HanbnHo npuponoctobpa3HO MHOBaTUBHO
pewieHue 3a 6e3BbrnuwHa padora Ha TEL

Han-eBTMHOTO npoabimkaBaHe paborata Ha eauMHCTBEHUAT 6a30B HauWoHareH
eHeprneH pecypc (TEL), BmecTto ¢ napa OT Bbrnuwa - ¢ naporeHepatopu ot
eneKkTpo-TepMmoakymynaumnsa Ha usnuwHua Tok oT BEW. Te ca nepcnektnBHa
anTepHaTMBa, He CaMO Yy Hac. YCTOMYMBOTO TEXHMYECKO peLLUeHWe rapaHTupa
HauMHanHata CUrypHOCT C MECTHU pPecypcu, YnNbTHABA HaNUYHUTE UMHXEHEpPHWU
CbOpPBXEHNA N NPPaCcTpPyKTypa 1 3anassa paboTHM mecta. To ce peanuaupa C
HanM4YHM CYPOBMHW, BMECTO C BHOCHWM W CKbNU pPenKOo3eMHU MeTanwu.
MHOBaTUBHUAT NPOEKT € OT CBETOBHA NaTteHTHa HOBOCT OT Maun 2024 r., KakTo €
NnocoyYyeHo B oduumanHus goknag oT [laTeHTHOTO BeOOMCTBO B MPUIOXKEHMUS
doann.
CuHeprnyHmnTE NONn3n ca rnoHe YeTupu:
e [lbpBaTa e eHeproakymynauma Ha usnuwbumte ot BEW enektpuyecTso.
N3nuwbumnTte ca cepmoseH npobnem 3a enmpexara, nopaan NnoBuULLIaBaHETO
Ha YyecToTarta W..
e BtopaTa e npupogocrobpasHa enekTporeHepauma B TELL n gpyrage, 6e3
NoN3BaHe Ha KakBUTO 1 Aa € BMno HOBN EHEPINNHU PECYPCI.
e TpeTaTa e yBenuyaBaHe rbBKaBOCTTa Ha erflecTtpocucremMara 3a MHOro rno-
necHo nogabpXxaHe Ha banaHca .
e TEL| ca, n octaBaTt, eQUHCTBEHUNAT HaLMOHarEH eHeprmeH pecypc (6e3 unum
c Bbrnuwa). TokbT oT AELl cTtaBa Bede ckbn, a rnmobanHOTO 3aTonnsiHe
HamansaBa BoAHUA pecypc 3a BELL.
MHoBaTuUBHUAT nNpoekT e nbTn no-eBTUH oT [MABELlL. Tom ce wusrpaxga B
KOHOEH3aUuMOHHM N KoreHepaumoHHn TELl-oBe. Kakto n B geueHTpanusupaHa
enekTpocuctema. lpumepHo A0 noacTaHuMW, Bb3NOBWM TpadonoctoBe U Ap..,
BKINIOYMUTESTHO U NOL TEPEHA.
KpaTko BugeonpencraBsaHe Ha “PeBepcuBHa TepMUYHA €eHepro-akymyrnupaiia
cuctema 3a ums3nuwbumte ot BEW ¢ enektpo-naporeHepauusa 3a nynaHu
enekTporeHepaTopu” BMXKTE Ha: https://www.youtube.com/watch?v=jR7LflrbEbQ&t=92s

Feopru ToHueB, 0876403727 https://innohub.pro



https://www.youtube.com/watch?v=jR7LflrbEbQ&t=92s
https://innohub.pro/
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OOKNAL OT NPOYYBAHE
MPOYYBAHE Bx. Ne CnC-605/07.05.2024r.
.,PEBEPCMBHA TEPMMYHA €HEepro- akymynupalia cuctema 3a usnuwbuute ot BEW ¢ enektpo- naporeHepauums
3a nyvaHu enekTporeHepatopu ”
l. YTo4yHeH KnacudukaumoHeH MHAEKC No
MIMK H02J15/00; H02S40/44; H02S10/10; FO1K3/02; FO3G6/00; F25B27/00
KMK YO02E10/46; YO02E60/14; YO02E10/50; YO02E10/60; H02S40/00; H02S40/44; FO01K23/04; FO01K3/12;
FO03G6/00; FO3G6/001; FO3G6/06; FO3G6/068; FO3G6/071; FO3G6/092
Il. OBJIACT HA NMPOYYBAHE:
MuHumaneH o6xBaT Ha npoy4BaHe

Bua knacudpumkaums: KnacudunkaumoHeH nHaekc:
MK/ KIK MMK H02J15/00; H02S40/44; H02S10/10; FO1K3/02; FO3G6/00;
F25B27/00

KMK Y02E10/46; Y02E60/14; YO02E10/50; Y02E10/60; H02S40/00;
H02S40/44; FO01K23/04; FO01K3/12; FO03G6/00; F03G6/001;
F03G6/06; FO3G6/068; F03G6/071; FO3G6/092

Basn gaHHK, B KOUTO € N3BBPLLEHO NPOY4BaHETO

IPAS; esp@cenet; Epoque Net; Internet

lll. PeneBaHTHU AOKYMEHTHU

KaTteropus LinTupaHe Ha 4OKYMEHTUTE C NOCOYBaHe Ha perieBaHTHUTE PeneBaHTHU npeTeHLmMm
yactm
A JP2016142272 (A), (GENERAL ELECTRIC TECHNOLOGY 1-14

GMBH), nybnukyeaH Ha 08.08.2016 r.

A CN104734323 (A), (ZHUHAI GREE ELEC APPLIANCES), 1-14
nybnukyeaH Ha 24.06.2015 .

BG113495 (A), (BADZHINKOV MLADEN [BG]), ny6rvkysaH | 1 — 14
A Ha 15.09.2023 1.

A ES2385894 (A1), (BONONATO CLAVERO DIEGO ANGEL 1-14
[ES]), nybnnkysaH Ha 02.08.2012 r.
KaTteropus Ha goKymeHTa

X — JOKYMEHTBT € OT 0COOEHO 3Ha4eHWe; NpeTeHAMpPaHoTo O — HenncMeHo paskpuBaHe, U3Nons3BaHe, NpunaraHe, AoknagBaHe
n3obpeTeHne HIMa HOBOCT UK n3obpeTaTencka CTbhka, Korato Uiy AEMOHCTpUpPaHe
OOKYMEHTBT Ce pasrnexaa CaMoCTOSITENHO P - pokymeHT, nybnukyBaH npeau gatata Ha nogasaHe B bbnrapus,
Y — JOKYMEHTBT € OT 0COOEHO 3Ha4eHue; NpeTeHAMpPaHoTo HO crief npuopuTeTHaTa aara
n3obpeTeHne HMa n3obpeTaTencka CTbka, Korato JoKyMeHTbT  E — no-paHo nogageHa 6bnrapcka 3asiBka, HO nybnvkyBaHa Ha unm
ce KOMBWHMPpa C eAuH Uy NoBeye ApYry JOKYMEHTU 1 Tasun cnep pataTa Ha nogaBaHe
KOMOMHaLUs e oveBMaHa 3a cneumanuct B obnactra L — AOKYMEHT, KONTO MOXe Aa Npean3BuKa CbMHEHNE OTHOCHO
A — [OKyMeHT, 0Tpa3siBalll HABOTO Ha TEXHMKaTa, KOWTO He e OT npuopuTeTa Ha NPETEHLMUTE UMN KOWUTO € UUTUPaH C Len
0Ccob6eHO 3HaveHne yCTaHOBsIBaHe fataTta Ha nybnvkaumsa Ha Apyr AOKYMEHT unv gpyra
D — AOKYMEHT, LuMTMpaH B ONMcCaHNeTo cneuuanHa npuymHa (Kkakto e Noco4YeHo)
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[MATEHTHO BEAOMCTBO HA PEINYBJINKA BbJITAPUA

CTAHOBUWULWE

OTHOCHO: npoy4yBaHe 3a HOBOCT Ha n3obpeTteHune ¢

HanmMeHoBaHuWe ,PeBepcuBHa TEPMUYHA EHepro- akymynupatia cuctema 3a
nanuwbumte ot BEWM ¢ enekTpo- naporeHepauus 3a onyngHm enekrporeHepatopm ”

CnMC - 605/07.05.2024 r.

KbM rckaHeTo 3a NnpoyyBaHe ca NPUIIoXKeHU onucaHne, NpeTeHuUumn 1 YepTex.

dopmynupaHn ca efHa HesaBUCMMa NpeTeHuMs U TpuHageceT 3aBuUCUMMU
npeTeHUmnn.

CbrnacHo HesaBucuma npeTeHumMsa 1 npoyyBaHETO ce OTHacs A0 peBepCcuBHa
TEpMUYHA €eHepro- akymynupauwa cuctema 3a wumanuwbuute ot BEW ¢ enektpo-
naporeHepauma 3a QnynagHn enekTporeHepaTopw, BKMOYBaWaA YCTPOWCTBO 3a
cbbupaHe Ha aTMocepHa BOAa, WUHTErpupaHoO MeXay Han-marnko ABa HaKMOHEHU
doToBONTANYHM NAHena, PasnofioXeHW eavH 3ad Apyr. YCTPOMCTBOTO 3a cbbupaHe
Ha aTtMocepHa BoAa € MOHUTUPAHO MeXady naHenuTe, Hag pesepBoap 3a
CbXpaHeHue Ha BOAa, PasnofioXeH Mexay OonHuTe pbboBe Ha (hOTOBOMTAMYHUTE
naHenn, KbM KOUTO HEMNOABMXXHO Ca MOHTMpPaHM CBETNUHHKU pedonekTtopu. OOy
enekTpudeckn  13Bo4  OT  (POTOBOMTAYHUTE  MaHenu, npe3  ynpasnsiem
ToKOpasnpedenuten, € CBbpP3aH KbM  NbPBU  EfEKTPUYECKNM  BXOA4  Ha
Tepmoakymynmpawmnsa 6nok. OOy, enekTpuyeckn n3Bog OT BETPOENIEKTpOreHepaTopu
npes ynpasnseMusa Tokopasnpegenuten, € CBbp3aH KbM BTOPWU €NeKTPUYeckn BXon
Ha Tepmoakymynupawmsa 6nok. OOL, enekTpuyeckn u3BoL OT XUOPOKMHETUYHMU
eneKTpouUeHTpann npes ynpasngemMus TokopasnpeaenuTten, € CBbp3aH KbM TpeTu
enekTpu4eckn Bxog Ha TepMoakymynupawmsa 6rok, ynuuTto dnymaeH M3Bog BUCOKO
HanaraHe npes3 NbpBW NynaeH KOHTporep , € CbeauHeH ¢ dnyuaeH Bxon Ha
rynaHoO- eneKkTpMYeckn KOHBEPTOP 3a BUCOKO HansraHe. dnyuwaeH M3BOL HWUCKO
HanaraHe OT TepMoakymynupawus ©Onok npe3 BTopu dnyuwaeH KoHTponep, e
cbeuHeH C nynaeH Bxon Ha nynmaHO- enekTpUYecKM KOHBEPTOP 3a HMUCKO
Hansrave, YUUTO eneKkTpuYeckm n3Boj, npes NbpBuU peBepCUBEH
enekTponpeobpasoBaTes, € MNpUCbeAMHEH KbM BbHLUHA eflekKTpuyecka Mpexa.
Enektpuyeckn nssoa oT onynaHoO- enekTpu4eckus KOHBEPTOP 3a BMCOKO HansraHe
npe3 BTOPU peBEpPCUBEH enekTponpeobpasoBaten CblWO € MNPUCHbeaVMHEH KbM
BbHLUHATA enekTpuyecka wMpexa. [lbpBM cuUrHaneH BXO4 Ha WHTENUreHTeH
ONTUMM3MpaLL, yNpaBreHCcKn npouecop e 6e3XMYHO CBbp3aH C M3BO4 OT KOMBUHMpPaH
AaTyuK 3a aTMocgepHuTe napameTpu. BTopu curHaneH BXOA4 Ha WHTENUreHTHUS
ONTUMM3MpALL, yNpaBreHCKN npouecop € B6e3MYHO CBbp3aH C U3BOA4 OT KOMOMHMpPaH
AaTyMK 32 TePMOESIeKTPMYECKM napameTpu Ha prynagHo-enekTpUYeckn KOHBeEpPTOp 3a
BUCOKO HansaraHe. TpeTu CurHaneH BXO4 Ha WHTENIUrEHTHUS ONTUMU3MpPaLL
yrnpaBrieHCKn npouecop e 6e3kn4HO CBbp3aH C M3BOA4 OT KOMOWMHMpaH OaTyuk 3a
TEpMOENEKTPUYECKN napaMeTpu Ha PNynaHo- eneKkTpuveckns KOHBEPTOP 3a HUCKO
HanaraHe, a "u3xoA4-Bxo4" OT MbpBUM PEBEPCUMBEH enekTponpeobpasoBaten npes
nMbpBa peBepcMBHa LWMHA € CBbp3aH C NMbpBU "BXO4- M3xod" Ha ynpaBnsemusi
Tokopasnpegenuten. "N3xoa- Bxoa" OT BTOPU PEBEPCUMBEH enekTpornpeobpasoBaTten
npes3 BTOpa peBepCuMBHA LUMHA € CBbp3aH C BTOPW "BXOA- u3xo4" Ha ynpasnsemus
ToKOopasnpegenuTen. YnpasreHCKM U3BOL OT yrpasnseMus Tokopasnpegenuren e
CBbp3aH C JUCTaHLMOHHO ynpasnsem pagmoMoayrn.



CobrrnacHo 3aBucMMa npeTeHumns 2, (poTOBONTAUYHUTE NaHENn ca nroCKu u
eHaKBW.
CobrnacHo 3aBucmma npeteHums 3, pedriekTopuTe ca niocku N eaHakBu.

CobrnacHo 3aBucuma npeTeHums 4, ycTpouctBaTa 3a cbbupaHe Ha
aTMocdepHa BoAa U 3a CbXpaHeHue Ha Boda ca eHaKBMU.

CobrnacHo 3aBucnma npeTeHuuns 5, pPEeBEPCUBHUAT
Tepmoakymynmpatl, 610K cbabpka pas3ToneHa corsl.

CbrnacHo 3aBucuMma npeTeHumnsa 6, TepmoakyMynupawmsaTt Grok cbabpxa U
CUNULMEB MSACHK.

CbrnacHo 3aBucuMma npeTeHuus 7, TepMoakyMynupawmsat G6nok cbabpxa U
OrHeynopHa Kepamuka.

CbrnacHo 3aBucuMma npeTeHuus 8, TepmoakymMynupawmsat G6nok cbabpxa U
CkarnHa maca.

CobrnacHo 3aBucuma npeteHumnsa 9, onyuaHo- enekTpudecknaT KOHBEPTOp 3a
BMCOKO HamnsraHe BKOYBA MHOIOCTENEHHA NapHa TypouHa.

CobrnacHo 3aBucuma npeteHuusa 10, pnyngHo- enekTpuYecKUsST KOHBePTOp 3a
HUCKO HandaraHe BKOYBA MHOroUMnnHApoB CTUPAMHI enekTporeHepaTop.

CobrnacHo 3aBuvcuMa npeteHuus 11, ynpaeBnseMuaT Tokopasnpegenuten u
WHTENUIEHTHUAT ONTUMU3MPALL YNpaBNEeHCKM NPOoLLeCop ca NporpaMmmpyemMu.

CobrnacHo 3aBucuma npeTeHums 12, NMbpBUAT peBepCcuBEH
enektponpeobpasoBaTenl M BTOPUSAT pPEBEPCUBEH enekTponpeobpasoBaten ca
nporpammpyemMu.

CobrnacHo 3aBucuma npeteHumss 13, WHTENUIEHTHUAT  ONTUMMU3MPALL
yrnpaBreHckn npouecop e nporpamumpyeM, BKKOYBA apxXxuBHa nameT, ornepaTtvBHa
nameT n e kKoHdurypupaH 3a pabota cbc camoobyyaBall, ce N3KYCTBEH MHTENEKT.

CbrnacHo 3aBucuma npeteHuust 14, BeTpoenekTporeHepaTtopute ca
HACKOWYMHN 1 obe3onaceHn, a XWOPOKUHETUYHW EfEeKTPpOouUeHTpanm ca C
6aBHOOOOPOTHN akcuanHu noaBoAHM TYpOMHM C HaAKMNOHEeHM BanoBe W U3LUANO0
HaOBOAHW ENEKTPUYECKN U €NEKTPOHHN KOMMOHEHTU 1 arperaTu.

3apaya Ha n3obpeteHMeTo e ga ce obesneun peBepcnBHA TEPMUYHA EHEProO-
akymynupawa cuctema 3a uanuwbuute oT BEW ¢ enektpo- naporeHepauusa 3a
nynaHn enekTporeHepaTopu, KOATO Ada ocurypsiBa LOMbSHUTENHA MbpBUYHA
doTOoBONTaANYHA eneKkTporeHepaumsi, Ypes NoCKN CAbHYEBM pedriekKTopn N NacnBHO
oxnaxgaHe Ha doToBonTanumte, Aa GanaHcupa enekTpuyeckata Mpexam u4pes
COOGCTBEHO WHTEMWUIeHTHO ynpaBrieHne ¢ NomoLlTa Ha camooby4daBall ce U3KYCTBEH
WHTENEKT, KOWTO Aa oboratsiBa paboOTHUSA CM anropMTbM, Ypes aHanu3 Ha HabupaHuTe
PETPOCNEKTUBHN OaHHW W Oa pasKpvBa UUKNUYHM MOAENW, OT KOMUTO Aa Hanpaswu
n3BoaM, 3a [ha OonNTUMM3Mpa HenpekbCcHaTO [AEeNCTBMETO Ha aBTOMATU4YHO
yrnpaBnsiBaHata OT Hero cuctema.

MpM U3BBLPLIEHOTO NpPOyYBaHE Ce YCTaHOBM HanuuMe Ha W3BECTHU OT
NpeaLwecTBaWoTO CbCTOSHWE Ha TexHuKaTa [OKYMEHTM, OTpassiBaliM HMBOTO Ha
TeXHMKaTa, KOUTO ca MOCOYEHW B MPUMOXEHWUs OOoKnag OT MNpoy4YyBaHe, KOMTO ca
peneBaHTHM KbM 06eKTa Ha NPOyYBaHETO, a MMEHHO:

- JP2016142272 (A) ny6nukyBaH Ha 08.08.2016 r., koMTO pa3kpuBa cuctema 3a
CbXpaHsiBaHe U paspexaaHe Ha enekTpuyecka eHeprus, KoATo BKMYBa cuctema 3a
reHepvpaHe Ha BATbPHA €Heprusi, cMcTtema 3a reHepupaHe Ha CribHYeBa TOMIIMHHA
eHeprvsa 1 enexkTpmyecka Mpexa, KOMTo ca CBbp3aHu ¢ npeobpasyBaTen Ha MOLLHOCT.
MbpBaTa cuctemMa 3a CbxpaHeHWe Ha TOMNMHA BKIKOYBA NMbpBM pe3epBoap 3a
CbXpaHeHMe Ha TOMNMIMHa C HUCKa TemnepaTypa U NbpBU pe3epBoap 3a CbXpaHeHue
Ha TOMMMHa C BUCOKa Temnepartypa, KoMTo ca nymaHo cBbp3aHn. BropaTta cuctema



3a CbXxpaHeHVe Ha TOMMMHa BKM4YBa BTOPU pe3epBoap 3a CbXpaHeHMe Ha TOMMUHa C
HMCKa TemnepaTypa M BTOpM pe3epBoap 3a CbXpPaHeHWe Ha TOMnmMHa C BUCOKa
TemnepaTypa, Kouto ca nyuaHo cBbp3aHu. EnekTpuyeckn Harpesaten e
onepaTMBHO CBbp3aH MeXdy pesepBoapuTe 3a CbXpaHEeHMe Ha TonnuHa.
YCTpONCTBOTO 3a perynupaHe Ha enekTpuyeckata MOLLHOCT perynvpa 4acT oT
M3NUWHaTa eneKkTpuyecka €eHeprusi Ha 3axpaHBaHeTo, 3a fa ro nogafde KbM
eneKTpUYEecKMsl HarpesaTen 1 LUMKbia Ha TepMonomnaTa.

- CN104734323 (A) ny6nukyBaH Ha 24.06.2015 r., konto paskpvea xubpugHa
cucTeMa 3a efnekTpo3axpaHBaHe, MeTo[ 3a HEWHOTO 3axpaHBaHe W ernekTpu4ecko
obopyaBaHe BKMOYBalla MacuB OT CIbHYEBM KNETKM CBbp3aHa KbM ycunBaTenHa
Bepura ¢ Bxog, DC wwuHa, cBbp3aHa KbM u3xoga Ha 6OyctepHa Bepura wu
npeobpasyBaTtenHa Bepura, cBbp3aHa kbM DC wuHaTta. NpeobpasyBatenHata Bepura
nMa TpudgasHo 3axpaHBalLLo YCTPOMUCTBO C NbJieH MOCT. VIHBepTOpeH BXo € CBbp3aH
kbm DC wwvHa, a gsuraTten e CBbp3aH KbM um3xoda Ha umHBepTopa. OcBeH ToBa
npeobpasyBatenHata Bepura e [OBYynocodyHa npeobpasyBaTenHa Bepura W
XxnbpuaHata 3axpaHBalla cucTema [OONbIIHUTENHO BKIIOYBA: MbPBM  KOHTPOSEP,
CBbp3aH KbM npeobpasyBaTenHarta Bepura 3a ynpasneHue Ha npeobpasyBaTenHarta
Bepura n BTOpPU KOHTposiep, CBbp3aH KbM ycunsalwiaTa Bepura 3a perynupaHe Ha
nm3xogHaTa MOLLHOCT Ha MacuBa OT CMbHYEBM KMETKU 4Ype3 ynpaBfeHne Ha
ycuneawiarta Bepura.

- BG113495 (A) nybnukyBaH Ha 15.09.2023 r., «KkoWTO paskpusa
MyNTUCUMHEpreTMyHa Tepmo -poTOBONTaMYHa cucTema, nonyvyasalla €4HOBPEMEHHO
n3NbyBaHe OT [OMPEKTHa M oTpaseHa CBEeTNIMHAa W W3Mon3BaHa 3a HarpsBaHe Ha
TEYHOCTM M TreHepupaHe Ha enekTpUYecTBO 3a 3axpaHBaHe Ha TepMOoromnu,
BKItOYBaLLa TepMo-oToBONTaudeH moayn, rnynaeH pesepsoap U enekTpu4ecku
akymynatop. PoToBONTanYeH NaHen € nIbTHO MOHTMPAH BbPXY TEYeH pagmnaTtop U
KaKTO MaHenbT, Taka W pagvatopbT ca uKcupaHu B oblia pamka, KOSTO HOcu
NOABWXHO MOHTMPaH NNocbk peduriektop. [MbpBu BXOA4 Ha onTUMM3UpaLLMa MOAynN e
CBbp3aH KbM KOMOWHMpaH CeH30p 3a TemrnepaTypa Ha Bb3dyxa W CrbHYeBa
paguvauus, BTOpM CWUrHaneH BXO4 Ha ONTUMU3MpalLMs MOAyNn € CBbp3aH KbM
KOMOVHMpaH CeH30p, KOWTO ynaBa Temnepartypata W HandraHe B pesepBoapa 3a
TEYHOCT, a TPEeTUSAT CurHaneH BXOA4 Ha onTuMmusnpawmns 6rok e CBbp3aH KbM
KOMOUHUPAH CEeH30p, KOMTO ynaBs enekTpu4eckuTe napamMeTpu Ha akymyrnaTtopa Ha
erneKkTpuyecka eHeprusi, npu Koeto Herosute paboTHM KNemu ca CBbp3aHW KbM
UMpKynaumMoHHa nomna W peryrnatopHa rnomMna, KbM Ynpasnsem KOHTponep 3a
3apexgaHe U KbM KOHTPOJSIEH BXO/ Ha enekTpuyeckus npeobpasysaTen.

- ES2385894 (A1) nyo6nukyBaH Ha 02.08.2012 r., KOWTO paskpuBa TepMO-
doToBONTANYHA €NEeKTpoueHTpana ¢ KOMOMHMpaH UUKbI, BKNOYBA (POTOBONTAUYHM
CMbHYEBM NaHenn C ABOeH edeKkT U napK OT CMAbHYEBM TOMMMHHU NaHenu, 3a
NPOn3BOACTBO Ha €NEKTPUYECTBO, KaKTO U 3a OTOMSEHWe Ha Bo4a UM TeYHa TONSMHa,
Taka 4ye B AOMbJIHEHME KbM €MeKTPUYEeCTBOTO, NPOM3BEAEHO OT Mapka OT CIbHYEBMU
doToBONTANYHM TMaHenNn C [OBoeH edeKkT ce nosiyyasa Boga uwnnM  ropeua
TOMMONPEHOCHa TEYHOCT, KOATO creq M3BbpLBaHe Ha HenHaTa Tepmoperynauust ¢
nomoLLTa Ha ynpasnsiBalla Bepura u HEMHOTO CbXpaHeHWe B pe3epBoap, NpemMuHasa
npes ynpasnsiBawia Bepura npean ga AOCTUNHE napka Ha CrAbHYEBM TOMSIMHHMU
naHenu, OT KOMUTO Ce MoflyyaBa MNo- rofiiMO HarpsABaHe Ha Tasu BoJa UMM TedvHa
TOMMWHA, 3a MNO-KbCHOTO W MPUIOXEHWe B eriekTpoueHTpanata Ha KOMOWMHWMpaHO
UUKBIT Ha KOreHepauusi ¢ BOAEH MapeH KoTen wu/wnu ras, cneqj npeMuHaBaHe npes
napeH KoTen.



N3BbpLUEHMAT CbMOCTABUTENEH aHanu3 Mexay npeaMeTa OT  HacTosILOTO
npoy4yBaHe W HaMeEpPeHWTe MNpV HanpaBeHOTO MNPOyYBaHe [AOKYMEHTM YCTaHOBM,

cnegHoTo:

HOBOCT

B HUTO eanH OT HamepeHuTe NpW NPOoyyYBaAHETO LOOKYMEHTUM He € paskpuTta
peBepcuBHa TepMWYHA €eHepro-akymynupawa cuctema 3a uanuwbuute ot BEU c
eneKTpo-naporeHepauns 3a rynaHu enekTporeHepaTopu, KOSTO Aa CbAbpXKa BCUYKN
TEXHMYEeCKN NpusHaum Ha obekTa Ha Npoy4BaHeTo.

CnepoBaTenHo, obekTbT Ha MPOy4YBaHETO OTroBapsA Ha M3UCKBaHUATa 3a
HOBOCT, CbrnacHo 4sn. 8 ot 3aKkoHa 3a naTeHTUTe U perucTpaumsaTa Ha nonesHuTe
mogenu (3MPIM).

Desislava Digitallly sigrllekd byd
Desislava Aleksandrova
Aleksandrova Petrova-lvanova

Petrova-lvanova Date: 2024.05.15
08:26:53 +03:00
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SYSTEM FOR STORING AND DISCHARGING ELECTRIC ENERGY
Abstract

PROBLEM TO BE SOLVED: To improve a system for storing and discharging electric energy which stores energy under
utilization of heat fluid.SOLUTION: A system for storing and discharging electric energy which stores electric energy as
thermal energy includes a heat pump cycle including a first working fluid; a water steam cycle including a second working
fluid; a first heat storage system including a first thermal fluid; a second heat storage system including a second thermal fluid;
an electric heater; and an electrical power adjustment device, and these elements are fluidically connected to each other.
The first heat storage system includes a first low temperature heat storage tank and a first high temperature heat storage
tank which are fluidically connected. The second heat storage system includes a second low temperature heat storage tank
and a second high temperature heat storage tank which are fluidically connected. The electric heater is operatively
connected between the heat storage tanks. The electrical power adjustment device adjusts a part of excessive electric
energy of a power supply to supply it to the electric heater and the heat pump cycle. SELECTED DRAWING: Figure 1
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Hybrid power supply system, power supply method thereof and electrical equipment

Abstract

The invention discloses a hybrid power supply system, a power supply method thereof and electrical equipment. The hybrid
power supply system comprises a solar cell array, a boosted circuit, a DC bus, a converter circuit, an inverter and a motor,
wherein the input end of the boosted circuit is connected with the solar cell array, the DC bus is connected with the output
end of the boosted circuit, the converter circuit is connected with the DC bus and is connected with a three-phase AC supply,
the converter circuit is provided with a three-phase full-bridge power device, the input end of the inverter is connected with
the DC bus, and the motor is connected with the output end of the inverter. By the adoption of the hybrid power supply
system, the power supply method thereof and the electrical equipment, the problem of the prior art that a hybrid power
supply system is only adaptable to a single power supply is solved, and then the hybrid power supply system can be applied
on more occasions.
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Combined cycle thermo-photovoltaic electrical center. (Machine-translation by Google Translate, not legally binding)

Abstract

Thermo-photovoltaic combined cycle power plant. The power plant is based on the combined use of a park of double-effect
photovoltaic solar panels (10) and a park of solar thermal panels (11), to produce electricity as well as water heating or liquid
heat, corresponding to the panels of the park (10) to that described in the invention patent 200701042 and the solar panels
of the park (11) to that described in the invention patent 200801521, so that in addition to the electricity produced by the park
of solar photovoltaic panels of double effect (10), water or hot heat transfer liquid is obtained that after carrying out its
thermoregulation by means of a control circuit (13) and its storage in a tank (16), is passed through a control circuit (17)
before reaching the park of solar thermal panels (11), from which a greater heating of this water or liquid heat is obtained, for
its later application to the power plant ( 19) of combined cycle cogeneration with water steam boiler and/or gas, after passing
through a steam boiler (21). (Machine-translation by Google Translate, not legally binding)
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ELECTROCHEMICAL NANOFLUID OR
PARTICLE SUSPENSION ENERGY
CONVERSION AND STORAGE DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application isa Division of patent appli-
cation Ser. No. 12/777,943 filed. May 11, 2010, which claims
the benefit under 35 U.S.C. §119(e) of U.S. Provisional
Patent Application No. 61/177,520 filed May 12, 2009
entitled “Electrochemical Nanofluid Energy Conversion and
Storage Devices,” the disclosure of which is hereby incorpo-
rated by reference in its entirety for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

[0002] The United States Government has rights in this
invention pursuant to Contract No. DE-AC52-07NA27344
between the United States Department of Energy and
Lawrence Livermore National Security, LLC for the opera-
tion of Lawrence Livermore National Laboratory.

BACKGROUND

[0003] 1. Field of Endeavor

[0004] The present invention relates to energy and more
particularly to electrochemical energy storage.

[0005] 2. State of Technology

[0006] Electrochemical energy storage is required for grid
storage, wireless communications, portable computing, and
will be essential for the realization of future fleets of electric
and hybrid electric vehicles, which are now believed to be an
essential part of the worlds strategy for reducing our depen-
dence on o1l, and minimizing the impact of gaseous emissions
0f CO, on global warming. In looking at those possible mate-
rials that can be used for anodes in electrochemical energy
conversion and storage systems, hydrogen and lithium have
the highest specific capacities (Ah/kg). Hydrogen is of course
used to power fuel cells, while lithium is used in advanced
rechargeable batteries.

[0007] Most state of the art energy storage systems use
lithium ion battery chemistry, with graphite anodes that inter-
calate lithium upon charging, mixed transition metal oxide
cathodes that intercalate lithium during discharge, a micro-
porous polyethylene clectrode separator, and electrolyte
formed from a dielectric mixed solvent composed of organic
carbonates and high-mobility lithium salts. The movement of
the lithium ions between the intercalation anodes and cath-
odes during charge and discharge is known as the “rocking
chair” mechanism.

[0008] Cells with liquid electrolytes are usually contained
in cylindrical or prismatic metal cans, with stack pressure
maintained by the walls of the can, while cells with polymer
gel electrolytes are usually contained in soft-side aluminum-
laminate packages, with stack pressure achieved through
thermal lamination of the electrodes and separators, thereby
forming a monolithic structure.

[0009] The active graphite or transition metal oxide mate-
rials used in the electrodes exist as fine powders, coated onto
thin metal foils of copper and aluminum, respectively, and
held in place by a PVDF binder. Both natural and manmade
graphite such as MCMB have been used for the anodes, while
Li,Co0,, LiNiO,, LiMn,O,, mixed transition metal oxides

Oct. 1, 2015

with cobalt, nickel and manganese, and iron-phosphates are
common choices for the cathode.

[0010] Over the past decade, these systems have attained
outstanding specific energy and energy density, exceptional
cycle life and rate capabilities that enable them to now be
considered for both vehicular and power tool applications, in
addition to their early applications in wireless communica-
tions and portable computing. The best commercially avail-
able, polymer-gel lithium ion battery now has a specific
energy of 180 to 200 Wh/kg, an energy density of 360 to 400
WH/L, and a reasonably good rate capability, allowing dis-
charge at C/2 or better.

[0011] Both liquid prismatic and polymer gel cells have
been incorporated into large high-capacity power packs and
used to power the mobile electric vehicles. Such high capacity
systems have state-of-the-art computerized charge and dis-
charge control, which includes graphical user interfaces,
sensing for monitoring the health of individual cells, and
charge balancing networks.

[0012] Such lithium ion batteries, which rely on the rocking
chair mechanism, are generally believed to be safer than those
where lithium exists in the reduced metallic state. However,
the use of flammable liquid-phase and two-phase polymer gel
electrolytes, coupled with a high energy density, a relatively
delicate 20-micron thick polymeric separator, and the possi-
bility of lithium plating and dendrite formation due to non-
uniform stack pressure and electrode misalignment has led to
safety problems with these energy storage systems. The pos-
sibility of such an event occurring on commercial airliners,
where many passengers carry laptop computers and cell
phones with such batteries, is especially disconcerting. These
events have occurred on much larger scale, and have caused
industry-wide concern in the continued use of this important
technology.

[0013] Adequate and intelligent thermal management in
these cells is essential. High rates of charge or discharge
drives the temperature upward due to resistive heating of the
electrolyte. When the core temperature of these cells exceeds
approximately 150° F. the systems frequently become
unstable, with the possible initiation of autocatalytic reac-
tions, which can lead to thermal runaway and catastrophic
results. Disproportionation of the transition metal oxides can
liberate sufficient oxygen to support oxidation of the organic
carbonate solvents used in the liquid or polymer-gel electro-
lytes. It is now recognized that while conventional systems
provide high energy density, their safety remains problem-
atic.

[0014] The treatise, Introduction to Nanotechnology, by
Charles P. Poole, Jr., and Frank J. Owens. John Wiley &.
Sons, 2003, states: “Nanotechnology is based on the recog-
nition that particles less than the size of 100 nanometers (a
nanometer is a billionth of a meter) impart to nanostructures
built from them new properties and behavior. This happens
because particles which are smaller than the characteristic
lengths associated with particular phenomena often display
new chemistry and physics, leading to new behavior which
depends on the size. So, for example, the electronic structure,
conductivity, reactivity, melting temperature, and mechanical
properties have all been observed to change when particles
become smaller than a critical size.”

SUMMARY

[0015] Features and advantages of the present. invention
will become apparent from the following description. Appli-
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cants are providing this description, which includes drawings
and examples of specific embodiments, to give a broad rep-
resentation of the invention. Various changes and modifica-
tions within the spirit and scope of the invention will become
apparent to those skilled in the art from this descriptionand by
practice of the invention. The scope of the invention is not
intended to be limited to the particular forms disclosed and
the invention covers all modifications, equivalents, and alter-
natives falling within the spirit and scope of the invention as
defined by the claims.

[0016] The present invention provides an electro-chemical
energy conversion and storage device. The electro-chemical
energy conversion and storage device includes an enclosure,
a first electrode operatively connected to the enclosure, a
second electrode operatively connected to the enclosure, a
nanofluid or particle suspension in the enclosure, a heat trans-
fer unit, and a circulation system for circulating the nanofluid
or particle suspension to the heat transfer unit.

[0017] The nanofluid is defined as:
nanofluid=nanoparticles+dielectric or ionic fluid. A wide
range of nanoparticles can be used. For example the following
nanoparticles can be used: metal and metal alloy particles for
anodic dissolution and thermal transport; hydrides as source
of hydrogen ions; lithium and lithium alloys; intercalated
graphite and carbon aerogel as Li source (anodic material),
intercalated transition metal oxide as Li sink (cathodic mate-
rial); and semiconductors for photovoltaic conversion in
photo-electrochemical or hybrid electrochemical cell.
[0018] The particle suspension is defined as: particle
suspension=particles+dielectric or ionic fluid. A wide range
of particles can be used. For example the following particles
can be used: metal and metal alloy particles for anodic disso-
lution and thermal transport; hydrides as source of hydrogen
ions; lithium and lithium alloys; graphite intercalated with
lithium; and carbon aerogel with a coating of lithium as a
lithium source (anodic material ); intercalated transition metal
oxides as lithium sink (cathodic material); and semiconduc-
tors for photovoltaic conversion in photo-electrochemical or
hybrid electrochemical cell.

[0019] Nanoparticles or particles for the ananofluid or par-
ticle suspension anolyte can be made of pure elemental mate-
rials including Pb, Cd, Zn, Fe, Na, Ca, Mg, Al, and Li, as well
as any alloy formed from these pure elemental materials. In
the case of a nanofluid flow cell using lithium-ion type chem-
istry, the nanoparticles in the anolyte could be Li-intercalated
natural graphite, Li-intercalated synthetic graphite, Li—S;
alloys, Li—Sn alloys, or other Li-containing alloys or com-
pounds. Similar compositions can be used for particles sus-
pensions. In the case of a nanofluid flow cell using lithium-ion
type chemistry, the nanoparticles in the catholyte could be a
transition metal oxide such as [i,CoQ,, Li NiO,, Li Mn,0,,
a mixed transition metal oxide such as Li,(Co, Ni, Mn)O,, or
a phosphate such as Li FePO,. Similar compositions can be
used for particle suspensions. Hydrides can also be used for
anolyte nanoparticles or particles.

[0020] The present invention can be incorporated in differ-
ent electrochemical and photo-electrochemical cell configu-
rations. For example, present invention can be incorporated in
the following cell configurations: anodic and cathodic nanof-
luid or particle suspension or particle suspensions in both
compartments of divided cell (anodic nanofluid or particle
suspension in the anode compartment of the cell and cathodic
nanofluid or particle suspension in the cathode compartment
of the cell); anodic nanofluid or particle suspension in the
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anode compartment for air or oxygen breathing cell; a storage
system for oxygen/peroxide in oxygen/peroxide depolarized
system; an air-sparged nanofluid or particle suspension oxy-
gen cathode for air breathing cell; an electrolyte nanofluid or
particle suspension in cell with solid anode and cathode; a
photovoltaic nanofluid or particle suspension in photo-elec-
trochemical cell; and anodic and cathodic nanoparticles
forming a single nanofluid or particle suspension, with local-
ized anode and cathode sites for energy harvesting from par-
ticles.

[0021] Some of the advantages of the present invention
include: enhanced thermal management; thereby preventing
thermal runaway in high capacity systems; overcoming solu-
bility limit encountered in conventional liquid redox flow
batteries through the use of solid particles; ability to provide
unlimited capacity for a wide variety of chemistries; by sim-
ply enlarging the storage volumes for nanofluids or particle
suspensions; fast mechanical recharging; and extremely high
charge and discharge rates for vehicular applications (ex-
treme rate capability), enabled by the short diffusion length,
coupled with flow-control of turbulence and mixing.

[0022] Uses of the present invention include load leveling,
uninterruptable power for computing and telecommunica-
tions, electric vehicles, hybrid electric vehicles, and other
uses.

[0023] The invention is susceptible to modifications and
alternative forms. Specific embodiments are shown by way of
example. It is to be understood that the invention is not limited
to the particular forms disclosed. The invention covers all
modifications, equivalents, and alternatives falling within the
spirit and scope of the invention as defined by the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The accompanying drawings, which are incorpo-
rated into and constitute a part of the specification, illustrate
specific embodiments of the invention and, together with the
general description of the invention given above, and the
detailed description of the specific embodiments, serve to
explain the principles of the invention.

[0025] FIG. 1 illustrates a divided energy storage battery
with anodic and cathodic nanofluid or particle suspension or
particle suspensions in both compartments of the divided
battery.

[0026] FIG. 2 illustrates an air or oxygen breathing nanof-
luid or particle suspension flow battery.

[0027] FIG. 3 illustrates a circulation system for a nanofluid
or particle suspension.

[0028] FIG. 4illustrates an air-sparged nanofluid or particle
suspension oxygen cathode for air breathing cell.

[0029] FIG.5illustrates a photovoltaic nanofluid or particle
suspension in photo-electrochemical cell.

[0030] FIG. 6 illustrates an anodic and cathodic nanopar-
ticles forming a single nanofluid or particle suspension, with
localized anode and cathode sites for energy harvesting from
particles

[0031] FIG.7is thearea designated in FIG. 1 that illustrates
the nanofluid or particle suspension.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0032] Referring to the drawings, to the following detailed
description, and to incorporated materials, detailed informa-
tion about the invention is provided including the description
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of specific embodiments. The detailed description serves to
explain the principles of the invention. The invention is sus-
ceptible to modifications and alternative forms. The invention
is not limited to the particular forms disclosed. The invention
covers all modifications, equivalents, and alternatives falling
within the spirit and scope of the invention as defined by the
claims.

[0033] Electrochemical energy storage is required for
numerous applications which are now believed to be an essen-
tial part of the world’s strategy for reducing our dependence
on oil, and minimizing the impact of gaseous emissions of
CO? on global warming. Cells with liquid electrolytes are
usually contained in cylindrical or prismatic metal cans, with
stack pressure maintained by the walls of the can, while the
two-phase polymer gel electrolytes are usually contained in
an aluminum-laminate “candy wrapper” pouch, with stack
pressure achieved through thermal lamination of the elec-
trodes and separators, thereby forming a monolithic structure.
Over the pastdecade, these systems have attained outstanding
specific energy and energy density. exceptional cycle life and
rate capabilities that enable them to now be considered for
both vehicular and power tool applications, in addition to
their early applications in wireless communications and por-
table computing. The best commercially available, polymer-
gel lithium ion battery now has a specific energy of 180 to 200
Wh/kg, an energy density of 350 to 400 WlvL, and a reason-
ably good rate capability, allowing discharge at C/2. A typical
solid polymer electrolyte (SPE) cell has a specific energy of
only —100 Wh/kg, and an energy density of only =80 Wh/L
(though some higher values have been sporadically reported).
Such lithium ion batteries, which rely on the rocking chair
mechanism, are generally believed to be safer than those
where lithium exists in the reduced metallic state. However,
the use of flammable liquid-phase and two-phase polymer gel
electrolytes, coupled with a high energy density, a relatively
delicate 20-micron thick polymeric separator, and the possi-
bility of lithium plating and dendrite formation due to non-
uniform stack pressure and electrode misalignment has led to
safety problems with these energy storage systems. Adequate
and intelligent thermal management in these cells is essential.
High rates of charge or discharge drives the temperature
upward due to resistive heating of the electrolyte. When the
core temperature of these cells exceeds approximately 150°
F., the systems frequently become unstable, with the possible
initiation of autocatalytic reactions, which can lead to thermal
runaway and catastrophic results. Disproportionation of the
transition metal oxides can liberate sufficient oxygen to sup-
port oxidation of the organic carbonate solvents used in the
liquid or polymer-gel electrolytes. It is now recognized that
while conventional systems provide high energy density, their
safety remains problematic.

[0034] The present invention provides an electro-chemical
energy conversion and storage device. The electro-chemical
energy conversion and storage device includes an enclosure,
a first electrode operatively connected to the enclosure, a
second electrode operatively connected to the enclosure, a
nanofluid or particle suspension in the enclosure, a heat trans-
fer unit, and a circulation system for circulating the nanofluid
or particle suspension to the heat transfer unit.

[0035] The nanofluid is defined as:
nanofluid=nanoparticles+dielectric or ionic fluid. A wide
range of nanoparticles can be used. For example the following
nanoparticles can be used: metal and metal alloy particles for
anodic dissolution and thermal transport; hydrides as source
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of hydrogen ions; lithium and lithium alloys; intercalated
graphite and carbon aerogel as Li source (anodic material);
intercalated transition metal oxide as Li sink (cathodic mate-
rial); and semiconductors for photovoltaic conversion in
photo-electrochemical or hybrid electrochemical cell.
[0036] The particle suspension is defined as: particle
suspension=particles+dielectric or ionic fluid. A wide range
of particles can be used. For example the following particles
can be used: metal and metal alloy particles for anodic disso-
lution and thermal transport; hydrides as source of hydrogen
ions; lithium and lithium alloys; intercalated graphite and
carbon aerogel as Li source (anodic material); intercalated
transition metal oxide as Li sink (cathodic material); and
semiconductors for photovoltaic conversion in photo-electro-
chemical or hybrid electrochemical cell.

[0037] Examples of nanoparticles and particles that can be
used in the nanofluid or particle suspension are included in
Table 1 below.

TABLE 1

Anodic Metal Li Ion Type Anodic Hydride
Narnoparticles Nanoparticles Nanoparticles
Pb & Pb Alloys  Lithium and Lithium Alloys LaCuNi4
Cd & Cd Alloys  Graphite Intercalated with Li Mm0.85Ce0.15Ni5
Zn & Zn Alloys  Intercalation Cathode for Li-Ion  LaNi5

Type Fluid Cell
Fe & Fe Alloys La0.7Ce0.3Ni5
Si & SiAlloys FeTi
Na & Na Alloys Niobium
Ca & CaAlloys Mm1.05Ni4.97Al0.03
Mg & Mg Alloys FeTiMn
Al & Al Alloys Alanate
Li & Li Alloys
Ag & Ag Alloys
Cu & CuAlloys

Examples of Nanoparticles for Nanofluid or Particle
Suspension

[0038] Examples of electro-chemical energy conversion
and storage systems constructed in accordance with the
present invention are described below.

Example 1

Divided Energy Storage Battery

[0039] An example of electro-chemical energy conversion
and storage systems constructed in accordance with the
present invention is illustrated in FIG. 1. A divided energy
storage battery with anodic and cathodic nanofluid or particle
suspension or particle suspensions in both compartments of
the divided battery is shown in FIG. 1. The divided energy
storage battery is designated generally by the reference
numeral 100. The divided energy storage battery 100 pro-
vides a new inherently safe, high-energy, high-rate recharge-
able battery. The divided energy storage battery 100 includes
the following components: electro-catalytic anode 101,
nanofluid or particle suspension anolyte 102, nanofluid or
particle suspension anolyte storage tank & heat transfer 103,
heat rejection—anode 104, electrolyte & separator 105, load
106, electrical connectors 107, pump 108, fluid lines 109,
electro-catalytic cathode 110, nanofluid or particle suspen-
sion catholyte 111, nanofluid or particle suspension catholyte
storage tank & heat transfer 112, heat rejection—cathode
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113, and housing 114. The housing is made at least in part of
a non-conductive material. The electrolyte & separator 105 is
constructed of solid state electrolytes for electrode separator-
electrolyte layer. Examples of the solid state electrolytes for
electrode separator-electrolyte layer are shown in Table 2
below.

TABLE 2
Conductivity
Electrolyte (Smh
Agl 1073
Ag,SI 1
RbAg,Ls 3.0
B-(ALO3),;(N2,0), 3
Lil(ALO;) 1073
Lil 1072
LiX-PEO 1073
Lio.3510.1400.007P0. 115008 5x107
MEEP 1072
Plasticized SPEs 107!
Lig.351612003:P0. 12505 2x 107
Lio36Ng-02003.47P0.12 3x107

[0040] Theelectro-catalytic anode 101 gives up electrons at
a potential above that of the electro-catalytic cathode 110.
The conductive link via the load 106 through electrical con-
nectors 107 carries electrons from the electro-catalytic anode
101 to the electro-catalytic cathode 110. The nanofluid or
particle suspension anolyte 102 dissociates ions. These ions
serve to deliver electrons and chemical matter through the
nanofluid or particle suspension anolyte 102 to balance the
flow of electric current through the load 106 during operation.
[0041] The divided energy storage battery 100 includes
electro-catalytic anode 101 and electro-catalytic cathode 110
electrically connected across load 106 by electrical connec-
tors 107. A nanofluid or particle suspension anolyte 102 is
contained within housing 114 adjacent electro-catalytic
anode 101. The nanofluid or particle suspension anolyte 102
is circulated to a nanofluid or particle suspension anolyte
storage tank and heat transfer unit 103 through fluid lines 109
by pump 108. Nanofluid or particle suspension anolyte stor-
age tank and heat transfer unit 103 provides heat rejection
104. The nanofluid or particle suspension anolyte 102 is a
nanofluid or particle suspension.

[0042] The nanofluid is defined as:
nanofluid=nanoparticles+dielectric or ionic fluid. A wide
range of nanoparticles can be used. The particle suspension is
defined as: particle suspension=particles+dielectric or ionic
fluid. A wide range of particles can be used. Examples of
nanoparticles and particles that can be used in the nanofluid or
particle suspension are included in Table 1 above.

[0043] A nanofluid or particle suspension catholyte 111 is
contained within housing 114 adjacent electro-catalytic cath-
ode 110. The nanofluid or particle suspension catholyte 111 is
circulated to a nanofluid or particle suspension catholyte stor-
age tank and heat transfer 112 through fluid lines 109 by
pump 108. Nanofluid or particle suspension catholyte storage
tank and heat transfer 112 provides heat rejection 113.
[0044] Theelectro-catalyticanode 101 gives up electrons at
a potential above that of the electro-catalytic cathode 110.
The conductive link via the load 106 through electrical con-
nectors 107 carries electrons from the electro-catalytic anode
101 to the electro-catalytic cathode 110. nanofluid or particle
suspension catholyte 111 dissociates ions. These ions serve to
deliver electrons and chemical matter through the nanofluid
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or particle suspension catholyte 111 to balance the flow of
electric current through the load 106 during operation.
[0045] The nanofluid is defined as:
nanofluid=nanoparticles+dielectric or ionic fluid. A wide
range of nanoparticles can be used. The particle suspension is
defined as: particle suspension=particles+dielectric or ionic
fluid. A wide range of particles can be used. Examples of
nanoparticles and particles that can be used in the nanofluid or
particle suspension are included in Table 1 above.

Example 2

Air or Oxygen Breathing Battery

[0046] An example of an electro-chemical energy conver-
sion and storage system constructed in accordance with the
present invention is illustrated in FIG. 2. The air or oxygen
breathing nanofluid or particle suspension flow battery is
designated generally by the reference numeral 200. The air or
oxygen breathing nanofluid or particle suspension flow bat-
tery 200 includes the following components: electro-catalytic
anode 201, nanofluid or particle suspension anolyte 202,
nanofluid or particle suspension anolyte storage tank & heat
transfer 203, heat rejection 204, electrolyte & separator 205,
oxygen, cathode 206, oxygen or air 207, selective transport of
molecular oxygen 208, oxygen selective membrane 209, load
210, pump 211, fluid lines 212, electrical connectors 213, and
housing 214. The housing is made at least in part of a non-
conductive material. The air or oxygen breathing nanofluid or
particle suspension flow battery 200 provides a new inher-
ently safe, high-energy, high-rate rechargeable battery.
[0047] The air or oxygen breathing nanofluid or particle
suspension flow battery 200 includes electro-oxygen cathode
206, and electro-catalytic anode 201. The electro-oxygen
cathode 206 and electro-catalytic anode 201 are electrically
connected across load 206 by electrical connectors 213.
[0048] Oxygen or air 207 provides selective transport of
molecular oxygen 208 through oxygen selective membrane
209 to electrolyte and separator 205.

[0049] The nanofluid or particle suspension anolyte 202 is
contained within housing 214 adjacent oxygen cathode 206
and electro-catalytic anode 201.

[0050] Theelectro-catalytic anode 201 gives up electrons at
a potential above that of the electro-oxygen cathode 206. The
conductive link via the load 210 through electrical connectors
213 carries electrons from the electro-catalytic anode 201 to
the electro-oxygen cathode 206. The nanofluid or particle
suspension anolyte 202 dissociates ions. These ions serve to
deliver electrons and chemical matter through the nanofluid
or particle suspension anolyte 202 to balance the flow of
electric current through the load 210 during operation.
[0051] The nanofluid or particle suspension anolyte 202 is
circulated to a nanofluid or particle suspension anolyte stor-
age tank and heat transfer unit 203 through fluid lines 212 by
pump 211. Nanofluid or particle suspension anolyte storage
tank and heat transfer unit 203 provides heat rejection 204.
The nanofluid or particle suspension anolyte 202 is a nanof-
luid or particle suspension.

[0052] The nanofluid is defined as:
nanofluid=nanoparticles+dielectric or ionic fluid. A wide
range of nanoparticles can be used. The particle suspension is
defined as: particle suspension=particles+dielectric or ionic
fluid. A wide range of particles can be used. Examples of
nanoparticles and particles that can be used in the nanofluid or
particle suspension are included in Table 1 above.
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Example 3

Circulation System for Nanofluid or Particle
Suspension

[0053] Referring now to FIG. 3, an example of a circulation
system for a nanofluid or particle suspension energy storage
system is illustrated. The circulation system is designated
generally by the reference numeral 300. The circulation sys-
tem 300 includes the following components: vessel 301,
rounded bottom 302, motor driven agitator 304, particle sup-
ply 305, fluid supply 306, nanofluid or particle suspension
solution 307, pump 308, cell 309, pump 310, tank 312, and
load 314. The nanofluid or particle suspension solution 307 is
a nanofluid or particle suspension.

[0054] The nanofluid or particle suspension solution 307 is
produced by fluid from fluid supply 306 and particles from
particle supply 305 being introduced into the vessel 301. The
motor driven agitator 304 mixes fluid from fluid supply 306
and particles from particle supply 305. The nanofluid or par-
ticle suspension solution 307 is circulated to a nanofluid or
particle suspension storage tank and heat transfer unit 309
through fluid lines by pump 308. A pump 310 pumps fluid
from tank 312 into cell 309. The nanofluid or particle suspen-
sion solution 307 is a nanofluid or particle suspension.
[0055] The nanofluid is defined as:
nanofluid=nanoparticles+dielectric or ionic fluid. The par-
ticle suspension is defined as: particle suspension=particles+
dielectric or ionic fluid. The fluid in fluid supply 306 is a
dielectric or ionic fluid. A wide range of nanoparticles and
particles can be used. Examples of nanoparticles and particles
that can be used in the nanofluid or particle suspension are
included in Table 1 above.

[0056] The nanofluid or particle suspension storage tank
and heat transfer unit 309 provides heat rejection. The nanof-
luid or particle suspension storage tank and heat transfer unit
309 includes an electro-catalytic anode, an electro-catalytic
cathode, and load. The electro-catalytic anode gives up elec-
trons at a potential above that of the electro-catalytic cathode.
The conductive link via the load through electrical connectors
carries electrons from the electro-catalytic anode to the elec-
tro-catalytic cathode. The nanofluid or particle suspension
anolyte dissociates ions. These ions serve to deliver electrons
and chemical matter through the nanofluid or particle suspen-
sion anolyte to balance the flow of electric current through the
load during operation.

Example 4

Air-Sparged Nanofluid or Particle Suspension
Oxygen Cathode

[0057] Referring now to FIG. 4, an example of an air-
sparged nanofluid or particle suspension oxygen cathode for
air breathing cell is illustrated. The air-sparged nanofluid or
particle suspension oxygen cathode for air breathing cell is
designated generally by the reference numeral 400.

[0058] The air-sparged nanofluid or particle suspension
oxygen cathode 400 includes dielectric liquid with extremely
high oxygen solubility 402, air or oxygen source 404, cathode
406, porous metal contact 408, electrode separator and elec-
trolyte layer 410, porous metal contact 412, anode chamber
with anodic nanofluid or particle suspension 414, housing
416; load 418, storage tank 420, and pump 422. The housing
is made at least in part of a non-conductive material. The air
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or oxygen source 404 is connected to dielectric liquid with
extremely high oxygen solubility 402.

[0059] The anodic nanofluid or particle suspension 414 is
circulated to a storage tank 420 through fluid lines by pump
422. Nanofluid or particle suspension anodic nanofluid or
particle suspension 414 is a nanofluid or particle suspension.
[0060] The nanofluid is defined as:
nanofluid=nanoparticles+dielectric or ionic fluid. A wide
range of nanoparticles can be used. The particle suspension is
defined as: particle suspension=particles+dielectric or ionic
fluid. A wide range of particles can be used. Examples of
nanoparticles and particles that can be used in the nanofluid or
particle suspension are included in Table 1 above.

[0061] The cathode 406 and porous metal contact 412
transfer electrons. The conductive link via the load 418
through electrical connectors carries electrons from the cath-
ode 406 to porous metal contact 412. The anodic nanofluid or
particle suspension 414 dissociates ions. These ions serve to
deliver electrons and chemical matter through the anodic
nanofluid or particle suspension 414 to balance the flow of
electric current through the load 418 during operation.

Example 5

Photovoltaic Nanofluid or Particle Suspension in
Photo-Electrochemical Cell

[0062] Referring now to FIG. 5, an example of a photovol-
taic nanofluid or particle suspension in photo-electrochemi-
cal cell is illustrated. The photovoltaic nanofluid or particle
suspension in photo-electrochemical cell is designated gen-
erally by the reference numeral 500. The photovoltaic nanof-
luid or particle suspension in photo-electrochemical cell 500
includes the following components: photo chemically acti-
vated fluid chamber 502, porous metal contact 504, electrode
separator and electrolyte layer 506, porous metal contact 508,
nanofluid or particle suspension chamber 510, housing 512,
storage tank, pump 516, pump 518, storage tank, 520, photo
chemical reactor 522, light source 524, additional storage
tank 526, and load 528.

[0063] Electrical power is produced from sun light or other
light 524. The sunlight or other light 524 is received by photo
chemical reactor 522. The photo chemical reactor 522 is
connected to additional storage tank 526, photo chemically
activated fluid chamber 502, pump 518, and storage tank,
520. The sun light or other light 524 received by photo chemi-
cal reactor 522 results in photochemical reaction of nanopar-
ticle or particle suspension in photo chemical reactor 522.
The nanoparticle or particle suspension is circulated through
additional storage tank 526, photo chemically activated fluid
chamber 502, and storage tank, 520 by pump 518.

[0064] A porous metal contact 504 is operatively connected
to the photo chemically activated fluid chamber 502. An
electrode separator and electrolyte layer 506 is located
between porous metal contact 504 and porous metal contact
508. The electrode separator and electrolyte layer 506 is
constructed of solid state electrolytes for electrode separator-
electrolyte layer. Examples of the solid state electrolytes for
electrode separator-electrolyte layer are shown in Table 2
above.

[0065] Porous metal contact 504 and porous metal contact
508 are electrically connected across load 528 by electrical
connectors. A nanofluid or particle suspension is contained in
nanofluid or particle suspension chamber 510. The nanofluid
or particle suspension is circulated through storage tank 514
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and nanofluid or particle suspension chamber 510 by pump
516. The nanofluid or particle suspension in the nanofluid or
particle suspension chamber 510 can be a wide range of
nanoparticles or a wide range of particles. Examples of nano-
particles and particles that can be used are included in Table 1
above.

Example 6

Anodic and Cathodic Nanoparticles Forming a

Single Nanofluid or Particle Suspension, with

Localized Anode and Cathode Sites for Energy
Harvesting from Particles

[0066] Referring now to FIG. 6. an example of an anodic
and cathodic nanoparticles forming a single nanofluid or par-
ticle suspension, with localized anode and cathode sites for
energy harvesting from particles is illustrated. The anodic and
cathodic nanoparticles forming a single nanofluid or particle
suspension, with localized anode and cathode sites for energy
harvesting from particles is designated generally by the ref-
erence numeral 600. The anodic and cathodic nanoparticles
forming a single nanofluid or particle suspension, with local-
ized anode and cathode sites for energy harvesting from par-
ticles 600 includes the following components: housing 602,
mixed anodic-cathodic nanofluid or particle suspension 604,
anode 606, cathode 608, load 610, optional storage tank 612,
pump 614, particle 618, particle or ion 620, particle 622, and
particle or ion 624.

[0067] Electrical power is produced by anode 606 and cath-
ode 608 being connected across load 610 by suitable electri-
cal connectors. The housing 602 contains mixed anodic-ca-
thodic nanofluid or particle suspension 604. An anode 606 is
shown as a functionalized species-specific anode 606 and the
cathode 608 is shown as a functionalized species-specific
cathode 608. Nanoparticles or particles in mixed anodic-
cathodic nanofluid or particle suspension 604 produce par-
ticle 618 and particle or ion 620 that interact with anode 606.
Nanoparticles or particles in mixed anodic-cathodic nanof-
luid or particle suspension 604 produce particle 622 and
particle or ion 624 that interact with cathode 608.

[0068] The mixed anodic-cathodic nanofluid or particle
suspension 604 can be circulated to optional storage tank 612
through suitable fluid lines by pump 614. The mixed anodic-
cathodic nanofluid or particle suspension 604 is a nanofluid or
particle suspension. The nanofluid is defined as:
nanofluid=nanoparticles+dielectric or ionic fluid. A wide
range of nanoparticles can be used. The particle suspension is
defined as: particle suspension=particles+dielectric or ionic
fluid. A wide range of particles can be used. Examples of
nanoparticles and particles that can be used in the nanofiuid or
particle suspension are included in Table 1 above.

[0069] Nanofluid or Particle Suspension

[0070] Referring now to FIG. 7, a partial view of the reac-
tion chambers of FIG. 1 is shown. The partial view of the
reaction chambers is designated generally by the reference
numeral 700. The area 700 designated in FIG. 1 is shown to
illustrate the nanofluid or particle suspension and the interac-
tion of the nanofluid or particle suspension with contact sepa-
rator and electrolyte layer 704. The partial view of the reac-
tion chambers includes the following components: nanofluid
or particle suspension anolyte 702, contact separator and
electrolyte layer 704, nanofluid or particle suspension
catholyte 706, porous metal contact (electro catalytic anode)
708, porous metal contact (electro catalytic cathode) 710,
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particles in nanofluid or particle suspension swept along by
fluid flow 712, fluid flow arrow (nanofluid or particle suspen-
sion anolyte) 714, and fluid flow arrow (nanofluid or particle
suspension catholyte) 716.

[0071] The nanofluid or particle suspension and the inter-
action of the nanofluid or particle suspension interacts with
the porous metal contact (electro catalytic anode) 708, porous
metal contact (electro catalytic cathode) 710, and separator
and electrolyte layer 704. The separator and electrolyte layer
704 is constructed of solid state electrolytes for an electrode
separator-electrolyte layer. Examples of the solid state elec-
trolytes for an electrode separator-electrolyte layer are shown
in Table 2 above.

[0072] The particles 712 in the nanofluid or particle sus-
pension are swept along by fluid flow as indicated by the fluid
flow arrow (nanofluid or particle suspension anolyte) 714 and
fluid flow arrow (nanofluid or particle suspension catholyte)
716. The particles 712 in nanofluid or particle suspension
anolyte 702 are shown contacting the porous metal contact
(electro catalytic anode) 708 by impingement. The particles
712 in nanofluid or particle suspension catholyte 706 are
shown contacting the porous metal contact (electro catalytic
cathode) 710 by impingement. Examples of the particles 712
in the nanofluid or particle suspension are included in Table 1
above.

[0073] Some of the advantages of the nanofluid or particle
suspension nanofluid or particle suspension anolyte 702 and
the nanofluid or particle suspension catholyte 706 include:
enhanced thermal management; prevention of thermal run-
away in high capacity systems; overcoming solubility limit of
encountered in liquid redox batteries by enlarging the storage
volumes for ano/cathodic nanofluids or particle suspensions;
ability to provide unlimited capacity for a wide variety of
chemistries; fast mechanical recharging; and extremely high
charge and discharge rates for vehicular applications (ex-
treme rate capability), enabled by the short diffusion length,
coupled with flow-control of turbulence and mixing.

[0074] While the invention may be susceptible to various
modifications and alternative forms, specific embodiments
have been shown by way of example in the drawings and have
been described in detail herein. However, it should be under-
stood that the invention is not intended to be limited to the
particular forms disclosed. Rather, the invention is to cover all
modifications, equivalents, and alternatives falling within the
spirit and scope of the invention as defined by the following
appended claims.

The invention claimed is:

1. A battery apparatus that provides electrical energy

across a load, comprising:

a battery housing having a first side, a second side opposite
said first side, and an enclosure between said first side
and said second side,

a solid electro-catalytic anode in said enclosure,

a nanofluid or particle suspension anolyte in said enclosure
between said first side and said solid electro-catalytic
anode providing a first section of the battery with said
nanofluid or particle suspension anolyte in said first
section

wherein said nanofluid or particle suspension anolyte
includes nanoparticles that are lithium or lithium alloys,

a nanofluid or particle suspension anolyte storage unit,

a nanofluid or particle suspension anolyte circulation sys-
tem for circulating said nanofluid or particle suspension



US 2015/0280281 Al

anolyte from said nanofluid or particle suspension
anolyte storage unit to said first section,

a solid electro-catalytic cathode in said enclosure,

a nanofluid or particle suspension catholyte in said enclo-
sure between said second side and said solid electro-
catalytic cathode providing a second section of the bat-
tery with said nanofluid or particle suspension catholyte
in said second section providing a nanofluid or particle
suspension catholyte storage unit,

a solid state electrolyte separator between said solid elec-
tro-catalytic anode and said solid electro-catalytic cath-
ode,

electrical connectors connecting said solid electro-cata-
lytic anode and said solid electro-catalytic cathode
across the load, and

a nanofluid or particle suspension catholyte circulation
system for circulating said nanofluid or particle suspen-
sion catholyte from said nanofluid or particle suspension
catholyte storage unit to said second section, and

an agitator in said enclosure.

2. The electro-chemical energy conversion and storage
apparatus of claim 1 wherein said nanofluid or particle sus-
pension includes nanoparticles and a dielectric or ionic fluid.

3. The energy storage battery apparatus of claim 1 wherein
said nanofluid or particle suspension anolyte is a particle
suspension that includes anodic hydride nanoparticles and a
dielectric or ionic fluid.

4. The electro-chemical energy conversion and storage
apparatus of claim 2 wherein said nanoparticles are hydrides
as a source of hydrogen ions.

5. The electro-chemical energy conversion and storage
apparatus of claim 2 wherein said nanoparticles are lithium or
lithium alloys.

6. The electro-chemical energy conversion and storage
apparatus of claim 2 wherein said nanoparticles are interca-
lated graphite or carbon aerogel as a Li source.

7. The electro-chemical energy conversion and storage
apparatus of claim 2 wherein said nanoparticles are interca-
lated transition metal oxide as a i source.

8. The electro-chemical energy conversion and storage
apparatus of claim 1 wherein said circulation system includes
a pump.

9. The energy storage battery apparatus of claim 1 wherein
said nanofluid or particle suspension catholyte is a nanofluid
that includes nanoparticles and a dielectric or ionic fluid.

10. The electro-chemical energy conversion and storage
apparatus of claim 1 wherein said circulation system includes
a nanoparticle supply and a fluid supply.

11. The electro-chemical energy conversion and storage
apparatus of claim 1 wherein said circulation system includes
a vessel having a rounded bottom a nanoparticle supply, a
fluid supply, and an agitator.

12. The energy storage battery apparatus of claim 1
wherein said nanofluid or particle suspension anolyte is a
nanofluid that includes nanoparticles and a dielectric or ionic
fluid.
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13. The energy storage battery apparatus of claim 1
wherein said nanofluid or particle suspension anolyte is a
nanofluid that includes lithium nanoparticles and a dielectric
or ionic fluid.

14. The battery apparatus of claim 1 wherein said solid
state electrolyte separator is positioned between said solid
electro-catalytic anode and said solid electro-catalytic cath-
ode and is in direct contact with said electro-catalytic anode
and said solid electro-catalytic cathode and wherein said a
solid state electrolyte separator includes plasticized solid
polymer electrolytes (SPEs).

15. A battery apparatus that provides electrical energy
across a load, comprising:

a battery housing having a first side, a second side opposite
said first side, and an enclosure between said first side
and said second side having an anode compartment
immediately adjacent said first side and a cathode com-
partment immediately adjacent said second side,

a solid electro-catalytic anode in said anode compartment
of said enclosure,

a particle suspension anolyte in said anode compartment
between said first side and said solid electro-catalytic
anode

wherein said particle suspension anolyte includes nanopar-
ticles that are lithium or lithium alloys,

a particle suspension anolyte storage unit,

an anolyte circulation system for circulating said particle
suspension anolyte from said particle suspension
anolyte storage unit to said anode compartment,

a solid electro-catalytic cathode in said cathode compart-
ment,

aparticle suspension in said cathode compartment between
said second side and said solid electro-catalytic cathode,

a particle suspension catholyte storage unit,

a solid state electrolyte separator between and in direct
contact with said solid electro-catalytic anode and said
solid electro-catalytic cathode thereby separating said
anode compartment from said cathode compartment,

electrical connectors connecting said solid electro-cata-
Iytic anode and said solid electro-catalytic cathode
across the load,

a catholyte circulation system for circulating said catholyte
from said particle suspension catholyte storage unit to
said cathode compartment, and

an agitator in said enclosure.

16. The energy storage battery apparatus of claim 15
wherein said particle suspension anolyte is a particle suspen-
sion that includes anodic hydride nanoparticles and a dielec-
tric or ionic fluid.

17. The electro-chemical energy conversion and storage
apparatus of claim 16 wherein said anodic hydride nanopar-
ticles are hydrides as a source of hydrogen ions.

18. The energy storage battery apparatus of claim 15
wherein said particle suspension anolyte includes lithium or
lithium alloys nanoparticles and a dielectric or ionic fluid.
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Abstract:

The disclosure relates to particle heaters for heating solid particles to store electrical energy as
thermal energy. Thermal energy storage directly converts off-peak electricity into heat for thermal
energy storage, which may be converted back to electricity, for example during peak-hour power
generation. The particle heater is an integral part of an electro-thermal energy storage system, as it
enables the conversion of electrical energy into thermal energy. As described herein, particle heater
designs are described that provide efficient heating of solid particles in an efficient and compact
configuration to achieve high energy density and low cost.
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ELECTRIC CHARGING PARTICLE HEATER FOR THERMAL ENERGY
STORAGE

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority from U.S. Provisional Patent Application No. 63/051,534 filed on

July 14, 2020, the contents of which are incorporated herein by reference in their entirety.

CONTRACTUAL ORIGIN
This invention was made with government support under Contract No. DE-AC36-08G028308

awarded by the Department of Energy. The government has certain rights in the invention.

BACKGROUND
Renewable energy resources have been limited by the ability to store energy produced during off-
peak times for use during peak times. Energy storage is important for variable-regeneration renewable
energy sources, such as wind and solar. However, current battery technologies are too expensive for
grid-scale, long duration energy storage. Molten salt storage is expensive and limited by salt stability
and corrosion issues. Pumped energy storage in the form of hydroelectricity is limited by the
geological conditions of the system as it requires two reservoirs at different vertical levels. Thus, there
remains a need for improved energy storage systems capable of storing excess electricity produced
by alternative energy sources such as wind and solar, to be recovered later during peak electricity

demand.

SUMMARY
An aspect of the present disclosure is a heater for heating a plurality of solid particles, the heater
including at least two three-dimensional (3D) shapes, each 3D shape including at least two
surfaces, in which each surface of each 3D shape includes at least two lateral edges positioned
substantially parallel to a first axis (z), each lateral edge has a length between a proximal end and
a distal end, each surface includes a proximal edge positioned at the proximal end of the length
and within a first plane defined by a second axis (x) and a third axis (y), the proximal edges of
each surface of each 3D shape form a cross-sectional shape in the plane, at least one surface of
each 3D shape is positioned to face at least one surface of another 3D shape defining a channel,
the channel is oriented to enable the gravitational flow of the plurality of solid particles through

the channel, at least one surface defining the channel is configured to transfer heat to at least a
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portion of the plurality of solid particles, x and y are each perpendicular to z, and x and y are

perpendicular to each other.

In some embodiments, the at least one surface defining the channel is configured to operate at a
temperature between about 500 °C to about 1500 °C. In some embodiments, the cross-sectional
shape is a polygon. In some embodiments, the polygon has an interior angle defined as the angle
between x and a proximal edge, and the interior angle is in the range of about 5° to about 60°. In
some embodiments, the interior angle is approximately 10°. In some embodiments, the polygon is
a triangle, a quadrilateral, a pentagon, a hexagon, a heptagon, an octagon, a nonagon, or a decagon.
In some embodiments, the at least one surface defining the channel configured to transfer heat
comprises a resistive heating element. In some embodiments, the resistive heating element is
positioned within an indentation in the at least one surface defining the channel. In some
embodiments, the resistive heating element comprises an electric-resisting wire or bar. In some
embodiments, the channel has a height substantially parallel with y. In some embodiments, the
height is in the range of about 0.05 m to about 1.5 m. In some embodiments, the height is
approximately 0.15 m. In some embodiments, the channel has a width substantially parallel
with x. In some embodiments, the width is in the range of about 0.05 m to about 1.5 m. In some
embodiments, the width is approximately 0.15 m. In some embodiments, a block positioned
between the at least two 3D shapes and filling at least a portion of the channel and the block is
configured to maintain the width of the channel. In some embodiments, the block comprises a
substantially insulative material. In some embodiments, the block is further configured to direct
the plurality of solid particles towards the at least one surface defining the channel configured to

transfer heat

An aspect of the present disclosure is a particle heater configured to heat a plurality of solid
particles, the particle heater including a heater module having an inlet and an outlet and
substantially filled with a plurality of heating elements which define a plurality of channels, in
which the plurality of heating elements are configured to direct the plurality of solid particles
through the plurality of channels, the plurality of heating elements are configured to receive
electrical energy to generate heat resulting in heating of the plurality of solid particles from a
temperature at the inlet between about 250 °C and about 500 °C to a temperature at the outlet

between about 850 °C and about 1,200 °C.
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An aspect of the present disclosure is a method of heating a plurality of solid particles, the method
including receiving the plurality of solid particles to an inlet of a heater module substantially filled
with a plurality of heating elements which define a plurality of channels, directing the plurality of
solid particles through the plurality of channels, heating the plurality of solid particles from a
temperature at the inlet between about 250 °C and about 500 °c to a temperature at an outlet of the
heater module between about 850 °C and about 1,200 °C using the plurality of heating elements,
and removing the plurality of solid particles from the heater module via the outlet, in which the
plurality of heating elements are configured to receive an electrical energy and convert the

electrical energy to a thermal energy for the heating.

BRIEF DESCRIPTION OF THE DRAWINGS
Some embodiments of the present disclosure are illustrated in the referenced figures of the
drawings. It is intended that the embodiments and figures disclosed herein are to be considered

illustrative rather than limiting.

Figure 1A illustrates a thermal energy storage system, including particle heater, according to some

embodiments of the present disclosure.
Figure 1B illustrates a particle heater, according to some embodiments of the present disclosure.

Figure 1C illustrates heating elements which may be used in a particle heater, according to some

embodiments of the present disclosure.

Figure 1D illustrates an exemplary heating element which may be used in a particle heater,

according to some embodiments of the present disclosure.

Figured 2 illustrates a flowchart describing a method for converting electrical energy to thermal
energy, and the thermal energy back to electrical energy, according to some embodiments of the

present disclosure.

Figure 3 illustrates a process flow diagram of the flow of solid particles through the electric

charging process, according to some embodiments of the present disclosure.

Figure 4 illustrates photographs of exemplary heating elements, according to some embodiments

of the present disclosure.

Figure S illustrates a cross-sectional shape of a heating element showing the location of an interior
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inclination angle, according to some embodiments of the present disclosure.

Figure 6 illustrates average solid particle temperatures (x-axis) for different inclination angles of
heating elements at various vertical positions (y-axis, particles flow from the position to negative

y-direction), according to some embodiments of the present disclosure.

5  Figure 7 illustrates modeling results of contours of the gas fraction (1.00 meaning no particles,
0.42 meaning packed bed) throughout the modeled domain for different inclination angles,
according to some embodiments of the present disclosure. Grey contour shows the full solid

particle domain for a 10° geometry.

Figure 8 illustrates discrete element method (DEM) simulation results of solid particle velocities
10 for a no friction case and a 0.15 friction case, according to some embodiments of the present

disclosure.

Figure 9 illustrates DEM results of gas fractions in a 30° heater with two different friction

coefficients, according to some embodiments of the present disclosure.

Figure 10 compares the results obtained from an analytical model for a short and medium height
15  simulations of a heater module, according to some embodiments of the present disclosure. Also

shown are the DEM solid particle temperature curves to verify the analytical model follows.

Figure 11 demonstrates results from an analytical model of the analytical temperature profile of a
taller particle heater height based on the DEM simulation results obtained for a shorter particle
heater, according to some embodiments of the present disclosure. The point marks the predicted

20  height of the heater required to reach a target temperature of approximately 1,200 °C.

Figure 12 illustrates features of exemplary heating elements designed for a heater module,

according to some embodiments of the present disclosure.

Figure 13 illustrates solid particle inlet (i.e., distributor) and outtake (i.e., collector) for the modular
heater integration and exemplary particle flow control and distribution components, according to

25  some embodiments of the present disclosure.

Figure 14 illustrates a cross-section of a single heater module, according to some embodiments of

the present disclosure.

Figure 15 illustrates the full geometry with material types for a finite element analysis (FEA)
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thermal model of a heater module’s insulation, according to some embodiments of the present
disclosure. The insulation material is displayed as transparent to show the presence of the

supporting rods composed of the refractory material.

Figure 16 provides a model description with applied boundary conditions: (1) variable convection
5  (1.0-10.0 W/m?-K) on exterior wall of the steel shell with a fixed ambient temperature and (2) a
wall temperature profile as a function of position, both linear and exponential profiles were used,

according to some embodiments of the present disclosure.

REFERENCE NUMERALS
100, energy storage system
10 10T silo
102, solid particles and/or solid particle stream
103 turbine
104, generator or motor
105 substation
15 106, grid line
107 . particle conveyor
109 electrical supply line
1100 working fluid and/or working fluid stream
| fluidized bed heat exchanger
20 112 shaft
150 particle heater
15S heater module
160.. .. . housing
165 first vessel (particle distributor)
25 170 second vessel (particle collector)
175 valve
177 I-beam
180, heating element
181 surface
30 183 cross-sectional shape
184 . length (L)
5
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18 insulation
186, . lateral edge
187 duct

188, indentation
180 support

190, channel
190 proximal edge
193 distal edge
104 wire

10S inlet

197 outlet

DETAILED DESCRIPTION

The present disclosure may address one or more of the problems and deficiencies of the prior art
discussed above. However, it is contemplated that some embodiments as disclosed herein may
prove useful in addressing other problems and deficiencies in a number of technical areas.
Therefore, the embodiments described herein should not necessarily be construed as limited to
addressing any of the particular problems or deficiencies discussed herein.

References in the specification to “one embodiment”, “an embodiment”, “an example
embodiment”, “some embodiments™, etc., indicate that the embodiment described may include a
particular feature, structure, or characteristic, but every embodiment may not necessarily include
the particular feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular feature, structure, or characteristic is
described in connection with an embodiment, it is submitted that it is within the knowledge of one
skilled in the art to affect such feature, structure, or characteristic in connection with other

embodiments whether or not explicitly described.

As used herein the term “substantially” is used to indicate that exact values are not necessarily
attainable. By way of example, one of ordinary skill in the art will understand that in some
chemical reactions 100% conversion of a reactant is possible, yet unlikely. Most of a reactant may
be converted to a product and conversion of the reactant may asymptotically approach 100%

conversion. So, although from a practical perspective 100% of the reactant is converted, from a

6
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technical perspective, a small and sometimes difficult to define amount remains. For this example
of a chemical reactant, that amount may be relatively easily defined by the detection limits of the
instrument used to test for it. However, in many cases, this amount may not be easily defined,
hence the use of the term “substantially”. In some embodiments of the present invention, the term
“substantially” is defined as approaching a specific numeric value or target to within 20%, 15%,
10%, 5%, or within 1% of the value or target. In further embodiments of the present invention, the
term “substantially” is defined as approaching a specific numeric value or target to within 1%,

0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% of the value or target.

As used herein, the term “about” is used to indicate that exact values are not necessarily attainable.
Therefore, the term “about” is used to indicate this uncertainty limit. In some embodiments of the
present invention, the term “about” 1s used to indicate an uncertainty limit of less than or equal to
+20%, £15%, £10%, £5%, or £1% of a specific numeric value or target. In some embaodiments of
the present invention, the term “about” is used to indicate an uncertainty limit of less than or equal
to +1%, +0.9%, +0.8%, +0.7%, +0.6%, +0.5%, +0.4%, +0.3%, +0.2%, or +0.1% of a specific

numeric value or target.

Among other things, the present disclosure relates to heaters for heating solid particles to store
electrical energy as thermal energy. Electro-thermal energy storage directly converts off-peak
electricity into heat for thermal energy storage, which may be converted back to electricity, for
example during peak-hour power generation Thus, electro-thermal energy storage will, among
other things, enable better incorporation of intermittent renewable energy sources such as solar
and wind into existing electrical grids, which will in turn result in improved grid resilience. The
particle heater is important part of an electro-thermal energy storage system, as it enables the
conversion of electrical energy into thermal energy. Thus, among other things, the present
disclosure describes electric particle heaters for this important energy conversion step. As
described herein, particle heater designs are described that provide efficient heating of solid

particles in an efficient and compact configuration to achieve high energy density and low cost.

Figure 1A illustrates an energy storage system 100, including a particle heater 150, according to
some embodiments of the present disclosure. In this exemplary energy storage system 100, a silo
101 (i.e., a storage vessel; four shown 101A-D) is provided, which may be utilized for the storage

of solid particles 102. A particle heater 150, as described in detail herein, may be positioned near
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and/or inside the silo 101, such that the particle heater 150 is configured to heat the solid particles
102 from a first relatively low temperature of between about 250°C and about 500°C to a second
relatively high temperature between about 850 °C and about 1,200 °C prior to the solid particles
102 entering a silo 101 during a “charging mode”, where the solid particles 102 are heated using
electricity. Thus, a particle heater 150 may be an electric heater (e.g., using resistive heating
elements), with the electric power needed to drive the electric heater provided from the grid as
shown by electrical supply line 109 shown in Figure 1A. The heated solid particles 102, and the
thermal energy stored within the solid particles 102, may then be stored within a silo 101 until
such a time when the local or regional electrical needs (e.g., time periods of peak electrical energy
usage) require that the thermal energy stored in the heated solid particles 102 be converted back

to electricity.

In some embodiments of the present disclosure, the thermal energy stored in the solid particles 102
may be converted to electricity by passing the heated solid particles 102 through a fluidized bed
heat exchanger 111 that transfers heat from the particles 102 to a heat transfer fluid (i.e., a working
fluid and/or working fluid stream 110). For example, the hot solid particles 102 may be transported
from the silo 102 to a fluidized bed heat exchanger 111 in which the hot solid particles 102 come
into direct contact with the working fluid 110. As shown in Figure 1A, in some embodiments of
the present disclosure, a fluidized bed heat exchanger 111 may be an integral component of a silo
102, such that the hot solid particles 102 may be transported by gravity from within the silo 102 to
the fluidized bed heat exchanger 111. In some embodiments of the present disclosure, for example
when the fluidized bed heat exchanger 111 is not an integral part of the silo 102, the hot solid
particles 102 may be transported to a fluidized bed heat exchanger 111 gravitaticonally,
pneumatically, and/or mechanically (e.g., by the use of a conveyer similar to particle conveyor
107). As shown in Figure 1A, a fluidized bed heat exchanger 111 may be configured to transfer
thermal energy (i.e., heat) from the solid particles 101 to a working fluid 110 (i.e., an inert gas or
heat transfer fluid), thereby heating the working fluid 110 to a temperature between about 700 °C
and about 1,200 °C and cooling the solid particles 102 to a temperature between about 250 °C and
about 500 °C. The heated working fluid 110 may be subsequently directed to a turbine 103, which
in turn may drive a shaft 112 connected to a generator or motor 104, such that at least a portion of
the thermal energy recovered from the solid particles is converted to electrical energy 109, which

may then be transferred to a substation 105 and finally to a grid line 106 for transport to the power

8
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grid. The now expanded and cooled working fluid 110 may then be directed to a compressor (not
shown) to provide the driving force needed to circulate the working fluid 110 back through the
fluidized bed heat exchanger 111.

Figure 2 illustrates a flowchart describing a method for converting electrical energy to thermal
energy, and the thermal energy back to electrical energy, according to some embodiments of the
present disclosure. As shown in Figure 2, using electrical energy from the electricity gird (i.e., the
substation 105 and supplied by the grid line 106) the particle heater 150 may “charge” the energy
storage system 100 by heating the solid particles 102 (“particle charging flow”). Then the solid
particles 102 may be used for thermal energy storage (TES) (“particle discharging flow”) by
storing the heated solid particles 102 in a silo 101. Finally, the heated solid particles 102 may be
used to transfer thermal energy to a working fluid 110, such as a gas, which can be used to

generated electricity (“discharging power”).

Referring again to Figure 1A, a particle heater 150 is an important component of the energy storage
system 100 whose design may significantly affect the overall performance metrics of the energy
storage system 100. Thus, among other things, the present disclosure describes particle heaters 150
that are very effective at heating solid particles 102 using electricity as the energy input to the
particle heater 150. For example, to achieve high heat transfer rates, in order to reduce the heater
size and raw materials needed (and thus reduce capital costs), an array of heating elements may be
strategically arranged to maximize the heat transfer between the electric heating elements and the
solid particles in contact with the electric heating element, and by directing the solid particles to
the electric heating elements in a granular flow pattern. In addition, in some embodiments of the
present disclosure, a large-scale particle heater 150 may be provided in a modular design to
optimize operation and flow patterns through the individual heating elements while enabling
redundancy in the overall particle heater 150. Methods of fabricating electric heating elements are

also described herein.

Figure 1B illustrates a particle heater 150, according to some embodiments of the present
disclosure. In this example, the particle heater 150 contains nine heater modules 155 (only one
called out by a reference number), positioned within a larger housing 160. The housing 160 may
be insulated or may serve to insulate or protect the heater modules 155 from external elements.

Each heater module 155 may be connected to at least one I-beam 177 (or other form of support)
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which not only provides structural support but may also enable quick removal of individual heater
modules 155 from the particle heater 150 when necessary. Solid particles (not shown) may be
directed to the particle heater 150 from a particle distributor 165, which directs the relatively cold
solid particles to each of the heater modules 155 that are in use (or “on-line”). A gate-valve 175
may be utilized to turn on and turn off particle flow to a specific heater module 155, thus, enabling
stepwise increases and decreases to the particle heater’s 150 particle flow rate and heating rate.
The heated solid particles may then exit the various heater modules 155 to fall into a particle

collector 170, which may also be fitted with gate valves 175.

Referring to the center panel of Figure 1B, each heater module 155 may be constructed of a
plurality of electrically powered heating elements 180 positioned with insulation 185 (e.g., a
refractory or nonconductive material) to minimize heat losses from the heater module 155 and for
personnel safety. The insulation 185 may be connected directly to I-beams 177. As shown in the
right panel of Figure 1B, the heating elements 180 may create a network of channels 190 through
which the solid particles 102 may flow or fall by gravity (or may be pumped or forced through),
contacting the hot surfaces of the heating elements 180, resulting in the transfer of heat to the solid

particles, thus completing the conversion of electrical energy to thermal energy.

Figure 1C illustrates heating elements 180, according to some embodiments of the present
disclosure. The heating elements 180 may be three-dimensional (3D) shapes. Each heating element
180 may have at least two surfaces 181 with at least two lateral edges 186 positioned substantially
parallel to a first axis (z). Each heating element 180 and lateral edge 186 has a length 184 between
a proximal end and a distal end. Each surface has a proximal edge 191 positioned at the proximal
end of the length 184 and within a first plane defined by a second axis (x) and a third axis (y). The
proximal edges 191 form a cross-sectional shape 183 in the plane. At least one surface 181 of each
heating element 180 is positioned to face at least one surface 181 of another heating element 180
to define a channel 190. The channel 190 is oriented to enable the gravitational flow of the plurality
of solid particles through the channel 190. At least one surface 181 defining the channel 190 is
configured to transfer heat to at least a portion of the plurality of solid particles (not shown in
Figure 1C). For orientation purposes, X and y are each perpendicular to z, and x and y are

perpendicular to each other.

10
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The surfaces 181 of the heating elements 180 may be substantially planar. The surfaces 181 may
be convex, concave, or substantially flat (that is, not having a significant curvature). The surfaces
may be capable of transferring heat (i.e., conductive) or may be capable of converting electrical
energy to thermal energy (i.e., heat “generating”). The length 184 of the heating elements 180 may
be substantially similar to the measurement of a heater module 155 in the z direction. That is, the

heating elements 180 may substantially fill a heater module 155 in the z direction.

The channel 190 may be defined by the arrangement of the heating elements 180 within a heater
module 155 and may be “negative space” (i.e., empty space). The channel 190 may be large enough
that at least one solid particle 102 can flow through the channel 190 without becoming stuck. The
channel 190 may curve around heating elements 180 such that the channel 190 extends in multiple

directions.

In some embodiments, the cross-sectional shape 183 may have any number of sides. In some
embodiments, the cross-sectional shape 183 may a polygon having substantially straight sides. The
polygon may be a triangle, a quadrilateral, a pentagon, a hexagon, a heptagon, an octagon, a
nonagon, decagon, or n-gon (where n is an integer). The polygon may be regular polygon being
substantially equilateral (i.e., having size of approximately equal length) and/or equiangular (i.e.,
having interior angles of approximately equivalent angles). The polygon may be irregular, having
sides of varying length and interior angles of varying degrees. In other embodiments, the cross-
sectional shape 183 may be a Reuleaux polygon have at least one side which is not substantially
straight. The Reuleaux polygon may be a regular Reuleaux polygon with curves of constant width
formed by a finite number of circular arcs of equal length or may be an irregular Reuleaux polygon
with curves of varying width based on a finite number of circular and/or non-circular arcs of
varying lengths. In some embodiments, the cross-sectional shape 183 may be a multi-sided shape

with some curved sides and some substantially straight sides.

Figure 1D illustrates an exemplary heating element 180, according to some embodiments of the
present disclosure. The exemplary heating element 180 has a cross-sectional shape 183 of a square
with curved corners. An indentation 188 wraps around the heating element 180 multiple times to
allow a wire, bar, or other resistive heating element (not shown) to be placed within the indentation
188. A support 189 extends through both the proximal end and distal end of the heating element
180 and may be used to align the heating element 180 in the heater module 155. The exemplary

11
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heating element 180 may be made primarily of a conductive material to allow for heat to be

transferred from the resistive heating element to the solid particles 102 (not shown).

Electricity storage by thermal energy storage (TES) may use energy storage media (i.e., solid
particles) capable of remaining stable over the desired operating temperature range, and ideally
5  capable of demonstrating superior fluidization and heat-transfer properties. Table 1 shows a
summary of four potential solid particle materials, and relevant properties. These potential solid
particles may be screened based on their stability at temperatures greater than 1,100 °C, relative
energy densities, cost of acquisition and particle preparation, and regional abundance. A plurality
of solid particles or solid particle flow 102 as described herein may include any combination of

10  energy storage media or other similar media options.

Table 1. Relevant properties for potential storage media

Media Properties
D Media Density (kg/m?) ( J/kcgp_ K Melting T (°C)
1 Coal (fly) ash ~2.000 1,098 1,183—1,640
2 Silica sand (B-quartz) 2,650 1,155 1,710
3 Calcined flint clay 2,500 1,050 1,500
4 Brown fused alumina 3,950 1,321 2.000

Figure 3 illustrates a particle flow diagram for the “charging” step (i.e., electrical heating of the
solid particles using the energy storage system 100) according to some embodiments of the present
disclosure. In this example, relatively cool solid particles may be removed from a storage silo 101
15 and transported through a particle lifting device (a skip hoist in this example as a particle conveyor
107) to the top of the particle heater 150. The solid particles 102 may then be distributed (through
a particle distributor 165) to various inlets of the heater modules 155 of the particle heater 150 to
be contacted (e.g., by flowing gravitationally) with the various heating elements 180. The heated
solid particles 102 may then flow through a control valve 175 to a designated storage silo 101. For
20  the energy “discharging” step, (i.e., conversion of the solid particles’ thermal energy to electrical
energy) the heated solid particles 102 may be directed to a heat exchanger, (e.g., a pressurized
fluidized bed heat exchanger 111) to be contacted with and heat compressed air delivered from a
turbine 103 that that then utilized the heated air to drive the turbine 103 to generate electrical
power. In some embodiments of the present disclosure, a particle heater 150 may have a modular

25  design that can be adapted to suit various commercial scales. In addition, the particle heaters 150

12
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described herein were designed to be constructed from commercially available, high temperature

materials from among other industries, including the refractory industry.

Heat transfer from a surface to a solid particle depends strongly on both particle-surface and
particle-particle interactions including particle-surface contact, particle mixing, particle flow
regime, and particle thermal properties. Improving the particle-surface heat transfer in a particle
heat exchanger 150 is beneficial because the particle-surface heat transfer (i.e., heat transfer
between solid particles 102 and a surface 181 of a heating element 180) controls the overall particle
heater 150 size and cost. The particle-surface heat transfer largely depends on the design of the

particle flow regime.

Electric charging particle heater design innovations described herein include:

e Modular particle heaters for rapid response to input charging power variations

o Aiming at a high-efficiency, low-cost design

e Low-cost materials for low-cost charging heater
The lower cost results in the electric particle heaters described herein having charging capacities
that can be larger than the power generation capacity of the system. This means the energy storage

system can store large amounts of electricity in a short period time for a very low price.

In some embodiments of the present disclosure, a particle heater may be designed in modular
sections (e.g., a three-by-three modular assembly as shown in Figure 5). Such a modular heater
design has several practical as well as novel features compared to a single, 300-MW heater design.
An individual heater module may be swapped in and out for maintenance while other modules

remain functional.

In some embodiments of the present disclosure, the individual heater modules 155 of a particle
heater 150 may be operated at fixed design conditions (e.g., fixed electrical power input, mass
flow rate, inlet temperature and/or outlet temperature) for a fixed electric charging load. By turning
on/off individual heater modules 155, a complete particle heater 150 constructed of multiple heater
modules 155 may follow the available electrical load in a stepwise ramping manner (e.g., changing
electrical charging loads may be matched by turning one or more individual heater modules on or
off, as needed). For instance, in the case of the design shown in Figure 1B, a particle heater 150

may be designed to accommodate nine discrete electrical charging loads by providing nine discreet
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heater modules to match the discrete electrical loads. However, nine heater modules 155 are chosen
for illustrative purposes only and different applications may have more or fewer heater modules
155, depending on each application’s specific needs. Each individual heater module 155 may
operate at uniform design conditions and may be optimized for a single solid particle flow rate and
electric charging load to achieve the designed outlet temperature for the solid particles. Among
other things, these load following steps simplify the charging control mechanism and particle flow

control, while ensuring that the heaters will always run under optimal conditions.

In some embodiments of the present disclosure, heater modules 155 may be supported on I-Beam
rails, which may be subsequently attached to an external support structure. The individual heater
modules may then be rolled out of the assembly enclosure for repair or maintenance, without
removing the entire particle heater, with all of its individual modules, tfrom service. I-Beam rails
may be attached to an external support structure. In some embodiments of the present disclosure,
refractory, the first insulation layer of the individual heater modules, may be cast with support
structures that transfer the structural load to the metal support rods on the outside of the metal

casing (i.e., refractory 185 in center panel of Figure 1B).

In some embodiments of the present disclosure, the temperature of a solid particle may increase
continuously when flowing/falling through and contacting the heating elements 180 contained in
a particle heater 150 to reach a target temperature (e.g., 1,200 °C). Solid particle recirculation for
additional heating may not be needed with sufficient heating provided by the heater modules 155
of a particle heater 150 after one pass through the heater modules 155. Among other things, this
eliminates any need for mechanical complexities for transporting the solid particles at high
temperatures. Thus, in some embodiments of the present disclosure, heated solid particles 102 may
fall into a hopper and the flow may be controlled by gate valves 175 to subsequently guide the

solid particles 102 into a designated storage silo 101.

An enclosure (i.e., housing 160) may be provided to house the electrical connections needed for
the heating elements 180. To keep the particle heater 150 temperature within the allowable
temperature ranges of the structural, electric cables, etc., each heater module 155 may be insulated
to maintain a temperature inside the housing 160 but cutside of the particle heater 150 below at an
acceptable set-point (e.g., about 350 °C). The housing 160 may provide insulation to separate the

external structures from the high temperatures of the heating elements 180 within the heater
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modules 155. Also, housing 160 prevents heat loss from an active heater module 155 (i.e.,
electrically heating solid particles 102) to an inactive heater module 155 (i.e., turned “off” and not
supplying heat to solid particles 102), for example, during partial load charging scenarios. The
housing 160 of the particle heater 150 assembly may be further insulated from the ambient
5  conditions. A preliminary thermal analysis of the housing 160 design for a single heater module

155 has been conducted and is presented herein.

As described herein, a particle heater (constructed of two or more heater modules) may include
three sections through which the solid particles may flow: 1) a distributor, 2) heater module, and
3) collector. In some embodiments of the present disclosure, a distributor may use a gate valve to
10 control which heater module(s) receives the relatively cool solid particles at, for example, about
300 °C. Each heater module may contain hundreds of individual heating elements. As described
above, each the individual heating elements of a heater module of a particle heater heat the solid
particles to a target temperature (e.g., about 1,200 °C). A single collector may then collect the
heated solid particles from each of the heater modules to subsequently direct them to one or more

15  insulated storage silos using gate valves.

The individual heating elements within a heater module may be tasked with supplying the thermal
power necessary to heat the solid particles. A full, commercial-scale heater may need to be able to
consume in excess of 300 MWe of electrical energy. Table 2 summarizes some key design
parameters for a heater module, according to some embodiments of the present disclosure. These
20  parameters were calculated using a heat-mass balance; the solid particle flow and heat transfer
modeling using discrete element methods is introduced below. The values summarized in Table 2
serve as good starting design points, and are not necessarily fixed (e.g., the particle mass flux per
inlet area could range from 40-60 kg/s-m?), and may change depending on specific applications,

climates, etc.
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Table 2. Exemplary design parameters for a commercial-scale heater module.

Parameter Variable Value Units Notes/Equations
Particlc mass flux pcr inlct arca m” 40 kg/s-m® 40-60 rangc possiblc
Module heater inlet area A; 1.0 m? Chosen

Total heater inlet arca Asot 9.0 m? 9 modules
Module heater inlet mass flow rate m; 40 keg/s m; = m A
Total heater inlet mass flow rate Mo 360 keg/s Migr — M Ao
Temperature change AT 900 K AT — (1200-300) °C
Module heater thermal power P; 41.56 MWt P =mC, AT
Total heater thermal power Pros 374.06 MWt Prot = MitCp AT
Number of heating elements Na 774 - From Solidworks
Module heating element thermal power P 53.70 kWt Por = Piov/Nai
Thermal power per element length P 53.70 kWt/m P’y =Pu/(A")

Particle flow and heat transfer through heater modules and past heating elements were modeled as
described below. Among other things, the particle flow patterns through arrays of heating elements
determine the particle flow rates, residence times, heat transfer, and energy absorption. The heat
5 transfer in a moving bed was analyzed by using a discrete element method (DEM) model
developed in MFIX (Multiphase Flow Interface eXchange Model), a commercially available

software tool.

Figure 4 illustrates photographs of exemplary heating elements 180, according to some
embodiments of the present disclosure. The upper panel shows an exemplary heating element 180
10  of a refractory material wrapped in a wire for resistive heating. The heating element 180 has a
cross-sectional shape 183 of a hexagon (or a square with curved corners) with four surfaces 181.
The wire is in contact with each surface 181 such that each surface 181 can facilitate heat transfer
to solid particles 102. The lower panel shows an exemplary arrangement of heating elements 180
arranged to form channels 190. The heating elements 180 are arranged such that while flowing
15 through the channels 190 the solid particles 102 may be in contact with at least one surface 181
with a resistive heating element (i.e., a wire or a metal bar) for heating of the solid particles 102.
In some instances, the solid particles 102 may be in between two surfaces 181 which both may be

capable of transferring heat from the resistive heating element to the solid particles 102.

Figure 5 illustrates a cross-sectional shape 183 at an end of a heating element 180 showing an
20  interior angle, which may also be referred to as an inclination angle. The inclination angle may be

measured from the horizontal and may be at the intersection of two proximal edges 191 or two
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distal edges 193. The inclination angle may impact the flow of solid particles 102 through the
channel 190 (not shown). The higher the inclination angle, the steeper the channel, and the lower

the inclination angle, the less steep the slope of the channel.

A particle diameter of silica sand of 450 microns (um) was used as solid particles 102 in the
simulation; the simulations did not consider the effects of polydispersity of solid particle size
distributions. Two parameters were investigated to maximize the heat transfer from the heating
elements 180 to the solid particles 102: surface angle and friction. Figure 6 shows the temperature
rise (positive x-axis) as the solid particles descend through the heater module 155 (negative y-axis)
as well as the effect of the inclination angle of the heating elements 180 on particle temperature
rise. The inclination angles explored were 10°, 20°, and 30° measured from the horizontal. The
gray sketch in Figure 7 shows the full particle domain with a 10° heater inclination angle. For the
simulations, the cross-sectional shapes 183 were cut in half along the center vertical symmetry line
to reduce the computational requirement. In the shaded contours shown in Figure 7, the solid
particles 102 can be seen flowing along the surfaces 181 of the heating elements 180. This is a key
takeaway from this simulation as it demonstrates hexagonal cross-sectional shapes 183 of heating
elements 180 can effectively control the solid particle flow and heat transfer to the solid particles

102.

The solid particle mass flux through the particle heater 150 configuration may increase with
increasing inclination angle; the inclination angles of 10° and 30° had a solid particle mass flux of
39 and 91 kg/m?-s, respectively. Consequently, the residence time of the solid particles 102 in a
domain with a larger inclination angle is shorter; thus, the solid particles 102 experience less of a
temperature rise for the same number of heating elements 180. This effect is shown in Figure 6.
Because the residence time is much longer for an inclination of 10° in the heating elements 180,
the solid particles reached higher temperatures in a shorter distance than the 20° or 30°
configurations. In each of these initial simulations, only several rows of heating elements 180 were
modeled (each row has two heating elements 180 forming a single channel 190 with a height of
about 0.3 m) whereas the actual particle heater 150 may have many more rows of heater elements
180 and/or heating elements 180 of a different size that what was modeled. For example, in some
embodiments, the particle heater 150 may have about ten to fifty rows of two heating elements
180 and/or a height of about 2 m to about 4 m. In some embodiments, the heating elements 180

may be arranged in rows having more than two heating elements 180. An analytical method was
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used that will be introduced below to use the results from this DEM simulation of a short section
of heating elements 180 to predict the temperature rise for a full-size particle heater 150. For solid

particles 102 with particle diameters of about 250 um, the inclination angle may be about 70°.

Table 3 shows how the inlet solid particle mass flux, solid particle mass flow rate, solid particle
5  temperature rise, and solid particle residence time vary with inclination angle. As was discovered,
the lowest inclination angle (10°) had the highest solid particle residence time and the quickest
solid particle temperature rise. Although a rapid solid particle temperature rise is desirable, it is

critical to avoid stagnant regions or jamming that may occur for slow moving solid particle 102

flows.
10 Table 3. DEM simulation key parameters and results for varying with inclination angle
Inclination Angle (°) 10 20 30
Inlet Solid Particle Mass Flux | 39 65 91
(kg/mZ-s)
Total Solid Particle Mass Flow | 0.0045 0.0139 0.0168
Rate (kg/s)
Solid Particle Temperature Rise | 1757 851 561
(°C/m)
Residence Time on One Heating | 0.0634-0.127 0.0443-0.0998 0.0433-0.0866
Element (s)

These simulations reveal that solid particle 102 residence time is important for maximizing the
temperature rise of the solid particles 102 in a particle heater 150. The solid particle 102 residence
time is defined as the length of one heating element 180 divided by the minimum and maximum
solid particle velocity across one heating element 180. At lower (i.¢., shallower) inclination angles,
15  the residence time increases and results in period of thermal contact between the solid particles
102 and the surface 183, resulting in adequate temperature rise. To assess the tradeoff between
residence time and potential flowability issues (e.g., jamming), a friction coefficient was
parametrically studied. In some embodiments, the inclination angle may be in the range of about
5° to about 75°. Friction was investigated because the solid particle flow properties are critical to
20  the solid particle heat transfer process. It is possible that friction may reduce the residence time,
and increase heat transfer, but the resultant flowability of the solid particles 102 may be a concern.
The solid particle-solid particle and solid particle-surface friction coefficient, u, evaluated were

zero (0), 0.15, and 0.30.
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Figure 8 shows that friction may impede the flow on the top row (i.e., slower velocity in the top
row of the case with friction applied versus exact same case with no friction applied), but this
change in impedance does not appear in subsequent rows of heating elements 180. Figure 8 shows
the same heater geometry and inlet conditions, but the left has no friction, and the right has a solid
particle-solid particle and solid particle-surface friction coefficient of 0.15. As the friction
increased, the solid particle 102 flow through the initial row of heating elements 180 became
restricted and the subsequent flow through the lower heating elements 180 became more dilute.
Figure 9 shows the difference in gas fraction between simulations with varying friction
coefficients. As described above, in some embodiments of the present disclosure, the shape of a
heating element 180 may have a cross-sectional shape 183 of a substantially hexagonal shape to
enhance the solid particle-surface contact and solid particle-solid particle mixing. The shape and
size of the heating elements 180, as well as the layout of the heating elements 180 control the solid
particle flow, heat transfer, and heating load. In some embodiments of the present disclosure, a
solid particle-surface heat transfer coefficient of about 500 W/m? K may be targeted. A high heat
transfer coefticient is important because it is necessary to ensure the solid particles cool the heating

elements 180 effectively in order to enable high power output.

As previously discussed, to efficiently obtain results from DEM, the simulations were limited to
relatively small-scale simulations. A reduced order analytical model was developed and
approximations for the heat transfer coefficient were obtained from discrete heating element 180
simulations. The analytical model was verified by comparing the analytical temperature profile
and predicted product height for both a small-scale (i.e., a particle heater 150 of about 23.5 cm in
height) and a medium-scale simulation (i.e., a particle heater 150 of about 47 cm in height). This
predicted product height is defined as the height at which, based on the analytical model, the solid
particles reach a target temperature of approximately 1,200 °C. In some embodiments, the target
temperature may be between about 1000 °C and 1300 °C. Figure 10 shows the simulation results

for comparison.

As can be seen, the analytical temperature profiles and predicted heights closely match. The
analytical model is based on DEM simulation results, so there was no adjusting of parameters to
make the profiles match; it happened naturally. Since the analytical profiles both followed the
DEM results and matched between a small and medium simulation, the analytical model was

verified. This validates that the model could be used to expand from small-scale results to the
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large-scale design considerations. Some large-scale results resulting from the analytical model

being used to model solid particles temperatures over much larger heights are shown in Figure 11.

The heating elements 180 are the smallest units that convert electric power into thermal energy
thereby heating the solid particles 102 in a particle heater 150. Thus, among other things, the size
and shape of the heating elements 180 may determine solid particle flow and heat transfer and are
the important design parameters in modeling, testing, and optimizing a particle heater 150 design.
In some embodiments of the present disclosure, a wire-wrapped heating element 180 may be used
(as shown in Figure 4). Among other things, this design makes it easy to change shape and size
compared to other heating element 180 designs such as molded ceramic or silicon carbide (SiC)
heating elements 180 that may also be used in commercial-scale units. To achieve mass
production, low-cost and highly reliable product heating elements 180 can incorporate other high-
temperature resistor heaters. In some embodiments, the heating elements 180 can directly use
refractory materials as a resistor heater, which can simplify the particle heater 150 design and
eliminate the need for a heating wire (shown as wire 194 in Figure 12). A backing material may
support wires in the shape of rods that are capable of very high temperatures (e.g., to 1,600 °C).
Some refractory materials have been tested for their compatibility with silica solid particles.

Features of exemplary heating elements are shown in Figure 12.

Candidate materials for the heating element 180 resistive heater components include nickel-
chromium (NiCr) wires or bars, Kanthal or iron-chromium-aluminum (FeCrAl) wires or bars, SiC
wires or bars, and Molybdenum Disilicide (MoSi2) wire or bars. Factors considered when selecting
materials of construction for heating wires include usable temperature ranges, atmosphere

conditions, life, power, and heat load requirements.

o FeCrAl

e Maximum temperature approximately 1,400 °C
e Inexpensive, rugged (mechanical/thermal shock)
« Little problem with thermal cycling
o Lower hot strength, reduced ductility, and embrittlement with use.
e Wire, strip, rod (i.e., bar) forms

e Maximum temperature approximately 1,700 °C, relatively low power (W/cm?)
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o MoSiz (Molybdenum Disilicide)
e Maximum temperature approximately 1,800 °C, relatively high power (W/cm2)

Other factors to consider when selecting heating wire materials include:

o For long life, low head temperature (so lower Watt loading) with respect to furnace

S temperature. This requires more elements in furnace (and thus, takes more space).
o Heater power load is limited by the allowable temperatures.
o Furnace process temperature is often limited by furnace wall material
Table 4 lists potential candidates that may be used as resister heater materials (for use as or in
conjunction with heating elements 180) to heat solid particles 102 above 1,200 °C.
10 Table 4. Candidates of resistance heating materials
Material Maximum heating capacity Max usable temperature in air
(W/cm?) O
NiCr wire NiCr 9 1,200
FeCrAl wire FeCrAl 11 1,400
SiC hceater SiC 14 1,700
MoSis 30 1,800
Molybdenum
Disilicide

There are at least two designs for electrical resistance heating of the solid particles 102. As
mentioned, one design is to have heating elements 180 constructed of heating wires (FeCrAl wire)
wrapped around a refractory bar in the desired cross-sectional shape 183 to obtain the solid particle
flow and heat transfer in the charging particle heater 150. Another design uses the heating elements
15 180 themselves to provide the thermal energy (e.g., electrical current would run through the
heating element 180 itself, not a wire wrapped around the heating element 180). Ceramic and SiC
heating elements 180 can be prefabricated with specific shapes that are likely only suitable for
mass production, because special shaped mold may need to be used for large production scale.
Scaling up a particle heater 150 to the large quantities that may be needed for full-scale operations
20  may support various shape requirements while maintain a reasonable cost. In some embodiments
of the present disclosure, a design for a high-performance heating element 180 may include MoSi2
heating strips attached to refractory backing rods (i.e., support 189 as shown in Figure 1D). MoSi2
has superior high-temperature capabilities and high-heat flux values. Thus, among other materials,

MoSiz can meet the high heating rate requirements anticipated for solid particle heat transfer.
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As described herein, heating wires can provide electric resistance heating to the heating elements
180 contained in a particle heater 150, thereby raising the temperature of the solid particles 102
passing through the particle heater 150. In some embodiments of the present disclosure, a heating
wire may wrap around a refractory backing support and to terminate on a metal block at a desirable
temperature condition. A metal terminal block may link to an electric bus bar that may also support
a heater module of a particle heater 150. The support bus bar may be placed inside the heater

chamber at temperature below 350 °C, the cold solid particle inlet temperature.

To achieve low-cost and high reliability, heating elements 180 may be different from a prototype

particle heater 150 for the following reason:

1. A prototype particle heater 150 is easily fabricated in small quantities and is a good starting
point for particle heater 150 characterization.

2. Wire in contact with solid particles may have a life-span issues.

3. A concept of a firebrick resistance heater that directly uses refractory material as a resistor
heater may be used, which simplifies the heater design and minimizes failure due to fire.

4. A product particle heater 150 may use other ceramics or refractory material with

appropriate dielectric properties and manufacturability.

As describe above, a particle heater 150 may be designed in a modular configuration with fixed
power and solid particle flow rates for each heater module 155 making up the particle heater 150.
A solid particle flow rate may be predetermined by the heating element 180 shape, size, and
arrangement. This results in a solid particle flow control strategy that avoids using variable valves
or any moving parts operating under extremely high temperature conditions. Since the flow control
strategy described herein only needs on/off states for each heater module 155, the solid particle
flow control valve may simply use gate valves 175 located in the solid particle distributors and/or
flow passages directing solid particles to each individual heater module. Among other things, this
solid particle flow control design reduces particle heater 150 cosl and improves the operating
reliability. Such features are illustrated in Figure 13, according to some embodiments of the present

disclosure.

Figure 14 illustrates a single heater module 155 that is contained in a housing 160, according to
some embodiments of the present disclosure. A heater module 155 houses numerous individual

heating elements 180 that are in direct contact with solid particles 102 in order to heat the solid
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particles 102. As mentioned, a heater module 155 is designed with fixed solid particle flow and
heating capacity. A single heater module 155 can be operated only in on or off states with the
number of heater modules 155 on varying according to the charging load. The enclosure of each
heater module 155 may be internally insulated to keep the temperature of the interior of the housing
160 outside of the heater modules 155 below 300 °C. The housing 160 layers may be made of
refractory, calcium silicate, and/or mineral wool to, among other things, protect the steel rail,
electric connectors, and structure. The entirety of each heater module 155 may be mounted on

rollers connected to a support 177 (such as an I-beam) for easy removal and maintenance.

A particle heater 150 may be powered using grid alternating current (AC) power after converting
to the required heating wire input voltage. The maximum particle heater 150 operating temperature
and the solid particle exit temperature will be monitored for satety and to ensure the particle heater
150 is achieving the set point operating temperature (e.g., about 1,200 °C). A full-scale particle
heater 150, including power supply, will use the most up to date industry standards for production
cost and service life. In some embodiments of the present disclosure, each heater module 155 may
be integrated into an overall particle heater 150 by mounting the heater modules 155 below a
particle distributor 165 that receives the relatively cold solid particles that have been discharged
from the particle heater 150 used to convert the thermal energy stored in the solid particles 102
back to electricity (e.g., using a pressurized fluidized bed heat exchanger). The heater modules 155
may then connect to a particle collector 170 (i.e., bottom hopper) that distributes the heated solid
particles 102 to a designated thermal energy storage silo 101 to be held until required for electricity

generation.

In some embodiments of the present disclosure, a heater module 155 may not of itself provide
solid particle flow control other than by the resistance to solid particle flow provided by the heating
elements 180 themselves contained within the heater module 155. Flow to a particular heater
module 155 will be either on or off depending on the position of the corresponding gate valve 175

controlling the flow to a particular heater module 155.

Heater modules 155 may be integrated into a complete particle heater 150 that provides solid
particle flow control to each individual heater module 155 (e.g., using gate valves 175), as well
electrical connections to the power lines connecting to the electrical grid. Heated solid particles

102 may collect in the particle distributor 165 and to be dispensed by corresponding gate valves
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175 operating at the targeted high target temperature (e.g., 1,200 °C). Heater modules 155 may be
supported by an I-beam and/or steel rail that may also conduct electricity from the electrical power
supply to the heater modules 155. A heater module 155 may slide on the rail and to be moved out

of the particle heater 150 for maintenance.

In addition, using ANSYS Mechanical, a finite element analysis (FEA) solver, a steady-state
thermal model was built to study the potential insulation 185 requirements of an individual heater
module 155. The geometry used represented a 1.0 m? square solid particle 102 inlet area and 2.0
m height of the heater module 155; as this is a general case, design changes were easily
accommodated, and new results quickly produced and analyzed. For computational efficiency, the
geometry was sliced into a quarter along the center lines of symmetry, as shown in Figure 15. In
this example, a cast refractory layer, composed of Petromax® 550 by Allied Mineral, was used as
the most interior insulation 185 material due to its high thermal limit and mechanical strength.
However, the resultant particle heater 150 may potentially be extremely heavy, costly, and
significantly larger if refractory was the sole insulator utilized. Therefore, a design decision was
made to cast the refractory material with supporting rods of the same material to connect to the
outer steel shell to maintain the structural integrity of the particle heater 150. The remaining
volume would be filled with a cheaper, less dense insulation material, such as, for example,
calcium silicate (CaSi) and/or mineral wool, which were both chosen as candidates in this study.
With the geometry established, several insulation designs were evaluated. Each insulation 185
design was evaluated over a range of convective heat transfer coefficients ranging from 1.0-10.0
W/m?K to simulate natural and forced convection conditions. The ambient temperature was fixed
for this convection was fixed at 300 °C because individual heater modules 155 may be contained
in a larger container (i.e., housing 160), in addition to the complete particle heater 150 being

insulated further to protect from the environmental weather conditions.

To simulate the solid particles heating along the length of a heater module 155, a 1D temperature
profile was applied to the exposed refractory surface. An applied temperature profile instead of a
convective heat transfer boundary condition was applied due to the high solid particle-surface heat
transfer coefficients expected; this means the temperature gradient between the surface and
ambient solid particle domain will likely be relatively small. Two temperature profiles were
implemented, linear and exponential, to simulate different potential heating scenarios. Regardless

of the profile shape, both profiles raised the solid particle temperature from about 300 °C to about
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1,200 °C from inlet (top) to outlet (bottom) of the particle heater 150. Figure 16 contains a visual
representation of the boundary conditions as well as the insulation thickness parameters (tr, ti1, and
ti2) that were varied to produce different insulation 185 designs. Three designs were chosen to be
reported here and their associated insulation 185 dimensions are shown in Table 5. Table 5 presents
5  three insulation designs selected. The volumes for the refractory and insulation of a full single
heater, Vr and Vi, respectively, and the associated total insulation material (refractory + CaSi) cost
for a full-size single heater module. In some embodiments, the heater module 155 may have a
diameter in the range of about 0.1 m to about 10 m and a height in the range of about 0.1 m to
about 10 m. For example, in some embodiments, the heater module 155 may have a diameter of

10  lessthan 1 m and a height of less than 4 m.

Table 5. Insulation designs and associated thickness and volume.

Design tr ti1 tiz V: Vi

No. (m (m) (m) (m’) (m*)
1 0.1 0.0 0.5 1.08 2.88
2 0.2 0.1 0.5 2.16 3.96
3 0.2 0.1 0.3 2.08 2.44

The choice of insulation 185 material indicates that a configuration resembling Design #3 in Table
5 strikes a balance between performance and cost. Design #3 is cheaper than both designs while
meeting temperature constraints of the CaSi utilized and reducing the average exterior temperature
15  of the steel shell to reasonable temperatures near 300 °C. Therefore, around 0.5 m of insulation
185 at the thickest point (tr + ti2) should be expected to achieve sufficient insulation between the
interior and exterior of the heater; this is valuable knowledge going forward for the heater

component design.

25

CA 03185602 2023-1-11



10

15

20

25

30

WO 2022/015792 PCT/US2021/041533

A summary of some of the key benefits offered by the electric particle heater 150 designs described
herein include:
1) Particle heater 150 layout, including multiple heater modules 155 in particle heater 150
assembly allows for:
a) Movable (both entire particle heater 150 and the heater modules 155)
b) Fixed load and solid particle flow in each heater module 155
¢) Solid particle dispensing and collecting through dispenser 165 and collector 170
2) Modular design
a) Flow control of solid particles through the particle heater 150
b) Electric connection to heating elements 180
¢) Support structure to support and possibly connect the heater modules 155
3) Heating elements 180 assembly and support,
a) Heating elements 180 have unique cross-sectional shape 183 for maximum solid
particle flow through the particle heater 150
b) Tube shape and arrangement for solid particle heating
The foregoing discussion and examples have been presented for purposes of illustration and
description. The foregoing is not intended to limit the aspects, embodiments, or configurations to
the form or forms disclosed herein. In the foregoing Detailed Description for example, various
features of the aspects, embodiments, or configurations are grouped together in one or more
embodiments, configurations, or aspects for the purpose of streamlining the disclosure. The
features of the aspects, embodiments, or configurations may be combined in alternate aspects,
embodiments, or configurations other than those discussed above. This method of disclosure is not
to be interpreted as reflecting an intention that the aspects, embodiments, or configurations require
more features than are expressly recited in each claim. Rather, as the following claims reflect,
inventive aspects lie in less than all features of a single foregoing disclosed embodiment,
configuration, or aspect. While certain aspects of conventional technology have been discussed to
facilitate disclosure of some embodiments of the present invention, the Applicants in no way
disclaim these technical aspects, and it is contemplated that the claimed invention may encompass
one or more of the conventional technical aspects discussed herein. Thus, the following claims are
hereby incorporated into this Detailed Description, with each claim standing on its own as a

separate aspect, embodiment, or configuration.
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CLAIMS

What is claimed is:

1. A heater for heating a plurality of solid particles, the heater comprising:

at least two three-dimensional (3D) shapes, each 3D shape comprising at least two
surfaces; wherein:

each surface of each 3D shape comprises at least two lateral edges positioned
substantially parallel to a first axis (z), each lateral edge has a length between a proximal end and
a distal end,

each surface comprises a proximal edge positioned at the proximal end of the length
and within a first plane defined by a second axis (x) and a third axis (y),

the proximal edges of each surface of each 3D shape form a cross-sectional shape
in the plane,

at least one surface of each 3D shape is positioned to face at least one surface of
another 3D shape defining a channel,

the channel is oriented to enable the gravitational flow of the plurality of solid
particles through the channel,

at least one surface defining the channel is configured to transfer heat to at least a
portion of the plurality of solid particles,

x and y are each perpendicular to z, and

x and y are perpendicular to each other.

2. The heater of claim 1, wherein:
the at least one surface defining the channel is configured to operate at a

temperature between about 500 °C to about 1500 °C.

3. The heater of claim 1, wherein the cross-sectional shape is a polygon.

4. The heater of claim 3, wherein:
the polygon has an interior angle defined as the angle between x and a proximal
edge, and

the interior angle is in the range of about 5° to about 60°.
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5. The heater of claim 4, wherein the interior angle is approximately 10°.

6. The heater of claim 3, wherein the polygon is a triangle, a quadrilateral, a pentagon,

a hexagon, a heptagon, an octagon, a nonagon, or a decagon.

7. The heater of claim 1, wherein:
the at least one surface defining the channel configured to transfer heat comprises

a resistive heating element.

8. The heater of claim 7, wherein the resistive heating element is positioned within an

indentation in the at least one surface defining the channel.

9. The heater of claim 6, wherein the resistive heating element comprises an electric-

resisting wire or bar.

10. The heater of claim 1, wherein:

the channel has a width substantially parallel with x.

11. The heater of claim 10, wherein:

the width is in the range of about 0.05 m to about 1.5 m.

12. The heater of claim 11, further comprising:
a block positioned between the at least two 3D shapes and filling at least a portion
of the channel, wherein:

the block 1s configured to maintain the width of the channel.
13. The heater of claim 12, wherein:

the block is further configured to direct the plurality of solid particles towards the

at least one surface defining the channel configured to transfer heat
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14. A particle heater configured to heat a plurality of solid particles, the particle heater

comprising:

a heater module having an inlet and an outlet and substantially filled with a plurality
of heating elements which define a plurality of channels, wherein:

the plurality of heating elements are configured to direct the plurality of solid
particles through the plurality of channels,

the plurality of heating elements are configured to receive electrical energy to
generate heat resulting in heating of the plurality of solid particles from a temperature at the inlet
between about 250 °C and about 500 °C to a temperature at the outlet between about 850 °C and
about 1,200 °C.

15. A method of heating a plurality of solid particles, the method comprising:

receiving the plurality of solid particles to an inlet of a heater module substantially
filled with a plurality of heating elements which define a plurality of channels;

directing the plurality of solid particles through the plurality of channels;

heating the plurality of solid particles from a temperature at the inlet between about
250 °C and about 500 °c to a temperature at an outlet of the heater module between about 850 °C
and about 1,200 °C using the plurality of heating elements; and

removing the plurality of solid particles from the heater module via the outlet,
wherein:

the plurality of heating elements are configured to receive an electrical energy and

convert the electrical energy to a thermal energy for the heating.
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CA App. No.: 3185600

Abstract:

The present disclosure describes heat exchangers for converting thermal energy stored in solid
particles to electricity. Electro-thermal energy storage converts off-peak electricity into heat for
thermal energy storage, which may be converted back to electricity, for example during peak-hour
power generation. The heat exchanger for converting thermal energy stored in solid particles to
electricity enables the conversion of thermal energy into electrical energy for redistribution to the
grid. In some embodiments, pressurized fluidized-bed heat exchangers may achieve efficient
conversion of thermal energy to electricity by providing direct contact of the solid particles with a
gas stream.
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FLUIDIZED-BED HEAT EXCHANGER FOR CONVERSION OF THERMAL
ENERGY TO ELECTRICITY

CROSS-REFERENCE TO RELATED APPLIATIONS
This application claims the benefit of U.S. Provisional Application No. 63/052,128 filed on July 15,

2020, the contents of which are incorporated herein by reference in their entirety.

CONTRACTUAL ORIGIN
This invention was made with government support under Contract No. DE-AC36-08G028308

awarded by the Department of Energy. The government has certain rights in the invention.

BACKGROUND
Renewable energy resources have been limited by the ability to store energy produced during off-
peak times for use during peak times. Energy storage is important for variable-regeneration renewable
energy sources, such as wind and solar. However, current battery technologies are too expensive for
grid-scale, long duration energy storage. Molten salt storage is expensive and limited by salt stability
and corrosion issues. Pumped energy storage in the form of hydroelectricity is limited by the
geological conditions of the system as it requires two reservoirs at different vertical levels. Thus, there
remains a need for improved energy storage systems capable of storing excess electricity produced
by alternative energy sources such as wind and solar, to be recovered later during peak electricity

demand.

SUMMARY
An aspect of the present disclosure is a heat exchanger configured to transfer thermal energy between
a gas stream and a stream of solid particles, the heat exchanger including a means for contacting the
gas stream with the stream of solid particles resulting in a transfer of thermal energy between the gas
stream and the stream of solid particles, in which the heat exchanger is configured to gravitationally
pass the stream of solid particles through the means for contacting, and the heat exchanger is
configured such that the gas stream flows counter-current to the stream of solid particles. In some
embodiments, the heat exchanger also includes an outer shell, and an inner shell, in which the means
for contacting is positioned within the inner shell. In some embodiments, the heat exchanger also
includes a gas inlet configured to direct the gas stream to the means for contacting. In some

embodiments, the heat exchanger also includes a gas outlet configured to receive the gas stream from
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the means for contacting. In some embodiments, the gas stream has a temperature, and the
temperature is substantially greater at the gas outlet than at the gas inlet. In some embodiments, the
gas stream has a temperature, the temperature is substantially lower at the gas outlet than at the gas
inlet. In some embodiments, the gas inlet includes a first pipe, the gas outlet includes a second pipe,
the second pipe is positioned concentrically within the first pipe creating a first annular space, and the
gas stream is configured to flow through the first annular space. In some embodiments, the gas inlet
includes a first pipe, the gas outlet includes a second pipe, the first pipe is positioned concentrically
within the second pipe creating a first annular space, and the gas stream is configured to flow through
the first annular space. In some embodiments, the inner shell is positioned within the outer shell
creating a second annular space, and the gas stream is configured to flow from the first annular space
to the second annular space. In some embodiments, the inner shell is positioned within the outer shell
creating a second annular space, and the gas stream is configured to flow from the first annular space
to the second annular space. In some embodiments, the means for contacting is an empty volume
within the inner shell. In some embodiments, the heat exchanger includes a means for distributing the
gas stream through the means for contacting, in which the means for distributing is positioned before
the means for contacting, relative to the direction of flow of the gas stream through the heat exchanger.
In some embodiments, the means for distributing comprises a plate having an orifice, and the orifice
is connected to a bubble cap. In some embodiments, the means for distributing includes a plurality of
pipes having at least one orifice. in some embodiments, the heat exchanger also includes a means for
directing the solid particles stream to the means for contacting, in which the means for directing is
positioned before the means for contacting, relative to the direction of flow of the stream of solid
particles through the heat exchanger. In some embodiments, the heat exchanger includes an outer
shell, and an inner shell, in which the means for directing includes a port which penetrates the inner
shell and outer shell. In some embodiments, the means for contacting results in a portion of the stream
of solid particles entrained within the gas stream. In some embodiments, the heat exchanger also
includes a means for separating the stream of solid particles from the gas stream. In some
embodiments, the means for separating comprises a nozzle having an inlet, a first outlet, and a second
outlet, the inlet is configured to receive the gas stream and the stream of solid particles, the first outlet
is configured to release the gas stream from the nozzle, and the second outlet is configured to release
the gas stream from the nozzle. In some embodiments, the means for separating Includes a filter. In

some embodiments, the filter is a mesh filter.
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An aspect of the present disclosure is a method for converting thermal energy to electrical energy,
the method including transferring thermal energy from a plurality of solid particles to a gas stream
using a heat exchanger, and using the gas stream to spin a turbine to generate electrical energy, in
which the heat exchanger includes an outer shell, an inner shell positioned within the outer shell
and having an internal volume, an annular space between the inner shell and the outer shell
configured to allow the gas stream through the annular space, a pipe-in-pipe (PIP) gas line
configured to direct the gas stream to the annular space, and a first port that penetrates the
inner shell and the outer shell configured to direct the plurality of solid particles into the internal
volume, in which the gas stream exits the annular space to pass through a distribution plate and
into the internal volume, the internal volume is configured to contact the gas stream with the
plurality of solid particles, the heat exchanger is configured such that the plurality of solid particles
flow gravitationally through the internal volume to a second port located in the distribution plate
configured to remove the plurality of solid particles from the heat exchanger, the heat exchanger
is configured such that the gas flows counter-current to the plurality of solid particles to enter an
upper portion of the internal volume, which is configured to separate the plurality of solid particles
from the gas stream, and the PIP gas line is configured to remove the gas stream from the heat
exchanger. The fluidizing gas velocity of the gas stream through the solids is optimized to
maximize the heat transfer coefficient while minimizing the cross-sectional plan area, and

therefore, the size of the inner annular space.

BRIEF DESCRIPTION OF THE DRAWINGS
Some embodiments of the present disclosure are illustrated in the referenced figures of the
drawings. It is intended that the embodiments and figures disclosed herein are to be considered

illustrative rather than limiting.

Figure 1A illustrates a thermal energy storage system, including a pressurized fluidized-bed heat

exchanger (PFB HX), according to some embodiments of the present disclosure.

Figure 1B illustrates a process flow diagram of a PFB HX, according to some embodiments of the

present disclosure.

Figure 1C illustrates generalized flow paths of gas (left) and solid particles (right) through an

exemplary PFB HX, according to some embodiments of the present disclosure.
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Figure 2 illustrates an exemplary PFB HX, according to some embodiments of the present

disclosure.

Figure 3 illustrates a flow diagram of how gas and particles move through the thermal energy

storage system of Figure 1A, according to some embodiments of the present disclosure.

Figure 4 illustrates the geometry used in a finite element analysis (FEA) of insulating designs,
according to some embodiments of the present disclosure. Refractory is the dark brown, the voids
were filled with calcium silicate fiber, and there is a thin, steel shell. Panel (b) illustrates the
thermal boundary conditions applied to the FEA problem. Adiabatic conditions were applied to

the top and bottom boundaries.

Figure 5 illustrates the relationship between the outside diameter of the fluidized-bed, as defined
by the inner shell, when insulation is included and the velocity (circles, left axis) and Reynolds
number (squares, right axis) of the air that flows around the PFB, according to some embodiments

of the present disclosure.

Figure 6 illustrates a steady-state temperature distributions from the FEA analysis of the interior,
Panel (a), and the exterior faces, Panel (b), of an exemplary insulation design selected for an
exemplary PFB HX, according to some embodiments of the present disclosure. All units are in

Celsius. Black lines in (a) mark changes in materials.

Figure 7 illustrates a pressure vessel shell design for a PFB HX, for the outer shell, using mineral

wool insulation with a steel shell, according to some embodiments of the present disclosure.

Figure 8 illustrates that the gas velocity as a function of its vertical position within a fluidized-bed

stays in a range of smooth fluidization, according to some embodiments of the present disclosure.

Figure 9 illustrates a first exemplary gas distributor (left), according to some embodiments of the
present disclosure. An individual “bubble-cap” is illustrated on the right. The solid line illustrates

gas flow through the bubble cap.

Figure 10 illustrates a second exemplary gas distributor, according to some aspects of the present

disclosure.
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Figure 11 illustrates a nozzle (i.e., cyclone) design for gas/solid particle separating, according to
some embodiments of the present disclosure. The cross-sectional view of the PFB HX,
highlighting the position of the 16 cyclones is shown on the left. The general flow of the solid
particles and gas within the nozzle is shown in the center and the dimensions used for this

5  exemplary nozzle design is shown on the right.

Figure 12 illustrates a schematic of a particle feeding system to a PFB HX, utilizing a lock hopper,

according to some embodiments of the present disclosure.

Figure 13 illustrates a schematic of the pipe-in-pipe gas-line design, according to some

embodiments of the present disclosure.

10 REFERENCE NUMERALS
1000 energy storage system
101 silo
102 solid particles and/or solid particle stream
103, turbine

15 104, . generator or motor
105, substation
106, grid line
107 particle conveyor
108, particle heater

20 109, electrical supply line
T10. gas and/or gas stream
| B N pressurized fluidized-bed heat exchanger (PFB HX)
112, shaft
1200 means for contacting

25 130, means for distributing
140, means for directing
150, fluidized-bed
1SS inner shell
157 second annular space

30 160, outer shell
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165, inner volume

167, first port

168, second port

170, pipe-in-pipe gas line

175 gas distributor

177 upper portion

180, . nozzle

185 bubble cap

186, head pipe

187 manifold pipe

190, lock hopper

195 skip hoist
DETAILED DESCRIPTION

The present disclosure may address one or more of the problems and deficiencies of the prior art
discussed above. However, it is contemplated that some embodiments as disclosed herein may
prove useful in addressing other problems and deficiencies in a number of technical areas.
Therefore, the embodiments described herein should not necessarily be construed as limited to
addressing any of the particular problems or deficiencies discussed herein.

References in the specification to “one embodiment”, “an embodiment”, “an example

2%
>

embodiment”, “some embodiments”, etc., indicate that the embodiment described may include a
particular feature, structure, or characteristic, but every embodiment may not necessarily include
the particular feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular feature, structure, or characteristic is
described in connection with an embodiment, it is submitted that it is within the knowledge of one
skilled in the art to affect such feature, structure, or characteristic in connection with other

embodiments whether or not explicitly described.

As used herein the term “substantially” is used to indicate that exact values are not necessarily
attainable. By way of example, one of ordinary skill in the art will understand that in some
chemical reactions 100% conversion of a reactant is possible, yet unlikely. Most of a reactant may

be converted to a product and conversion of the reactant may asymptotically approach 100%

6
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conversion. So, although from a practical perspective 100% of the reactant is converted, from a
technical perspective, a small and sometimes difficult to define amount remains. For this example
of a chemical reactant, that amount may be relatively easily defined by the detection limits of the
instrument used to test for it. However, in many cases, this amount may not be easily defined,
hence the use of the term “substantially”. In some embodiments of the present invention, the term
“substantially” is defined as approaching a specific numeric value or target to within 20%, 15%,
10%, 5%, or within 1% of the value or target. In further embodiments of the present invention, the
term “substantially” is defined as approaching a specific numeric value or target to within 1%,

0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% of the value or target.

As used herein, the term “about” is used to indicate that exact values are not necessarily attainable.
Therefore, the term “about” is used to indicate this uncertainty limit. In some embodiments of the
present invention, the term “about” is used to indicate an uncertainty limit of less than or equal to
+20%, +15%, +10%, +5%, or +1% of a specific numeric value or target. In some embodiments of
the present invention, the term “about” is used to indicate an uncertainty limit of less than or equal
to +1%, +0.9%, +0.8%, +0.7%, +0.6%, +0.5%, +0.4%, +0.3%, +0.2%, or +0.1% of a specific

numeric value or target.

Among other things, the present disclosure relates to heat exchangers for converting thermal
energy stored in solid particles to electricity. Electro-thermal energy storage directly converts off-
peak electricity into heat for thermal energy storage, which may be converted back to electricity,
for example during peak-hour power generation. Thus, electro-thermal energy storage will, among
other things, enable better incorporation of intermittent renewable energy sources such as solar
and wind into existing electrical grids, which will in turn result in improved grid resilience. The
heat exchanger for converting thermal energy stored in solid particles to electricity is an important
part of an electro-thermal energy storage system, as it enables the conversion of thermal energy
into electrical energy for redistribution to the grid. Thus, among other things, the present disclosure
describes heat exchangers for this important energy conversion step. In some embodiments of the
present disclosure, pressurized fluidized-bed heat exchangers (PFB HX) may achieve efficient
conversion of thermal energy to electricity by providing direct contact of the solid particles with a
gas stream. In some embodiments of the present disclosure, a fluidized-bed heat exchanger may
utilize a multilayer configuration where the relatively hot gas resulting from the contacting of a

relatively cold gas with the hot solid particles is then used to drive turbomachinery to generate

7
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electricity. As described herein, in some embodiments of the present disclosure, a fluidized-bed
heat exchanger may use direct gas/particle contact to eliminate heat transfer surfaces, thus
eliminating or reducing at least some of the ultrahigh temperature operations needed in an electro-

thermal energy storage system.

Figure 1A illustrates an energy storage system 100, according to some embodiments of the present
disclosure. In this exemplary energy storage system 100, a silo 101 (i.e., a storage vessel; four
shown 101A-D) is provided, which may be utilized for the storage of solid particles 102. A particle
heater 108, as described in detail herein, may be positioned near and/or inside the silo 101, such
that the particle heater 108 is configured to heat the solid particles 102 from a first relatively low
temperature (e.g., between about 250 °C and about 500 °C) to a second relatively high temperature
(e.g., between about 850 °C and about 1200 °C) during a “charging mode”, where the solid
particles are heated using electricity. Thus, a particle heater 108 may be an electric heater (e.g.,
using resistive heating elements), with the electric power needed to drive the particle heater 108
provided from the grid as shown by electrical supply line 109 shown in Figure 1A. The heated
particles 102, and the thermal energy stored within the solid particles 102, may then be stored
within a silo 101 until such a time when the local or regional electrical needs (e.g., time periods of
peak capacity) require that the thermal energy stored in the heated particles be converted back to

electricity.

In some embodiments of the present disclosure, the thermal energy stored in the solid particles 102
may be converted to electricity by passing the hot solid particles 102 through a heat exchanger that
transfers heat from the particles 102 to a heat transfer fluid or working fluid (i.e., gas and/or gas
stream 110). For example, the hot solid particles 102 may be transported from the silo 102 to a
fluidized-bed heat exchanger 111 in which the hot solid particles 102 come into direct contact with
the gas 110. As shown in Figure 1A, in some embodiments of the present disclosure, a fluidized-
bed heat exchanger 111 may be integrated into a silo 102, such that the hot solid particles 102 may
be transported by gravity from within the silo 102 to the fluidized-bed heat exchanger 111. In some
embodiments of the present disclosure, for example when the fluidized-bed heat exchanger 111 is
not integrated into the silo 102, the hot solid particles 102 may be transported to a fluidized-bed
heat exchanger 111 gravitationally, pneumatically, non-mechanically (e.g., L-valves, J-valves,
loop seals, etc.), and/or mechanically (e.g., by the use of a conveyer similar to particle conveyor

107). As shown in Figure 1A, a fluidized-bed heat exchanger 111 may be configured to transfer

8
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heat from the solid particles 101 to a gas 110, (e.g., a heat transfer fluid or working fluid), thereby
heating the gas 110 to a temperature between about 700 °C and about 1200 °C and cooling the
solid particles 102 to a temperature between about 250 °C and about 500 °C. The heated gas 110
may be subsequently directed to a turbine 103, which in turn may drive a shaft 112 connected to a
generator or motor 104, such that the thermal energy recovered from the solid particles 102 is
converted to electrical energy 109, which may then be transferred to a substation 105 and finally
to a grid line 106 for transport to the power grid. The now expanded and cooled gas 110 may then
be directed to a compressor (not shown) to provide the driving force needed to circulate the gas

110 back through the fluidized-bed heat exchanger 111.

Figure 1B illustrates a process flow diagram of a pressurized fluidized-bed heat exchanger (PFB
HX) 111, according to some aspects of the present disclosure. In the example shown in Figure 1B,
the PFB HX 111 includes a stream of solid particles 102 and a gas stream 110. The two meet for
the exchange of thermal energy in a means for contacting 120 the solid particles 102 and the gas
110. In some embodiments, prior to entering the means for contacting 120, the gas 110 may go
through a means for distributing 130 the gas 110. In some embodiments, prior to entering the
means for contacting 120, the solid particles 102 may go through a means for directing 140 the
solid particles 102.

Figure 1C illustrates a PFB HX 111, according to some embodiments of the present disclosure.
The left panel highlights the flow of gas 110 through the PFB HX 111. The right panel highlights
the flow of solid particles 102 through the PFB HX 111. A relatively cold gas 110 (e.g., about 300
°C) from a compressor (not shown in Figure 1A) directs the gas 1 10A to a pipe-in-pipe (PIP) gas-
line 170 constructed of an inner pipe concentrically positioned within an outer pipe, thus creating
an annular space through which the incoming cool gas 110A flows. The PIP gas-line 170 directs
the cool gas to an inner volume 165 (i.e., an annular space) formed by an inner shell 155, which
contains the fluidized-bed 150 portion of the PFB HX 111, and an outer shell 160. While flowing
through the inner volume 165, the gas 110 helps keep both shells (i.e., inner shell 155 and outer

shell 160) relatively cool, allowing less expensive materials of construction to be used.
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Eventually the gas 140 reaches the bottom of the PFB HX 111 to enter the fluidized-bed 150 where
one or more gas distributors 175 evenly distribute the gas 110 across the cross-sectional area of
the fluidized-bed 150. This in turn provides a uniform and consistent gas-to-solid ratio as a function
of position within the fluidized-bed and maximizes heat transfer and efficiency. The gas 110 flows
in an upward direction through the fluidized-bed 150, contacting the downward flowing solid
particles 102. The solid particles 102A enter the PFB HX 111 through ports (i.e., first port 167)
penetrating the outer shell 160 and the inner shell 155 to enter the fluidized-bed 150. The solid
particles 102 fall by gravity to eventually collect on the gas distributors 175, where contact with
the up-flowing gas 110 is promoted. During their fall through the fluidized-bed 150, the initially
hot solid particles 102 are cooled to a temperature approaching that of the incoming gas 110A
(e.g., about 300 °C). The cooled particles 102A then exit the PFG HX 111 through one or more
lock-hoppers (190 shown in Figure 13).

Simultaneously, the relatively cool up-flowing gas 110 contacts the relatively hot down-flowing
solid particles 102 within the fluidized-bed 150 whose inner volume 165 is defined by the inner
shell 155, resulting in a hot gas 110B exit exiting at a temperature that approaches that of the
incoming solid particles (e.g., about 1200 °C). Internal baffles (not shown) may be positioned
within the fluidized-bed 150 to divide it into separate sections, which can minimize backflow of
both the gas 110 and the solid particles 102, thus improving performance of the PFB HX 111. In
some embodiments, the fluidizing gas superficial velocity may be optimized to promote good
lateral mixing of the downward flowing particles across the plan area of the inner volume, which
may improve the performance of the PFB HX 111. The upper-most volume within the inner shell
155 is utilized for separating the solid particles 102 from the gas 110. An impingement plate (not
shown) may prevent direct entrainment of solid particles 102 with the gas 110. One or more
cyclones 180 provide most of the solid particle removal, resulting in a clean and hot gas stream
110B that exits the PFB HX 111, through the PIP gas line 170, to be directed to the electricity
generating turbine (103), thereby accomplishing the objective of converting the solid particles 102

stored thermal energy into electrical energy.

10
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Figure 2 illustrates an exemplary design concept for a PFB HX 111 for the transfer of thermal
energy from solid particles 102 to gas 110 to be used to drive a turbine 103 to generate electricity,
according to some embodiments of the present disclosure. In some examples, such a PFB HX 111
may be adapted and/or modified to achieve a low-profile arrangement of the PFB HX 111 relative
to the hot-particle silos 101 storing solid particles 102 at about 1,170 °C. As described herein, a
PFB HX 111 may include an external, outer shell 160 that houses an inner shell 155, creating a
gas gap between the inner shell 155 and the outer shell 160. The gas 110, which is a water/air
mixture and may be supplied by the Brayton combined-cycle power (BCCP) compressors, may be
directed to the PFB HX 111 to enter the gap between the inner shell 155 and the outer shell 160,
thereby maintaining the exterior wall temperatures of the outer shell 160 at temperatures low
enough (e.g., less than 350 °C) to allow the use of low-cost steels. Supply lines may then direct the
gas 110 to one or more distributors, which evenly distribute the gas 110 across the PFB HX’s 111
cross-sectional area dedicated to direct solid particles/gas contact. Thus, the gas flows through the
PFB HX, contacting the particles, such that they are eventually heated to the desired exit
temperature (e.g., greater than 1,170 °C).

Simultaneously, the solid particles are cooled as they are fluidized and eventually fall through the
PFB HX 111 to eventually exit at their desired exit temperature (e.g., about 300 °C). The cooled
solid particles 102 and the heated gas 110 are then directed to at least one nozzle 180 (ie, a
cyclone) (or two or more configured in parallel) to achieve solid particle/gas separation, by
directing the solid particles 102 through the nozzle 180, with the gas 110 exiting the top of the
nozzle 180 as hot, clean (i.e., without solid particles 102) gas 110 that can be subsequently directed
to the turbine 103. Among other things, PFB HX 111 operating conditions described herein are
designed for integration into the thermal energy storage (TES) system 100. Aspects of such
integration include properly connecting the PFB HX 100 with the TES system 100 for charging
and discharging solid particles 102, optimizing pressurized fluidization conditions, designing a
steam (or superficial carbon dioxide) heat exchanger, and gas 110 clean-up. The exemplary PFB
HX 111 design shown in Figure 2 was developed has numerous unique innovations. First, this
concept is suitable for the fluidization of inert solid particles 102 to heat a pressurized gas 110.
Further, the design an outer pressure vessel (i.e., outer shell 160) in which occurs the direct contact
of solid particles 102 with gas 110, thereby encapsulating all of the heat transfer in a compact unit.

The PFB HX 111 designs described herein also consider the capacity required for long-term energy

11
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storage requiring multiple particle storage silos 101, which may be arranged around a single PFB
HX 111, with each silo 101 feeding the PFB HX 111 through dedicated pipe or conduit to
individual inlets positioned in the sides of the PFB HX 111; e.g., four particle inlets (i.e., ports
167) for four silos 101 were utilized in this design, although this should not be limiting is provided
for illustrative purposes. Further, a solid particle 102 exit port 168 may be designed to provide
even distribution of solid particles 102 within the PFB HX 111, as well as uniform heating of the
gas 110.

Figure 3 illustrates a flow diagram of how a solid particle stream 102 and a gas stream 110 flow
through the parts of a PFB HX 111, according to some embodiments of the present disclosure.
Thermal energy stored in hot solid particles 102 heat a compressed gas 110 that drives a power
turbine 103 for electricity production. The PFB HXs 111 described herein are designed to
maximize the gas-solid particle heat transfer while maintaining an acceptable pressure drop
through the heat exchanger 111. Among other things, the PFB HX 111 designs described herein
provide a countercurrent gas 110/solid particle 102 flow to heat the gas 110 to a temperature close
to that of the incoming hot solid particles 102 while cooling the solid particles 102 to a temperature
approaching that of the incoming gas 110.

To achieve the objective of simultaneously heat the gas 110 while cooling the solid particles 102,
numerous engineering innovations were needed including process control, bed layout, particle
flow, particle handling, and process integration. In some embodiments of the present disclosure,
the PFB HX 111 may connect directly with a compressor and/or a turbine 103. In some
embodiments of the present disclosure, a PFB HX 111 may have an outer shell 160 that maintains
the gas 110 pressure and an inner shell 155 that contains a high-temperature core for heat transfer
between the gas 110 and the solid particles 102. The walls of an inner shell 155 may be insulated
using at least one of a refractory layer and/or ceramic fiber insulation. The flow paths of both the
solid particles 102 and the gas 110 through a PFB HX 111 and a larger energy storage system 100,

as described herein, are illustrated in Figure 3.

Although solid particle 102 weight may be sufficient to achieve gravitational flow of the solid
particles 102 into a PFB HX 111, the weight may not be adequate to overcome the pressures and
flow resistances present in a PFB HX 111. Thus, in some embodiments of the present disclosure,

solid particles 102 may feed through a high-temperature lock hopper (190 shown in Figure 13)

12
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connected to a storage silo 101. The lock hopper 190 may then feed the PFB HX 111 by charging
the lock hopper 190 in an unpressurized state by gravitationally feeding the solid particles 102 into
the lock hopper, then pressurizing the lock hopper 190 to the pressure (or greater than) the inlet
pressure of the PFB HX 111, followed by discharging the solid particles 102 intothe PFB HX 111.

In some embodiments of the present disclosure, a mixture of compressed air and steam from a
power island may be directed into a PFB HX 111. In some embodiments of the present disclosure,
the low-temperature mixture of air and water fed into the outer shell 160 of the PFB HX 111 may
provide significant cooling capacity to cool the outer shell 160 to temperatures compatible with

carbon steel as the material of construction for the outer shell 160.

In some embodiments of the present disclosure, the fluidization velocity to fluidize the solid
particles 102 may be above a minimum fluidization velocity, but below the turbulent regime and
particle terminal velocity. The multi-layer fluidized-bed 150 may use a refractory grid material
(i.e., mesh or a filter) to prevent solid particle 102 mixing along the top of the bed to accomplish
countercurrent gas 110/solid particle 102 flow and to maintain the desired temperature gradient.
The PFB HX 111 is designed to achieve direct contact and countercurrent flow between the solid
particles 102 and the gas 110, while providing adequate height to enable the solid particles 102 to
disengage from the gas 110. In some embodiments of the present disclosure, an impingement
device may be implemented to enhance separation of the solid particles 102 from the gas 110 in
order to successfully return the solid particles 102 back to the PFB HX 111. As shown herein, the
hot gas 110 and the cool solid particles 102 may be separated using one or more nozzles 180 (i.¢.,
cyclones) positioned inside the inner shell 155 forming the pressure vessel. In some embodiments
of the present disclosure, the cool solid particles 102 may exit the PFB HX 111 through a low-
temperature rotary valve positioned at the bottom of the PFB HX 111 to be collected by a conveyor
107, which then transports them (e.g., by a skip hoist 195 shown in Figure 13) to a storage silo
101.

Gas-particle heat transter is an important step in both the energy storage charging (i.e., electricity
to thermal energy conversion) and energy discharging (i.e, thermal energy to electricity
conversion) processes. In some embodiments of the present disclosure, for energy discharging, a
PFB HX 111 may be configured to provide direct heat transfer between the hot solid particles 102
and a pressurized gas 110 to heat the gas 110 to drive a turbine 103. Such direct gas/solid particle

13
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contact reduces or eliminates the cost and exergy losses resulting from heat exchanger surfaces
commonly found in indirect heat exchangers. In the energy storage system described herein, the
hot gas 110 exits the PFB HX 111 at temperatures sufficiently high to drive a high-efficiency
Brayton combined-cycle power (BCCP) system. Aspects of the PFB HX 111 and BCCP
integration described herein may be based on a gas-turbine combined cycle (GTCC) system and/or

a commercial pressurized fluidized-bed combustion plant integrated with a GTCC system.

Among other things, the PFB HX 111 designs described herein enable operational temperatures of
at least 1,200 °C, which further enables its integration with a BCCP system. PFB HX 111
innovations disclosed herein include fluidizing inert solid particles 102 at temperatures at least 300
°C higher than those common in commercial pressurized fluidized-bed plants, while achieving low
pressure drops, high heat-transfer rates, effective gas/particle separation, and enabling the
integration with the thermal energy storage (TES) and/or the BCCP system. The PFB HX 111
technology described herein is, among other things, more efficient, compact, and provides higher
particle heat-transter coefficients than what can typically be achieved for heating gas 110 in a
traditional heat exchanger, where the solid particle/gas heat transfer occurs through a heat transfer
surface. Some performance parameters for the PI'B 11X 111 designs described herein include the
heated and pressurized gas 110 achieving exit temperatures greater than 1,170°C (to meet the
BCCP thermal load), and, in some embodiments, gas 110 pressure drop through the PFB HX 111
of less than 5% of the inlet pressure. As described below, fluidization conditions and gas/solid
particle separation metrics occurring inside the PFB HX 111 were analyzed to provide design and
operational insights and guidance for future full-scall PFB HX 111 designs. For example, the
fluidizing velocity of the gas stream 110 (i.e., superficial gas velocity) may be optimized to
maximize the heat transfer coefficient at mildly fluidized conditions while providing a cost
effective cross-sectional area plan of the PFB HX 111 to minimize the internal volume of the PFB
HX 111 and thus cost. Further, a mildly fluidized-bed 150 condition provides the possibility for a
more pronounced top-to-bottom temperature gradient with the highest temperature solid particles
102 at the top surface of the fluidized bed 150, which may heat the counter flowing gas stream 110
to a higher temperature than a typical well-mixed, well-fluidized bed with its typical top-to-bottom
temperature gradient. In the PFB HX 111, there may be a net downward (i.e., gravitational) flow
of solid particles 102 counter-current to the upward (i.e., opposite of gravity) flowing gas stream

110.
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In some embodiments of the present disclosure, a PFB HX 111 may be integrated with a power
generation system by utilizing, among other things, a pipe-in-pipe (PIP) 170 gas line. A
compressor in the power generation system may supply a pressurized, low-temperature gas
through to the annular space created by the PIP 170 configuration to be subsequently directed into
the PFB HX 111. The low-temperature gas may flow through the annular space of PIP 170 gas
line, and subsequently through an inner space (i.¢., a jacket) created by positioning the outer shell
160 of the PFB HX 111 around an inner shell 155. As described above, low-temperature inlet gas
110 provides cooling capacity to the outer shell 160 to provide sufficiently low operating
temperatures for the outer shell 160, while also cooling the material making up the inner shell 155.
The now somewhat preheated compressed gas 110 may enter the fluidized-bed 150 portion of the
PFB HX 111 contained within the inner shell 155, by being directed to gas distributor 175
positioned at the bottom of the PFB HX 111, where it contacts and fluidizes the downward flowing
solid particles 102 in a counter-current and direct contact mode, thereby heating the gas 110 and
cooling the solid particles 102. The heated gas 110 may then exit from the top of the PFB HX 111
after being separated from the solid particles 102 in a gas-solid separations unit operation, such as
one or more nozzles 180. This removal of the clean hot gas 110 may be achieved by directing it
once again through the PIP 170 gas line, but this time through the central pipe of the PIP 170 gas
line, where it is subsequently directed to turbine 103 that converts the energy transferred from the

solid particles 102 to the gas 110 to electrical energy.

As described herein, the fluidized-bed 150 positioned within the inner shell 155 contains the hot
solid particles 102 and operates at high temperatures. Thus, the walls of the inner shell 155 may
be insulated using refractory and/or other materials, e.g., at least one of the outer surfaces and/or
inner surface of the metal inner shell 155. As describe above, an inner shell 155 constructed of
metal may be in contact with the low-temperature inlet compressed gas 110. The combination of
cooling provided by the low-temperature gas 110 entering and flowing through the jacket, with
insulating the inner shell 155 helps maintain a low outer shell 160 operating temperature. This
design may also result in a relatively small pressure drops occurring in the PFB HX 111, because

the fluidized-bed 150 is contained within the pressurized inner shell 155.

15
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To minimize or prevent the high-temperature core from losing heat to the cooler outer shell 160,
insulation may be positioned on the inside wall of the inner shell 155; the space formed by the
inner shell and the outer shell may be described as follow: outer shell insulation — outer shell metal
— jacket space for incoming air — inner shell metal — inner shell insulation. Using finite element
analysis (FEA) software, an insulation design for the inner shell that meets the constraints of the
PFB HX temperature profiles and operating conditions was determined. The model description
can be found in Figure 4. Figure 4 illustrates the geometry used in the steady-state FEA analysis.
The geometry corresponded to a 14.0-m diameter inlet, contracting to 13.0-m diameter through a
4.0 m dense phase region (i.e., fluidized-bed 150), and a 6.0 m tall freeboard section; The design
is based on the operating condition of a 270 MWt PFB HX 111 integrated into an electro-thermal

energy storage system 100, as illustrated in Figure 1A.

The insulation layer of the inner shell 155 may include thick refractory rods that may protrude
from the refractory shell to attach to the steel inner shell 155 for structural support. The cavities
within the refractory structures may be filled with, for example, calcium silicate (Ca2S104 or
CalSil) insulation fibers (see Figure 1B). Calcium silicate has superior insulating properties, is
lightweight, and cheaper than refractory materials, but lacks the strength of refractory structures.
The dense phase region (i.e., fluidized-bed 150) has a linear temperature profile rising from 300
°C near the inlet/bottom to 1200 °C at the top of the fluidized-bed 150 representing the temperature
gradient expected in the dense phase portion of the PFB HX 111 as the solid particles 102 cool as
they fall, and the gas 110 heat up as it rises. The freeboard region was characterized by convection
between the wall and the heated gas 110. The exterior of the metal shell boundary condition was
also convective with an ambient air temperature of 300 °C (the gas return temperature from turbine
and compressor) and heat transfer coefficients were estimated by correlations for annular pipes.

The corresponding correlations are summarized in Eq. (1) and (2) below.
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The properties of air at 300 °C were used to approximate the properties of the gas 110 and were

held constant for all cases; these values are summarized in Table 1 below.

Table 1. Material and material properties used in the insulation design study.

Property Symbol Value Units
Density p 0.6172 kg/m?
Thermal conductivity k 0.0450 W/m-K
Heat capacity cp 1045.00 J/kg-K
Prandtl number Pr 0.6800 -

5  The Reynolds number, Re, changed based on the outer diameter of the metal shell, as the outer
diameter of the metal shell for the inner bed approached the inner diameter of the pressure vessel

(15.0 m) the velocity, v [m/s], increased to maintain a constant mass flow rate of air for all cases.

The relationship between outside diameter of the inner bed and the air velocity and Reynolds
number is shown by Figure 5. This fully defines the thermal boundary conditions used in the

10  insulation model. Error! Reference source not found. lists the materials and their associated

properties that are input parameters in the FEA study.

Table 2. Material and material properties used in the insulation design study.

Material Density Heat Capacity | Thermal Conductivity Source
[kg/m?] [J/kg-K] [W/m-K]
Petromax® 700 1000.0 1000.0 0.30 Allied
LTM
CalSil Fiber 64.0 1000.0 0.11 JR Refractory
(1400 °C)
Structural Steel 7850.0 4340 60.50 ANSYS
Mechanical
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Panels (a) and (b) of Figure 6 illustrated the selected insulation design and the resultant temperature

distribution. This is for illustrative purposes and is not intended to be limiting. For this exemplary

insulation design, the outside diameter of the inner shell 155, D, was set to 14.40 m. The refractory

was 200 mm thick excluding the supporting rods. The CalSil fiber was 475 mm thick at the thickest
5  point (the freeboard region). The metal wall of the inner shell 155 was 25 mm thick.

In Panel (a) of Figure 6, the applied linear temperature profile in the dense phase region (i.e., the
fluidized-bed 150) can be seen. The convective boundary condition applied to the interior surface
in the freeboard region resulted in the wall temperature being very close to 1200 °C. Panel (b) of
Figure 6 illustrates the exterior wall temperature distribution. Small hot spots are visible where the
10  refractory support rods come in contact with the metal of the inner shell 155; this is expected as
the refractory has a thermal conductivity three times higher than that of the CalSil fiber. For this
exemplary case, the exterior temperatures of hot spots were 304.14 °C and 304.32 °C using the
Kays and Petukhov Popov correlation, respectively. Using the average of the two average exterior
temperatures, the gas 110 temperature rise from flowing around the high-temperature core was

15 predicted using Eq. (3) below.

Toxr — T(x) —4hDx
In ( )

= =—Cx
Texe —T; pva(lsz - Dz) (3)

Tout = T(x = L) = Text - (Text - Tin)e_CL

The calculation showed the gas 110 was only predicted to rise about 2.3 °C, a relatively
insignificant temperature rise. Therefore, the insulation design was validated as being sufficient to

meet the design constraints of an exemplary PFB HX 111 design.

20  The outer shell 160 holds the pressure of the fluidized-bed 150 and, therefore, must be designed
to withstand the pressure differential between the interior and exterior pressures, which in some
embodiments of the present disclosure, may be about 20 bar. If the hot-temperature core was not
well insulated and/or if the cool inlet gas 110 was not directed between the inner shell 155 and the
outer shell 160, more expensive, high-temperature steel and/or alloys would be required. However,

25  since the PFB HX 111 may include design features, the outer shell 160 may operate at relatively
low temperatures. The outer shell 160 may also be insulated to prevent heat loss to the ambient

air. Figure 7 illustrates an exemplary structure of an outer shell 160, according to some aspects of
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the present disclosure. The associated dimensions for the insulation found using a one-dimensional
(1D) heat resistance model are AISI 4340 Steel (1) 0.100 m, mineral wool (2) 0.150 m, and A36
steel shell (3) of 0.0127 m.

The design for a PFB HX 111 may be highly dependent on the operating conditions of the TES
5 system 100. Additionally, compared to other parts of the power system, the PFB HX 111
significantly affects the TES system 100 design. The basic size for a PFB HX 111 vessel, the gas
pressure drops, as well as the heat losses to the ambient environment were calculated to explore

system design requirements, which are summarize in Table 3 for an exemplary PFB HX 111.

Table 3. Preliminary PFB design dimensions and key parameters.

Specification Unit Value

PFB Pressure Vessel ID m 15.00
PFB Pressure Vessel OD m 1552
PFB Pressure Vessel Height m 15.18
PFBHX Height m 13.30
PFBHX Dense Region ID m 14.00
PFB Freeboard Region ID m 13.00
PFBHX Minimum Fluidization m/s 0.166

Velocity
Calculated Required Cyclone Number - 15 (16 used)

Cyclone Inner Diameter m 2.25

Calculated Cyclone Efficiency %o 99.934

10

The minimum fluidization velocity changes with the operating temperature and pressure inside the
PFB HX 111. For the exemplary design described herein, the fluidized-bed 150 portion of the PFB
HX 111 was designed based on three times (3X) the minimum fluidization velocity and thus
fluidization will rise with an increase in temperature along the bed height. In some embodiments
15  of the present disclosure, in order to minimize the fluidization mixing and backflow of solid
particles 102 and/or gas 110, which can reduce the temperature gradient between the solid particles
102 and gas 110, the fluidized-bed 150 portion of a PFB HX 111 may be separated in the vertical
direction into sections divided by baffles. Figure 8 illustrates the gas 110 velocity as a function of
fluidized-bed height, resulting from temperature changes. The selected fluidization velocity was
20  below the velocity of a turbulent bed and the particle terminal velocity, to minimize solid particle
102 entrainment in the gas exiting the top of the fluidized bed 150. In some embodiments, the heat

transfer coefficient may be optimized in the range of two to three times the minimum fluidization
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velocity. The bed height accommodates a gas/solid particle disengagement distance as a first stage
of gas/particle separation. Baffles may be utilized to minimize particle entrainment, with any
remaining solid particles 102 in the gas 110 being removed by anozzle 180 (i.e., cyclone separator)

before the heated gas 110 is returned to the turbine 103 for electricity generation.

Means for distributing 130 (i.e., gas distributors 175) may play an important role in fluidization
quality and pressure drop. Examples of typical of gas distributors include perforated or porous
plate, bubble caps and nozzles, spargers (laterally or downwardly flow), conical grid, and pierced
sheet grids. Perforated plate distributors were selected for the analysis described herein, although
other distributor types could have been selected. Figure 9 illustrates a gas distributor having
nozzles with bubble caps. A perforated plate is simple and may be easily implemented. Perforated
plates may be used as baffles to form a multilayer (i.e., multizone) fluidized-bed 150 in the PFB
HX 111 as described above. In some embodiments of the present disclosure, a bubble caps (185
as shown in Figure 9) of a gas distributor 175 and/or baffle may penetrate into a layer of solid
particles 102 that have collected on the gas distributor 175/baffle, thereby directing the gas 110
directly into the layer of solid particles 102 to promote mixing, fluidization, and/or heat transfer.
As shown in T'igure 10, bubble caps 185 may be implemented to cover the tops of the nozzles
(referred to herein as a “bubble-cap nozzle”) to prevent solid particles 102 from clogging the
nozzles In some embodiments of the present disclosure, a baffle plate may be used as a gas
distributor 175 where gas 110 moves up and solid particles 102 fall downward through it (i.e., the
solid particles 102 fall through the port 168).

Referring again to Figure 9, the exemplary gas distributor 175 evaluated in this example included
400 individual nozzles (i.e., bubble caps 185). The nozzles were distributed across the 14.0-m
diameter floor of the inner shell, e.g., the fluidized-bed 150 portion of the PFB HX 111. In this
example, the nozzles were positioned below a perforated plate to smooth gas 110 flow, among
other things. This exemplary gas distributor 175 included four cones (i.e., ports 168) to collect the
solid particles 102 that had passed through fluidized-bed 150, in order to funnel them out of the
PFB HX 111 through four lock hoppers (190 shown in Figure 13), which all solid particle 102
removal while maintaining the pressure in the PFB HX 111. The exemplary gas distributor 175
evaluated also had 16 orifices (i.e., holes) punctured through its surface to accommodate cyclone

dip-legs (not shown) to provide structural support for the cyclones.
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Particle-gas separation is important for cleaning the gas 110 prior to the gas 110 reaching the
turbine 103; solid particles 102 entering the turbine 103 shorten the life of the turbine 103 blades.
In some embodiments of the present disclosure, solid particle 102 separation from gas 110 may
include three stages: gravitational disengagement, impingement separation using a U-beam
separator, and/or one or more nozzles 180 (i.e., cyclones). By placing the nozzles 180 within the
high-temperature inner shell 155 of the PFB HX 111, the system is greatly simplified by
eliminating the need for a separate vessel that contains just the nozzles 180. As a result, the nozzles
180 will be operated at high temperatures, so the design of a nozzle 180 may include refractory
materials to withstand the high operating temperatures and abrasive conditions. They nozzle 180
may be supported by the inner shell. Figure 1C, after the solids have been removed from the gas
and exit, the clean gas 110 may then exit the PFB HX 111 through the inner tube of the PIP 170
gas line to be subsequently directed to the turbine 103 for electricity generation. In some
embodiments, a second particle filter may be external to the PFB HX 111 and upstream of the
turbine 103 to further reduce the solid particle 102 concentration in the gas stream 110 and to

protect the turbine 103 from erosion. This filter may be a high temperature ceramic candle filter.

T'igure 10 illustrates a second exemplary gas distributor 175, according to some aspects of the
present disclosure. The gas distributor 175 shown in Figure 10 is a large head pipe 186 with a
plurality of manifold pipes 187 extending from the head pipe 186. The example shown in Figure
10 shows the manifold pipes 187 approximately perpendicular to the head pipe 186, but any
orientation of the manifold pipes 187 may be used. In some embodiments, the head pipe 186 may
have an outer diameter of approximately 2 inches, an inner diameter of approximately 1.75 inches,
and a wall thickness (or pipe thickness) of approximately 1/8 inch. The manifold pipes 186 may
have an outer diameter of approximately 5/16 inches, an inner diameter of approximately 0.215
inches, and a wall thickness of approximately 0.049 inches. The example gas distributor 175 in
Figure 10 includes 284 orifices in total on the manifold pipes 187 and head pipe 186. The orifices
have a diameter of approximately 3/32 inches. The gaps between the manifold pipes 187 allow the
solid particles 102 to flow (or fall) down through the manifold pipes 187 and exitthe PFB HX 111.

A total of sixteen (16) nozzles 180 (i.e., cyclones) were included in the exemplary PFB HX 111
described herein. They were all arranged to connect with the refractory layer of the inner shell 155
for structural purposes. As shown in Figure 11, nozzles 180 may be arranged in four sets of four.

In some embodiments of the present disclosure, each set of four may be positioned as close
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together as possible without physically touching. The incoming hot solid particles 102 are fed into
the fluidized-bed 150 through the gaps formed by the sets of four nozzles (180). The gaps are
designed to allow unobstructed flow of the solid particles 102 into the fluidized-bed 150. The
collected cooled solid particles 102 fall through each nozzle’s 180 dip-leg (not shown) to be
directed to small slots positioned in each dip-leg and a cone which directs the collected solid
particles 102 out of the nozzle 180 and into the solid particle 102 outlet funnels that are

incorporated into the gas distributor 175 described above.

For reliable transfer of hot solid particles 102 to a PFB HX 111, a lock hopper 190 (as shown in
Figure 12) may be utilized to seal the pressurized gas 110 inside the PFB HX 111 and to enable
supplying gas 110 to a turbine 103 for electricity generation. A lock hopper 190 may have two
valves: one located on the top of the lock hopper 190 for the gravitational flow of solid particles
102 from a storage silo 101 (not shown in Figure 12) into the lock hopper 190, and another located
at the bottom of the lock hopper 190 for the gravitational flow of particles out of lock hopper 190
and into the PFB HX 111. After solid particles 102 have filled the lock hopper 190 to its capacity,
the top valve is closed, pressurized gas 110 enters the lock hopper 190 to pressurize the inside to
a same pressure as the PI'B IIX 111. Then the bottom valve opens to release the solid particles 102
into the PFB HX 111. Thus, the two valves operate together to enable the dispensing of solid
particles 102 into the PFB HX 111 Thus, in some embodiments of the present disclosure, at least
two lock hoppers 190 may be needed to continuously feed hot solid particles 102 into the PFB HX
111, e.g., while one is filling, a second is feeding. Figure 12 illustrates a schematic of a solid
particle feeding system utilizing a lock hopper 190, according to some embodiments of the present
disclosure. Cooled gas 110A enters the PFB HX 111 from the turbine 103 and/or generator 104
and heated gas 110B exits the PFB HX 111.

Thus, a lock hopper 190 operates at two different pressure levels and two corresponding operating
conditions; charging, which corresponds to heating solid particles 102 using the particle heater
108, and discharging, which corresponds to cooling the solid particles 102 in the PFB HX 111.
During discharge, the solid particles 102 being stored in the silo 101 and dispensed to the PFB HX
111 via a lock hopper 190 are extremely hot (e.g., about 1200 °C or greater). These hot solid
particles 102, in some embodiments, may flow by gravity into the PFB HX 111 at rates as high as
300 kg/s, where, as described above, heat is transferred from the solid particles 102 to the gas 110.

When in the other condition, when the system charging, the silo 101 is discharging cold solid

22

CA 03185600 2023-1-11



WO 2022/015919 PCT/US2021/041732

particles 102 at about 300 °C to a skip hoist 195 to be subsequently lifted and transferred to the
particle heater. Thus, because of the two operating conditions, the insulation for the lock hopper
190 positioned at a silo 101°s exit should be designed to minimize heat losses when operating at
the high temperatures, e.g., about 1200 °C. For continuous operation, during discharging, to
5  operate at a flow rate of about 300 kg/s requires the lock hopper 190 to discharge solid particles
102 at this same rate 300 kg/s to the PFB HX 111. Similarly, during charging, the solid particle
102 flow rate may need to be greater than 300 kg/s considering the skip hoist 195 traveling time.
To satisty these variable operating conditions, the lock hopper 190 valves (e.g., gate valves) need
to be designed to operate at both the high temperature and the low temperature, e.g., a range
10 between about 300 °C and about 1200 °C. In some embodiments of the present disclosure, the lock
hopper 190 valves may be adjusted to a specific percent open, to provide finer control of the solid
particle 102 flow from the silos 101. The valves may be made of a refractory material. Solid
particles 102 exiting a PFB HX 111 through a lock hopper 190 may be redirected back to a silo
101, bypassing the particle heater 108. In some embodiments of the present disclosure, cold solid
15  particles 102 may be positioned for storage on top of hot solid particles 102 in the same silo 101.
When charging, the cold solid particles 101 bypass the PFB HX 111 and are transported to the skip

hoist 195 for transport to the particle heater 108.

In some embodiments of the present disclosure, the materials of construction for a lock hopper 190
may be selected as follows, from inside to outside: a refractory and internal insulation within a
20  structure steel shell, and external mineral wool for insulation from the ambient. Table 4 shows the
metrics for such an exemplary lock hopper 190. For the example system described herein, the

locker hopper 190 will operate under pressures of about 1.25 MPa.

Table 4: Exemplary lock hopper metrics.

Specification Unit Value
Lock Hopper Inlet Port Size m 0.5
Lock Hopper Outlet Port Size m 0.380
Lock Hopper Height m 18
Particle Load of Single Lock Hopper ton 63.81

In some embodiments of the present disclosure, particles may be directed into a PFB HX 111 from
25  a single point positioned in the side wall of the outer shell 160. This flow of solid particles 102

should be distributed evenly across the cross section of inner shell containing the fluidized-bed
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150 portion of the PFB HX 111. Among other things, such an even distribution of the solid
particles 102 will prevent gas 110 from bypassing the solid particles 102. In the exemplary design
described herein, a standpipe (not shown) is used into which the hot solid particles 102 will

overflow to then drop through dip-leg pipes (not shown) to drop into the fluidized-bed 150.

As described above, a pipe-in-pipe (PIP) 170 may be used to direct gas 110 to and from a PFB HX
111. One advantage of a PIP 170 design is that it can yield significant savings on the insulation
materials. The hot gas flows inside the inner pipe. This inner pipe may be insulated from the cold
gas flowing through the annulus between the inner tube and the outer pipe. An insulation layer
placed inside the inner pipe can lower the exterior temperature of the inner shell sufficiently to be
close to the temperature of the cool gas flowing through the annulus (e.g., about 300 °C).
Therefore, conventional steel can be used for both the inner and outer pipes. This PIP 170 gas line
configuration also means the inner pipe is subjected to nearly equal pressure between the hot and
cold gases 110, thus reducing wall thicknesses and cost. The outer pipe may be insulated to prevent
heat loss from the entering gas 110 to the environment. A PIP gas-line 170 design is illustrated in

Figure 13, according to some embodiments of the present disclosure.

The cross section of the PIP gas-line 170 indicates that the high temperature gas 110 flows through
the inner pipe, and the low temperature gas through the annular space created by the positioning
the inner pipe inside the outer pipe. The two gas 110 flows flow counter-current to one another. In
some embodiments of the present disclosure, both inside pipe and outer pipe may be insulated with
insulated as shown in Figure 13. For each gas turbine unit, the connecting pipeline is designed as
a pipe bundle to deliver the required amount of gas flow between the power system and the PFB
HX 111 within the desired pressure drop. Low-temperature gas 110 from the compressor fed to
the annular space helps to cool the outer pipe, thus enabling both pipes to be constructed of carbon

steel.

The inner pipe in Figure 13 may be configured to transport heated gas 110 at a temperature of
approximately 1200 °C. In the example shown in Figure 14, the inner pipe may have an inner
diameter of approximately 1.650 m and be insulated with GUNCAST ® 28 LI in a thickness of
about 0.165 m, INSULMIX ® C2035 LI in a thickness of about 0.300 m, and an A36 steel shell
with a thickness of about 00.08 m (or approximately 5/16 inches). The outer pipe in Figure 14 may

be configured to transport cooled gas 110 at a temperature of approximately 300 °C and/or within
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the range of about 200 °C to about 600 °C. In the example shown in Figure 14, the outer pipe may
have an inner diameter of about 2.850 m, an A36 steel shell of about 0.034 m, and mineral wool
of about 0.100 m. In some embodiments, the outer pipe may have an inner diameter in the range
of about 0.1 m to about 10 m. In some embodiments, the inner pipe may have an inner diameter in

the range of about 0.1 m to about 10 m.

In some embodiments, the heat transfer within the PFB HX 111 may be from heated gas 110 to
solid particles 102, which then heats the solid particles 102 and cools the gas 110. This may be for
heat gas 110 exiting the turbine 103 to allow for pumped thermal energy storage. In such an
embodiment, the heated gas 110 may flow through the outer annulus (i.e., outer pipe) of the PIP
gas line 170 and the cooler gas 110 may flow through the interior annulus (i.e., inner pipe) of the
PIP gas line 170. The direction of the gas 110 flow may be counter-current to the flow of the solid

particles 102,

The foregoing discussion and examples have been presented for purposes of illustration and
description. The foregoing is not intended to limit the aspects, embodiments, or configurations to
the form or forms disclosed herein. In the foregoing Detailed Description for example, various
features of the aspects, embodiments, or configurations are grouped together in one or more
embodiments, configurations, or aspects for the purpose of streamlining the disclosure. The
features of the aspects, embodiments, or configurations may be combined in alternate aspects,
embodiments, or configurations other than those discussed above. This method of disclosure is not
to be interpreted as reflecting an intention that the aspects, embodiments, or configurations require
more features than are expressly recited in each claim. Rather, as the following claims reflect,
inventive aspects lie in less than all features of a single foregoing disclosed embodiment,
configuration, or aspect. While certain aspects of conventional technology have been discussed to
facilitate disclosure of some embodiments of the present invention, the Applicants in no way
disclaim these technical aspects, and it is contemplated that the claimed invention may encompass
one or more of the conventional technical aspects discussed herein. Thus, the following claims are
hereby incorporated into this Detailed Description, with each claim standing on its own as a

separate aspect, embodiment, or configuration.
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CLAIMS

What is claimed is:

1. A heat exchanger configured to transfer thermal energy between a gas stream and a stream
of solid particles, the heat exchanger comprising:

a means for contacting the gas stream with the stream of solid particles resulting in a
transfer of thermal energy between the gas stream and the stream of solid particles; wherein

the heat exchanger is configured to gravitationally pass the stream of solid particles through
the means for contacting, and

the heat exchanger is configured such that the gas stream flows counter-current to the

stream of solid particles.

2. The heat exchanger of claim 1, further comprising:
an outer shell; and
an inner shell, wherein:

the means for contacting is positioned within the inner shell.

3. The heat exchanger of claim 2, further comprising a gas inlet configured to direct the gas

stream to the means for contacting.

4. The heat exchanger of claim 3, further comprising a gas outlet configured to receive the

gas stream from the means for contacting.

5. The heat exchanger of claim 4, wherein:
the gas stream has a temperature, and

the temperature is substantially greater at the gas outlet than at the gas inlet.
6. The heat exchanger of claim 4, wherein:

the gas stream has a temperature,

the temperature is substantially lower at the gas outlet than at the gas inlet.

26

CA 03185600 2023-1-11



WO 2022/015919 PCT/US2021/041732

The heat exchanger of claim 4, wherein:
the gas inlet comprises a first pipe,
the gas outlet comprises a second pipe,

the second pipe is positioned concentrically within the first pipe creating a first annular

5  space, and

the gas stream is configured to flow through the first annular space.

The heat exchanger of claim 7, wherein:
the inner shell is positioned within the outer shell creating a second annular space, and

the gas stream is configured to flow from the first annular space to the second annular

The heat exchanger of claim 1, further comprising:
a means for distributing the gas stream through the means for contacting, wherein:

the means for distributing is positioned before the means for contacting, relative to the

direction of flow of the gas stream through the heat exchanger.

8.
10
space.
9.
15
10.
20
11.

The heat exchanger of claim 9, wherein:
the means for distributing comprises a plate having an orifice, and

the orifice is connected to a bubble cap.

The heat exchanger of claim 1, further comprising:
a means for directing the solid particles stream to the means for contacting, wherein:

the means for directing is positioned before the means for contacting, relative to the

25  direction of flow of the stream of solid particles through the heat exchanger.

12.

The heat exchanger of claim 1, wherein:

the means for contacting results in a portion of the stream of solid particles entrained within

the gas stream.

30

CA 03185600 2023-1-11

27



10

15

20

25

30

WO 2022/015919 PCT/US2021/041732

13. The heat exchanger of claim 12, further comprising:

a means for separating the stream of solid particles from the gas stream.

14. The heat exchanger of claim 13, wherein:

the means for separating comprises a nozzle having an inlet, a first outlet, and a second
outlet,

the inlet is configured to receive the gas stream and the stream of solid particles,

the first outlet is configured to release the gas stream from the nozzle, and

the second outlet is configured to release the gas stream from the nozzle.

15. A method for converting thermal energy to electrical energy, the method comprising:
transferring thermal energy from a plurality of solid particles to a gas stream using a heat
exchanger; and
using the gas stream to spin a turbine to generate electrical energy; wherein;
the heat exchanger comprises:
an outer shell;
an inner shell positioned within the outer shell and having an internal volume;
an annular space between the inner shell and the outer shell configured to allow
the gas stream through the annular space;
a pipe-in-pipe (PIP) gas line configured to direct the gas stream to the annular
space; and
a first port that penetrates the inner shell and the outer shell configured to direct
the plurality of solid particles into the internal volume; wherein:
the gas stream exits the annular space to pass through a distribution plate and into
the internal volume,
the internal volume is configured to contact the gas stream with the plurality of solid
particles,
the heat exchanger is configured such that the plurality of solid particles flow
gravitationally through the internal volume to a second port located in the distribution plate

configured to remove the plurality of solid particles from the heat exchanger,
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the heat exchanger is configured such that the gas flows counter-current to the plurality of
solid particles to enter an upper portion of the internal volume, which is configured to separate
the plurality of solid particles from the gas stream, and

the PIP gas line is configured to remove the gas stream from the heat exchanger.
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