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Arrangementandprocessforchargingironoretoand/ordischargingspongeironfroma 

directreductionshaft 

TECHNICALFIELD 

5 Thepresentinventionrelatestoanarrangementforchargingironoretoadirectreduction 

shaftaswellasaprocessforchargingironoretoadirectreductionshaftutilizingsuchan 

arrangement.Theinventionfurtherrelatestoanarrangementfordischargingspongeiron 

fromadirectreductionshaftaswellasaprocessfordischargingspongeironfromadirect 

reductionshaftutilizingsuchanarrangement.Moreovertheinventionrelatestoasystemfor 

10 theproductionofspongeironcomprisingsucharrangementsandaprocessfordirect 

reductionofironore.  

BACKGROUNDART 

Steelistheworld'smostimportantengineeringandconstructionmaterial.Itisdifficulttofind 

15 anyobjectinthemodernworldthatdoesnotcontainsteelordependonsteelforits 

manufactureand/ortransport.Inthismannersteelisintricatelyinvolvedinalmostevery 

In2018,thetotalglobalproductionofcrudesteelwas1810milliontonnesbyfarexceeding 

anyothermetalandisexpectedtoreach2800milliontonnesin2050ofwhich50%is 

20 expectedtooriginatefromvirginironsources.Steelisalsotheworld'smostrecycledmaterial 

withaveryhighrecyclinggradeduetothemetals'abilitytobeusedoverandoveragainafter 

remeltingusingelectricityastheprimaryenergysource.  

Thussteelisacornerstoneofmodernsocietywithanevenmoresignificantroletoplayinthe 

future.  

25 Steelismainlyproducedviathreeroutes: 

i)Integratedproductionusingvirginironoresinablastfurnace(BF),whereironoxideinthe 

oreisreducedbycarbontoproduceiron.Theironisfurtherprocessedinthesteelplantby 

aspectofourmodernlives.
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oxygenblowinginabasicoxygenfurnace(BOF),followedbyrefiningtoproducesteel.This 

processiscommonlyalsoreferredtoasIoxygensteelmaking'.  

ii)Scrap-basedproductionusingrecycledsteelwhichismeltedinanelectricarcfurnace(EAF) 

usingelectricityastheprimarysourceofenergy.Thisprocessiscommonlyalsoreferredtoas 

5 'electricsteelmaking'.  

iii)Directreductionproductionbasedonvirginironorewhichisreducedinadirectreduction 

(DR)processwithacarbonaceousreducinggastoproducespongeiron.Thespongeironis 

subsequentlymeltedtogetherwithscrapinanEAFtoproducesteel.  

Thetermcrudeironisusedhereintodenoteallironsproducedforfurtherprocessingtosteel, 

10 regardlessofwhethertheyareobtainedfromablastfurnace(i.e.pigiron),oradirect 

reductionshaft(i.e.spongeiron).  

Althoughtheabove-namedprocesseshavebeenrefinedoverdecadesandareapproaching 

thetheoreticalminimumenergyconsumptionthereisonefundamentalissuenotyet 

resolved.Reductionofironoreusingcarbonaceousreductantsresultsintheproductionof 

15 C02asaby-product.Foreverytonsteelproducedin2018,anaverageof1.83tonnesofC02 

wereproduced.ThesteelindustryisoneofthehighestC02-emittingindustriesaccounting 

forapproximately7%ofC02emissionsglobally.ExcessiveC02-generationcannotbeavoided 

TheHYBRITinitiativehasbeenfoundedtoaddressthisissue.HYBRITshortforHYdrogen 

20 BReakthroughIronmakingTechnology- isajointventurebetweenSSABLKABandVattenfall 

fundedinpartbytheSwedishEnergyAgencyandaimstoreduceC02emissionsandde

carbonizethesteelindustry.  

CentraltotheHYBRITconceptisadirectreductionbasedproductionofspongeironfrom 

virginore.Howeverinsteadofusingcarbonaceousreductantgasessuchasnaturalgasasin 

25 presentcommercialdirectreductionprocessesHYBRITproposesusinghydrogengasasthe 

reductanttermedhydrogendirectreduction(H-DR).Thehydrogengasmaybeproducedby 

electrolysisofwaterusingmainlyfossil-freeand/orrenewableprimaryenergysourcesasis 

thecasefore.g.Swedishelectricityproduction.Thusthecriticalstepofreducingtheironore 

withinthesteelproductionprocessaslongascarbonaceousreductantsareused.
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maybeachievedwithoutrequiringfossilfuelasaninputandwithwaterasaby-product 

insteadofC02.  

Inpriorartfossil-baseddirectreductionsystemsaswellasintheproposedhydrogen-based 

directreductionsystemsitisimperativethatironoremaybechargedsafelytothedirect 

5 reductionshaft.Sincetheprocessgasespassingthroughtheshaftarehighlycombustible 

(typicallycomprisinghydrogencarbonmonoxideandhydrocarbonsinthefossil-based 

process),itisessentialthatformationofexplosiveair/processgasmixturesisavoidedwhen 

introducingoretotheshaft.Thisistypicallyachievedbyensuringthatonlyaninert(i.e.  

inflammablenon-oxidant)sealgasandnotairisintroducedtotheshaftwhenchargingore, 

10 andthatnoprocessgasescapestheshaftuncontrolledviathechargingarrangement.Exactly 

howthisisachieveddependsonthedesignofthedirectreductionsystem.  

TypicallyinDRshaftsoperatingatlowpressure(e.g. 2bar),suchastheMidrexprocessa 

dynamicgassealisarrangedataseallegconnectinganorechargechargingvesseltothe 

directreductionshaft.Inertsealgasisintroducedatapressureexceedingtheoperating 

15 pressureoftheDRshaftatoneormorepointsinthesealleg.Thishigher-pressuresealgas 

preventsairfrombeingintroducedintotheDRshaftwiththeironorechargeaswellas 

preventingprocessgasfromescapingtheDRshaftthroughthesealleg.  

TypicallyinDRshaftsoperatingathigherpressures(e.g.>2bar),suchastheHylZRprocessa 

20 pressurizablechargingvesselwhichisfirstflushedwithaninertsealgastoexcludeairthen 

pressurizedtoapproximatelytheoperatingpressureoftheDRshaftusingthesealgas.Once 

pressurizedthevalveseparatingthechargechargingvesselandDRshaftisopenedtoallow 

theironorechargetobeintroducedtotheshafttogetherwithsealgas.Oncethecharging 

vesselisemptiedoforethechargingvesselisresealedandflushedagainwithsealgasto 

25 evacuateprocessgasesfromthechargingvessel.Finallythechargingvesselcanbeopenedto 

theatmosphereandrefilledwithore.Typicallymultiplechargingvesselsarearrangedin 

paralleltosupplyoretotheDRshaft.  

Similararrangementsarealsotypicallylocatedatthedischargeendofthedirectreduction 

shaftinordertosafelydischargethespongeironproduced.  

chargingvesselisarrangedattheinlettothedirectreductionshaft.Oreischargedtothe
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Thereremainsaneedforimprovedmeansofchargingironoretoand/ordischargingsponge 

ironfromadirectreductionshaft.  

SUMMARYOFTHEINVENTION 

Theinventorsofthepresentinventionhaveidentifiedanumberofshortcomingswithpriorart 

5 meansofchargingironoretoadirectreductionshaft.  

Priorartmeansofchargingoretypicallyrequiretheuseoflargevolumesofsealgas.Sealgas 

istypicallyproducedon-siteusingforexampleanairseparatorunitwhenthesealgasis 

nitrogen.Thelargevolumeofsealgasrequiredleadstoincreasedcapitalandoperating 

expensesforthedirectreductionsystem.  

10 Additionallysealgasisinevitablyintroducedintotheprocessgasusingpriorartorecharging 

means.Asdescribedabovethesealgasestypicallyusedsuchasnitrogenmustbeinert(i.e.  

notformexplosivemixtureswithprocessgas),andthereforeareretainedintheprocessgas.  

Howevertheothercomponentsoftheprocessgasaretypicallyeitherconsumedbyreaction 

(e.g.H2 ,COCH4 )orremovedfromcirculation(e.g.H 2 0,C02 ).Thismeansthatsealgas 

15 graduallyaccumulatesintheprocessgasandwouldcompriseanever-increasingproportionif 

noactionistaken.Inordertoavoidsuchasituationaproportionoftheprocessgasis 

typicallybledfromtheprocessgascircuitandflaredinordertomaintainasuitable 

particularforproposedhydrogen-baseddirectreductionprocessessincethereducinggasin 

20 suchacaseisexpectedatleastinitiallytobemoreexpensivethanfossil-basedreducing 

gases.Ifthereducinggasisfossil-basedbleedingtheprocessgasisalsoofnegative 

environmentalconsequenceasitleadstoincreasedC02emissions.  

Theoutletofthedirectreductionshaftwherefromtheproducedspongeironisdischarged 

alsorequiressealingandpriorartmeansofdischargingspongeironsufferfromthesame 

25 disadvantagesaspriorartmeansofchargingore.  

Itwouldbeadvantageoustoachieveameansforchargingironoretoadirectreductionshaft 

and/ordischargingspongeironfromadirectreductionshaftthatovercomesoratleast 

alleviatesatleastsomeoftheabove-mentionedshortcomings.Inparticularitwouldbe 

desirabletoenableameansforchargingironoretoadirectreductionshaftand/or 

concentrationofinertcomponentsintheprocessgas.Thisiseconomicallydeleteriousin
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dischargingspongeironfromadirectreductionshaftthatdecreasestheneedforsealgasand 

potentiallyavoidstheneedtobleedprocessgasthuspotentiallydecreasingtheoperating 

expensesofthedirectreductionplant.  

Tobetteraddressoneormoreoftheseconcernsaprocessforchargingironoretoadirect 

5 reductionshafthavingthefeaturesdefinedintheindependentclaimisprovided.  

Theprocesscomprisesthesteps: 

a)settinganoreoutletofanorechargingvesselinasealed / 

b)settinganoreinletoftheorechargingvesselinanopenstate; 

c)chargingtheorechargingvesselwithironoreviatheoreinlet; 

10 settingtheoreinletinasealedstateB7 

e)evacuatinggasfromtheorechargingvesselbyapplicationof 7 

f)refillingtheorechargingvesselwithaseal 7 and 

g)settingtheoreoutletinanopenstatetochargeironoretothedirectreductionshaft.  

Thesealgasisanon-oxidantgas.  

avacuumbeforerefillingwithaselectednon-oxidantsealgas.Sincetheapplicationofvacuum 

removessubstantiallyallairfromthechargingvesselflushingofthechargingvesselwith 

multiplevolumesofsealgastosecureremovalofoxygenisnotrequired.Thismaybe 

comparedtothevolumesofsealgasusedtoflushthechargingvesselinpriorartmethods, 

20 whichistypicallyabout5timesthevolumeofthechargingvesselpercharge.  

Accordingtoanotheraspectofthepresentinventiontheobjectsoftheinventionareattained 

byaprocessfordischargingspongeironfromadirectreductionshaftaccordingtothe 

appendedindependentclaim.  

Theprocessfordischargingspongeironcomprisesthesteps: 

25 i)settinganironoutletandanironinletofanirondischargingvesselinasealed 7 

15 Accordingtothedisclosedprocesstheore-filledchargingvesselisevacuatedbyapplicationof
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ii)evacuatinggasfromtheirondischargingvesselbyapplicationofvacuumB 

iii)refillingtheironchargingvesselwithasealgas; 

iv)settinganironinletoftheirondischargingvesselinanopenstate/ 

v)chargingtheirondischargingvesselwithspongeironviatheiron / 
state' 

5 vi)settingtheironinletinasealed / 

whereinthesealgasisanon-oxidantgas.  

Inasimilarmannerasfortheprocessforchargingironoretheuseofvacuumremoves 

substantiallyallairfromthedischargingvesselmeaningthatalesservolumeofsealgasis 

requiredtoensurethatthattheatmosphereinthedischargevesselissufficientlynon-reactive 

10 priortoopeningthevesseltothedirectreductionshaft.  

Thefollowingconsiderationsareindependentlyapplicablebothtotheprocessforcharging 

ironoreandtotheprocessfordischargingspongeironunlessitisspecificallyindicated 

otherwise.  

Vacuummaybeappliedtobringtheorechargingvessel(andalternativelyorinadditionto 

15 theirondischargingvessel)toapressureofabout100mbarorlesspreferablyabout10mbar 

arelativelystrongvacuumpermitstheuseoffewervacuumevacuation/refillcyclespriorto 

chargingironoretothedirectreductionshaft(ordischargingspongeironfromthedirect 

reductionshaft).  

20 Thesealgasmaybeselectedfromthelistconsistingofhydrogenmethanebiogassyngas, 

carbondioxidenitrogenpurifiedfluegasandcombinationsthereof.Thatistosaythatthe 

sealgasmaybeatypicalinert(inflammablenon-oxidant)gassuchascarbondioxidenitrogen 

orpurifiedfluegas.Howevertheprocessesdescribedhereinpermittheintroductionof 

substantiallyallofthesealgasusedintothedirectreductionshaftandsealgasistherefore 

25 notwastedincontrasttopriorartmethodswherelargevolumesofsealgasareusedtopurge 

thechargingvesselormaintainthedynamicseal.Moreoversincethedisclosedprocesses 

substantiallyemptythecharging/dischargingvesselofairpriortorefillingwiththesealgas 

mixturesofairandsealgasareavoided.Togetherthesefeaturesallowgasesotherthaninert 

orlessevenmorepreferablyabout1mbarorlessatnormaltemperature(20 0 C).Theuseof
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gasestobeusedasthesealgasforexamplemoreexpensiveand/orpotentiallyflammable 

gases.Thereforepurelyreducinggasessuchashydrogengasreducingandcarburizinggases 

suchasmethanebiogasorsyngasorindirectlycarburizinggasessuchascarbondioxidemay 

beusedasthesealgas.Theuseofsuchgasesmeansthatintroductionofinertgasesintothe 

5 directreductionshaftmaybeavoidedandbleedingoftheprocessgasmaythereforenotbe 

requiredinordertopreventaccumulationofinertcomponentsintheprocessgas.Thismay 

significantlyimproveutilizationoftheprocessgasesanddecreaseoperatingcosts.The 

methanemaybebiomethaneand/orthesyngasmaybebia-syngas.Thecarbondioxidemay 

i.e.non-fossilC02.  
bederivedfromabiologicalsourcea 

10 Insomecasesonlyasinglevacuumevacuation/refillcyclemaybesufficienttosafelyallow 

chargingofironoretothedirectreductionshaft(andalternativelyorinadditiontosafely 

allowdischargingofspongeironfromthedirectreductionshaft).Insuchacasesinceonlyair 

isremovedbythevacuumandtherefilledgasisintroducedintothedirectreductionshaft, 

thismayavoidtheuseofanyexcessofgasinthecharging/dischargingprocessoverand 

15 abovetheamountofsealgasrequiredtobringthecharging/dischargingvesseltotherelevant 

chargingpressure.  

Theprocessmayfurthercomprisestepsofremovinggasfromtheorechargingvessel(and 
alternativelyorinadditionfromtheirondischargingvessel)byapplicationofvacuumand 

7 

20 theoreinletinasealedstatebutpriortostepe)ofevacuatinggasfromtheorecharging 

vesselbyapplicationofvacuum(orafterstepa butpriortostepiiintheprocessfor 

dischargingspongeiron).Thatistosaythatanadditionalvacuumevacuation/refillcyclemay 

beperformed.Thismeansthatevenifarelativelypoorvacuumisusedsuchasgreaterthan 

about100mbartheprocessmaybeperformedstagewisebyfirstperforminganinitial 

25 vacuumevacuation/refillcycletoprovideagasmixtureinthevesselcomprisingmostlythe 

inertgasbutwithsomeremainingUair.Thesubsequentvacuumevacuation/refillcycleshould 

sufficetoprovideagasmixtureinthevesselcomprisingessentiallyofthesealgasforthe 

purposeoftheinvention(i.e.avoidingtheformationofpotentiallyexplosivegas/airmixtures).  

Ofcoursemultiplevacuumevacuation/refillcyclesmaybeperformedasnecessarysuchasa 

30 totalofthreeorfourvacuumevacuation/refillcyclesinsteadofthesingleanddoublevacuum 

refillingthevesselwithaninertgas.Thesestepsmaybeperformedafterthestepd)ofsetting
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evacuation/refillcyclesalreadydescribed.Howeverthetotalquantityofinertgasrequiredin 

theprocessincreaseswitheachvacuumevacuation/refillcycleperformedandtherefore 

preferablyasfewvacuumevacuation/refillcyclesaspossibleareused.Wheremorethanone 

vacuumevacuation/refillcyclesarepreformedrefillintheinitialcycle(s)isperformedusing 

5 inertgasandrefillusingthesealgasisperformedonlyinthefinalrefillstep.  

Theinertgasmaybeselectedfromthelistconsistingofcarbondioxidenitrogenpurifiedflue 

gasandcombinationsthereof.Thesealgasmaybethesameordifferenttotheinertgas.  

Wherethesealgasisdifferentfromtheinertgasthesealgasmaybeselectedfromthelist 

consistingofhydrogenmethanebiogassyngascarbondioxideandcombinationsthereof 

10 Usingasealgasthatisnotaninertgashelpspreventaccumulationofinertgasintheprocess 

gasesandthushelpsavoidtheneedtobleedprocessgasaspreviouslydescribed.The 

methanemaybebiomethaneand/orthesyngasmaybebio-syngas.Thecarbondioxidemay 

i.e.non-fossilC02.  
bederivedfromabiologicalsourcea 
Specificallytheprocessforchargingironoretoadirectreductionshaftmaycomprisefurther 

15 stepsofsettingtheoreoutletinasealed 7 

state'removingaprocessgasfromtheorecharging 

vesselbyapplicationof 7 refillingtheorechargingvesselwithagasselectedfromair, 

inertgasandcombinationsthereof;andsettingtheoreinletinanopenstate.Theinertgas 

maybeselectedfromcarbondioxide7 nitrogenpurifiedfluegasandcombinationsthereofIn 

20 orewhilstensuringaneffectiveuseofgases.  

Accordingtoanotheraspectoftheinventiontheobjectsoftheinventionareachievedbya 

processfordirectreductionofironoretospongeironaccordingtotheappendedindependent 

claim.Theprocesscomprisesintroducingasealgasconsistingessentiallyofagasselected 

fromhydrogenmethanebiogasandsyngasorcombinationsofcarbondioxidewith 

25 hydrogenmethanebiogasorsyngasorcombinationsthereoftoadirectreductionshaftin 
B conjunctionwithchargingtheironoretothedirectreductionshaftand/orinconjunctionwith 

dischargingaspongeironfromthedirectreductionshaft.Themethanemaybebiomethane 

and/orthesyngasmaybebio-syngas.Thecarbondioxidemaybederivedfromabiological 

sourcei.e.non-fossilC02.Bya. inconjunctionwith",itismeantthattheseal 

30 gasmayforexamplebeintroducedtothedirectreductionshaftusingtheprocessesfor 

thismannerthechargingvesselmaybepreparedforintroductionofafurtherchargeofiron
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chargingironoretoadirectreductionshaftand/ordischargingspongeironfromthedirect 

reductionshaftasdescribedhereinandintheappendedindependentclaims.  

Sinceagasisunavoidablyintroducedtothedirectreductionshaftinconjunctionwith 

chargingand/ordischargingofsolidstothedirectreductionshaftbyintroducingsuchseal 

5 gasesthatreduceand/oroptionallycarburizetheironoretheprocessintroducesonlygases 

servingapurposeinthedirectreductionandavoidsintroducinggasesthatmayhavea 

deleteriouseffectontheprocess.Gasesthatmayhaveadeleteriouseffectontheprocessare 

forexampleinertgasessuchasnitrogenthatmayaccumulateintheprocessgasanddecrease 

thereducingcapacityoftheprocessgasifallowedtoaccumulatetoexcessiveconcentrations.  

10 Normallybleedingofprocessgasisnecessarytoamelioratetheeffectsofsuchaccumulation.  

Thereforethedisclosedprocesspermitsamoreeffectiveuseofprocessgasandthusmay 

decreaseoperatingexpensesoftheprocess.  

Theprocessmaycompriseintroducingmake-upgasintothedirectreductionshaftin 

countercurrentflowtotheironore.Themake-upgasisselectedfromhydrogenandbio

15 syngasandmaybethesameordifferenttothesealgas.Thismake-upgasmayensurethat 

sufficientreducinggasisintroducedtotheprocesstosufficientlyreducetheironoreto 
U spongeiron.  

Accordingtoafurtheraspectoftheinventiontheobjectsoftheinventionareachievedbyan 

20 independentclaim.Thearrangementforchargingironorecomprises 

- anorechargingvessel; 

asourceofvacuum'and 

- asourceofasealgas.  

Thesourceofvacuumandthesourceofthesealgasareeacharrangedincontrollablefluid 

25 connectionwiththeorechargingvessel.  

Thesealgasisanon-oxidantgas.  

Suchanarrangementfacilitiesperformingtheprocessforchargingironoretoadirect 

reductionshaftasdescribedhereinandintheappendedindependentclaim.Theorecharging 

arrangementforchargingironoretoadirectreductionshaftaccordingtotheappended
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vesselormorespecificallytheoreoutletoftheorechargingvesselistypicallyarrangedin 

communicationwiththeinletofthedirectreductionshaftallowingoretopassfromtheore 

chargingvesseltothedirectreductionshaft.  

Accordingtoyetafurtheraspectoftheinventiontheobjectsoftheinventionareachievedby 

5 anarrangementfordischargingspongeironfromadirectreductionshaftaccordingtothe 

appendedindependentclaim.  

Thearrangementfordischargingspongeiron B 

- anirondischargingvessel'7 

asourceofvacuum'and 

10 m asourceofaseal 7 

Thesourceofvacuumandthesourceofthesealgasareeacharrangedincontrollablefluid 

connectionwiththeirondischargingvessel.  

Thesealgasisanon-oxidantgas.  

Suchanarrangementfacilitiesperformingtheprocessfordischargingspongeironfroma 

15 directreductionshaftasdescribedhereinandintheappendedindependentclaim.Theiron 

arrangedincommunicationwiththeoutletofthedirectreductionshaftallowingspongeiron 

topassfromthedirectreductionshafttotheirondischargingvessel.  

Thefollowingconsiderationsareindependentlyapplicablebothtothearrangementfor 

20 chargingironoreandtothearrangementfordischargingspongeironunlessitisspecifically 

indicatedotherwise.  

Theorechargingvesselmaycompriseasealableoreinletasealableoreoutletandatleast 

onegasconduit.Theirondischargingvesselmaycompriseasealableironinletasealableiron 

outletandatleastonegasconduit.Thesourceofvacuumand/orthesourceofthesealgas 

25 maybearrangedinfluidconnectionwiththegasconduit.  

Regardingthesourceofasealgasthesealgasmaybeselectedfromthelistconsistingof 

hydrogenmethanebiogassyngascarbondioxidenitrogenpurifiedfluegasand 

dischargingvesselormorespecificallytheironinletoftheirondischargingvesselistypically
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combinationsthereof.Themethanemaybebiomethaneand/orthesyngasmaybebio

syngas.Thecarbondioxidemaybederivedfromabiologicalsourcea, e.non-fossilC02.  

Thearrangement(s)mayfurthercompriseasourceofaninertgas.Thesourceoftheinertgas 

maybearrangedincontrollablefluidconnectionwiththeorechargingvesseland/orwiththe 

5 irondischargingvessel.Theinertgasmaybedifferentfromthesealgas.  

Ifthearrangement(s)furthercomprisesasourceofaninertgasthentheinertgasmay 

selectedfromthelistconsistingofcarbondioxidenitrogenpurifiedfluegasand 

combinationsthereof;andthesealgasmaybeselectedfromthelistconsistingofhydrogen, 

methanebiogassyngascarbondioxideandcombinationsthereofThemethanemaybe 

10 biomethaneand/orthesyngasmaybebio-syngas.Thecarbondioxidemaybederivedfroma 
a biologicalsourcei.e.non-fossilC02.  

Thearrangement(s)maybeconfiguredtoattainapressureofabout100mbarorlessat 

normaltemperature(20 0C)intheorechargingvessel(andalternativelyorinadditioninthe 

irondischargingvessel),preferablyabout10mbarorlessevenmorepreferablyabout1mbar 

15 orless.Thismayrequirethat: 

thesourceofvacuumissufficientlystrongtobringthevesseltothedesiredpressureand/or 

thevesselisconfiguredtotoleratesuchalowpressure(i.e.thevesselmaybeavacuum 

anyopeningsinthevesselsuchasthesealableinletsealableoutletand/orgasconduit(s)are 

20 sealabletoansuchanextentthattheymaypermitthesourceofvacuumtomaintainsucha 

pressureinthevessel.  

Accordingtoyetanotheraspectoftheinventiontheobjectsoftheinventionareachievedby 

asystemfortheproductionofspongeironaccordingtotheappendedindependentclaim.The 

systemcomprisesanarrangementforchargingironoreasdescribedhereinand/oran 

25 arrangementfordischargingspongeironasdescribedherein.Thatistosaythatthesystem 

comprisesanarrangementforchargingironoreasdescribedherein'oranarrangementfor 
dischargingspongeironasdescribedherein'oranarrangementforchargingironoreandan 

7 

arrangementfordischargingspongeironasdescribedherein.Thesystemmayfurther 

compriseachargingarrangementand/ordischargingarrangementasconventionallyknownin 

vessel),and/or



WO20221159022 PCT/SE2022/050061 

12 

theart.Thesystemfurthercomprisesadirectreductionshaft;andasourceofmake-upgas 

arrangedinfluidconnectionwiththedirectreductionshaft.Ifthesystemcomprisesan 

arrangementforchargingironoretheorechargingvesselmaybearrangedincommunication 

withaninletofthedirectreductionshaft.Ifthesystemcomprisesanarrangementfor 

5 dischargingspongeirontheirondischargingvesselmaybearrangedincommunicationwith 

anoutletofthedirectreductionshaft.Ifthesystemcomprisesbothanarrangementfor 

chargingironoreandanarrangementfordischargingspongeironthesystemmayrequire 

onlyasinglesourceofvacuumasinglesourceofsealgasand/orasinglesourceofinertgas.  

Thatistosaythatseparategasand/orvacuumsourcesarenotrequiredforthechargingand 

10 dischargingarrangementsandthatthesesourcesmaybeconsolidated.  

Thesourceofmake-upgasmaybeanelectrolyser.Theelectrolysermayproducehydrogenby 

waterelectrolysisorsyngas(amixtureofcarbonmonoxideandhydrogen)byco-electrolysis 

ofwaterandcarbondioxide.Themake-upgasthereforemaybehydrogenorsyngassuchas 

bio-syngas.Inthismanneritispossibletoproducespongeironwithoutrequiringtheuseof 

15 fossilfuelsasthesourceofreducinggas.  

Furtherobjectsadvantagesandnovelfeaturesofthepresentinventionwillbecomeapparent 

BRIEFDESCRIPTIONOFTHEDRAWINGS 

20 Forafullerunderstandingofthepresentinventionandfurtherobjectsandadvantagesofit 

thedetaileddescriptionsetoutbelowshouldbereadtogetherwiththeaccompanying 

drawingsinwhichthesamereferencenotationsdenotesimilaritemsinthevariousdiagrams 

andinwhich: 

Fig.1 schematicallyillustratesanore-basedsteelmakingvaluechainaccordingtothe 

25 Hybritconcept; 

Fig.2 schematicallyillustratesanexemplifyingembodimentofasystemsuitablefor 

performingaprocessasdisclosedherein~A, 

tooneskilledintheartfromthefollowingdetaileddescription.
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Fig.3 isaflowchartschematicallyillustratinganexemplifyingembodimentofa 

herein'and 
processforchargingironoreasdisclosed I 

Fig.4 isaflowchartschematicallyillustratinganexemplifyingembodimentofa 

processfordischargingspongeironasdisclosedherein.  

5 

DETAILEDDESCRIPTION 

Thepresentinventionisbaseduponaninsightbytheinventorsthatwhenchargingironore 

toadirectreductionshaftremovalofairfromthechargingvesselusingvacuumfollowedby 

refillingwithaselectedsealgasprovidesawiderangeofpotentialadvantages.Lesservolumes 

10 ofsealgasarerequiredsinceP incontrastwithpriorartmethodsthatarebasedupondilution 

oftheatmosphereinsidethechargingvessel(correspondingtomultiple"vesselvolumes'I of 

sealgasthatneedstobeflushed)untiltheatmosphereissufficientlyinertthepresently 

disclosedprocessfirstremovestheairatmosphereandreplacesitwiththesealgas.Since 

lesservolumesofsealgasarerequiredandintermediatemixturesofsealgasandairare 

15 avoideditisnotnecessarytolimitthesealgastogasesthatareinert(i.e.donotform 

flammableorexplosivemixtureswithairorprocessgas).Insteadpotentiallyflammablenon

oxidantgasessuchashydrogenmethanebiogasorsyngasmaybeusedifdesired.Thismeans 

ofprocessgasmaybedecreasedoravoidedcompletely.Themethanemaybebiomethane 

20 and/orthesyngasmaybebio-syngas.Thecarbondioxidemaybederivedfromabiological 

sourcei.e.non-fossilC02.  

Thesameconceptmaybeappliedwhendischargingspongeironfromthedirectreduction 

shaftandthesameorsimilaradvantagesareobtained.  

Thetermprocessgasisusedhereintodenotethegasmixtureinthedirectreductionprocess 

25 regardlessofstageintheprocess.Thatistosaythatprocessgasreferstogasthatis 

introducedtopassesthroughleavesandisrecycledbacktothedirectreductionshaft.More 

specifictermsareusedtodenotetheprocessgasatvariouspointsintheprocessortodenote 

componentgasesaddedtotheprocessgastoformpartoftheprocessgas.  

thataccumulationofinertgasesintheprocessgasmaybeavoidedandtheneedforbleeding
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Reducinggasisagasintroducedatapointlowerthantheinletoftheshaftandwhichflows 

upwardscountertothemovingbedoforeinordertoreducetheoreandoptionallycarburize 

thespongeiron.  

Topgasispartiallyspentprocessgasthatisremovedfromanupperendoftheshaftin 

5 proximitytotheoreinlet.Aftertreatmentthetopgasmayberecycledbacktothedirect 

reductionshaftasacomponentofthereducinggas.  

Make-upgasisfreshgasaddedtotheprocessgasinordertomaintainreducingability.  

Typicallymake-upgasisaddedtorecycledtopgaspriortore-introductionintothedirect 

reductionshaft.Thusthereducinggastypicallycomprisesmake-upgastogetherwith 

10 recycledtopgas.Themake-upgasandrecycledtopgasmaybemixedtogetherpriorto 

introductionintothedirectreductionshaftormaybeintroducedseparatelyandmixedinthe 

shaft.  

Sealgasisgasenteringthedirectreductionshaftfromtheorechargingarrangementatthe 

inletofthedirectreductionshaft.Theoutletendofthedirectreductionshaftmayalsobe 

15 sealedusingasealgasandsealgasthereforemayentertheDRshaftfromadischarging 

arrangementattheoutletofthedirectreductionshaft.Variationsofthepresentinventionare 

thereforeequallyapplicableusingsealgasintroducedduringdischargeofspongeironfrom 

thedirectreductionshaft.Thesealgasusedinpriorartprocessesistypicallyinertandinert 

20 processesthesealgasintheprocessdisclosedhereinmayinsteadbereducingand/or 

carburizinggasandthereforemaybeconsideredasacomplementtothemake-upgas.  

Inertgasisgasthatdoesnotformpotentiallyflammableorexplosivemixtureswitheitherair 
U orprocessgasi.e.agasthatmaynotactasanoxidantorfuelinacombustionreactionunder 

theconditionsprevailingintheprocess.Althoughcarbondioxideistermedhereinasaninert 

25 gasitshouldbenotedthatitmaybeconvertedbyreversewater-gasshiftreactiontocarbon 

monoxideandmaythereafterpartakeinreducingand/orcarburizingreactions.Therefore, 

althoughinertforthepurposeofnotformingflammable/explosivemixturesitmaystillbe 

consumedandnotaccumulateintheprocessgasunderparticularconditions.  

Charging of iron ore 

sealgasmayalsobeusedintheprocessdisclosedherein.Howeverincontrasttopriorart
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Theironoreburdentypicallyconsistspredominantlyofironorepelletsalthoughsomelump 

ironoremayalsobeintroduced.Theironorepelletstypicallycomprisemostlyhematite, 

togetherwithfurtheradditivesorimpuritiessuchasganguefluxesandbinders.Howeverthe 

pelletsmaycomprisesomeothermetalsandotheroressuchasmagnetite.Ironorepellets 

5 specifiedfordirectreductionprocessesarecommerciallyavailableandsuchpelletsmaybe 

usedinthepresentprocess.  

Theorechargingvesseltypicallyisavesselcomprisingasealableoreinletasealableore 

outletandatleastonegasconduitsuitablefortheevacuationand/orintroductionofgases.  

Naturallythevesselmaycomprisemultiplegasconduitsforexampleseparateconduitsfor 

10 evacuationandintroductionofgasormultipleconduitsforintroductionofavarietyofgases.  

Theorechargingvesselissuitablyconstructedtobeabletowithstandthepressurestowhich 

itissubjected:boththesub-atmosphericpressure(c:a100mbarorlesspreferablyc:a10 

mbarorless)prevailingintheevacuationstepsandthesupra-atmosphericpressureensuing 

duetorefillingwithsealgas(oftengreaterthan2barsuchasfromabout2bartoabout10 

15 bar).Apluralityoforechargingvesselsmaybearrangedinparalleltosupplyoretoasingle 

directreductionsshaft.Forexampletwothreeorfourorechargingvesselsmaybearranged 

tosupplyasingledirectreductionshaftwithore.  

Priortochargingoretothechargingvesseltheoreoutletissetinasealedstateinordertobe 

20 intotherelevantstateifnotalreadyinsuchasstateormaintainedinthestateifalreadyin 

suchastate.Thereforethetermsetinastate'I doesnotnecessarilyinvolveachangeof 

state.Oreischargedtothevesselviatheinletandtheinletisthensealed.Asourceof 

vacuumarrangedinfluidconnectionwithagasconduitisthenusedtoevacuatethe 

atmospherefromthechargingvessel.Thesourceofvacuummayforexamplebeavacuum 

25 pump.Suchpumpsareknownintheart.Preferablythechargingvesselandpumpare 

configuredsuchthatthechargingvesselmaybebroughttoapressureofpressureofabout 

100mbarorlesspreferablyabout10mbarorlessevenmorepreferablyabout1mbaror 

lessatnormaltemperature(20 0 C).Thussubstantiallyallairisevacuatedfromthecharging 

vessel.Ifthevacuumachievableintheevacuationstageissufficientlylowthechargingvessel 

30 maysubsequentlyberefilledwiththesealgastoachargingpressureUi.e.thechargingvessel 

pressuredesiredforintroducingoreintothedirectreductionshaft.Thechargingpressuremay 

abletocontaintheoretobeintroduced.Bysetinastate,, U ismeantthatacomponentisput
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typicallybeapressureinexcessoftheoperatingpressureofthedirectreductionshaftand 

mayforexamplebeapressureoffromabout2bartoabout10bar.Ifthevacuumachievable 

intheevacuationstageisnotsufficientlylowa, undesiredamountsofairmayberetainedinthe 

chargingvessel.Insuchacasethechargingvesselmayinitiallyberefilledwithaninertgasa, 

5 followedbyafurtherevacuationstep.Inthismannertheamountofairremainingmaybe 

loweredtosafelevels.Thestepsofevacuatingandrefillingwithaninertgasmaybe 

performedasmanytimesasrequiredinordertoensuresafety.Inthefinalrefillingstepthe 

chargingvesselisfilledwiththesealgasthatwillbeintroducedintothedirectreductionshaft 

uponcharging.Oncefilledwithoreandsealgastheoreoutletofthechargingvesselissetin 

10 anopenstateinordertoallowthemixtureoforeandsealgastobechargedtothedirect 

reductionshaft.  

Onceorehasbeenchargedtothedirectreductionshafttheorechargingvesselshouldbe 

resettosafelyremoveanyprocessgasescontainedinthevesselandtopreparethevesselfor 

anewchargeofore.Thismaybedonebysealingtheoreoutletevacuatingthecharging 

15 vesselusingvacuuminordertoremoveprocessgasandthensubsequentlyrefillingthe 

chargingvesselwithasuitablegassuchasairnitrogenpurifiedfluegasorcarbondioxide.  

Theprocessgasesevacuatedinthisstepmayberecycledtothedirectreductionshaft.The 

vesselisrefilledtoapressureaboutatmosphericpressure.Alternativelythevesselmay 

simplybeflushedwithinertgastoremoveprocessgaspriortoopeningasperpriorart 

thevesselisonceagainatatmosphericpressureorthereaboutstheinletofthevesselmaybe 

openedtoallowanewchargeofirontobereceived.  

Direct Reduction 

25 Thedirectreductionshaftmaybeofanykindcommonlyknownintheart.Byshaftitismeant 

asolid-gascountercurrentmovingbedreactorwherebyaburdenofironoreischargedatan 

inletatthetopofthereactoranddescendsbygravitytowardsanoutletarrangedatthe 

bottomofthereactor.ReducinggasisintroducedatalowerpointItheshaftthantheore 

inletandthereducinggasflowsupwardtoreduceandoptionallycarburizetheironore.  

20 methods.Whenthepotentiallyflammablecontentsofthevesselhavebeenevacuatedand
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Reductionistypicallyperformedattemperaturesoffromabout900 0 Ctoabout11000 C.The 

temperaturesrequiredaretypicallymaintainedbypre-heatingoftheprocessgases 

introducedintothereactorforexampleusingapreheatersuchasanelectricpreheater.  

Furtherheatingofthegasesmaybeobtainedafterleavingthepre-heaterandpriorto 

5 introductionintothereactorbyexothermicpartialoxidationofthegaseswithoxygenorair.  

Reductionmaybeperformedatapressureoffromabout1bartoabout10barintheDR 

shaftpreferablyfromabout3bartoabout8bar.  

Inconventionaldirectreductionprocessesthemake-upgasusedtoreplenishtheprocessgas 

isfossil-basedandtypicallycomprisessyngasandnaturalgasinvaryingproportions.The 

10 presentdisclosureisapplicabletoprocessesutilizingsuchfossil-basedmake-upgas.However 

preferablythemake-upgasisnotderivedfromfossilfuelsinordertoprovideafossil-free 

processforobtainingspongeiron.  

Themake-upgasmaybecomposedmainlyofhydrogen.Forexamplethemake-upgasmay 

compriseconsistessentiallyoforconsistofatleast80vol%,preferablygreaterthan90vol%, 

15 evenmorepreferablygreaterthan95volhydrogengas(voldeterminedatnormal 

conditionsof1atmand00 C).Thedisclosedprocesspermitstheproductionofessentially 

carbon-freespongeironbyusinghydrogenasthemake-upgasandnotintroducing 

carbonaceousgasesintotheprocessgas.Howeverinsomecasesitmaybedesirableto 

20 ofthespongeironsomeamountsofcarburizinggasand/orcarbondioxidemaybeaddedas 

make-upgas.Carburizinggasesarecarbon-containinggasesthatarecapableofdirectly 

carburizingthespongeirone.g.allnon-fullyoxidisedcarboncompoundssuchas 

hydrocarbonsorcarbonmonoxide.Suchgasesincludebutarenotlimitedtomethane, 

biogassyngasandmixturesthereof.Howeveracarburizingeffectinthepresentprocessmay 

25 alternativelyorinadditionbeachievedbyintroductionofcarbondioxide.Undertheprevailing 

carbon-leanconditionsofthedirectreductionshaftthecarbondioxidemaybeconvertedto 

carbonmonoxideandsubsequentlycarburizethespongeiron.Themethanemaybe 

biomethaneand/orthesyngasmaybebio-syngas.Thecarbondioxidemaybederivedfroma 
a biologicalsourcei.e.non-fossilC02.  

obtainacarburizedspongeiron.Thereforeinordertoachievesuitablelevelsofcarburization



WO20221159022 PCT/SE2022/050061 

18 

Besideshydrogenthebalanceofthemake-upgasmaythereforecompriseconsistessentially 

oforconsistofcarbondioxideand/orcarburizinggas.Ifcarbondioxideand/orcarburizinggas 

constitutepartofthemake-upgasthesemaybeintroducedtothedirectreductionshaft 

togetherwiththehydrogenmake-upgas.Alternativelyaproportionorallofthecarbon 

5 dioxideand/orcarburizinggasconstitutingpartofthemake-upgasmaybeaddedtothe 

directreductionshaftseparatelyfromthemainvolumeofmake-upgas.Forexamplea 

carburizinggasmaybeaddedtoacarburizingorcoolingzoneofthedirectreductionshaft.  

Theprocessgasmaybeatleastpartiallyrecycledwherebytop(spent)gasfromtheDRshaft 

maybecleanedandtreatedtoremoveby-productssuchaswaterand/ordustpriortore

10 introductiontotheDRshaft.Thisrecycledtopgasmaybemixedwithfreshmake-upgasprior 

toreintroductionintothereactorormaybeintroducedseparatelyfromanyfreshmake-up 

gassupply.  

Sealgasintroducedtogetherwiththeironoreburdenalsoformsacomponentpartofthe 

processgas.Aspreviouslydescribedthesealgasmaybeaninertgassuchasnitrogenor 

15 purifiedfluegas.Insuchacaseitmaybenecessarytocontinuallyremoveaproportionofthe 

processgasfromtheprocesscycleinordertomaintainbalanceintheprocessgasandprevent 

accumulationofinertcomponents.Thisisotherwiseknownasbleedingtheprocessgas.The 

processgasbledofffromtheprocesscyclemayforexamplebecombustedinordertoprovide 
U 

20 Alternativelythesealgasmaycompriseconsistessentiallyoforconsistofanon-oxidantgas 

thatfulfilsapurposeintheprocesssuchasthegasesdescribedaspotentialmake-upgases 

above.Theseincludehydrogenmethanebiogas,-syngascarbondioxideandcombinations 

thereofThemethanemaybebiomethaneand/orthesyngasmaybebio-syngasand/orthe 

carbondioxidemaybebio-C02.Insuchacasenoinertgasisaddedtotheprocessgasand 

25 bleedingoftheprocessgasmaythereforebeavoided.Theneedforproductionofinertgasas 

sealgasisalsodeceasedandcapitalequipmentsuchasanairseparationunitmaybe 

downsizedoravoidedcompletely.  

Spongeironisobtainedastheproductofreductionoftheironoreandisdischargedfromthe 

outletatthebottomendofthedirectreductionshaft.Theshaftmayhaveacoolingand 

processheatinge.g.inconjunctionwithpre-heating.



WO20221159022 PCT/SE2022/050061 

19 

dischargeconearrangedatthebottomtoallowthespongeirontocoolpriortodischarge 

fromtheoutlet.  

Discharging sponge iron 

Dischargingspongeironfromthedirectreductionshafthassimilarrequirementsasto 

5 chargingironoretotheshaft.Itisessentialwhendischargingthatnocombustible/explosive 

gasmixturesareformedanditispreferabletoavoidintroductionofinertgasesintothe 

processgasinsofaraspossible.Thereforetheprinciplesofthepresentinventionmayalsobe 

appliedtoaspongeirondischargingapparatusandprocess.  

Theirondischargingvesseltypicallyisavesselcomprisingasealableironinletasealableiron 

10 outletandatleastonegasconduitsuitablefortheevacuationand/orintroductionofgases.  

Naturallythevesselmaycomprisemultiplegasconduitsforexampleseparateconduitsfor 

evacuationandintroductionofgasormultipleconduitsforintroductionofavarietyofgases.  

Theirondischargingvesselissuitablyconstructedtobeabletowithstandthepressuresto 

whichitissubjected:boththesub-atmosphericpressure(c:a100mbarorlesspreferablyc:a 

15 10mbarorless)prevailingintheevacuationstepsandthesupra-atmosphericpressure 

ensuingduetorefillingwithsealgas(oftengreaterthan2barsuchasfromabout2barto 

about10bar).Apluralityofirondischargingvesselsmaybearrangedinparalleltoreceiveiron 

fromasingledirectreductionsshaft.Forexampletwothreeorfouroredischargingvessels 

20 Priortodischargingirontothedischargingvesseltheironinletandoutletaresetinasealed 

state.Asourceofvacuumarrangedinfluidconnectionwithagasconduitisusedtoevacuate 

theatmospherefromthedischargingvessel.Thesourceofvacuummayforexamplebea 

vacuumpump.Suchpumpsareknownintheart.Preferablythedischargingvesselandpump 

areconfiguredsuchthatthedischargingvesselmaybebroughttoapressureofpressureof 

25 about100mbarorlesspreferablyabout10mbarorlessevenmorepreferablyabout1mbar 

orlessatnormaltemperature(20 0C).Thussubstantiallyallairisevacuatedfromthe 

dischargingvessel.Ifthevacuumachievableintheevacuationstageissufficientlylowthe 
U dischargingvesselmaysubsequentlyberefilledwiththesealgastoadischargingpressurei.e.  

thedischargingvesselpressuredesiredforreceivingspongeironfromthedirectreduction 

30 shaft.Thedischargingpressuremaytypicallybeapressureequaltoorinexcessofthe 

maybearrangedtodischargetheironfromasingledirectreductionshaft.
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operatingpressureofthedirectreductionshaftandmayforexamplebeapressureoffrom 

about2bartoabout10bar.Ifthevacuumachievableintheevacuationstageisnot 

sufficientlylowundesiredamountsofairmayberetainedinthedischargingvessel.Insucha 

casethedischargingvesselmayinitiallyberefilledwithaninertgasfollowedbyafurther 

5 evacuationstep.Inthismannertheamountofairremainingmaybeloweredtosafelevels.  

Thestepsofevacuatingandrefillingwithaninertgasmaybeperformedasmanytimesas 

requiredinordertoensuresafety.Inthefinalrefillingstepthedischargingvesselisfilledwith 

thesealgasthatwillbeintroducedintothedirectreductionshaftupondischargingorsponge 

iron.Onceasuitableatmosphereisestablishedinsideofthedischargingvesseltheironinlet 

10 maybeopenedtoallowspongeirontobereceivedinthevesselfromthedirectreduction 

shaft.Onceloadedwithspongeirontheinletofthedischargingvesselmaybeclosed.The 

closedvesselthencomprisesamixtureofhotspongeironandprocessgases.Preferablythe 

gaseouscontentsofthevesselshouldonceagainberemovedbyapplicationofvacuumand 

replacedwithaninertgasatasuitablepressurebeforeopeningtheoutletofthedischarging 

15 vesseltoreleasethecontainedspongeiron.Theprocessgasesevacuatedinthisstepmaybe 

recycledtothedirectreductionshaft.  

Sponge iron 

Thetermcrudeironisusedhereintodenoteallironsproducedforfurtherprocessingtosteel, 

20 disclosedprocessadirectreductionshaft(i.e.spongeiron).Thespongeironobtainedatthe 

outletoftheDRshaftistypicallypredominantlyintheformofpelletsduetothestructural 

integrityofthedirectreductionpelletsaswellastheconditionsprevailingintheDRshaft.  

Suchspongeironistypicallyreferredtoasdirectreducediron(DRI).Dependingontheprocess 

parametersitmaybeprovidedashot(HDRI)orcold(CDRI).ColdDRImayalsobeknownas 

25 Type(B)DRI.DRImaybepronetore-oxidationandinsomecasesispyrophoric.However, 

thereareanumberofknownmeansofpassivatingtheDRI.Onesuchpassivatingmeans 

commonlyusedtofacilitateoverseastransportoftheproductistopressthehotDRIinto 

briquettes.Suchbriquettesarecommonlytermedhotbriquettediron(HBI),andmayalsobe 

knownastype(A)DRI.  

regardlessofwhethertheyareobtainedfromablastfurnace(i.e.pigiron),orasinthe
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Thespongeironproductobtainedbytheprocesshereinmaybeanessentiallyfullymetallized 
U spongeironi.e.aspongeironhavingadegreeofreduction(DoR)greaterthanabout90%, 

suchasgreaterthanabout94%orgreaterthanabout96%.Degreeofreductionisdefinedas 

theamountofoxygenremovedfromtheironoxideexpressedasapercentageoftheinitial 

5 amountofoxygenpresentintheironoxide.Itisoftennotcommerciallyfavourabletoobtain 

spongeironshavingaDoRgreaterthanabout96%duetoreactionkineticsalthoughsuch 

spongeironsmaybeproducedifdesired.  

Asdescribedabovetheprocessdescribedhereinissuitableforproducingeithercarbon-free 

orcarburizedspongeironasdesired.Bycarburizedspongeironitismeantcarbon-containing 

10 spongeiron.Thecarbonpresentinthespongeironproductmaytypicallybeintheformof 

cementite(Fe3C)and/orgraphite.Graphitetendstodustandtobelostfromthespongeiron 

priortoreachingthemeltoftheEAF.Forthisreasonitmaybepreferableifcarbonispresent 

inthespongeironascementite.  

Thecarburizedspongeironmaycomprisefrom0.1to5percentcarbonbyweightsuchas 

15 from0.5to3percentcarbonbyweightsuchasabout1to2percentcarbonbyweight.Itis 

typicallydesirableforfurtherprocessingthatthespongeironhasacarboncontentoffrom0.5 

to5percentcarbonbyweightpreferablyfrom1to4percentbyweightsuchasabout3 

percentbyweightalthoughthismaydependontheratioofspongeirontoscrapusedina 

20 processmaysubsequentlybefurthercarburizedbyothermeanspriortofurtherprocessing.  

Gases 

Hydrogengasmaypreferablybeobtainedatleastinpartbyelectrolysisofwater.Ifthewater 

electrolysisisperformedusingrenewableenergythenthisallowstheprovisionofareducing 

gasfromrenewablesources.Theelectrolytichydrogenmaybeconveyedbyaconduitdirectly 

25 fromtheelectrolysertotheDRshaftorthehydrogenmaybestoreduponproductionand 

conveyedtotheDRshaftasrequired.  

Ifcarbondioxideisusedintheprocessdescribedhereineitherassealgasmake-upgasor 

inertgasispreferablethatthesourceofcarbondioxideisessentiallypurecarbondioxidee.g.  

95volcarbondioxideorgreaterpreferably98volorgreater.Thesourceofcarbondioxide 

subsequentEAFprocessingstep.Ifdesiredthecarburizedspongeironproductofthepresent
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maypreferablybefromahigh-concentrationsourcepreferablyahigh-concentrationbiogenic 

source.Forexampleconcentrated"greenC02maybeobtainedasaby-productofbio-gas 

productionbyanaerobicdigestionorasaby-productofbioethanolproduction.lfthecarbon 

dioxideusedintheprocessisfromarenewablesourcethentheprocessmaybenetnegative 

5 withregardtoC02emissions.Howeverevenuseofasourceofcarbondioxidefromafossil 

sourcethatotherwisewouldhavebeendirectlyemittedmeansthattheprocessmaynot 

resultinanyexcessemissionofC02.Analternativemeansofprovidingcarbondioxideisto 

preheatthereducinggaspriortointroductionintothedirectreductionshaftusingoxy-fuel 

combustionofbiomass.Theprincipleofoxy-fuelcombustionissimple:thebiomassis 

10 combustedusingessentiallypureoxygenastheoxidant.Theresultingfluestreamconsists 

essentiallyofcarbondioxideandsteam.Thesteammayberemovedbysimplecondensation, 

providinganessentiallypuresourceofcarbondioxide.Conventionallytheprovisionof 

essentiallypureoxygenisaneconomicimpedimenttotheutilizationofoxy-fuelcombustion.  

Howeverinthepresentcasetheremaybeareadysupplyofoxygenavailableatlow 

15 additionalcostfromwaterelectrolysismakingoxy-fuelpreheatingofthereductiongas 

economicallyfeasible.  

Acarburizinggasmaybeusedassealgasand/ormake-upgas.Thecarburizinggasmaybeany 

gasknownorexpectedinthearttoprovidecarburization.Gasinthisrespectreferstoa 

substancethatisgaseousatthehightemperaturesprevailinginthecarburizationreactor, 

hydrocarbonssuchasmethanenaturalgasLPGorpetroleumorothercarbonaceous 

substancessuchassyngaslower(C1-C6)alcoholsestersandethers.Thecarburizinggasmay 

beoffossiloriginbutitispreferablethatitisobtainedpartlyorwhollyfromarenewable 

sourceinordertoreducenetC02emissions.Byrenewableitismeantaresourcethatis 

25 naturallyreplenishedonahumantimescale.Thehighutilizationofcarbonpresentinthe 

carburizinggaspermitsuseofrenewablecarburizinggasesdespitetheirrelativescarcityand 

highcostascomparedtofossilequivalents.Suitablerenewablecarburizinggasesinclude 

biomethanebiogasgasobtainedfromthepyrolysisorpartialcombustionofbiomass(e.g.  

bio-syngas),loweralcoholsoretherssuchasmethanolDMEorethanolderivedfrom 

30 renewablefeedstocksorcombinationsthereof.Sulfur-containingcarburizinggasesmaybe 

20 althoughitmaybeliquidorsolidatroomtemperature.Suitablecarburizinggasesinclude
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usedasthesulfurisknowntopreventnucleationofgraphiteandpassivatethespongeiron 

product.  

Thecompositionofthecarburizinggasmaybechosentosuitthefinalcarburizedspongeiron 

tobeobtained.Thecarburizationreactionwithhydrocarbonsisrelativelyendothermic, 

5 leadingtoarelativelycoolfinalproductwhereasthereactionwithCO-containingcarburizing 

gasesismoreexothermicleadingtoahotterfinalproduct.Thiseffectmaybeutilizedtotailor 

thetemperatureofthefinalproductobtained.Forexampleifahotproductisdesiredfor 
U briquetting(HBI),agascomprisingsomepartiallyoxidizedcarbon(e.g.intheformofCO 

ketonesaldehydes)maybeusedwhereasifcoldspongeiron(CDRI)isdesiredthen 

10 biomethanemaybeused.  

Inconsideringthetotalquantitiesofcarbondioxideand/orauxiliarycarburizinggassuitableto 

beaddedtotheprocessgaseitherassealgasorinthemake-upgasfactorstoconsiderare 

thedegreeofcarburizationdesiredtheeffectontheaddedcarbononthewater-gasshift 

equilibriumandtheeffecttheaddedcarbonhasonthereducingcapacityofthereducinggas.  

15 Forexampleexcessiveadditionofcarbonmayresultinsignificantaccumulationofcarbon 

dioxideintheprocessgaspotentiallydecreasingthereducingcapacityofthereducinggas 

andleadingtoarequirementtobleedtheprocessgas.  

Inertgasessuchasnitrogenorpurifiedfluegasmaybeusedassealgas.Nitrogenmaybe 

20 purifiedfluegasitismeantfluegasthathasbeentreatedtoensurethatitissuitableforuse 

asasufficientlyinertsealgas.Suchtreatmentmayincludepost-combustiontoremoveexcess 

oxygenand/ordryingofthefluegas.  

Embodiments 

Theinventionwillnowbedescribedinmoredetailwithreferencetocertainexemplifying 

25 embodimentsandthedrawings.Howevertheinventionisnotlimitedtotheexemplifying 

embodimentsdiscussedhereinand/orshowninthedrawingsbutmaybevariedwithinthe 

scopeoftheappendedclaims.Furthermorethedrawingsshallnotbeconsidereddrawnto 

scaleassomefeaturesmaybeexaggeratedinordertomoreclearlyillustratecertainfeatures.  

obtainedforexamplebycryogenicdistillationofairusinganairseparatorunit(ASU).By
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Figure1schematicallyillustratesapriorartembodimentoftheore-basedsteelmakingvalue 

chainaccordingtotheHybritconcept.Theore-basedsteelmakingvaluechainstartsattheiron 

oremine101.Afterminingironore103isconcentratedandprocessedinapelletizingplant 

105,andironorepellets107areproduced.Thesepelletstogetherwithanylumporeusedin 

5 theprocessareconvertedtospongeiron109byreductioninadirectreductionshaft111 

usinghydrogengas115asthemainreductantandproducingwater117asthemainby

product.Thehydrogengas115isproducedbyelectrolysisofwater117inanelectrolyser119 

usingelectricity121thatispreferablyprimarilyderivedfromfossil-freeorrenewablesources 

122.Thehydrogengas115maybestoredinahydrogenstorage120priortointroductioninto 

10 thedirectreductionshaft111.Thespongeiron109ismeltedusinganelectricarcfurnace123, 

optionallytogetherwithaproportionofscrapiron125orotherironsourcetoprovideamelt 

127.Themelt127issubjectedtofurtherdownstreamsecondarymetallurgicalprocesses129 

andsteel131isproduced.Itisintendedthattheentirevalue-chainfromoretosteelmaybe 

fossil-freeandproduceonlyloworzerocarbonemissions.  

15 Figure2schematicallyillustratesanexemplifyingembodimentofasystemsuitablefor 
a performingtheprocessasdisclosedherein.  

Adirectreductionshaft211isarrangedwithaninlet211aforironore207,anoutlet211bfor 

dischargingspongeiron208,aninletforreducinggas211candanoutletfortopgas211d.A 

20 shaft211.Adischargingvessel231isarrangedincommunicationwiththeoutlet211bofthe 

directreductionshaft211.  

Thechargingvessel213comprisesaninlet213aforironore207,anoutlet213bforironore 

207,agasinlet213candagasoutlet213d.Theinlet213aofthechargingvessel213is 

arrangedinconnectionwithanorebin227.Thegasinlet213cofthechargingvessel213is 

25 arrangedinconnectionwithasource221ofsealgas223,andthegasoutlet213disarranged 

inconnectionwithavacuumpump229.  

Thedischargingvessel231comprisesaninlet231aforspongeiron208,anoutlet231bfor 

spongeiron208,afirstgasinlet231casecondgasinlet231eandagasoutlet231d.Theinlet 

231aofthedischargingvessel231isarrangedinconnectionwiththeoutlet211bofthedirect 

30 reductionshaft211.Thefirstgasinlet231cofthechargingvessel231isarrangedin 

chargingvessel213isarrangedincommunicationwiththeinlet211atothedirectreduction
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connectionwithasource221ofsealgas223.Thesecondgasinlet231eofthechargingvessel 

231isarrangedinconnectionwithasource233ofsealgas235.Thegasoutlet231dis 

arrangedinconnectionwithavacuumpump229.  

Initiallyoreinlet213aofthechargingvessel213isopenandoreoutlet213bgasinlet213c, 

5 andgasoutlet213dareclosed.Ironore207fromorebin227isintroducedintothecharging 

vessel213.Onceloadedwithoretheoreinlet213aissealedgasoutlet213disopenedand 

thechargingvessel213isevacuatedofairusingvacuumpump229,decreasingthepressurein 

thechargingvessel213toabout100mbarorless.Oncethetargetpressureisreachedthe 

gasoutlet213disclosedthegasinlet213cisopenedandthechargingvessel213is 

10 pressurizedwithsealgas223toapressureapproximatingtheoperatingpressureofthedirect 

reductionshaft211.Oncepressurizedgasinlet213cisclosedandtheoreoutlet213bofthe 

chargingvessel213isopenedtoallowironore207tobechargedtotheinlet211aofthe 

directreductionshaft211.Sealgas223isinevitablyconcomitantlyintroducedtothedirect 

reductionshaftinthechargingoperation.Theironore207chargedtothedirectreduction 

15 shaft211progressivelypassesthroughtheshafttobedischargedatoutlet211b.Duringits 

passagethroughtheshaft211theore207isreducedbyreducinggas217inacounter-current 

flowsuchthatspongeiron208isobtainedatthedischargeoutlet211bofthereactor211.  

Priortodischargingthespongeiron208,thedischargingvessel231isfirstsealedatitsinlet 

20 231isthenreadytoreceivespongeiron208.Theinlet231aofthevesselisopenedallowing 

spongeiron208tofallintothevesselanddisplacingthesealgasinthevesselupwardsinto 

thedirectreductionshaft211.Theinlet231aofthedischargingvesselisthenclosedthe 

dischargingvessel231isevacuatedusingvacuumpump229,andrefilledtoatmospheric 

pressureusinginertgas235.Theoutlet231bofthedischargingvessel231maythenbe 

25 openedtoreleasespongeiron208.  

Make-upgas215issuppliedfromasourceofmake-upgas220,suchasahydrogengasstore 

orwaterelectrolyser.Themake-upgas215ismixedwithtreatedtopgas218toformreducing 

gas217.Thereducinggas217ispassedthroughapre-heater241priortointroductioninto 

thedirectreductionshaft211.Thetopgas216exitingoutlet211dispassedthrougha 

30 pluralityoftreatmentapparatuses243inordertopreparethegasforre-introductiontothe 

231aand231bevacuatedusingvacuumpump229,andre-filledwithsealgas223.Thevessel
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DRshaft211.Thepluralityoftreatmentapparatusesmayincludeacleaningstepsuchas 

passagethroughanelectrostaticprecipitatortoremovesolidsfromthegasheatexchange 

withotherprocessgasessuchasthereducinggas217,andseparationofwater.Thetreated 

topgas218ismixedwiththemake-upgas215andpassedthroughthepre-heater241priorto 

5 reintroductionintothedirectreductionshaft211throughinlet211c.Thetemperatureofthe 

gasesenteringinlet211cmaybefurtherincreasedbypartialoxidation.Insuchacasea 

supplyofoxygen(notshown)maybearrangedbetweenthepre-heater241andinlet211c.  

Onceoreisdischargedfromthechargingvessel213,thevesselmaybepreparedforanew 

chargeofore.Firsttheoreoutlet213bisclosed.Subsequentlygasoutlet213disopenedand 

10 processgasesareevacuatedfromthechargingvessel213usingvacuumpump229.Thegas 

outlet213disthenclosedandthechargingvesselisrefiledwithagastoambientpressure.In 

theillustratedexamplethevessel213isrefilledwithsealgas223byopeninggasinlet213c, 

butitmayinsteadbefilledfromasourceofinertgas(notillustrated)ifthesealgasisnot 

inert.Finallythegasinlet213cisclosedandtheoreinlet213aisopened.Insuchamanner, 

15 thechargingvessel213isreinstatedtoitsinitialconfigurationandisreadyforreceivinga 

furtherchargeofironore.  

Figure3isaflowchartschematicallyillustratinganexemplifyingembodimentoftheprocess 

forchargingironoretoadirectreductionshaftasdisclosed U Steps301denotesthe 

20 state.Insteps305anoreinlet213aoftheorechargingvessel213issetinanopenstate.Note 

thatiftheoreoutlet213bandoreinlet213aarealreadyinaclosedandopenstate 

respectivelythenthesestepsdonotinvolveanychangeinstateofthechargingarrangement.  

Insteps307theorechargingvessel213ischargedwithironore207viatheoreinlet213a.In 

steps309theoreinlet213aissetinasealedstate.Insteps312,gasisevacuatedfromtheore 

25 chargingvessel213byapplicationofvacuum.Insteps313,theorechargingvesselisrefilled 

withasealgas223.Insteps315,theoreoutlet213bissetinanopenstatetochargeironore 

207tothedirectreductionshaft211.Steps317denotestheendoftheprocess.  

Thelistedstepsarepreformedsequentiallybuttheremaybeinterveningsteps.Forexample 

ifforsomereasonthevacuumapplicabletothechargingvesselisnotsufficienttoremove 

30 substantiallyallaire.g.U thechargevesseldoesnottoleratesuchlowpressuresoneormore 

startoftheprocess.Insteps303oreoutlet213boforechargingvessel213issetinasealed
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extraevacuation/refillcyclesmaybeperformedbetweenstepss309ands312.Onesuch 

evacuation/refillcycleisillustratedinFigure3.Thisinvolvesasteps310ofevacuatinggas 

fromtheorechargingvessel213byapplicationofvacuumandasteps311ofrefillingtheore 

chargingvesselwithaninertgas.  

5 Figure4isaflowchartschematicallyillustratinganexemplifyingembodimentoftheprocess 

fordischargingironorefromadirectreductionshaftasdisclosedherein.Steps401denotes 

thestartoftheprocess.Insteps403theironoutlet231aandtheironinlet231boftheiron 

dischargingvessel231aresetinasealedstate.Notethatiftheoutlet231bandinlet231aare 

alreadyinaclosedstatethenthesestepsdonotinvolveanychangeinstateofthe 

10 dischargingarrangement.Insteps405gasisevacuatedfromtheirondischargingvessel231by 

applicationofvacuum.Insteps407,theironchargingvessel231isrefilledwithasealgas223.  

Insteps409,theironinlet231aoftheirondischargingvessel231issetinanopenstate.In 

steps409,theirondischargingvessel231ischargedwithspongeiron208viatheironinlet 

231a.Insteps411,theironinletissetinasealedstate.Inthismannerspongeiron208is 

15 dischargedfromthedirectreductionshaft211.Viaanumberofoptionalintermediatesteps 

(notshown)thedischargingvesselispreparedforreleaseofthespongeiron208.Inafinal 

steps413,theironoutlet231bisopenedandthespongeiron208isreleased.Steps415 

denotestheendoftheprocess.Thelistedstepsarepreformedsequentiallybuttheremaybe 

interveningsteps.Forexampleifforsomereasonthevacuumapplicabletothedischarging 

toleratesuchlowpressuresoneormoreextraevacuation/refillcyclesmaybeperformed 

betweenstepss403ands405(notshown).  

20 vesselisnotsufficienttoremovesubstantiallyallaire.g.ifthedischargevesseldoesnot
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CLAIMS 

1. Anarrangementforchargingironore(207)toadirectreductionshaft(211),the 

arrangementcomprising: 

anorechargingvessel(213); 

5 asourceofvacuum(229);and 

asourceofasealgas(221); 

whereinthesourceofvacuumandthesourceofthesealgasareeacharrangedin 

controllablefluidconnectionwiththeorechargingvessel;and 

whereinthesealgasisanon-oxidantgas.  

10 2. Thearrangementaccordingtoclaim1whereintheorechargingvesselcomprisesa 

sealableoreinlet(213a),asealableoreoutlet(213b),andatleastonegasconduit(213c, 

231d),whereinthesourceofvacuumand/orthesourceofthesealgasarearrangedin 

fluidconnectionwiththegasconduit.  

3. Thearrangementaccordingtoanyoneoftheprecedingclaimswhereinthesealgasis 

15 selectedfromthelistconsistingofhydrogenmethanebiogassyngascarbondioxide, 

nitrogenpurifiedfluegasandcombinationsthereof 

4. Thearrangementaccordingtoanyoneoftheprecedingclaimsfurthercomprisinga 

connectionwiththeironorechargingarrangementandwhereintheinertgasisdifferent 

20 fromthesealgas.  

5. Thearrangementaccordingtoclaim4,whereintheinertgasisselectedfromthelist 

consistingofcarbondioxidenitrogenpurifiedfluegasandcombinationsthereof;and 

whereinthesealgasisselectedfromthelistconsistingofhydrogenmethanebiogas, 

syngascarbondioxideandcombinationsthereof.  

25 6. Thearrangementaccordingtoanyoneoftheprecedingclaimsconfiguredtoattaina 

pressureofabout100mbarorlessatnormaltemperaturepreferablyabout10mbaror 

lessevenmorepreferablyabout1mbarorless.  

sourceofaninertgaswhereinthesourceoftheinertgasisarrangedincontrollablefluid
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7. Anarrangementfordischargingspongeironfromadirectreductionshaftthe 

arrangementcomprising: 

aspongeirondischargingvessel(231); 

asourceofvacuum(229);and 

5 asourceofasealgas(221); 

whereinthesourceofvacuumandthesourceofthesealgasareeacharrangedin 

controllablefluidconnectionwiththeirondischargingvessel;and 

whereinthesealgasisanon-oxidantgas.  

10 8. Asystemfortheproductionofspongeironthesystem B 

comprising.  

anarrangementforchargingironoreaccordingtoanyoneofclaims1-6,and/oran 

arrangementfordischargingspongeironaccordingtoclaim7' 

adirectreductionshaft(211);and 

asourceofamake-upgas(220)arrangedinfluidconnectionwiththedirectreduction 

15 shaft.  

9. Thesystemaccordingtoclaim8,whereinthesourceofmake-upgasisanelectrolyserand 

10. Aprocessforchargingironoretoadirectreductionshafttheprocesscomprisingthe 

20 steps: 

state' 
a) setting(5303)anoreoutletofanorechargingvesselinasealed A, 

state' 
b) setting(5305)anoreinletoftheorechargingvesselinanopen I 

inlet' 
c) charging(5307)theorechargingvesselwithironoreviatheore A, 

state' 
d) setting(5309)theoreinletinasealed A, 

25 e) evacuating(5312)gasfromtheorechargingvesselbyapplicationofvacuumA, 

f) refilling(5313)theorechargingvesselwithasealgas;and 

g) setting(5315)theoreoutletinanopenstatetochargeironoretothedirectreduction 

A, 

whereinthesealgasisanon-oxidantgas.  

themake-upgasishydrogen.
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11. Theprocessaccordingtoclaim~oa, whereinthesealgasisselectedfromthelistconsisting 

ofhydrogenmethanebiogassyngascarbondioxidenitrogenpurifiedfluegasand 

combinationsthereof.  

12. Theprocessaccordingtoanyoneofclaims10-11,furthercomprisingthesteps: 

5 eO) removing(5310)gasfromtheorechargingvesselbyapplicationof a, and 

fO) refilling(5311)theorechargingvesselwithaninertgas; 

whereinstepseO)andfO)areperformedafterstepd)butpriortostepe).  

13. Theprocessaccordingtoclaim12awhereintheinertgasisselectedfromthelistconsisting 

ofcarbondioxidenitrogenpurifiedfluegasandcombinationsthereof.  

10 14. Theprocessaccordingtoanyoneofclaims12-13,whereinthewhereinsealgasandinert 

gasarethesame.  

15. Theprocessaccordingtoanyoneofclaims12-13, 
different'and 

whereinsealgasandinertgasare a, 

whereinthesealgasisselectedfromthelistconsistingofhydrogenmethanebiogas, 

15 syngascarbondioxideandcombinationsthereof.  

16. Theprocessaccordingtoanyoneofclaims10-15,furthercomprisingthesteps: 
h) settingtheoreoutletinasealedstateB 

a, 

B refillingtheorechargingvesselwithagasselectedfromairinertgasandcombinations 

20 thereof;and 

k) settingtheoreinletinanopenstate.  

17. Aprocessfordischargingspongeironfromadirectreductionshafttheprocess 

comprisingthesteps: 

state' 
25 i) setting(5403)anironoutletandanironinletofanirondischargingvesselinasealed a, 

ofvacuum' 
ii) evacuating(5405)gasfromtheirondischargingvesselbyapplication a, 

iii) refilling(5407)theironchargingvesselwithasealgas; 

iv) setting(5409)anironinletoftheirondischargingvesselinanopenstate' 

v) charging(5411)theirondischargingvesselwithspongeironviatheiron a, 

i) removingaprocessgasfromtheorechargingvesselbyapplicationof a,
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vi) setting(s411)theironinletinasealedstate'7 

whereinthesealgasisanon-oxidantgas.  

5 18. Aprocessfordirectreductionofironorewhereintheprocesscomprisesintroducinga 

sealgasconsistingessentiallyofagasselectedfrom 

hydrogen 

methane, 

biogas, 

10 syngas, 

combinationsofcarbondioxidewithhydrogenmethanebiogasorbio-syngas, 

andcombinationsthereoftoadirectreductionshaftinconjunctionwithchargingtheiron 

oretothedirectreductionshaftand/orinconjunctionwithdischargingaspongeironfrom 

thedirectreductionshaft.  

15 

19. Aprocessaccordingtoclaim187whereinthesealgasisintroducedbyaprocessfor 

chargingironoreaccordingtoanyoneofclaims10-16,and/orbyaprocessfordischarging 

spongeironaccordingtoclaim17.  

20
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