaworkingfluidcircuittheworkingfluidhavingamassflowrateand 

aspecificheatcapacityandbalancingaproductofthemassandthespecificheat 

capacityoftheworkingfluidonahigh-pressuresideofarecuperatarandalawsideof 

therecuperatorastheworkingfluidcirculatesthroughtheworkingfluidcircuit.ThePTES 

system~ncIudesabypasshntheworkingfIu~dcircuitbywhichafirstportionoftheworking 

fluidbypassesthehigh-pressuresideoftherecuperatorwhileasecondportionofthe 

workingfluidcirculatesthroughthehigh-pressuresideoftherecuperator.  

BRIEFDESCRIPTIONOFTHEDRAWINGS 

[008] Thepresentdisclosureisbestunderstoodfromthefollowingdetaileddescription 

whenreadwiththeaccompanyingFigures.Itisemphasizedthatinaccordancewiththe 

standardpracticeintheindustryvariousfeaturesarenotdrawntoscale.Infactthe 

dimensionsofthevariousfeaturesmaybearbitrarilyincreasedorreducedforclarityof 

discussion.  

[009] FIG.IAisaprocessflowdiagramforapriorartPTESsystemduringacharging 

[010] FIG.IBisaprocessflowdiagramforapriorartPTESsystemduringagenerating 

phaseofaPTESoperationalcycle.  

[011] FIG.2isapressure-enthalpydiagramforbaselinePTEScycleincludingnumbers 

inboxesthatarestatepointsforthegeneratingphaseforthepriorPTESsystemofFIG.  

IA-FIG.lB.  

[012] FIG.3isatemperature-heattransferred("TO")plotforthebaselinePTEScycleof 

FIGr2iflthePTESsystemofFIG.IA-FIG.lB.  

[013] FIG.4AisaprocessflowdiagramforaPTESsystemduringachargingphaseof 

aPTESoperationalcycleinaccordancewithoneormoreembodiments.  

4 

phaseofaPTESoperationalcycle.
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[014] FIG.4BisaprocessflowdiagramforaPTESsystemduringageneratingphase 

ofaPTESoperationalcycleinaccordancewithoneormoreembodiments.  

[015] FIG.5hllustratesoneparticularexampleofacontrolsystembywhichtheworking 

fluidcircuitofFIG.4A-FIG.4BmaybeconfiguredforthechargingphaseshowninFIG.  

4AandthegeneratingphaseshowninFIG.4B.  

[016] FIG.6A~FIG.6FillustrateseveralimplementathonsofthethermalreservoirsofFIG.  

4A-FIG.4Basmaybefoundinvariousembodiments.  

DETAILEDDESCRIPTION 

1~ 

[017] Onemetrtofoverallcycleperformance~sthe"round-tripefficiency("RTE").This 

parameterdefinestheamountofelectricalenergy(kWh)thatcanbeproducedduringthe 

generatingphasedividedbytheamountofelectricalenergythatwasconsumedduring 

thechargingphase.TheotherkeyperFormanceparameterissystemcapitalcostI which 

canbedefinedintermsofgeneratingcapacityorintermsofstoragecapacity.  

[018] FIG.IAandFIG.IBillustrateapriorartPTESsystemI00withaPTESoperating 

cyclewhosepressure-enthalpydiagramisshowninFIG.2.Workingfluidstatesindicated 

inFIG.2inboxesareindicatedinFIG.1ATIG~lBiflcircles.Thustheoperatingstates 

thepressure-enthalpydiagramofFIG.2totheprocessflowdiagramsofFIG.IA-FIG.  

IB.FIG.IAillustratesachargingphaseoftheoperatingcyclewhileFIG.IBillustratesa 

generatingphaseoftheoperatingcycle. Inthefollowingdiscussionsandthe 

accornpanyhngdrawingsthenomenclaturesetforthinTableIshallbeused.  

__________ TableI~Nomenclature 
Acron m Meanin 

ACG Air-cooled cooler 
HTR High-temperature reservoir 
HTX High-temperaturereservoirtoC02heat 

_________exchanger 
LPT Low-pressure turbine 
LW Low-temperature reservoir 

5 

atvariouspointsentheoperationalcycleofthePTESsystemI00canbemappedfrom
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LTX Low-temperaturereservoirto002heat __________exchanger 
MW Medium~temperature reservoir 
MTX Medium-temperaturereservoirto002heat 

_________exchanger 
PFD Process flow diagram 

PTES Pumped thermal energy storage 
ROX Recuperator heat exchanger 
FRTE Round-trip efficiency 

[019] ThePTESsystem100includesaworkingfiu~dcircuit103aHTR106,aLTR109 

andarecuperatorROX.TheconfigurationoftheworkingfluidcircuitI03dependsinpart 

onwhetherthePTESsystemI00isinthechargingphaseorthegeneratingphaseofthe 

operationalcycle.Asthoseinthearthavingthebenefitofthisdisclosurewillappreciate 

theconfigurationisgenerallyafunctionofprogrammedcontroloffluidflowvalves.Thus 

inthechargingphasesomecomponentsoftheworkingfluidcircuitI03areswitchedin 

andsomeareswitchedoutbycontrollingtheflowoftheworkingfluidthroughtheworking 

fluidcircuitI03.Similarlyinthegeneratingphaseothercomponentsmaybeswitchedin 

andothercomponentsoutagainbycontrollingtheflowoftheworkingfluidthroughthe 

workingfluidcircuit103.Thefluidflowvalvesandcontroller(s)thereforeareomittedin 

FIG.IA-FIG.IBforthesakeofclarity.  

[020] InthechargingphaseasshowninFIG.IAtheworkingfluidcircuit103includes 

recuperatorRGXandtheexpanderII5.TheexpanderII5isusedforexpansion 

processesinwhichtheworkingfluidisexpanded.ThechargecompressorI12isused 

forcompressionprocessesinwhichtheworkingfluidiscompressed.Inthegenerating 

phaseshowninFIG.IBtheworkingfluidcircuitI03includesapumpII8for 

compressionprocesses.Similarlytheworkingfluidcircuit103includesapowerturbine 

121inthegeneratingphase.Furthermore.theworkingfluidcircuit103omitstheair

cooledcoolerACCIfromthechargingphaseandinthegeneratingphaseincludesan 

air-cooledcoolerACC2.Theair-cooledcoolerACC2ispositionedbetweentheLTRI09 

andtherecuperatorRCX.  

[021] Inthepresentlyused .9 high-temperatureand"Iow-temperatureare 

relativetooneanother-thatistheHTRoperatesattemperatureshigherthanthe 

6 

anexpanderII5,achargecompressorII2,andanair-cooledcoolerACCIbetweenthe
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temperaturesatwhichtheLTRoperates.Theterms"hot"and"cold"areusedrelativeto 

oneanother.ForinstancetheHTFR106mayoperateattemperaturesrangingfrom100 

to34~CandtheLTRI09mayoperateattemperaturesrangingfrom-2to2 0 Cdepending 

ontheembodiment.  

[022] InthechargingphaseshowninFIG.IAheattransfersfromtheLW109tothe 

workingfluidandheattransfersfromtheworkingfluidtotheHTRI06,respectively.In 

thegeneratingphaseshowninFIG.IBheattransferoccursintheoppositedirection.  

HeattransfersfromtheworkingfluhdtotheLTRI09andheattransferstotheworking 

fluidfromtheHTR106,respecHvely.  

[023] Unlikeatraditionalheatengineinatheoreticalidealcyclewith100%efficient 

turbomachinerynopressurelossesandperfectlymatchedtemperaturesthroughthe 

heatexchangerstheRTEofthePTESprocessis100%.Inpracticethermodynamic 

irreversibilitiespressurelossesandfinitetemperatureapproachesthroughtheheat 

exchangersresultinlowerRTEvalues.Forthechargingphaseofthebaselinecycle 

depictedinFIG.IAusingcarbondioxide("002")andareasonablesetofefficiency 

valuesetc.,onecancalculateanRTEof50-55%.  

[024] Thermodynamic irreversibilities for example, can introduce inefficiency.  

Thermodynamicallyidealcompressionandexpansionprocessesaredescribedas 

representedbythediagonallines-forexamplefromState4to5inthegeneratingphase.  

Theterm"isentropicreferstoaconstantentropyprocess.Inthenon-idealcaseshown 

thecompressionprocessisnon-isentropicthusshowingashallowerslopewhen 

hncreasingpressurethandoesthecorrespondinggenerationexpansionprocess.Dueto 

theseirreversibilitiesthecompressionprocessconsumesmoreworkthantheexpansion 

processreturns.  

[025] Inefficiencyisalsoincurredincirculatingtheworkingfluid.Thepressurelosses 

duringtheheatadditionandrejectionprocesses(e.g.,State7toStateIinthegenerating 

process)representworklostincirculatingfluidthroughtheheatexchangersandpiping.  

Thusthebasicactofcirculatingtheworkingfluiditselfcausesinefficiencies.  

7 
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[026] Furthermorefinitetemperaturedifferencesbetweentheworkingfluidandthe 

thermalstoragemediaarerequiredtodriveheattransferbetweenthetwomaterials.  

Becausethedirectionofheattransferreversesbetweenthechargingphaseandthe 

generatingphase.andbecausethereservoirmaterialtemperaturesarefixedtheworking 

fluidtemperaturesduringchargingneedtobehigherthantheHTRandlowerthanthe 

HTRwhileduringgeneratingtheyneedtobelowerthantheHTFRandhigherthanthe 

HTREThesetemperaturedifferentialsrepresentlostthermodynamicpotentialwhich 

reducetheround-tripefficiencyofthesystem.  

[027] StillfurtherthePTESsystemI00utilizesinternalheattransferalsoknownas 

recuperation".ThisprocessisrepresentedinthePTESsystemI00bytherecuperator 

ROX.Recuperationisusedtoelevatethetemperatureoftheworkingfluidenteringthe 

compressorI12duringthechargecyclewhilealsoloweringthetemperatureofthe 

workingfluidenteringthepowerturbineII5.Converselyduringthegenerationcyclethe 

PTESsystemI00usesrecuperationtopreheattheworkingfluidbeforeenteringtheHTR 

I06byextractingresidualheatfromtheturbineI21exhaust.  

[028] TheheattransferbetweentheworkingfluidandtheLWI09andtheworkingfluid 

andtheHTRI06occursthroughaheatexchangeroftherespectivethermalreservoir.  

Theheatexchangerisnotshownforthesakeofclarity.Theheattransferprocessthrough 

aheatexchangercanbeillustratedinatemperature-heattransferredplotalsoknownas 

[029] FIG.3isatemperature-heattransferred("TQ")plotforthebaselinePTEScycleof 

FIG.2inthePTESsystem100ofFIG.IA-FIG.IB.TheTQplotofFIG.3showshowthe 

fluidtemperaturedecreases/increasesasheatistransferredwhentheworkingfluid 

pressureishigh(curve402)andwhentheworkingfluidpressureislow(curve404).The 

slopeoftheTQcurvescanbeshowntobeproportionaltotheinverseoftheproductof 

thefluidmassflowrateandspecificheatcapacity.TheworkingfluidforthePTESsystem 

100inFIG.IA-FIG.lBisC02.  

[030] Inthebaselineversionofthecycletheworkingfluidflowratethroughbothsides 

oftherecuperatorFRCXisthesame.Inthethermodynamicallyidealcasethespecific 

heatcapacityoftheworkingfluidwouldbethesameonbothsidesoftherecuperator 

8 

a"TOplot".
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RCX.InthatsituationthetwoTOcurves402,404wouldbeparallel.Astheheat 

exchangerconductanceQUA")increasedthetwocurveswouldapproacheachother, 

andatthelimitofinfiniteUAwouldoverlayeachother.  

[031] Howeversomeworkingfluidsincluding002,havespecificheatcapacity 

propertiesthatvarywithpressureaswellastemperature.Sincethetwosidesoftheheat 

exchangerareatdifferentpressurestheTQcurvesarenolongerparallel.butexhibita 
U "pinch"behavioratoneoftheheatexchangerends".Eventhoughtheamountofheat 

lostbythehotstreamisthesameastheamount U 

gainedbythecoldstreamthe 

temperatureofthehotstreamexitingtheheatexchangerishigherthanthetemperature 

ofhotstreamentering.Thistemperaturedifferentialrepresentsalost"thermodynamic 

potentialvalue"andreducessystemperFormance(amorerigorousanalysiscanbe 

performedusingthermodynamicexergydestructioncalculationmethodstoarriveatthe 

sameconclusion).Inthiscasetheexcesstemperatureofthefluidleavingthehigh

pressureendoftherecuperatorrequiresexternalheatrejectiontotheenvironmentto 

achieveanearlyfullyliquidstateattheexpanderoutlet.Thisheatlosthasadirectr 

oncycleperformance.  

[032] Asmentionedabovethepresentlydisclosedtechniquereducesthempactof 

specificheatcapacitymismatchacrosstherecuperatortoavoidthelostexergy 

associatedwiththeTQslopemismatchandtherebyimprovecycleperformance 

capacityfluidisreducedsuchthattheproduct("mc~Y)ofthemass("in")andthespecific 

heatcapacity("Cp")hsthesameonbothsidesoftherecuperator.Inthesupercdtical 

carbondioxide("sC02")powercycleknownasthere-compressionBraytoncycle("RCB 

cycle"),thhsisaccomplishedbyintentionallybypassingpartoftheC02flowaroundthe 

high-pressuresideofthelow-temperaturerecuperatorusingasecond"bypass 

compressor. HoweverbecausethePTEScycleoperatesatconsiderablylower 
'I temperaturesthandoestheROBcyclethisoptionisnotavailableasitwouldrequire 

compressionfromatwo-phaseflowinlet.  

[033] Insteadduringthechargingphasethepresentlydisclosedtechniqueaddsaflow 
r 

pathparalleltothehigh-pressuresideoftherecuperator.Approximately40%ofthehigh

9 

markedly.inordertomatchtheTQcurveslopesthemassflowrateofthehigh-heat
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pressure002flowbypassesthehigh-pressuresideoftherecuperatorandtransfersits 

heattoathirdheattransfermedium(the"medium-temperaturereservoir",orMTR").The 
U 5 

remainingapproximately60%oftheflowproceedsthroughtherecuperator.Nowthe 

productofthemassandthespecificheatcapacityofbothsidesoftherecuperatoris 

nearlyidenticalthuspermittingamuchcloserapproachtemperaturebetweenthefluids.  

Thetwoflowsarethenrecombinedpriortopassingthroughtheexpander.Theheat 

extractedfromthefirst40%ofthehigh-pressureC02istransferredtoathermalstorage 

medium.  

[034] DurIngthegenerationcycletheprocessisreversed.Approximately60%ofthe 

002flowissplitfromthepumpdischargeanditstemperatureincreasedbytransferring 

heatfromtheMTRmedium.TheremainderoftheC02passesthroughthehigh-pressure 

sideoftherecuperatortransferringheatfromtherecuperator.Theflowsrecombineprior 

tobeingfurtherheatedbythehigh-temperaturereservoirmaterial.  

[035] Thereducedexergydestructionresultsinsubstantialimprovementinsystem 

performance.Withcomparablehigh-temperatureandlow-temperaturereservoirsand 

otherpressuretemperatureandheatexchangerareaconstraintsthenewcycleresults 

hneightpointshigherround-trhpeffichency("RTE"),increasingfromapproximately52%to 

60%.italsoenablestheeliminationofthechargingphaseACCE 

generatingphase respectivelyofanoperationalcycleforaPTESsystem400in 

accordancewithoneormoreembodimentsofthepresentlydisclosedtechnique.  

ReferringcollectivelytoFIG. 4AandFIG.4BthePTESsystem400includesa 

configurableworkingfluidcircuit403,ahigh-temperaturereservoir("HTR")406,alow

temperaturereservoir("LTR")409,andamedium-temperaturereservoir("MTR")412.  

ThePTESsystem400maybecharacterizedasa"threereservoirsystembecausethere 

arethreereservoirs-theHTR406,theLTR409andtheMTFR412.  

[037] TheHTFt406issocalledbecauseitoperatesattemperatureshigherthanthose 

atwhichtheLTR409andtheM~412operate.SimilarlytheLTR409operatesat 

temperatureslowerthanthoseatwhichtheHTR406andtheMTFR412operate.TheMTR 

412operatesattemperaturesintermediatethoseatwhichtheHTR406andtheLTR409 

10 

[036] TurningagaintothedrawingsFIG.4A~FIG.4Billustrateachargingphaseanda
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'I 

operate.ThusrelativetothereservoirsHTR406LTR409,andMTR412,theterms 

"high","medium and"low describetherelativetemperaturesatwhichthethree 
E 

reservoirsHTR406,LTR409andMTR412operate.  

[038] EachofthethermalreservoirsHTR406,LTR409,andMTR412includeathermal 

storagemediumnotseparatelyshown.Intheillustratedembodimentthethermalstorage 

mediaaresandliquidwaterandawater/icemixturefortheHTR406,M~412,andLTR 

409.respectively.However.thethermalstoragemediummaybeanysuitablethermal 

storagemediumandalternativeembodimentsmayusealternativethermalstorage 

media.EachofthethermalreservoirsHTR406,MTR412,andLW409mayincludeheat 

exchangerspipingpumpsvalvesandothercontrolsnotseparatelyshowntotransfer 

heatbetweenthethermalstoragemediaandtheworkingfluidduringoperationofthe 

PTESsystem400.  

[039] ForexamplehntheillustratedembodimentofFIG.4A-FIG.4BtheHTR406may 

bewhatisknownasathree-tanksystemsuchasthethree-tanksystem600shownin 

FIG.6A.Ina3-tanksystem.duringthechargingprocesstheworkingfluidentersafirst 

heatexchangerHTXII whereittransfersheattoathermalreservoirmedium.Itthen 

entersasecondheatexchangerHTX2.wherehttransfersadditionalheattoasecond 

thermalreservoirmaterial.Thethermalreservoirmediumistransportedfromafirsttank 

HTRctothesecondheatexchangerHTX2whereit m heatfromtheworkingfluid.  

i 

temperatureismixedwiththethermalreservoirmaterial.Themixedthermalreservoir 

materialisthentransportedtothefirstheatexchangerHTXI~wherehtreceivesheatfrom 

theworkingfluidandisthenstoredinathirdtankHTRhP 

[040] Duringthegeneratingprocessthedirectionsofflowarereversed.Workingfluid 

firstentersasecondheatexchangerHTX2whereitreceivesheatfromathermal 

reservoirmedium.TheworkingfluidthenentersafirstheatexchangerHTXI, whereit 

receivesadd~tionaIheatfromthethermalreservoirmedium.Thermalreservoirmedium~s 

transportedfromathirdtankHTRhtothefirstheatexchangerHTXIwhereittransfers 

heattotheworkingflUhd.Thecooledthermalreservoirmediumisthensplitintoafirst 

portionandasecondportion.Thefirstportionofthermalreservoirmaterialisstoredina 

11 

AdditionalthermalreservokmaterialisstoredinasecondtankHTRrnatanr
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secondtankHTRrn.Thesecondportionofthermal 'I 

reservoirmaterialistransportedtothe 

secondheatexchangerHTX2whereittransfersadditionalheattotheworkingfluid.The 

cooledsecondportionofthermalreservoirmaterialisstoredinafirsttankHTRc.  

[041] SimilarlyintheillustratedembodimentofFIG.4A~FIG.4BtheMW412andthe 

LTR409maybeimplementedinatwo-tanksystemsuchasthetwo-tanksystem603 

showninFIG.6B.Inatwo-tankthermalreservoirduringthechargingprocessthe 

workingfluidentersaheatexchangerandtransfersheattoathermalreservoirmediumhi 

whichcouldbealiquidsuchasoilwaterormoltensaltoraflowinggranularmedium 

suchassihcasandorsinteredbauxite.Thethermalreservoirmediumistransportedfrom 

afirsttankHTRctotheheatexchangerwhereitreceivesheatfromtheworkingfluidand 

thenisstoredinasecondtankHTFRh.  

[042] Duringthegeneratingprocessthedirectionoffluidflowisreversed.Workingfluid 

entersaheatexchangerandrecehvedheatfromathermalreservoirmedium.Thethermal 

reservoirmediumistransportedfromasecondtankHTRhtoaheatexchangerwhereit 

transfersheattotheworkingflUId.Thecoaledthermaltransportmediumisthenstoredin 

thefirsttankHTRc.  

[043] Othertypesoftanksystemsmaybeusedinalternativeembodiments.Onesuch 

tanksystemisasolidthermoclinereservoir606,showninFIG.6G.Inathermocline 

thermalreservoirduringthechargingprocessworkingfluidentersarelativelylower 

temperaturethermalstoragemedium.Thethermalstoragemediumisgenerallyasolid

phasematerialthroughwhichtheworkingfluidmayfloweitherthroughporesinthe 

thermalstoragemediumorthroughembeddedtubesorpipes(notshown)withinthe 

thermalstoragemedium 5 Astheworkingfluidflowsthroughthethermalstorage 

mediumheatistransferredfromtheworkingfluidtothethermalstoragemedium.raising 

itstemperature.Theworkingfluid~scooledtoalowertemperatureandexitsthethermal 
m 

reservoir.  

[044] Duringthegeneratingprocessthedirectionofworkingfluidflowisreversed.  

Relativelylowertemperatureworkingfluidenterstheheatedthermalstoragemedium.  

Heatistransferredfromthethermalstoragemediumloweringitstemperaturetothe 
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workingfluidraisingitstemperature.Theheatedworkingfluidthenexitsthethermal 
h 

reservoir.  

[045] Anotheralternativetanksystemisathermocline609withathermaltransferfluid 

("TTF")loopshowninFIG.6D.Alternativelyduringthechargingprocesstheworking 

fluidcantransferheatinaheatexchangertoafluidthermaltransfermediumsuchasoil 

waterorair.Thethermaltransfermediumcanthentransferheattoathermalstorage 

mediumbyflowingthroughthethermalstoragemedium.Thecooledthermaltransferfiuld 

isthentransportedtotheheatexchangerwhereitisreheatedbytheworkingfluid.During 

thegeneratingprocessthedirectionsofworkingfluidandthermaltransferfluidare 

reversed~ 

[046] Therearealsoone-tankthermoclinestoragesystemssuchastheone-tank 

thermoclinestoragesystem612inFIG.GE.Inaone-tankthermoclinereservoirduring 

thechargingprocessworkingfluidentersaheatexchangerwhereittransfersheattoa 

thermaltransferfluid.Theheatedthermaltransferfluidistransportedtothetopofatank 

whereitslowerfluiddensityresultsinthermalstratificationwiththehigher-temperature 

fluidremaininginanupperlayer.Colderthermaltransferfluidiswithdrawnfromthe 

bottomofthetankandistransportedtotheheatexchanger.  

[047] Duringthegeneratingprocessthedirectionsofflowarereversed.Relatively 

exchangerwhereitheatstheworkingfluid.Thecooledthermaltransferfluidis 

transportedtothebottomofthetankwhereitremainsthermalIy~stratifiedandseparated 

fromthehighertemperaturethermaltransferfluid.  

[048] EmbeddedheattransfersurFacesystemssuchasthesystem615showninFIG.  

GFarealsoknown.Inanembeddedheattransfersurfacethermalreservoirworkingfluid 

istransportedthroughaseriesoftubespipesorotherfluidchannelsthatareimmersed 

inarelativelyuniformtemperaturethermalstoragemedium.Inthisexamplethethermal 

storagemediumcanbewateroranotherfluidthatisnearitsfreezingpointandthe 
U r workingfluidcanbealiquidthatisnearitsboilingpointoraliquid/vapormixtureatits 

boilingpointtemperature.Duringtheheattransferprocessheatistransferredfromthe 

workingfluidtothethermalstoragemediumcausingtheworkingfluidtoboilatconstant 
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temperaturewhilethethermalstoragemediumfreezesfromaliquidtoaSOlid.The 

workingfluidexitsthethermalreservoirasavaporatorslightlyinexcessofitsboiling 

point 

[049] DurIngthegeneratingprocessthedirectionofworkingfluidflowisreversed.The 

workingfluidentersatapressuresuchthattheboilingpointoftheworkingfluidisslightly 

abovethefreezing pointofthethermalstoragemedium.Heatistransferredfromthe 

workingfluidtothethermalstoragemediumcondensingtheworkingfluidtoaliquidstate, 

andmeltingthethermalstoragemediumtoaliquidstate.  

E 

[050] OneormoreofthetanksystemsshowninFIG.6ATiG.6Emaybeusedto 
implementtheHTR406MW412andLTR409invariousalternativeembodiments 

I 

dependingonimplementationspecificconsiderations.Howeverthelistisneither 

exhaustivenorexclusive.Stillothertanksystemdesignsmayalsobeused.  

[051] ReferringagaintoFIG.4A-FIG.4Balsocommontotheconfigurableworkingfluid 

5 403inthe chargingphaseandthegeneratingphaseisabypass415.Thebypass 

415includesaMTR412.Asmentionedaboveandaswillbediscussedfurtherbelowthe 

bypass415permitsaportionoftheworkingfluidtobypassthehigh-pressuresideofthe 

recuperatorRGX.  

[052] FIG.4AparticularlyillustratesthechargingphaseofthePTESoperatingcycle.In 

andachargecompressor421.Intheillustratedembodimenttheworkingfluidis002.  

Alternativeembodimentsmayuse N workingfluidsasareknowntotheart.The 

followingdiscussionofthechargingphaseistobeconsideredinconjunctionwith 

operatingconditionssetforthinTable2.Thoseinthearthavingthebenefitofthis 
disclosurewill that values Table areU 

apprecaae e seor in I ~partafunctionofthe 

factthattheworkingfluidis002.Adifferentimplementationoftheworkingfluidmayyield 

differentvaluesfortheoperatingconditionsinTable2.  

[053] Alsointhefollowingdiscussionthestateoftheworkingfluidatanygivenpointin 

theworkingfluidcircuit403duringthechargingphaseinFIG.4Aisshownasanumeral 

inacircle.ThusthefirststateorstateI, isshownasthenumeralIinacircleinFIG.  

4kThiscanthenbemappedbackintoTable2forafullercharacterizationofthestate.  

14 
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________________ Table 2. Charging Phase OperatingConditions ____________ 

State Out In H P T S w 
_________________________ (kJ/kg) (MPa) (~G) (kJ/kg/K) (kg/sec) 

1 RCXI Cornpr 568~91 320 114r94 2287 49.53 
2 Compr HTFR 791.45 30r00 362.60 2.326 49a53 
3 HTR SplitI 428.89 29.80 118.22 1.594 49.53 
4 SplitlA RCXh 428~89 29.80 118h22 1~594 28.76 
5 RGXh MMA 196~i4 29.70 1.16 0390 28.76 
6 SplitiB MTR 428.89 2930 118.22 1.594 2017 
7 MTR MIxIB 238.23 29~7O 23.45 1.037 20.77 
8 Mlxi Exp 21319 29.70 1&57 0~953 49.53 
9 Exp LTR 189.36 3.40 -4.34 0.961 49.53 
10 LTR ROXI 43315 330 4.05 1363 49.53 

[054] Thedisclosurehereinreferencesthe"high-pressureside"andthe"low-pressure 

side"oftherecuperatorRGXorthe"RGXh"andtheRCXI"%1 respectively.Inthecharging 

phaseillustratedinFIG.4Athechargecompressor421pressurizestheworkingfluidand 

providesthemotiveforceforcirculatingtheworkingfluidinthechargingphase.The 

expander418expandsordepressurizestheworkingfluid.  

[055] Theportionoftheworkingfluidcircuit403throughwhichtheworkingfluidis 

pressureside"oftheworkingfluidcircuit403.Similarlytheportionoftheworkingfluid 

circuit403throughwhichtheworkingfluidexpandedbytheexpander418circulatesmay 

bereferredtoasthe"low-pressureside"oftheworkingfluidcircuit403.Thusthehigh

pressureside404oftheworkingfluidcircuit403extendsfromtheoutlet422ofthecharge 

compressor421totheinlet419oftheexpander418.Thelow-pressureside405extends 

fromtheoutlet420oftheexpander418totheinlet423ofthechargecompressor421.  

[056] Thehigh-pressuresideoftherecuperatorRCXisthesideoftherecuperatorRCX 

thatinterFaceswiththehigh-pressureside404oftheworkingfluidcircuit403.Inthe 
'I chargingphaseshowninFIG.4AthatwouldbethesideoftherecuperatorRCXdefined 

bytheports426,430bywhichthepressurizedworkingfluidcirculatesthroughthe 

15 

pressurizedbythechargecompressor421circulatesmaybereferredtoasthe"high-



WO2022/125816 PCT/IJS20211062675 

recuperatorRCX.Thelow-pressuresideoftherecuperatorRCXisthesidethatinterFaces 

withthelow-pressureside405oftheworkingfluidcircuit403.Thelow-pressuresideof 

therecuperatorRCXisdefinedbytheports433,436bywhichtheexpandedworking 

fluidcirculatesthroughtherecuperatorROX.  

[057] DuringthechargingphasebeginningattherecuperatorROXtheworkingfluid 

'I therecuperatorRGXandenterschargecompressor421inafirststate.orstateI 

atafirsttemperatureTiandafirstpressurePi.Thechargecompressor421compresses 

theworkingfluidandincreasesthetemperatureandpressureoftheworkingfluid.The 

workingfluidthenleavesthechargecompressor421inasecondstateatasecond 

temperatureT2andasecondpressureP2,thesecondtemperatureandthesecond 

pressurebeinggreaterthanthefirsttemperatureTiandthefirstpressurePi, respectively.  

[058] Theworkingfluidthenentersthehigh-temperaturereservoirHTR406inthe 

secondstateatthesecondtemperatureT2andthesecondpressureP2.IntheHTR406 

heatistransferredfromtheworkingfluidtothethermalstoragemediumintheHTFR406.  

Theheattransferprocessreducesthepressureandthetemperatureoftheworkingfluid 

toathirdstateastheworkingfluidexitstheHTR406atathirdtemperatureTaandathird 

pressureP3.  

[059] Theworkingfluidthenreachesapoint424intheworkingfluhdcircuit403and 

enterstheline427.Thesecondportionenterstheline427inafourthstateatafourth 

temperatureT4andafourthpressureP4.ReferencetoTable2showsthatthefourthstate 
isatthethirdtemperaturearidthethird a' 

pressure-teeT4T3andP4=Pa-butdiffersfrom 
thethirdstatepriortothesplit.Thefourthstatediffersby U 

havingalowermassflowrate 

thandoesthethirdstatealthoughthesecondportionisatthesametemperatureand 
U 

pressureastheworHngfluidinthethirdstate.Thesecondportionthenentersthehigh

pressuresideoftherecuperatorRCXthroughtheport426inthefourthstateatthefourth 

temperatureT4andthefourthpressureP4.  

[060] IntherecuperatorRCX.heatisexchangedbetweenthesecondportionandthe 

circulatingworkingfluidonthelow-pressuresideoftherecuperator.Thisheatexchange 

coolsthesecondportiontoafifthstateinwhichasshowninTable2,thesecondportion 
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isatasignificantlylowerfifthtemperatureT5andaslightlylowerfifthpressureP5.The 

secondportionthenexitstherecuperatorROXonthehigh-pressuresideofthe 

recuperatorROXthroughtheport430inasixthstateatafifthtemperatureT5andafifth 

pressureP5.  

[061] WhilethesecondportioniscirculatingthroughrecuperatorROX.thefirstportion 

entersthebypass415ina N state.ReferencetoTable2showsthatthesixthstate 

differsfromthethirdstatepriortothesplit.Thesixthstatediffersbyhavingalowermass 

flowratethandoesthethirdstatealthoughthesecondportionisatthesametemperature 

andpressureastheworkingfluidinthefourthstate.ThefirstportionthenenterstheMW 

412inthesixthstateatasixthtemperature1%andasixthpressureP6.  

[062] IntheMTR412,heatistransferredbetweenthemedium-temperaturethermal 

reservoirMTR412andthefirstportionoftheworkingflUid.RecallthattheMTFR412 

operatesattemperaturesgreaterthantheLTR409andlessthanthehigh-temperature 

thermalreservoirHTR406.Thefirstportionthenexitsthemedium-temperatureheat 

reservoirMTR412inaseventhstateataseventhtemperatureT7andataseventh 

pressureP7.  

[063] AfterthefirstportionexitstheMTR412intheseventhstateandthesecondportion 

exitstherecuperatorRCXinthefifthstatethefirstandsecondportionscombineata 

andaneighthtemperatureBassetforthinTable2.Thecombinationofthefirstportion 

andthesecondportionortheI;'combinedportion",thenenterstheexpander418inthe 

eighthstateattheeighthpressureP8andtheeighthtemperatureTawhereuponitis 

expandedandcooled.Thecombinedportionoftheworkingfluidexitstheexpander418 

inaninthstateataninthtemperatureT9andaninthpressureP9.  

[064] TheworkingfluidthenenterstheLTR409intheninthstateattheninth 

temperatureBandtheninthpressureP9. IntheLW409,heatistransferredfromthe 

LTFR409totheworkingfluid.NotethattheLTFR409operatesattemperatureslowerthan 

themediumtemperaturethermalreservoirMTR412andthehigh-temperaturethermal 

reservoirHTR406asindicatedinTable2.TheworkingfluidleavestheLTR409ina 

tenthstateatatenthtemperatureTioandatenthpressurePio.  

17 
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[065] UponexitfromtheLTR409,theworkingfluidenterstherecuperatorRCXinthe 

tenthstateatthetenthtemperatureTioandthetenthpressurePmandexitsinthefirst 

stateatthefirsttemperatureTiandthefirstpressureRi.IntherecuperatorROXheatis 

transferredfromtheworkingfluidonthehigh-pressuresidetotheworkingfluidonthe 

IOVWpreSSUresideoftherecuperatorRCX.Table2confirms(1)thetemperaturedropin 

theworkingfluidonthehigh-pressureside404asittransitionsfromthefourthstateto 

thefifthstateand(2)thetemperatureriseintheworkingfluidonthelow-pressureside 

405asittransitionsfromthetenthstatetothefirststate.Theworkingfluidthenbegins 

againthecirculationthroughtheworkingfluidcircuit403discussedimmediatelyabove.  

[066] TurningnowtoFIG.4Btheconfigurationoftheworkingfluidcircuit403inthe 

generatingphaseofthePTESoperationalcycleisshown.Theoperatingconditionsat 

variouspointsintheworkingfluidcircuit403arelistedinTable3.Asdiscussedabove 

theflowdirectionoftheworkingfluidthroughtheworkingfluidcircuit403isreversed 

relativetothatinthechargingphaseoftheoperationalcycle.Notethattheexpander419 
configurationofFIG.4Ahavebeen 

andthechargecompressor421inthechargingphase U 

replacedbyapump450andapowerturbine453.respectively.Ascanbeseenfrom 
t 

comparingstatesIand2inTable3andstates9and10inTable3,thepump450 

pressurizestheworkingfluidandthepowerturbine453depressurizestheworkingfluid.  

[067] Thehigh-pressureside404oftheworkingfluidcircuit403thereforeextends.in 

ofthepowerturbine453.Thelow-pressureside405extendsfromtheoutlet455ofthe 

powerturbine453tothehnlet452ofthepump450.Notethatthehigh-pressureside404 

includesthebypass415,theline427,thepoint425andthepoint424.Thehigh-pressure 

side404oftherecuperatorROXisonceagaindefinedbytheports426,430andthelow

pressureside405oftherecuperatorRCXisonceagaindefinedbytheports433,436.  

18 
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______ Table 3.  

________________ Generating Phase OperatingConditions ____________ 

State Out In H P T S w 
_________________________ (kJ/kg) (MPa) (0C) (kJIkgIK) (kg/see) 

1 LTX Pump 204.69 3.87 ZOO 1.016 79.71 
2 Pump SplitI 234~60 29h23 21~52 1~027 79.71 
3 SplitlA RCXI 234~6O 2923 21a52 1a027 27.12 
4 ROXI MixiA 413.93 29~13 1O9~95 1.558 27.12 
5 SpIhtlB MTR 234.60 29.23 21.52 1.027 52.58 
6 MTR MIxIB 358.20 29.13 83.04 1.408 52.58 
7 Mlxi HTR 37777 29~13 9212 1a460 79.71 
8 HTR PT 747.69 28~93 32750 2.262 79.71 
9 PT RCXh 589.50 4.07 139.10 2.296 79.71 
10 RCXh ACC 528.48 3.97 81.58 2.141 79.71 
11 AGO LTX 45438 &92 20~00 t912 79.71 

[068] BeginningwiththeLTR409,theworkingfluidexitstheLTR409andentersthe 

pump450inafirststateatafirsttemperatureTiandafirstpressurePi.Thepump450 

providesthemotiveforceforcirculationinthegeneratingphase.Theworkingfluidexits 

thepump450inasecondstateatasecondtemperatureT2andasecondpressureP2.  
[069] TheworkingflUid.uponexitingthepump450inthesecondstate.spUtsatthepoint 

4 4 

425intoafirstportionandasecondportion.Notethatinthechargingphaseillustrated 

inFIG.4Athetwoportionsoftheworkingfluidsplitatthepoint424andcombineatthe 

point425.Howeversincetheflowdirectionoftheworkingfluidisreversedinthe 

aridcombineatthepoint424.  

r 
[070] Thesecondportionenterstheline428afterthesplitatthepoint425.Thesecond 

portionenterstheline428inathirdstateatathirdtemperatureT3andathirdpressure 

PS.ReferencetoTable2showsthatthethirdstateisatthesecondtemperatureandthe 

secondpressure-thatisthethirdtemperatureT3andthethirdpressurearethesame 

asthesecondtemperatureandthesecondpressure.Thethirdstateneverthelessdiffers 

fromthesecondstatebyhavingasignificantlylowermassflowratethandoesthesecond 

state.ThesecondportionthencirculatesthroughtherecuperatorRCXfromthehigh

pressureside404thereofenteringthroughtheport430andexitingthroughtheport426.  

ThesecondportionenterstherecuperatorROXinthethirdstateatthethirdtemperature 
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andthethirdpressureandexitsr afourthstateatafourthtemperatureandafourth 

pressure.  

[071] Aftersplittingatthepoint425,thefirstportionottheworkingfluidentersthebypass 

415inafifthstateatafifthtemperatureT5andfifthpressureP5.Thefirstportionenters 

theMTR412inthefifthstateatthefifthtemperatureT5andthefifthpressureP5.Inthe 

MTR412,heatistransferredMTR412fromthemediumtemperaturethermalreservoir 

MTR412tothefirstportion.ThefirstportionthenexitstheMW412inasixthstateata 

sixthtemperatureBandatasixthpressureP6.  

[072] Thefirstportioninthesixthstateandthesecondportioninthefourthstateupon 
U 

leavingtheMTR412andtherecuperatorRCX.respectivelycombineatthepoint424.  

NoteagainthatUInthechargingphaseillustratedinFIG.4A.thetwoportionsofthe 
5 

workingfluidsplitatthepoint424andcombineatthepoint425.Howeversincetheflow 

direclionoftheworkingfluidisreversedinthegeneratingphaserelativetothecharging 

phasethetwoportionssplitatthepoint425andcombineatthepoint424.Thecombined 

portionoftheworkingfluidafterthepoint424isinaseventhstateataseventh 

temperatureT7andaseventhpressureP7.  

[073] Thecombinedportionthenentersthehigh-temperaturereservoirHTR406inthe 

seventhstateattheseventhtemperatureT7andtheseventhpressureP7.inthehigh

r reservoirHTR406tothecombinedportion.Thecombinedportionthenexitsthehigh

temperaturereservoirHTR406inaneighthstateataneighthtemperatureTsandan 

ehghthpressurePs.  

[074] Thecombinedportionoftheworkingfluidthenentersthepowerturbine453inthe 

ninthstateattheeighthtemperatureT8andtheeighthpressureP8.Moreparticularlythe 

combinedportionentersthepowerturbine453fromthehighapressureside404ofthe 

workingfluidcircuit403throughtheinlet454.Thepowerturbine453expandstheworking 

fluidwhichcoolsandreducesthepressureofthecombinedpOrtiOfl.Thecombined 
5 

portionthenexitsthepowerturbine453inaninthstateataninthtemperature1%anda 
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ninthpressureP~.Moreparticularlythecombinedportion U thepowerturbinetothe 

low-pressureside405oftheworkingfluidcircuit403throughtheoutlet455.  

[075] Thecombinedportionthencirculatesthroughthelow-pressuresideofthe 

recuperatorROXviatheports433,436.IntherecuperatorRCXheatisexchanged 

betweenthesecondportionoftheworkingfluidenteringtherecuperatorRCXfromthe 

hhgh-pressuresidethereofasdescribedaboveandthecombinedportionenteringthe 

recuperatorROXfromthelow-pressuresidethereof.Thecombinedportionthenexitsthe 

recuperatorROXinatenthstateatatenthtemperatureTioandatenthpressurePio.The 

combinedportionthenenterstheair-cooledcoolerACCinthetenthstateatthetenth 

temperatureTmandthetenthpressurePie.Theair-cooledcoolerAGOthencoolsthe 

combinedportiontoaneleventhstateataneleventhtemperatureTiiandaneleventh 

pressurePu.  

[076] ThecombinedportionthenenterstheLW409~ntheeleventhstateattheeleventh 

temperatureTiiandtheeleventhpressurePu.IntheLTR409,heatistransferredfrom 

theLTFR409fromthecombinedportiontotheLW409oftheLW409.Thecombined 

portk~nthenleavestheLTR409inthefirststateatthefirsttemperatureandthefirst 

pressuretorecirculatethroughtheworkingfluidcircuit403asjustdiscussed.  

[077] Aswasmentionedabovetheconfigurationoftheworkingfluidcircuit403between 

controlledbyfluidflowvalves.Althoughsuchcontrolsystemsarereadilyknowntothose 

intheartonesuchcontrolsystem500isshowninFIG.5forthesakeofcompleteness.  

Thecontrolsystem500mayincludeapluralityoffluidflowvalves505andacontroller 

510sendingcontrolsignalsoverelectricallines515.  

[078] Thecontroller510includesaprocessor-basedresource520thatmaybefor 
exampleandwithoutlimitationamicrocontroller.amicroprocessor.anApplication 

S S 

SpecificIntegratedCircuit("ASIC"),anElectricallyErasableProgrammableRead-Only 

Memory("EEPROM"),orthelike.Dependingontheimplementationoftheprocessor

basedresourceI thecontroller510mayalsoincludeamemory525encodedwith 

instructions(notshown)executablebytheprocessor-basedresource520toimplement 
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thefunctionalityofthecontroller510.Againdependingontheimplementationofthe 

processor-basedresource520,thememory525maybeapartoftheprocessor-based 

resource520orastand-alonedevice.Forexampletheinstructionsmaybefirmware 

storedinthememoryportionofamicroprocessorortheymaybearoutinestoredina 

stan&alone readenly or random-access memory chip. Similarly, in some 

implementationsoftheprocessor-basedresource520-e.g M anASIC-thememory535 

maybeomittedaltogether.  
[079] ReferringnowcollectivelytoFIG.4A-FIG.4BandFIG.5.acontrollersuchasthe 

* 

controller510maybeusedtoconfiguretheworkingfluidcircuit403betweenthecharging 

phaseasshowninFIG.4AandgeneratingphaseshowninFIG.4B.Thecontroller510 

maysendcontrolsignalstothefluidflowvalves505tocontroltheworkingfluidflow.  

Thustoconfiguretheworkingfluidcircuit403forthechargingphasethecontroller510 

controlsthefluidflowvalves505todirecttheworkingfluidtothechargecompressor421 

andtheexpander418whiledivertingtheworkingfluidawayfromthepowerturbine453 

andthepump450.Converselytoconfiguretheworkingfluidcircuit403forthegenerating 

phasethecontroller510controlsthefluidflowvalves505todirectworkingfluidtothe 

powerturbine453andthepump450whilediverUngtheworkingfIu~dawayfromthe 

chargecompressor421andtheexpander418.  

workingfluidcircuit403includesthebypass415inboththechargingphaseandthe 

operationalphase.Thusthebypass415,includingtheheatexchanger(notshown)of 

theMTR412,isonthehigh-pressuresideoftherecuperatorRCXinbothphases.The 

workingfluhdsplitsbeforeenteringtherecuperatorROXatthepoint424inthecharging 

phaseandatthepoint425inthegeneratingphase.Thefirstportionbypassesthehigh

pressure~sideoftherecuperatorROXthroughthebypass415whilethesecondside 

enterstherecuperatorRCX.Thefirstandsecondportionsthencombineafterthesecond 

portionpassesthroughtherecuperatorFRCXatthepoint425inthechargingphaseand 

atthepoint424inthegeneratingphase.  
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'I [081] Splitsandcombinationsinthehigh-pressureside404oftheworkingfluidcircuit 

402occuratthepoints424,425intheillustratedembodiment.Howeverwhetherthe 

points424,425aresplitpointsorcombinationpointswilldependonwhethertheoperating 

cycleisinthechargingphaseorinthegeneratingphase.Inthechargingphasethepoint 

424isasplitpointandinthegeneratingphaseitisthecombinationpoint.Conversely, 

thepoint425isthecombinationpointinthechargingphaseandthesplittingpointinthe 

generatingphase.Notethatalternativeembodimentsmayhavesplitandcombination 
p pointsinadditiontoorinlieuofthosedisclosedherein.Thisisparticularlytrueinthe 

hi 

pursuitofdesigngoalsunrelatedtoimplementingthetechniquedisclosedherein.  

[082] Theobjectiveistobalancetheproductofthemassandthespecificheatcapacity 

onthelow-pressureside405oftherecuperatorRCXwiththeproductofthemassand 

thespecificheatcapacityonthehigh-pressureside404oftherecuperatorRCX.The 

term"balanced"meansthattheproductofthemassandspecificheatcapacityonboth 

sidesoftherecuperatorRCXareequal.Howeverthismaybedifficulttoachievewith 
LI 

precisioninpracticeforavarietyofreasons.Thusthetwoproductsarebalanced"when 
'I: theyareabout""roughly",orapproximately"equalinthesensethattheyarebothwithin 

somemarginforerrorinwhichtheoperationoftheoverallsystemachievessomedesired 

levelofefficiency.Thedesiredlevelofefficiencymaybeexpressedasarangeofvalues 

[083] Similarlythetermsabout""approximately",etc.relativetoanyquantityinthis 

disclosureN thatsomedeviationfromthestatedquantitymaybetoleratedsolong 

astheactualquantityiswithinsomemarginforerrorinwhichtheoperationoftheoverall 

systemachievessomedesiredlevelofefficiency.Forexampleintheillustrated 

embodimentthefirstportionmaybe40%andthesecondportionmaybe60%ofthe 

totalcombinedworkingfluidaswillbediscussedinmoredetailbelow.Inanygiven 

embodimentemployingC02fortheworkingfluidaprecisesplitintheseproportionsmay 

bedifficulttoachieve.Hencesomedeviationmaybetoleratedsolongastheproportions 

are"about"orapproximately"40%and60%.Thesameistrueofanyotherquantity 

discussedordisclosedherein.  
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U 

[084] Thoseinthearthavingthebenefitofthisdisclosurewillappreciatethatboththe 

massflowrateandthespecificheatcapacityinanygivenembodimentwillbe 

implementation-specificdependingonfactorssuchasforexamplethechoicefor 

implementingtheworkingflUId.Otherfactorssuchastheoperationalrangesofpumps, 

expanderscompressorsetc.mayimpacttheoperatingconditionsfarvariousportionsof 

theworkingfluidcircuit.ThusthevariousquantitiesfortheparametersinTable2and 

Table3maydifferinalternativeembodimentsemployingdifferentsubstancesforthe 

workingfluidorthatimplementcertainequipmentdifferently.  

[085] Asnotedabove.theworkingfluidintheillustratedembodimentisC02.Whenthe 

workingfluidissplitaspreviouslydescribedthefirstportionis40%ofthetotalworking 

fluidandthesecondportion'Iis60%ofthetotalworkingfluid.Thisistrueinboththe 

chargingphaseandinthegeneratingphase.Inalternativeembodimentsusingdifferent 

workingfluidsordifferentmassflowratesthisproportionmaybechangedtomaintainthe 

balanceofthemassflowrateandthespecificheatonboththehigh-pressuresideand 

thelaw-pressuresideoftherecuperatar.  

[086] Accordinglyinafirstembodimentamethodforoperatingapumpedthermal 

energystorage("PTES")system themethodcomprises:circulatingaworkingfluid 

throughaworkingfluidcircuittheworkingfluidhavingamassflowrateandaspecific 

heatcapacity;andbalancingaproductofthemassandthe E 

workingfluidonahigh-pressuresideofarecuperatorandalowsideoftherecuperator 

astheworkingfluidcirculatesthroughtheworkingfluidcircuit.  
[087] Inasecondembodiment.thefirstembodimentbalancestheproductofthemass 

* 

andthespecificheatcapacityoftheworkingfluidonthehigh-pressuresideofthe 

recuperatorandthelowsideoftherecuperatorastheworkingfluidcirculatesthroughthe 

workingfluidcircuitby:splittingtheworkingfluidintoafirstportionandasecondportion 

onthehigh-pressuresideofthe , ypassingthefirstportionaroundthehigh
5 pressuresideoftherecuperator~coolingthefirstportionduringthebypass~circulating 

7 7 

thesecondportionthrougharecuperatorandcombiningthecooledfirstportionwiththe 

secondportionafterthesecondportionexitstherecuperator.  

24 

specificheatcapacityofthe
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[088] Inathirdembodimentthesecondembodimentcoolsthefirstportionduringthe 

bypassbycirculatingtheworkingfluidthroughthebypassandtransferringheatbetween 

theworkingfluidandamediumtemperaturethermalreservoir.Theheattransferincludes 

inachargingphasetransferringheatfromalow-temperaturethermalreservoirtothe 

workingfluidandtransferringheatfromtheworkingfluidtoamedium-temperature 

thermalreservoirandhigh-temperaturethermalreservoirandinageneratingphase7 

transferdngheatfromahigh-temperaturethermalreservoirandamediumtemperature 

thermalreservoir(hot)totheworkingfluidandtransferringheatfromtheworkingfluidto 

alow-temperaturethermalreservoir.  

[089] Inafourthembodimentthesecondembodimentmaybeimplementedsuchthat 

thefirstportionoftheworkingfluidcomprises40%oftheworkingfluid U 

secondportioncomprises60%oftheworkingfluidportion.  

[090] Inafifthembodimentthefirstembodimentmaybe~mpIementedsuchthat 

circulatingtheworkingfluidthroughtheworkingfluidcircuitincludescirculatingcarbon 

dioxide(002),thefirstportionoftheworkingfluidcomprises40%oftheworkingfluid 

portk~nandthesecondportioncomprises60%oftheworkingfluidportion.  

[091] Inasixthembodimentthesecondembodimentmaybeimplementedsuchthat 
r 

circulatingtheworkingfluidthroughtheworkingfluidcircuitincludescirculatingcarbon 

[092] Inaseventhembodimentthefirstembodimentmaybeimplementedsuchthat 

balancingaproductofthemassandthespecificheatcapacityoftheworkingfluidonthe 

high-pressuresideofarecuperatorandthelowsideoftherecuperatorincludesa 

chargingphaseandageneratingphase.Thechargingphaseincludescirculating60%of 

aworkingfluidcomprisedofcarbondioxide(002)throughthehigh-pressuresideofa 

recuperatorandcirculating100%ofaworkingfluidcomprisedofC02throughthelow
r pressuresideoftherecuperator.Thegeneratingphaseincludescirculating60%ofa 

workingfluidcomprisedofC02throughthehigh-pressuresideofarecuperatorand 

circulatingI00%ofaworkingfiWdcomprisedofG02throughthelow-pressuresideofthe 

recuperator.  

25 

dioxide(002).
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[093] Inaneighthembodimentthefirstembodimentmaybeimplementedsuchthat 

balancingtheproductofthemassandthespecificheatcapacityoftheworkingfluidon 

thehigh-pressuresideoftherecuperatorandthelowsideoftherecuperatorasthe 

workingfluidcirculatesthroughtheworkingfluidcircuitincludesreducingthemassflow 

rateonthehigh-pressuresideoftherecuperator.  

[094] Inaninthembodimentthefirstembodimentfurthercomprisesexchangingheat 

betweenthesecondportionoftheworkingfluidonthehigh-pressuresideofthe 

recuperatorandacombinedportionoftheworkingfluidonthelow-pressuresideofthe 

recuperator.  

[095] Inatenthembodimentapumpedthermalenergystorage("PTES")system 

comprisesamediumtemperaturethermalreservoirandaworkingfluidcircuit.The 

workingfluidcircuitincludesarecuperatorhavingahigh-pressuresideandalow

pressuresidetheproductofthemassandthespecificheatcapacityofaworkingfluidis 

balancedonthehigh~pressuresideandtheIowpressuresidewhentheworkingfluid 

circulatesthroughtheworkingfluidcircuit.  

[096] Inaneleventhembodimentthetenthembodimentmaybeimplementedsuchthat 

theworkingfluidiscarbondioxide(002).  

workingfluidcircuitincludesabypassbywhichafirstportionoftheworkingfluidbypasses 

thehigh-pressuresideoftherecuperatorwhileasecondportionoftheworkingfluid 

circulatesthroughthehigh-pressuresideoftherecuperator.  

[098] Inathirteenthembodimenttheeleventhembodimentmaybeimplementedsuch 

thatthebypassincludesaheattransferbetweenthefirstportionandthemedium 
U 

temperaturethermalreservoir.Furthermoretheworkingfluidcircuitfurtherincludes:a 

splitonthehigh-pressuresideoftherecuperatorsplittingtheworkingfluidintothefirst 

portionandthesecondportionthefirstportionbeinglessthanthesecondportionthe 

secondportioncirculatingthroughtherecuperatorfromthehigh-pressuresideofthe 

recuperator:andacombinationpointonthehigh-pressuresideoftherecuperatorwhere 
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thefirstportioncombineswiththesecondportionuponthesecondportionexitingthe 

recuperator.  

[099] Inafourteenthembodimenttheeleventhembodimentmaybeimplementedsuch 

thatthefirstporhonis40%ofthetotalworkingfluidandthesecondportionis60%ofthe 

totalworkingfluid.  

[0100]Inafifteenthembodimenttheeleventhembodimentmaybeimplementedsuch 

thattheworkingfluhdiscarbondioxide(002),thefirstporthonis40%ofthetotalworking 

fluidandthesecondportionis60%ofthetotalworkingfluid.  

[0101]Inasixteenthembodimentthetenthembodimentmaybeimplementedsuchthat 

inoperationheatisexchangedbetweenthesecondportionoftheworkingfluidonthe 

highsideoftherecuperatorandacombinedportionoftheworkingfluidonthelow

pressuresideoftherecuperator.  

[0102]Inaseventeenthembodimentamethodforoperatingapumpedthermalenergy 

storage("PTES")systemincludescirculatingaworkingfluidthroughaworkingfluid 

circuitandreducingamassflowrateoftheworkingfluidonahigh-pressuresideofa 

recuperatortobalanceaproductofthemassandthespecificheatoftheworkingfluidon 

thehigh-pressuresideandaIow~pressuresideoftherecuperatorwhilecirculatingthe 

recuperatorwithafirstportionoftheworkingfluidandcirculatingasecondportionofthe 

workingfluidthroughthehigh-pressuresideoftherecuperator.  

[0103]Inaneighteenthembodimenttheseventeenthembodimentmaybeimplemented 

suchthatbypassingthehigh-pressuresideoftherecuperatorincludes:upontransferring 

heatbetweentheworkingfluidandahigh-temperaturereservoirinachargingphase7 

bypassingthehigh-pressuresideofarecuperatorwithafirstportionoftheworkingfluid 

andtransferringheatfromthefirstportiontoamedium-temperaturereservoirduringthe 

bypasswhileasecondportioncirculatesthroughtherecuperatorthefirstportionbeing 

lessthanthesecondportion'anduponeAtingapumpr ageneratingphasebypassing 

thehigh-pressuresideoftherecuperatorwithathirdportionoftheworkingfluidwhile 
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WO2022/125816 PCT/IJS20211062675 

r transferringheatfromthemedium-temperaturereservoirtothethirdportionduringthe 

bypasswhilecirculatingafourthportionoftheworkingfluidthroughtherecuperator.  

[0104]In a nineteenth embodiment, the seventeenth embodiment may include 

exchangingheatbetweenthesecondportionoftheworkingfluidonthehighsideofthe 

recuperatorandacombinedportionoftheworkingfluidontheIow~pressuresideofthe 

recuperator.  

[0105]Inatwentiethembodimenttheseventeenthembodimentmaybeimplemented 

suchthatreducingthemassflowrateoftheworkingfluidonthehigh-pressuresideofthe 

recuperatortobalancetheproductofthemassandthespecificheatoftheworkingfluid 

onthehigh-pressuresideandthelow-pressuresideoftherecuperatorwhilecirculating 

theworkingfluidfurtherincludes:splittingtheworkingfluidintothefirstportionandthe 

secondportiononthehigh-pressuresideoftherecuperatorthefirstportionbeingless 

thanthesecondportIon'coolingthefirstportionduringthebypas&andcombiningthe 

cooledfirstportionwiththesecondportionafterthesecondportionexitstherecuperator.  

[0106]Inatwentyafirsternbodhrnentthetwentiethernbodhrnentmaybeimplementedsuch 

thatcoolingthefirstportionduringthebypassincludestransferringheatbetweenthe 

workingfluidandamediumtemperaturethermalreservoir.Transferringtheheatmay 

furtherincIude~inachargingphasetransferringheatfromtheworkingfluidtoamedium 

mediumtemperaturethermalreservoirtotheworkingfluid.  

[0107]In a twenty-second embodiment, the seventeenth embodiment may be 

implementedsuchthatcirculatingtheworkingfluidthroughtheworkingfluidcircuit 

includescirculatingcarbondioxide(002).  

[0108]Inatwenty-thirdembodimenttheseventeenthernbodhrnentmaybeimplemented 

suchthatthefirstportionoftheworkingfluidcomprises40%oftheworkingfluidportion 

andthesecondportioncomprises60%oftheworkingfluidportion.  

[0109]Inatwenty-fourthembodimenttheseventeenthembodimentmaybeimplemented 

suchthatcirculatingtheworkingfluidthroughtheworkingfluid'I includescirculating 
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carbondioxide(C02)andthefirstportionoftheworkingfluidcomprises40%ofthe 

workingfluidportionandthesecondportioncomprises60%oftheworkingfluidpOFtiOfl.  

[0110]Inatwenty-fifthembodiment.apumpedthermalenergystorage 
= ystemhj*1* 

U 

comprisesalow-temperaturereservoirahigh-temperaturereservoir amedium

temperaturereservoirandaworkingfluidcircuitconfigurableforachargingphaseanda 

generatingphaseofaPTESoperalingcycleandthroughwhichinuseaworkngfIu~d 

circulates.Theworkingfluidcircuitmayincludearecuperatorwheninthecharging 

phasaanexpanderpositionedbetweentherecuperatorandthelow-temperature 

reservo~raandachargecompressorpositionedbetweenrecuperatorandthehigh
h 

temperatureheatreservoir:andwheninthegeneratingphase:apumppositioned 
betweenrecuperatorandthelow-temperatureheat I 

reservoirandapowerturbine 

positionedbetweenrecuperatorandthehigh-temperatureheatreservoir'andabypass, 

bywhichinboththechargingphaseandthegeneratingphaseafirstportionofthe 

workingfluidbypassesthehigh-pressuresideoftherecuperatorandflowsthroughthe 

medium-temperaturethermalreservoirthemedium-temperaturethermalreservoir 

transferringheatbetweentheworkingfluidandthemedium-temperaturethermal 

reservoirwhileasecondportionoftheworkingfluidcirculatesthroughtherecuperator.  

[0111]Inatwenty-sixthembodimentthetwenty-fifthembodimentmaybeimplemented 

[0112]In a twenty-seventh embodiment, the twenty-fifth embodiment may be 

implementedsuchthatthefirstportionis40%ofthetotalworkingfluidandthesecond 

portionis60%ofthetotalworkingfluid.  

[0113]Inatwentyaeighthembodimentthetwenty4ifthembodimentmaybeimplemented 

suchthattheworkingfluidiscarbondioxide(C02),thefirstportionis40%ofthetotal 

workingfluidandthesecondportionis60%ofthetotalworkingfluid.  

[0114]Inatwenty-ninthembodimentamethodforoperatingapumpedthermalenergy 

storage("PTES")systemthemethodcomprises:circulatingahigh-heatcapacityworking 

fluidthroughaworkingfluidcircuitincludingarecuperator~andreducingamassflowrate 
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oftheworkingfluidonthehigh-pressuresideoftherecuperatorsuchthattheproductof 

massandthespecificheatcapacityisthesameonbothsidesofarecuperator.Reducing 

themassflowratemayincludeinachargingphase:bypassingarecuperatorwithafirst 

portionoftheworkingfluidandtransferringheatfromthefirstportiontoamedium

temperaturereservoirduringthebypasswhilecirculatingasecondportionoftheworking 

fluidthroughtherecuperatorthefirstportionbeingalesserportionoftheworkingfluid 

thanthesecondportioncirculatingasecondportionthroughtherecuperatorwhilethe 

firstportionbypassestherecuperatorandtransferringheatfromthesecondportionwhile 

circulatingthroughtherecuperator~andcirculatingboththefirstportionandthesecond 

portiontogetherthroughanexpanderafterthefirstporHonbypassestherecuperatorand 

thesecondportioncirculatesthroughtherecuperator.Reducingthemassflowratemay 

includeinageneratingphase:bypassingtherecuperatorwithathirdportionofthe 

workingfluidandtransferringheatfromthethirdportiontoamedium-temperature 

reservoirduringthebypasswhilecirculatingafourthportionoftheworkingfluidthrough 
therecuperatorthethirdportionb&ngagreaterportionthanthefourthporHon~circulating 

4 2 

afourthportionthroughtherecuperatorwhilethethirdportionbypassestherecuperator 

andtransferringheattothefourthportionwhilecirculatingthroughthe 7 

recuperatorand 
circulatingboththethirdportionandthefourthportiontogetherthroughahigh

r 

temperaturereservoirafterthethirdportionbypassestherecuperatorandthefourth 

[0115]Inathirtiethembodimentthetwenty-ninthembodimentmaybeimplementedsuch 

thattheworkingfluidhscarbondioxide(C02).  

[0116]Inathirty-firstembodiment.thethirtiethembodimentmaybeimplementedsuch 

thatthefirstportionrepresentsapproximately40%,thesecondportionrepresents 

approximately60%ofthemassflowrateoftheworkingfluidinthechargingphaseand 

thethirdportionrepresentsapproximately40%andthefourthportionrepresents 

approximately60%ofthemassflowrateoftheworkingfluidinthegeneratingphase.  

[0117]Inathirty-secondembodimentthetwenty-ninthembodimentmaybeimplemented 

suchthatthefirstportionrepresentsapproximately40%andthesecond U 
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N r 

representsapproximately60%ofthemassflowrateoftheworkingfluidinthecharging 

phaseandthethirdportionrepresentsapproximately40%andthefourthportion 

representsapproximately60%ofthemassflowrateoftheworkingfluidinthegenerating 

phase.  

[0118]Thoseskilledinthearthavingthebenefitofthisdisclosuremayappreciatestill 

otherembodimentsofthetechniquedisclosedher&n.  

[0119]Theforegoinghasoutlhnedfeaturesofseveralembodimentssothatthoseskilled 

intheartmaybetterunderstandthepresentdisclosure.Thoseskilledintheartshould 

appreciatethattheymayreadilyusethepresentdisclosureasabasisfordesigningor 

modifyingotherprocessesandstructuresforcarryingoutthesamepurposesand/or 

achievingthesameadvantagesoftheembodimentsintroducedherein.Thoseskilledin 

theartshouldalsorealizethatsuchequivalentconstructionsdonotdepartfromthe U ~I 

spirit 
andscopeofthepresentdisclosure andthattheymaymakevariouschanges7 

substitutionsandalterationshereinwithoutdepartingfromthespiritandscopeofthe 
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CLAIMS 

Whatisclaimedis: 

I. Amethodforoperatingapumpedthermalenergystorage("PTES")systemthe 

methodcomprising: 

circulatingaworkingfluidthroughaworkingfluidcircuittheworkingfluidhavinga 

massflowrateandaspecificheatcapacity;and 

balancingaproductofthemassandthespecificheatcapacityoftheworkingfluid 

onahigh-pressureshdeofarecuperatorandalowsideoftherecuperator 

astheworkingfluidcirculatesthroughtheworkingfluidcircuit.  

2. ThemethodofclaimI, whereinbalancingtheproductofthemassandthespecific 

heatcapacityoftheworkingfluidonthehigh-pressuresideoftherecuperatorandthe 

lowsideoftherecuperatorastheworkingfluidcirculatesthroughtheworkingfluidcircuit 

includes: 

splittingtheworkingfluidintoafirstportionandasecondportiononthehigh

pressuresideoftherecuperator;4 

bypassingthefirstportionaroundthehigh-pressuresideoftherecuperator 

coolingthefirstportionduringthebypass 

combiningthecooledfirstportionwiththesecondportionafterthesecondportion 

exitstherecuperator.  

3M Themethodofclaim2,whereincoolingthefirstportionduringthebypassincludes: 

circulatingtheworkingfluidthroughthebypas&and 

transferringheatbetweentheworkingfluidandamediumtemperaturethermal 

reservoirincluding~ 

chargingphasetransferdngheatfromtheworHngfluidtoamedium

temperaturethermalreservoirand 
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circulatingthesecondportionthrougharecuperatorand
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inageneratingphase transferringheatfromamedium-temperature 

thermalreservoirtotheworkingfluid.  

4. Themethodofclaim2. m thefirstportionoftheworkingfluidcomprises 

approximately40%oftheworkingfluidportionandthesecondportioncomprises 

approximately60%oftheworkingfluidportion.  

5. ThemethodofclaimIwherein: 

circulatingtheworkingfluidthroughtheworkingfluidcircuitincludescirculating 

carbondioxide(C02); 

thefirstportionoftheworkingfluidcomprisesapproximately40%oftheworking 

fluidportionand 

thesecondportioncomprisesapproximately60%oftheworkingfluidportion.  

6. Themethodofclaim2,whereincirculatingtheworkingfluidthroughtheworking 

fluidcircuitincludescirculatingcarbondioxide(G02).  

7. ThemethodofclaimIwhereinbalancingaproductofthemassandthespecific 

heatcapacityoftheworkingfluidonthehigh-pressuresideofarecuperatorandthelow 

inachargingphase: 

circulatingapproximately60%ofaworkingfluidcomprisedofcarbon 

dtx~de(002)throughthehigh-pressuresideofarecuperatorand 

circulatingI00%ofaworkingfluidcomprisedof002throughthelow

pressuresideoftherecuperatorand 

inageneratingphase: 

circulatingapproximately60%ofaworkingfluidcomprisedof002through 

thehigh-pressuresideofarecuperatorand 

circulatingI00%ofaworkingfluidcomprisedofG02throughthelow

pressuresideoftherecuperator.  
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Sn ThemethodofclaimI, whereinbalancingtheproductofthemassandthespecific 

heatcapacityoftheworkingfluidonthehigh-pressuresideoftherecuperatorandthe 

lowsideoftherecuperatorastheworkingfluidcirculatesthroughtheworkingfluidcircuit 

includesreducingthemassflowrateonthehigh-pressuresideoftherecuperator.  

9. ThemethodofclaimI, furthercomprisingexchangingheatbetweenthesecond 

portionoftheworkingfluhdonthehighsideoftherecuperatorandacombinedportionof 

theworkingfluidonthelow-pressuresideoftherecuperator.  

I0. Apumpedthermalenergystorage("PTES")system, U 

cornprising.  

amediumtemperaturethermalreservoirand 

aworkingfluidcircuitinciuding~ 

arecuperatorhavingahigh-pressuresideandalow-pressuresidethe 

productofthemassandthespecificheatcapacityofaworkingfluid 

isbalancedonthehigh-pressuresideandthelow-pressureside 

whentheworkingfluidcirculatesthroughtheworkingfluidcircuit.  

II. ThesystemofclaimI0,whereintheworkingfluidiscarbondioxide(G02).  

whichafirstportionoftheworkingfluidbypassesthehigh-pressuresideofthe 

recuperatorwhileasecondportionoftheworkingfluidcirculatesthroughthehigh

pressuresideoftherecuperator.  

I& ThesystemofclaimI0, U 

thebypassr aheattransferbetweenthefirstportionandthemedium 

temperaturethermalreservoirand 

theworkingfluidcircuitfurthercomprises: 

asplitonthehigh-pressuresideoftherecuperatorsplittingtheworkingfluid 

intothefirstportionandthesecondportionthefirstportionbeing 

34 
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lessthanthesecondportionthesecondportion 'I through 

therecuperatorfromthehigh-pressuresideoftherecuperatorand 

acombinationpointonthehigh-pressuresideoftherecuperatorwherethe 

firstportioncombineswiththesecondportionuponthesecond 

portionexitingtherecuperator.  

I4~ ThesystemofclaimI0,whereinthefirstportionisapproximately40%ofthetotal 

workingfluidandthesecondportionisapproximately60%ofthetotalworkingfluid.  

5. ThesystemofclaimI0, I' 

theworkingfluidiscarbondioxide(002); 

thefirstportionis 'I 

approximately40%ofthetotalworkingfluidand 
thesecondportionisapproximately60%ofthetotalworkingfluid.  

I6. ThesystemofclaimI0,furtherwhereininoperationheatisexchangedbetween 

thesecondportionoftheworkingfluidonthehighsideoftherecuperatorandacombined 

portionoftheworkingfluidonthelow-pressuresideoftherecuperator.  

I7. Amethodforoperatingapumpedthermalenergystorage("PTES")systemthe 

methodcomprising: 

circulatingaworkingfluidthroughaworkingfluidcircuitaand 

reducingamassflowrateoftheworkingfluidonahigh-pressuresideofa 

recuperatortobalanceaproductofthemassandthespecificheatofthe 

workingfluidonthehigh-pressuresideandalow-pressuresideofthe 

recuperatorwhilecirculatingtheworkingfluidincluding: 

bypassingthehigh-pressuresideoftherecuperatorwithafirstportionof 

theworkingfluidand 
'I circulatingasecondportionoftheworkingfluidthroughthehigh-pressure 

sideoftherecuperator.  

35 
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I8. ThemethodofclaimI7 whereinbypassingthehigh-pressuresideofthe 
N recuperatorincludes.  

upontransferringheatbetweentheworkingfluidandahigh-temperaturereservoir 

inachargingphasebypassingthehigh-pressuresideofarecuperatorwith 

afirstportionoftheworkingfluidandtransferringheatfromthefirstportion 

toamedium-temperaturereservoirduringthebypasswhileasecond 

portk~ncirculatesthroughtherecuperatorthefirstportionbeinglessthan 

thesecond 7 

portionkand 
uponexitingapumpinageneratingphasebypassingthehigh-pressuresideof 

therecuperatorwkhathird U r 

portionoftheworkingfluidwhiletransferring 

heatfromthemedium-temperaturereservoirtothethirdportionduringthe 
r 

bypasswhilecirculatingafourthportionoftheworkingfluidthroughthe 

recuperator.  

19. Themethodofclaim17,furthercomprisingexchangingheatbetweenthesecond 

portionoftheworkingfluidonthehighsideoftherecuperatorandacombinedportionof 

theworkingfluidonthelow-pressuresideoftherecuperator.  

20. ThemethodofclaimI7, r reducingthemassflowrateoftheworkingfluid 

specificheatoftheworkingfluidonthehigh-pressuresideandthelow-pressuresideof 

therecuperatorwhilecirculatingtheworkingfluidfurtherincludes: 

spbttingtheworkingfluidintothefirstportionandthesecondportiononthehigh

pressuresideoftherecuperatorthefirstportionbeinglessthanthesecond 

transferhngheattoandfromthefirstportionduringthebypassand 

combiningthefirstportionwiththesecondportionafterthesecondportionexits 

therecuperator.  

36 

onthehigh-pressuresideoftherecuperatortobalancetheproductofthemassandthe



WO2022/125816 PCT/IJS20211062675 

21. Themethodofclaim20 'I transferringheattoandfromthefirstportion 

duringthebypassincludestransferringheatbetweentheworkingfluidandamedium 
U 

temperaturethermalreservoirfurtherincluding: 

inachargingphasetransferringheatfromtheworkingfluidtoamedium 

temperaturethermalreservoirand 

inageneratingphasetransferringheatfromamediumtemperaturethermal 

reservoirtotheworkingfluid.  

22. ThemethodofclaimI7,whereincirculatingtheworkingfluidthroughtheworking 

fluidcircuitincludescirculatingcarbondioxide(C02).  

23. ThemethodofclaimI7I whereinthefirstportionoftheworkingfluidcomprises 

approximately40%oftheworkingfluidportionandthesecondportioncomprises 

approximately60%oftheworkhngfluidportion.  

24c ThemethodofclaimI7,wherein: 

circulatingtheworkingfluidthroughtheworkingfluidcircuitincludescirculating 

carbondioxide(002);and 
thefirstportionoftheworkingfluidcomprises 5 

approximately40%oftheworking 

workingfluidportion.  

25. Apumpedthermalenergystorage("PTES")system, p 

comprising.  

alow-temperaturethermalreservoir 

ahigh-temperaturethermalreservoir 

amedium-temperaturethermalreservoirand 

aworkingfluidcircuitconfigurableforachargingphaseandageneratingphaseof 

aPTESoperatingcycleandthroughwhichinuseI aworkingfluid 

circulatestheworkingfluidcircuitincluding: 

a~ 

wheninthechargingphase: 
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anexpanderpositionedbetweentherecuperatorandthelow

temperaturereservoir'and 

achargecompressorpositionedbetweenrecuperatorandthehigh

temperatureheatreservoirand 

wheninthegeneratingphase: 

apumppositionedbetweenrecuperatorandthelow-temperature 

heatreservoirand 

apowerturbinepositionedbetweenrecuperatorandthehigh

temperatureheatreservoirand 

abypassbywhich,~nboththechargingphaseandthegeneratingphase.4 

afirstportionoftheworkingfluidbypassesthehigh-pressuresideof 

therecuperatorandflowsthroughthemedium-temperaturethermal 

reservoirthemedium-temperaturethermalreservoirtransferring 

heatbetweentheworkingfluidandthemedium-temperaturethermal 

reservoirwhileasecondportionoftheworkingfluidcirculates 

throughtherecuperator.  

26. Thesystemofclaim25,whereintheworkingfluidiscarbondioxide(G02).  

a. Thesystemofclaim25,whereinthefirstportionisapproximately40%ofthetotal 

workingfIu~dandthesecondportionisapproximately60%ofthetotalworldngfluid.  

28. ThesystemofcIa~m25, C 

theworkingfluidiscarbondioxide(C02); 

thefirstportionisapproximately40%ofthetotalworkhngfluId"and 

thesecondportion~sapproximately60%ofthetotalworkingfluid.  

29. Amethodforoperatingapumpedthermalenergystorage("PTES")systemthe 

methodcomprising: 

circulatingahigh-heatcapacityworkingfluidthroughaworkingfluidcircuit 

includingarecuperator~and 
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reducingamassflowrateoftheworkingfluidonthehigh-pressuresideofthe 

recuperatorsuchthattheproductofmassandthespecificheatcapacityis 

thesameonbothsidesofarecuperatorincIuding~ 

inachargingphase: 

bypassingarecuperatorwithafirstportionoftheworkingfluid 

andtransferringheatfromthefirstportiontoamedium

temperature reservoir during the bypass while 

circulatingasecondportionoftheworkingfluidthrough 

therecuperator' 

circulatingasecondporhonthroughtherecuperatorwhilethe 

firstportionbypassestherecuperatorandtransferring 

heatfromthesecondportionwhilecirculatingthrough 
the 

recuperatorand 

circulatingboththefirstportionandthesecondportion 

togetherthroughanexpanderafterthefirstportion 

bypassestherecuperatarandthesecondportion 

circulatesthroughtherecuperator'and 

inageneratingphase: 

bypassingtherecuperatorwithathirdportionoftheworking 

fluidandtransferringheatfromthethirdportiontoa 

medium-temperaturereservoirduringthebypasswhile 

circulatingafourthportionoftheworkingfluidthrough 

therecuperator 

circulatingafourthportionthroughtherecuperatorwhilethe 

thhrdportionbypassestherecuperatorandtransferring 

heattothefourthportionwhilecirculatingthroughthe 

recuperatorand 

circulatingboththethirdportionandthefourthportion 

togetherthroughahigh-temperaturereservoirafterthe 

thhrdportionbypassestherecuperatorandthefourth 

portioncirculatesthroughtherecuperator.  
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3O~ Themethodofclaim29,whereintheworkingfluidiscarbondioxide(C02).  

31. Themethodofclaim30,wherein~ 

thefirstportionrepresentsapproximately40% 

thesecondportionrepresentsapproximately60%ofthemassflowrateofthe 

workingfluidhnthechargingphaseand 

thethirdportionrepresentsapproximately40%andthefourthportionrepresents 

approximately60%ofthemassflowrateoftheworkingfluidinthe 

generatingphase.  

32. Themethodofclaim29, U 

thefirstportionrepresentsapproximately40%andthesecondportionrepresents 

approximately60%ofthemassflowrateoftheworkingfluidinthecharging 

phasesand 

thethirdportionrepresentsapproximately40%andthefourthportionrepresents 

approximately60%ofthemassflowrateoftheworkingfluidinthe 
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generatingphase.
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