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RARE EARTH METALS IN SOLAR AND WIND ENERGY SYSTEMS

IlTocmaHogka npobnemu. B cyyacHMx ymoBax pO3BMTOK 3eNeHOi eHepreTukun HabyBae 0co6numBOi
aKTyamnbHOCTi y 3B’A3Ky 3 HeOOXigHICTIO mepexody OO CTanoro eHepretuyHoro 6anaHcy Ta 3MeHLUEHHS
BMKMAIB MAapHMKOBMX rasiB, amke Ha eHepreTUdHUi cekTop npunagae 6nmsbko 75% Takux BUKUAIB. Y Mexax
€Bponencbkoro 3eneHoro kypcy €C 3anpoBaguB cTabinbHy Ta ambiTHY eHepreTudHy noniTuky Aans
OOCArHeHHs KniMaTuyHoi HenTpansHocTi o 2050 poky.

BogHouyac macoBe BMpoBaKEHHsI TEXHOSOrIN BiAHOBMOBAHOI €HEPreTUKM BUCBITIIIOE HOBI BUKIMKM,
NoB’si3aHi i3 3abe3neyeHHsIM pecypcHoi 6a3un, 30Kkpema pigkiCHO3eMernbHUX enemeHTiB, 6e3 Akux HeMOXnuaee
edeKkTMBHe (PYHKLIOHYBaHHSA Cy4aCHMX TEXHOMOriN COHSAYHOI Ta BiTPOBOI reHepadii. [MocTtae npobrnema
pauioHanbLHOro BUKOPUCTAHHA Ta ONTMMI3alii MaHuoriB NocTavyaHHA LMX KPUTUYHO BaXknMBUX Matepianis
AN NigTPUMKM 6e3nepepBHOro PO3BUTKY €KOSOMYHO YUCTUX TEXHOMOTIN.

Y cucTtemMax COHSYHOI eHepreTUKM pidKiCHO3eMernbHi eneMeHTU 3acTOCOBYHOTbCA AN NiABULLEHHS
e(EKTUBHOCTI (POTOENEKTPUYHUX €eNEeMEHTIB 3aBOAKM I1XHIM YHIKanbHUM OMNTUYHUM Ta EeNeKTPOHHUM
BnactmBocTaAM. BogHouac y BiTpoeHepreTuui marHiTM Ha OCHOBI Heogumy Ta Aucnposito 3abesnevyoTb
cTabinbHy pobOTYy reHepaTopiB 3a YMOB 3MiHHMX BIiTPOBUX HaBaHTaXeHb. Takui mMacwTabHuin nonut
CTBOPIOE 3HAYHE HABaHTaXXEHHS Ha CBITOBY CUCTEMY NOCTa4YaHHS PiAKiCHO3eMenbHUX pecypciB.

ArpecuBHa BiiHa Pocii npoTu YkpaiHu Ta 3acTocyBaHHsi eHepreTuyHoi 36poi noctaBunu nig 3arposy
eHepreTnyHy 6e3neky €Bponu, a BiaTak i il eKOHOMIYHY cTabinbHicTb. Kpusa B YepBOHOMY MOpI, BiMCbKOBI
nepeBopoTn Ha AMPUKAHCLKOMY KOHTUHEHTI, KOH(NiIKTM Ha Bbnmsbkomy Cxofi, eKOHOMiYHE MPOTUCTOSIHHS
CWA Ta Kutawo — yCi Ui YMHHMKM NepeTBOPUNM MOCTavaHHs pigKICHO3eMEeNbHUX €MEeMEHTIB Ha MUTaHHSA
HauioHanbHoi 6e3nekn ansa Garatbox nepefoBux KpaiH. OgHO4YacHO UiHM Ha Ui MartepianM [OoCArnu
OEeCATUPIYHMX MaKCUMYMIB, LLIO CYTTEBO BMJIMHYIO Ha BapTiCTb 06nagHaHHA ans ranysi [1].

Y KOHTEKCTi nmepexogy OO0 CTanoro po3BWUTKY akTyanidyeTbcs notpeba y ¢popmyBaHHi 3aMKHEHMX
UMKNIB  BUKOPUCTaHHSA  pigKkiCHO3eMenbHUX eneMeHTIB, po3pobui anbTepHaTUBHUX MaTtepianie i
BAOCKOHAmNeHHi MeToaiB iX peumnpkynauii. BupilueHHs okpecneHoi npobnemaTtukm € 3anopykot AOCSArHEHHS
uinen kniMaTUYHOI NOMITUKN, NOGYLOBUN HU3LKOBYITELLEBOI EKOHOMIKM, 3abe3neveHHs eHepreTu4Hoi 6eaneku
Ta cTabinisauii puHkiB.

B uin ctaTtTi MM posrnaHemo pigkicHo3emenbHi enemeHTn (P3E), Wwo 3acTocoByloTbCA B ranyssx
3eneHol eHepreTuku.
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AHaniz _ocmaHHix _docnidxeHb i _ny6nikayil. PiakicHo3eMernbHi MeTanu CTaHOBMATb rpyny 3
CiMHagUATU XiMIYHMX enemeHTiB, cepeq akux 15 naHTaHoigiB, a TakoX ckaHgin i iTpin. Y 1794 poui
WwBeacbkuin ximik VoraH MagoniH yneplue ineHTudikysas itpint (Y), 3anoyaTKyBaBLUM HAyKOBE BUBYEHHS LIEi
rpynu enemeHTiB. BigTodi TexHomnoriyHi npouecu BuaobyTky Ta nepepobku pigkicHo3emenbHuUX meTanis
3a3Hanu CyTTEBOr0 PO3BUTKY, LLO CMPUSANO iX LUIMPOKOMY BMPOBAKEHHIO B rany3six BMCOKUX TEXHOMOTriN,
30Kpema B €MeKTPOHiLi, eHepreTuli, Ta BAPOOHULTBI HOBITHIX MaTepianis.

OcTaHHi fecaTuniTTa XapakTepu3yoTbCs 3HAYHUMW JOCATHEHHAMU Y AOCHIMKEHHI pigKiCHO3eMenbHMX
MeTanis, iXHiX BMacTMBOCTEN Ta MeTOAIB OTpUMaHHA. CydacHUIM CBIT TEXHOMOrIN HEMOXNNBO yaBuTKU 6e3
uux meTanie, agKe IXHE 3aCTOCYBaHHA Y BMCOKOTEXHOMOTMYHUX ranyssax npu3Beno A0 iXHbOro CTPIMKOro
PO3BMTKY. 3Ha4YHMIA BHECOK Yy L0 cchepy 3pobuMnmM YnCrneHHi 3apybixkHi Ta BiTYUM3HSHI dhaxiBui 3 Xximil, disnku
Ta maTtepiano3HaBcTBa, cepep sikux Kapn N'yctae Mocangep, 'nen T. Cenbopr, ®peaepik CbopeHceH, Hpin
LipniH Ta Garato iHWKWX. Y BMBYEHHI Ta PO3yMiHHI PUHKY PiAKO3EeMENbHUX MeTaniB, iXHiX BIAcTMBOCTEN i
MOTEHUINHMX 3aCTOCYBaHb Yy BUCOKOTEXHOMONIYHNX cdepax BUPI3HAETLCS Uina nnesga BYEHWX, Takux §K
Mabop Koeau, Kapn AnBeHceH, Jli Yxao, loHena KapaHToHic Ta 6arato iHwwmx [1].

CbOrogHi CcBiT nparHe 34iINCHUTU EHEPreTUYHUI Mepexid, 3acHOBaHMM Ha TEXHOMOriAX «4YMCTOI»
eHeprii, aki CyTTEBO BiAPI3HAOTbLCA Big TpaguUiNHOI eHepreTuku, Wo 6a3yeTbca Ha BUKOPUCTaHHI
BYrneBogHeBuX pecypciB. bydiBHMUTBO CTaHUii 3eneHOi eHepreTukM Bumarae 3HayHO OinbLUOT KiMbKOCTI
pigkicHozemenbHux enemeHTiB (P3E), Hixk aHanoriyHi 06’ekTu, Lo NpaLolTb Ha BUKOMHOMY NanumBei.

YacTka BiOHOBMIOBaHUX [Kepen eHeprii BXe CTaHOBWUTb NOHaZ MOMOBUHY HOBUX MOTY)XHOCTEN i3
BMpOOHMLTBa enekTpoeHeprii y cBiTi. Ha koHdepeHuii COP29, wo Bigbynaca B baky (AsepbangxaH),
MixxHapogHe areHTCTBO 3 BigHoBMoBaHMX mxepen eHeprii (IRENA) nporHo3dye y cBOiX 3BiTax NOTPOEHHSA
NOTY>XHOCTEN BiAHOBOBAHOI EHEPreTUKN Ta NOOABOEHHS piBHS eHeproedekTmBHOCTI 4o 2030 poky [2].

Tomy gocnigXeHHs LWNAXiB NocTavyaHHA pigkicHo3eMernbHUX eneMeHTiB Ta MUTaHHA Npo Te, e nexaTb
ManOyTHI BUKINWKK i IK MOXXE PO3BMBATUCS KOHKYPEHLS 3a pecypcu, 3anuwialoTbCs HEAOCTaTHbO BUBYEHUMU
i BUMaraloTb NOA4anbLUNX JOCTiIKEHb.

locmaHogka 3asdaHHA. MeTa cTaTTi — NPOBECTU KOMMMEKCHUA aHamni3 LWnsaxiB noctavaHHs
pioKiCHO3EMENbHUX eNeMEHTIB B CUCTEMAaxX COHSAYHOI Ta BIiTPOBOI €HEpreTuMku Ta CnporHo3yBaTu PO3BUTOK
PVHKY LMX eNEeMEHTIB y CydaCHMX YMOBaX, WO BUHUKaOTb BHACMIAOK BiHW Ta iHLLNX YMHHWKIB.

Buknad ocHogHoz20 Mamepiany docniidxeHHs. PigkicHo3emenbHi enemeHTu, BigoMi sik «meTanu
ManbyTHBOrO», BIiAIrpaldTb KMOYOBY POfib Y BUPODHMUTBI KOMMOHEHTIB ANA CMCTEM COHSYHOI Ta BITPOBOI
eHepreTuku. IxHe BUKOpWUCTaHHS B L ranysi 3poctae 3aBAsku 6e3nepepBHOMY BAOCKOHANEHHIO TEXHOSOI.

3oKkpema, MNOTYXHi MOCTIMHI MarHiTM Ons  reHepaTtopiB  0e3pedyKTOpHUX BITPAHMX  TypOiH
BUrOTOBNATLCA Ha ocHoBi Heoanmy (Nd) Ta gucnposito (Dy). [ns ogHoro reHepaTtopa noTyxHicTio 1 MBT
noTpi6Ho 6nmabko 40,6 kr Heogumy Ta 2,8 kr Aucnposito [3].

Y cydacHUX TOHKOMMNIBKOBUX COHAYHWUX naHensx, Takux gk CIGS (migin-ingin-ranin-cenenig) ta CdTe
(kagmin-Tenbypua), BUKOPUCTOBYIOTLCS iHAIWA, Tenbyp i ranin, ski 3abesnevyoTb BUCOKY e(PeKTUBHICTb LIMX
TEXHOMOriN.

Lli meTanu € He3aMiHHUMW ONA CTBOPEHHA TEXHOMOrN CTanoro eHepreTuyHoro nepexody. BogHouyac,
PO3BMTOK HOBMX METOAIB iX BUAOOYTKY Ta NepepobKn 3anmnlaeTbCs BaXKITMBUM BUKIMKOM AN OOCATHEHHS
€HepreTUYHOI He3anexHoCTi.

Y 2023 poui 3 473 BT enektpoeHeprii, 3006yToi 3 BigHOBMoBaHUX mxepen, 81 % abo 382 BT manu
HWKYY BapTiCTb, HiX eHeprid, BupobneHa 3 BukonHoro namuea. 3i 3BiTy IRENA 3a 2024 pik BugHO, WO
NPOTArOM OCTaHHIX OeCATU POKiB, 3aBOSKW 3HWKEHHIO BUTPAT i BOOCKOHANEHHIO TEXHOSOrMN COHSAYHOI Ta
BiTPOBOI €HepreTMkK, BNPOBa)KEHHS BiAHOBIIOBAHOI EHEPreTUKN NMPUHOCUTL 3HAYHI CoLiaribHO-EKOHOMIYHI Ta
eKkonoriyHi nepesarn. 3aBAsikM 3HA4YHOMY 3HWKeHHK BapTocTi — Ao 0,04 gon. CLWA (4otupm ueHTtn) 3a 1
KBT-rog 3a pik — BUTpaTV Ha hoTOENeKTpUYHi koHBepTepun y 2023 poui 6ynun Ha 56 % HWKYMMU, HDK BUTPaTU Ha
BMKOMHE Nanueo Ta siAepHYy eHepreTuky. 3aranom, BiHOBMIOBaHa eHepreTuka, BrnpoBamxeHa y cBiti 3 2000
pokKy, no3sonuna 3aowaantu go 409 mnpg. gon. CLUA Ha BuTpaTax Ha nanvMBo B EHEPreTMMHOMY CEKTopi [4].

HesanepeyHum nigepom Ha pUHKY pPigKiCHO3EeMENbHNX E€NEMEHTIB Ta BiQHOBMIOBAHUX MKepen eHeprii
€ Kutan. Tak, 3a gaHumu Bloomberg New Energy Finance, nuwe y 2015 poui Kutan iHBectyBas 102
mMinbapan gonapis CLUA y BnacHy ranysb BigHoBntoBaHoOi eHepreTukn. CtaHom Ha 2018 pik HauioHanbHa
eHepreTnyHa agmiHictpauia Kutato (NEA) iHBectyBana 360 minbapais gonapie CLUA y BigHoBnioBaHy
eHepreTuky Ta nnaHye oTtpumyBaTn 20 % eHeprii 3 BigHoBnoBaHuX mkepen po 2030 poky. OpgHak
OOMiHyBaHHs KuTalo y BiQHOBMIOBaHIA eHepreTuui LWBMAKO 3pOCTA€E i 3a KOPAOHOM: OinbLUiCTb CBOIX
iHBecTuuin Kutan cnpamoBye y BigHoBrnoBaHy eHepreTuky CLUA, Hime4yunHu Ta iHWMX po3BUHEHMX KpaiH [5].

B €C pocsarHyTo 3Ha4HOro nporpecy y cdepi BiAHOBMIOBAHOI eHepreTuku. Tak, y nepLuin NoroBuHI
2024 poky u4acTka eHepril, oTpumMaHol 3 BigHOBMBaHUX mxepen, ctaHosuna 50 %. BiTpoeHepreTuka
obirHana ras i ctana gpyrMM 3a BENUYMHOK [Xepenom enektpoeHeprii B €C nicns aTomHoi. Bukuam
napHukoBux rasie y €C ckopotunucsa Ha 32,5 % 3 1990 no 2022 pik, Toai gk ekoHomika €C 3pocna
npnbnunsHo Ha 67 % 3a Ton camuii nepiog, [6].

Ha puc. 1 BigoGpaxeHO BCTaHOBMEHiI MOTYXHOCTI BITPOBMX i COHAYHMX enekTpocTaHuin y €C 3a
nepioa i3 2021 o 2024 poky.
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Puc. 1. BctaHOBnNeHa NOTYXHICTb BiTPOBUX Ta COHAYHUX eNneKTpocTaHuin y €C Ha 2024 pik
(- — BCTaHOBIIEHa MOTYXHICTb BITPOBUX enekTpocTaHuin, BT; |:|— BCTAHOBIEHA NOTYXHICTb COHAYHUX
enekTpocTaHLin, BT)
Lxepeno: [6]

O6csr imnopTy piakicHozeMenbHux MeTanis go €C y 2022 poui 3Ha4HO 3pic, ane cTabinisyBaBcs Yy
2023 poui, Togi sk UiHa Bnana Ha 15 % (pwuc. 2). O6car ekcnopTy piakicHo3emenbHUx metanise i3 €C y 2023
poui 3MeHLWMnBCs, a ix uiHa Bnana Ha 11 % nopiBHAHO 3 2021 pokom. Y 2023 poui cniBBiAHOWEHHS iMNOPTY
00 eKCrnopTy, BUMIpAHE B HaTypanbHOMY BUpakeHHi, ctaHoBuno 3,3, wo osHadvae, wo €C imnopTtysas 3,3
TOHHW Ha KOXHY TOHHY, siKy ekcnopTyBasB. OCHOBHa 4acTuHa iMMNoOpTy pigkicHo3emenbHMX meTtanis go €C
Hagxoguna 3 Kutato (39 %), 3a skum cnigyBanu Manansisa (33 %) Ta Pocisa (22 %) [7].
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Puc. 2. ImnopT Ta ekcnopt P3E y €C, ckaHaito Ta iTpito y 2023 poui:
a) — imnopTt T1a ekcnopt P3E, TUC. TOHH ; 6) — imnopT Ta ekcnopTt P3E, €/kr
— eKCMnopT, ~~~ -~ — imnopr, €/kr;
- eKcnopT,|:| — iMMopT, TUC. TOHH

MpumiTka.
Lxepeno: [1; 7]

Y HawoMmy nporHosyBaHHi MW pO3rNsHEMO nepexia A0 KAiMaTUYHO HenTpanbHOI EKOHOMIKM,
OpieHTyIOUNCh Ha KoHUenuito «Yucta nnaHeta ansa Bceix». Lle pocnimpkeHHA aHanisye BNpoBagKeHHSA
BIQHOBMNIOBaHUX [Xepen eHeprii K KNo4voBi YMHHUMKU BMMAMBY Ha MOMUT Ha CUPOBUHHI pecypcu. PuHOK
cnoxuBaHHa €C BBaXaeTbCst HAWOINbLL NEPCNEKTUBHUM Y KOHTEKCTi MPOrHO30BaHOrO MOMUTY Ha CUPOBUHY
pigkicHo3eMernbHUX eneMeHTiB. Pe3ynbTatv nporHosiB BigoOpaaTuMyTb Ppi3Hi piBHI 3pOCTaHHA — Big
BMCOKOrO [0 HU3bKOTO PIBHA PO3rOPTAHHA UWMX TEXHOSONIN, a TakoX MiaBULEHHST abo  3HWKEHHS
e(eKTVBHOCTI BMKOPUCTaHHA Matepianis, TOMy iX Crnig po3rnsgatv pagwe sk AianasoH, HiK sK TOYHI
3HaAYEHHS.

BiTpsiHi enekTpocTaHLUii — Le eneKkTpocTaHLii, ki BUKOPUCTOBYIOTb EHEpril0 BITPY ANs BUPOOHULTBA
eneKkTpoeHeprii. ¥ HUX 3acTOCOBYIOTbCS BITPSHi TypbiHW, O MepeTBOPIOTb KIHETUYHY €Heprilo BiTpy Ha
enekTpuyHy. BiTpsiHi enekTpocTaHuii cknagalTbca 3 pagy BiTpsiHUX TypOiH, po3TalloBaHMX Ha BiOKPUTUX
ainsiHkax cywi abo B Mopi. BiTpsiHa eHepris BBaXaeTbCst OOHUM i3 BMAIB BifHOBIIOBAHOI €Heprii, OCKiNbK/
ans i oTpMMaHHs BUKOPUCTOBYETLCSA NPUPOAHUIA pecypc — BiTep.

Y cy4yacHin BITpPOEHEpPreTuLi 3acTOCOBYIOTLCA Pi3Hi TUNKU BITPOBUX TypOiH, sKi Bigpi3HATbLCA
PO3MipOM, KOHCTPYKLIED, XapakTepucTukamu Ta cepor BUKOPUCTaHHA. [esaki 3 HUX npu3HadveHi Ans
Ha3eMHMX YMOB, a iHWi — ANA MOPCbKMX ManAaH4mKiB.
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Hanpwuknag;

1. BiTpsikn Ha ocHoBI ropmaoHTanbHUx BiTpoBux TypbiH (HAWT — Horizontal Axis Wind Turbines): ui
TypbiHM MalTb ropm3oHTanbHy BiCb obepTaHHA. BOHM LUIMPOKO BMKOPUCTOBYKOTLCA Ha CyxoAoni And
reHepauii enekrpoeHeprii.

2. BiTpsikn Ha ocHOBI BepTukanbHux BiTpoBux TypbiH (VAWT — Vertical Axis Wind Turbines): ui Typ6iHn
MatoTb BEPTUKANbHY BiCb 0BepTaHHS | MOXyTb ByTH eheKTUBHUMMN y BapiaHTax HE3aneXxHoro 3acToCyBaHHS.

3. MnaBatoui BIiTPOEHEpPreTUYHi YCTaHOBKM: pPO3TALUOBaHi Yy BIiOKPUTOMY MOpPIi Ha MnaByyux
nnatcopmax ans BUKOPUCTAHHS BITPY B MOPCbKUX YMOBAX.

4. 'MmbokoBOAHI BiTPOBi TypbiHM PO3MILLYOTb HA MOPCBKOMY [Hi B 30HaX i3 BENUKOK rMnbuHoto, ae
3BEe[EHHS CTaLiOHAapHMX MOPCLKMX NNaTdopM € CKNagHUM 3aBAaHHSIM.

Lli TexHoRnorii 3aCTOCOBYIOTb 3a5eXHO Bif KOHKPETHUX YMOB, i BOHM BiOPI3HAOTECA NPOAYKTMBHICTIO Ta
MOXIMBOCTAIMM BMNPOBAMKEHHS. HuHi HanmnowmpeHiwmn Tunamm BiTpoBuX TypbiH € EESG (CMHXPOHHMIA
reHepaTtop 3 enekTpu4HuM 30ymkeHHsAM), PMSG (CMHXPOHHWUI reHepaTop 3 NOCTiiHUMK MarHiTamm), DFIG
(acCvHXpOHHMIA  reHepaTop 3 noABiiHMM  XuBneHHsaM) Ta SCIG  (aCUMHXpPOHHWA reHepaTop i3
KOpOTKO3aMKHEHUM poTopom). CyyacHi BIiTpoBi TypbiHM MaloTb ONTUMI3OBaHiI KOMMOHEHTUM — reHepartop,
npuBia, poTop i nonaTti — AN NiaBMLLEHHS €PEeKTUBHOCTI BUPOOHULITBA eHEprii Ta 3HMKEHHS i1 BapTOCTi.

[eHepaTop € OCHOBHWM €neMeHTOM BIiTPOTYpOiHM, O NEPEeTBOPIOE MEeXaHiyHy €eHeprilo Ha
enekTpuyHy. OCHOBHI TUNW: NOCTIKHOTO CTPYMY, 3MIHHOMO CTPYMY, CUHXPOHHI Ta aCUHXPOHHI. [eHepaTopu 3i
3MiHHOIO LUBWUAKICTIO 3MEHLUYIOTb HaBaHTaXEHHS Ha nonaTi 1 TpaHcMicito. Cy4acHi reHepaTopu Ha NOCTINHUX
MarHitax BUPI3HATbLCS BUCOKOK €DEKTUBHICTIO, KOMMAaKTHICTIO Ta NerkicTio B o6cnyropyBaHHi [8].

Nonarti BiTpoBMX TypBiH 3abe3neuytoTb cTabinbHICTL NPU 3MiHI LUBUAKOCTI BITPY. IX BUrOTOBNAIOTH i3
nerkux i MiuHMX mMaTtepianie, 3a3Bu4ai 3i CKNOBOOKHA, X04a B ManbyTHbOMY MOXYTb CTaTU NOMYNSPHILLMMM
BYrneLeBi BOMOKHA.

P3E, saki BkMo4aloTb HEOOUM, Npas3eocauM i OUCMpPOo3ii, € KIHYOBMMU KOMMOHEHTaMM HaA3BUYalHO
MOTY)KHOTO MarHiTHOro Mmarepiany — HeoguMm-3anizo-6op (NdFeB). Len wmarHit 3acTtocoByeTbca Ans
CTBOPEHHSI MOCTIMHWUX MarHiTiB y CUMHXPOHHMX reHepaTopax (PMSG), wo € OCHOBHOW KOHQirypauieto
BiTpOBMX TypbiH. Ha pwuc. 3 nepeniyeHO HamnowMpeHiwi MaTepianu, LO BUKOPUCTOBYHOTBCA Y BITPOBMX
eneKTPOoCTaHUisaX Ta iXHi (PyHKLUiOHamNbHI MOXNNBOCTI.

CmpameziyHa cupoeuHa

Heogum  BMKOPWUCTOBYETLCH Y Migb LLIMPOKO
nocTinHnx marHitax NdFeB BUKOPUCTOBYETHLCA B
(marnitn ans BMPOOHMLTBA Nd Cu  reHepaTOpHuMX obmoTkax,
eneKkTpoeHeprii) KaGenﬂ?(,. iHBEpTOpAaXx, B
ynpaeniHKi cuctem
Mpaseognm BMKOPWCTOBYETHCS AnIOMiHIN  BMKOPWCTOBYETHLCA
pasoM 3 HeoAUMOM Yy MOCTIMHUX pr Al SK HauWnerwum martepian B
MarHitax obnagHaHHi MOTOrFOHAOJ,
nonarti ToLO

Ovcnposii  3acTocoBYyETbCA  SK MapraHeub  3aCTOCOBYETbCHA
BaXnuBa  gobaBka  [A0OHeoaUNM- Dy Mn ans BupobHMUTBaA cTanmi, LWo
3aniso-6op (NdFeB) y  nocTiiHi BMKOPUCTOBYETLCS ansi
MarHitu 6araTbox YacTuH TypGiHu
HioGin 3aCTOCOBYETbCS AK Hikenb  3actocoByeTbca Y
MiKponeryouuni enemMeHT y Nb Ni chnnaBax Ta Hepxas.itouin crtani
BMCOKOMILIHIA KOHCTPYKUINHIN cTani ansi Pi3HNX KOMMOHEHTIB
Ans Bex TypOiH TypbiHn

Bop 3aCTOCOBYETLCS Y cknagi Moni6,q¢H BUMKOPUCTOBYETLCSA Y
HGOJIL.VI!\/I-38J'II30-60p (NdFeB) B Mo HePxasilouid cTani, BXoAWTb
marHiTiB abo sk mactTuno o cknapy H6araTbox

KOMMOHEHTIB TypOiHn

CBUHeLb 3aCTOCOBYETbCA AN
Pb naviku abo obonoHka kabernto B

enekTponepenadvi

Xpom HeoOXiaHUN ansa
Cr HepXaBilo4oi cTani Ta iHWnX
chnnasiB y poTopi Ta nonatsax
3aniso: YaByH abo ctanb, Ans
6aLuTn, MOTOroHZOMNM, poTopa i
PyHOAMEHTY; B NdFeB
NOCTIWHI MarHitTn

Puc. 3. MaTepianu, AKi BUKOPUCTOBYIOTLCA Y BiTPAHUX €NeKTPOCTaHLifAX

[hxepeno: [8]

Fe

3 ycix maTtepianis, ski 3apa3 BUKOPUCTOBYKOTLCS Y BITPSIHUX €NeKTPOCTaHLisgX, HeoAMM, nNpaseoanMm,
ONCNpOo3in, Hiobin | 6op € KPUTUYHO BaXXNMBMMM Y CNUCKY. Ha puc. 4 nokasaHi KIo4oBi KpaiHu B NOTICTUYHIN
MepeXi NocTavyaHHSA CUPOBUHU O0 BITPSAHUX enekTpocTaHuin [8; 9; 10].
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[ToCTAAHAS CHPOBHHH T3 MATE
Mo, Nd, Ni, Nb, Pr). Crpameziy

NdFeB marmite, Mimsm

Bl BOMOKHA, CEAO BOJ

ATOMIRIA, CTATE,

(Al B, Cr, Cu, Dy, Iron, pyna, Pb, Mn, Obpolineri Marey
et :

€ €

Kuraii  ——— K )
Anowin B Anowia I
Cwa Ea Clia  —

Namwrcsha Amepuia I NatuHesa AMepura
Pewra kpain Azl Pewra kpain Azil
Pewra Esporn B Pewra €Eaponn
Ihwi EE i
0% 10% 0% 0% 0% 50% BO% 0% 5% 10% 15% 20% 25% 30% 35% AD%  45%
a) 6)
BHrOTORNSH KOMIVIZKTYIONE TOHIOMH, T0NaTi BHTOTORIEHNS BITPAHI TYPOiH
EC I €0 I
et | Hurait
Anouia Anowin
Willew | CLUA
Adpua Adprira
Pocia Pacia
Natvucoia AMEpHKa Natunceka Amepura
Pewra kpaii Azt Pewra kpain A3l
Pewra Eaponw PewTa EBpony
T Ihwi
0% 10% 20% 30% 40 509 G0% 0% 1% 208 30% A0 509 G 10
B) r)

Puc. 4. KntoyoBi KpaiHM B NOriCTM4HiN Mepexi nocTayaHHs CAPOBUHU A0 BiTPSAHUX
eneKTpocTaHuUin: (a) — kpaiHW, IKi NocTavyaloTb KPUTUHHY CUPOBUHY Ta MaTepianu; 6) — kpaiHm, ki
BUrOTOBNAIOTb BY3IU; B) — KpaiHU, AKi BUTOTOBNSAOTHL KOMMNNEKTYHUi; ) — KpaiHu, siKi nocTa4yaloTb

BUroTOBNEHI BiTPAHI TypGiHM
Hxepeno: [8; 11; 12]

Ha puc. 5 BigobpaxeHO NporHo3oBaHi MOTY>XHOCTI ONA Ha3eMHWUX Ta MOPCbKMX BiTPOEHEePreTU4HUX
yCcTaHOBOK. BpaxoBytoun cepefHi odikyBaHi TepMiHU cryx6un — 25 pokis ans HasemHux Typ6iH i 30 pokis Ans
MOPCbKWX, MOEOHAHHSA LMX 3Ha4eHb 3 MPOMYCKHOK 3A4aTHICTIO A03BOMSE po3paxyBaTu pivyHUA obcsr
PO3rOpHYTMX HAa3eMHUX i MOPCbKMX MOTYXXHOCTEN, WO BU3Ha4ae NonuT Ha maTtepianu (ame. Tabn. 1).

900
800
700
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500
400
300
200
100

2015 2020 2025 2030 2035 2040 2045 2050

—— H33EMHA BITPOEHEPrETUKA == == MOPCbKa BiTPOEHepreTvka

Puc. 5. lMporHo3zoBaHa NOTYXHICTb Ha3eMHOI Ta MOPCLKOI BiTPOeHEepPreTUKu
B €C (noTyxHicTb, 'BT)
[Dkepeno: nobydosaHo 3a pesyrnbmamamu asmopCbKo20 MOOesIH08aHHSI
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Ta6bnuuys 1
LWopiuyHa noTpeba €C y maTtepianax gns BiTpoeHepreTukm y 2030, 2040, 2050 pokax
Marepiany 2030 2040 2050
Poku
Al (antomiHin) 33000 48000 63000
6opatn 50 65 80
Cr (xpom) 16000 24000 32000
Cu (migb) 76000 113000 150000
Dy (aucnposiin) 210 260 310
Mn (mapraHeub) X 25000 36500 48000
Mo (Moni6aeH) = 3400 5000 6600
Nd (Heomum) o 1900 2400 2900
Ni (Hikenb) 11000 16000 21000
Pr (npaseognm) 340 425 510
cTanb 62000 910000 1200000
Tb (Tep6in) 70 90 110
Zn (UMHK) 170000 250000 330000

[Dkepeno: cknadeHo 3a pesyribmamamu asmopCbKo20 MOOesIH8aHHS

MogonaHHA puU3MKy NOCTayaHHSA pigKICHO3eMENnbHMX EeneMEeHTIB Ans BiTPoBUX TypbiH Ha MOCTIMHUX
MarHiTax € OOHIE 3 OCHOBHMX MEPELUKOA Y BiTPOEHEpPreTWYHIN ranysi Yepes 3anexHiCTb Big CUPOBUHW.
HaBiTb 3a YMOBW 3HWXEHHS LjiH Ha pigkicHo3emernbHi MaTepianu o piBHa 2011 poky, 3pocTaHHA NoNuTy Ha
HMX MO BCbOMY CBIiTYy MOXe CYTTEBO BMAMHYTU Ha BMPOBHWMLTBO BiTPOEHepreTnkn. 3anexHiCTb Big OOHOro
PUHKY, SiKUM Borogie Kntai, i3 npakTMYHOK MOHOMOJE Ha BUPOOHULTBO PiaKiCHO3EMENbHMX MaTepianis i
MOCTINHUX MarHiTiB, BUKNIMKAE NOOOKOBAHHS Yepe3 PU3MKN KONMMBAHHS LiH i MOXIMBI TOProBerbHi CynepeYku
Mk Kutaem i CLUA. lMNicnsa nigBuLEHHS LiH Ha pigkicHo3emenbHi enemenTn y 2011 poui BUpOOHMKKN TypOiH
NOCTINHO NpauooTh HA4 NiABULEHHAM e(PEeKTUBHOCTI BUKOPUCTAHHS MaTepianiB y CBOI NPOAYKLil, 30Kpema
3MEHLUMNN BMICT ANCNPO3ito B NOCTINHMX MarHiTax. OgHak pusnky 3anuwatoTbcsa 3HavyHumu [13].

CoHAYHi naHeni abo oToeneKTpM4Hi KOHBepTepuM — Le MNpPUCTPOi, $Ki BUKOPUCTOBYHOTH
hoToenekTpudHM edbekT Ans NepeTBOPEHHS CBITNOBOI €Heprii, OTPUMAHOI Bif COHAYHOIO BUNPOMIHIOBAHHS,
Ha eneKkTpUYHy eHeprito.

OCHOBHUI KOMMOHEHT COHSYHOI NaHeni — POTOBOMbTAIYHMI MOAYMb, AKMN CKNagaeTbes 3i 3’€AHaHMX
MK CODOK «COHSIYHMX KNITUH» (3a3BM4an BUIOTOBMEHMX 3 HaMiBNPOBIAHMKOBUX Matepianis, Takux $K
KpucTtanidyHmn kpemHin (c-Si) abo amopdHui kpemHin (a-Si)). Konu ¢oToHu cBiTna noTpannswoTb Ha Ui
KNiTUHW, BOHU 30YIKYOTb E€MNEeKTPOHWU, BUKIUKAKO4YM iX BMOMBaHHA 3 atomiB. Llen mpouec cTBOpHE MOTIK
eNEeKTPUYHUX 3apsagiB, SKUA BUKOPUCTOBYETLCS AN BUPOOHMLTBA €NEKTPUYHOI eHepril.

CoHsAYHI BaTapei WMpOoKO BMKOPUCTOBYHOTLCA ANA BUPODHMLTBA enekTpoeHeprii. BoHn BBaxakTbcs
BiQHOBMNIOBaNbHUM KeperioM eHeprii Ta MalTb psd nepesar, 30Kpema, HU3bKi BUKMAWM Byrneu i BiAHOCHO
HWU3bKi BUTPaTU Ha ekcnryaTtauito. 3aBASKU TEXHOMOrMYHUM iHHOBALisIM BapTiCTb COHAYHOI eHeprii 3Ha4yHOo
3HM3unNacs NPOTAroM OCTaHHIX POKIB, L0 CNPUYNMHUIIO 3HAYHE 3POCTaHHS i 3aCTOCYBaHHS MO BCbOMY CBITY.

Ha cborogHillHii AeHb hOTOENEKTPUYHI TEXHOMOTIT BKMOYaIOTh:

—KpUCTaniyHMm KpemHin (c-Si) — OCHOBHMI MaTepian And BMpPOOHMLTBA COHAYHMX naHenewn. Lle
BMCOKOYUCTUI MaTepian, Skun mMoxe OyTn oTpuMaHun y ABOX (POpMax: MOHOKpuCTaniyHum (mono-Si) Ta
MynbTUKpucTaniyHmi (multi-Si);

— TOHKOMMIBKOBI COHAYHI naHeni (TF) 3 amopdHuM KpemHiem (a-Si) — moayni, B AKMX TOHKi Wwapu a-Si
BMKOPMWCTOBYIOTLCH A58 300py COHAYHOI eHeprii 1 NepeTBOPEHHS il Ha enekTpuyHui cTpym. Lli naxeni nerki
M FHYYKi, OCKINbKW LLIApU KPEMHI0 HAHOCATLCS Ha CKNo;

— Migi-iHgito-ranito-gucenexig (CIGS) — cknagHui HaniBNpoOBIAHWKOBUIA MaTepiarn, WO cknagaeTbcs 3
Migi (Cu), iHgito (In), ranito (Ga) Ta ceneHy (Se). Taki COHAYHI NaHeni BUrOTOBNSAOTLCS LUNSXOM HaHECEHHS
TOoHkMX wapis CIGS Ha nigknagky;

—kagmito-tenypua (CdTe) — HaniBNpoBIAHMKOBUI MaTepiarn, B COHAYHMX naHensx CdTe ToHki wapwu
KaaMmito-Tenypuay HaHoOCATLCA Ha NiAKNaaKy.

CoHAYHI naHeni i3 KpWUCTamiyHOro KpeMHilo nepeBaxalTb Y CBIiTi, cknagawum npubnusHo 95 %
BCTAHOBIIEHO| hoToenekTpnyHoi noTyxHocTi [14]. CdTe, CGIS Ta TF BUKOPUCTOBYHOTBCA MNEPEBAXHO Y
HEeBENMKMX Ta MEeHLL MOTYXXHWUX 3acTocyBaHHAX [15].

[na coHAYHMX naHernen, okpiM HaniBNPOBIAHWKOBUX MaTepiarniB, BUKOPUCTOBYIOTLCS W iHLi pecypcu.
Cpibno 3actocoByeTbCs Ansi 300py Ta nepefadi enekTpoHiB, AIOKCUA KPEMHil0 — [nsi CKra 3 BUCOKUM
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KoedilieHTOM MPONYCKHOI 3A4aTHOCTI, antoMiHin — AN pamMoK naHenewn, a Miab — 9K NPOBIOHUK y Kabensax.
Ornsa HanbinbLWw NownpeHnx MaTepianiB Ans COHAYHNX POTOENEKTPUYHUX KOHBEPTEPIB NOoAAHO Ha puc. 6.

CrtparteriyHa cupoBMHa

KpeMmHinn  BUKOpUCTOBYETLCA Migb BUKOPUCTOBYETLCA y
AK HaniBNpoBigHNKOBMI cnnaBax 3 Hikenem ans
mMaTepianu B KpUCTamniyHMX Si Cu aHogHoro kartamizatopa (SO
abo aMOpMHMX  COHSYHMX FCs), B npoeogax i
ernemeHTax CTPYMONMPOBIOHNX AeTansix
epmaHii BUKOPUCTOBYETLCS AniomiHin BUKOPUCTOBYETHLCA
AK HaniBnpoBiAHWUK ANns  TennoBOro  ynpasniHHA
mMaTepianis ansa Ge Al ONokoM naneBux eneMeHTIB i sK
HaraTonepexigHuxX COHSAYHUX maTepian onopHoi NAUTK
eneMeHTiB
[anin 3acTtocoByeTbca K Hikenb BUWKOpPUCTOBYETBCA AN
JOMilLKa B HaI'IiEI'IpOBi,EI,HVIKaX Ga Ni NOKpUTTA 6i|‘IOJ'I$.|pHVI_)_( nnacTu, y
abo B TexHonorii CIGS cknagi Hepxasitoyoi crtani abo
SK aHoz
IHAin  3acTocoBYeTbCA 5K MonibaeH BMKOPUCTOBYETLCS HAK
nposigHun wap ITO a6o B In Mo 3agHin koHTakT ana CIGS abo B
TexHonorii CIGS pamax 3 HepaBito4oi cTani
Bop 3acTtocoByeTbca Sk CeneH BUKOPWCTOBYETbCS B
Jomillika (p-Tuny) B B Se ToHkonniBkoBux CIGS coHaYHUX
KpucTaniyHin peLiTui enemeHTax
NNacTUH Ha OCHOBI KPEMHItO
Managin  BUKOPUCTOBYETLCS OnoBo B NoegHaHHi 3i CBMHLUEM
j:cﬁlzang?mp, o gaMiHroe P -- -- sn ans na|7u<v|. abo 3 iHgiem B
y Pt, y Burnagi cnnasy cTpymonpoBsigHux wapax (ITO)
Pt-Pd
Tenyp  BMKOPUCTOBYETbCA Y
Te TOHKONIIBKOBOMY  KaaMiEBOMY

Tenypuay (CdTe)

OTOENEKTPUYHUX TEXHOMOTIAX

Kagmin 'y  TOHKOMMiBKOBOMY
Ca kagmiesomy Tenypugy (CdTe)
hOTOENEKTPUYHMX TEXHOIOTIAX
3anis3o B cTaneBux cnnaeax ang
pi3HMX OeTanenm i B cuctemax

Fe .
KpinneHHs OTOENEKTPUHHUX
yCTaHOBOK
CBuHeub y cnnaeax 3 OnOBOM
Pb (Sn) K npwnoﬁ. AN
€INeKTPUYHMX naHutoris i
3'eQHyBaviB
LinHk AK npo3opui
7n CTPYMOMPOBIAHNIA okena y
nepeaHbOMY KOHTaKTi COHSAYHMX
enemMeHTIiB
Cpibno y BUrNaai
CTPYMOMPOBIAHOI MNMAACTUHU Ha
Ag nepefHin i 3agHin  CTOPOHI
KpucTanivyHmx COHSIYHMX
erneMeHTiB

Puc. 6. MaTepianu, Wo BUKOPUCTOBYIOTLCA B COHAYHUX NaHensax
Lxepeno: [8]

CoHsIYHI enemMeHTU Ta Moayni 4acTo BMPOOMAOTLCS TUMMK XK KOMMaHIAMK, O NOCTIMHO MiABULLYIOTb
edeKTUBHICTb i 3MeHwWyTb BUTpatn. Y 2007—2008 pokax 3pocTaHHA nonuTy Ha POTOeneKTpudHi mMoayni
NigBULLXNO BaPTICTb KPEMHIIO, LLO CAPUYMHUIO 3pOCTaHHS LiH. [porHo3un po3BuTKy ranysi Ta pUHKOBI TeHOeHLT
3MYLLYIOTb BUPOOHUKIB LLYKATN CNOCOOM 3MEHLLEHHS BUKOPUCTAHHS KPEMHIlO Ta iHLIMX MaTepianis.

LLBnoke po3WMpeHHS BUKOPUCTaHHSA BigHOBMOBaNbHOI eHeprii B €C i CBiTi CTBOPKE TUCK Ha
NnocTayaHHA CUPOBMHM ANS POTOENekTpUYHMX cucteM. [eski matepianu, Taki 9K KpeMmHiln, iHAin, ranin,
repmaHin i 6opaTtn, MalTb BUCOKMA PU3UK MOCTaYaHHs, ToAi SK Migb, Kaamiln, ceneH, cpidbno ta tenyp —
MeHwunn. KpemHii, OCHOBHMI MaTepian Ond (OTOENneKkTPUYHWX ernemMeHTiB, CTUKAETbCA 3 npobnemamu
OOCTYMNHOCTI 4epe3 HeAOoCTaTHbO PO3BMHEHI METOOU OYULLEHHS. BMPOOHMKM COHSIMHMX MaHenen TakoXx
TypOyloTbCS Yepe3 MOXNMBMIN OediunT NOMIKPEMHII0 Ta KONMMBAHHA UiH, 30kpema, y 2017 poui noro uiHa
3pocna Ha 35 % uepes 3akpuTTa 3aBoaiB y Kutai 3agns OOTpUMMaHHS ekonoriyHux craHgaptie [16].
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MpubnusHo 70 % rnobanbHUX BUPOBHMYMX MOTYXXHOCTEN MOSMIKPEMHi0 3HaxodsaTbcs B Kutai, ge pidyHun
ob6car BupobHmuTBa ctaHoBUTb 388 KiNoToHH, a €C noctavae nuwe 6 % cupoBuHu [17].

Kutan gomiHye Ha pUHKY KOMMOHEHTIB AMs COHSYHMX TEXHOIOrin, 3ariMaroum 6nmsbko 89 % yacTku. BiH
KOHTPOSOE BinbLUICTL acnekTiB BUPOOHMLTBA COHAYHMX MaHenew, cTaBluM NigepoM Yy Ui ranysi we B 1990-x
pokax, konu HimeyuuHa 3anpoBaguna nporpamy CTUMYMHOBaHHS BUKOPUCTAHHA COHAYHUX naHenew. [licna
ekoHoMiuHoI Kpran 2008 poky Ta 3eneHoro Tapudy y 2011 poui, noTyxHocTi Kutato 3HauHo 3pocnu. Ha 2021 pik
BiCiM 3 [gecsatn HambinbwmMx BUPOBHMKIB KPUCTaNIYHUX KPEMHIEBUX DOTOENEMEHTIB Oynn  KUTancbKuMmm
komnaHisamu, a we ogHa — 3 MNisaeHHoi Kopei (Hanwha Q Cells) Ta ogHa — 3 Kanagm (Canadian Solar) [18].

BinblwicTe BUPOBHMKIB KpUCTaniyHMX KpeMHieBUX ¢poToenemMeHTiB 3ocepemkeHa B Kutai Ta iHLWMX
asincbkmnx KpaiHax, Togi sk yactka €C y BUpobHMUTBI Takmx enemenTiB y 2022 poui ctaHoBuna nvwe 0,4 %.
OkpeMi KpeMHieBi Ta TOHKOMMIBKOBI COHAYHI Moayni BupobnsiwTeca B €C Ha piBHi 6nu3bko 1,5 %, ane
OCHOBHa 4YacTuHa BMpobHMLUTBa po3TawoBaHa B Asii [18]. Ha puc. 7 nokasaHi Krnto4oBi KpaiHW B NOTICTUYHIN
MepeXi NocTavyaHHS CUPOBUHU OO0 COHSAMHUX NaHenen [8; 9; 10].

TlocTaYaHHS CHPOBHHN T2 MaTepianis (Al B, Cr, Cu, Dy, Iron, pyza, Pb, Mn,
Mo, Nd, Ni, Nb, P).

OGpodneH MaTeDETH Si-wetan, o, |i-.3\-'\:.‘-i:: Cu '!‘.'.l:-:llu-:.ln 3, Al, CdTe,

€
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Puc. 7. Kno4oBi kpaiHuM B NOriCTU4HIN Mepexi NnocTa4yaHHA CUPOBUHU [0 COHAYHUX NaHernen: a)
— KpaiHu, fiKi nocTa4yaloTb KPUTUYHY CUPOBUHY Ta MaTepianu; 6) — KpaiHu, SiKi BATOTOBNAIOTb BY3I1U;
B) — KpaiHU, siKi BUrOTOBNSIIOTb KOMMIEKTYHOUI; I) — KpaiHU, AKi nocTa4yaloTb BUTOTOBIIEHI COHAYHI
nadeni
[hkepeno: [8; 19; 20; 21]

Ha puc. 8 HaBegeHO NPOrHO3 LWOA0 MNOTY)KHOCTI COHAYHUX CTaHLN, SKi, K NpaBumio, ekcnnyaTyTbCa
npotarom 25 pokis [14]. Tomy Bynu 3acTocoBaHi Ti X cami NPMNYLLEHHS LWOAO TePMiHy crnyxbwu, wo i gng
Ha3eMHUX BiTPOEHEPreTUYHMX YCTaHOBOK. Martepianu, O BUKOPUCTOBYKTBLCS Y BUMPOOHMLTBI COHSYHMX
efieMeHTIB 3a TexHOomnorielo (PoToeneKkTpukn, BKIOYaTb C-Si — MeTaneBun KpemHin, cpibno; a-Si —
MeTaneBun KpemHin, repmanin; CIGS — migb, iHain, ranin, cenen; CdTe — kagmin, Tenyp. MaTepianu, Taki sik
GeToH, CTanb, NNacTuK, CKIO, anoMiHi Ta Midb, TAKOX BPaxOBYHOTbCA ANS BCiX TEXHOMOriN, OCKINIbKN BOHM
3aCTOCOBYHTbLCS Y CTPYKTYPHUX Ta E€NeKTPUYHMUX KOMMOHEHTax, nofibHo [o BiTpoeHepreTuku. B Tabn. 2
HaBeZeHOo piYHUIK NonuT Ha 3a3HadveHi matepianu go 2030, 2040 ta 2050 pokis. Tenyp, repmaHin Ta iHAIN
BUSIBUNUCS HANBINbLL KPUTUYHMMM Y BiAHOLLEHHI MK MOMMTOM Ta NPOMO3uLi€eto.
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Puc. 8. MoTyXHicTb BCTAHOBJNIEHMX COHAYHUX eJfleKTpocTaHLUin B €C (NoTyXHicTb, I'BT)
Ihkepeno: nobydosaHo 3a pesyribmamamu asmopCbKo20 MOOesI8aHHs, 3 BUKOpUCMaHHSIM OaHux [22]

Tabnuus 2
WopiyHnm nonuT Ha maTtepianu B €C gns coHAYHUX naHenen Ha 2030, 2040, 2050 poku
MaTepianu = — = = _ ~ _
T S > = z = 5 5 g S
— s © = ®© = — () = >
<3 | 83| 3% | 85| 82| =8| wo©3 | 85| 8| 23
E 3 = = o = g e ) =
Poku
B TOHHaXx
2030 200000 20 120000 2 5 10 71000 20 160 20
2040 315000 25 184600 3,2 7 16 91000 26 135 30
2050 410000 30 250000 5 10 20 109000 30 110 40

[Dkepeno: nobydosaHo 3a pesyrnbmamamu asmopCbKo20 MOOesI8aHHSs, 3 BUKOPUCMaHHSM OaHux [22]

Kutah 3ammae npoBigHY MO3uUil0 Ha BCiX 4YOTUPbLOX eTanax maHutora nocTadaHHs COHSAYHUX
boTOENEKTPUYHMX cucTem. 3a ouiHkamMu, MakcuMarbHa dactka €C cTtaHoBUTb 6 % Ha eTani nocTavyaHHsA
cupoBuHM Ta 5 % Ha eTani nepepobku maTepianis, npu uUboMy B camoMy €C MpakTU4HO BIACYTHE
BMPOOHMLTBO COHAYHMX ernemMeHTiB i moaynis. [lokpalleHHa maTepianiB MOXe CTaTu MOXMMBICTIO O1is
NigBULLEHHSA KOHKYPEHTOCMPOMOXHOCTI COHAYHOI (DOTOENEKTPUYHOI MpomMmucrioBocTi B €C.

o6 3meHWnTN punsnkKn, HeobxigHo 3abe3neuntn amMBepcudikalilo mKepen noctavaHHs maTtepianis
AN COHAYHMX TEXHOMOriN. IMNOpPT KPEeMHil0 ONsi COHSIYHUMX MNaHenewn cTaHoBUTb 64 %, i 3abe3neyeHHs]
JOCTyny OO MeTaneBoro KpemHito 3 iHwux kpaiH — Takux gk CLUA, Bpasunia Ta Hopseria — € KpUTU4HO
BaXXNMBMM 3aBOaHHAM Ans €Bponencbkoro Cotosy.

MokpalleHHs BUPOOHUYMX MOXITMBOCTEWN € KIMOYOBUM, OCKiNbk €EC Mae HU3bKy YacTKy y BUPOOHULTBI
COHSAYHMX eNneMeHTIB, Xo4a KOHKypeHUia 3 Kutaem € gyxe Bucoka. lNepepobka Ta NOBTOPHE BMKOPUCTaHHS
KPEMHI0, 3a0X04yBaHHA HAayKOBO-AOCTiAHNLBKOT QiSiNIbHOCTI — L€ OAMH KPOK A0 3HMKEHHA PU3MKIB.

OuiHtoBaHHA puHKY €C r'pyHTYETbCSA Ha aHanisi eKOHOMIYHOI 3HaYyLLOCTi Ta PU3MKIB MOCTAYaHHS.
EkOHOMIYHa 3HAYyLLiCTb BU3HAYaeTbCA PiBHEM 3aNEXHOCTi KiHLEBMX CMOXUBaYIB Bid KOHKPETHOI CUPOBUHM
BiONOBIAHO [0 ii 3acTOCyBaHHSA. PM3MKM NOCTa4YaHHSA OLIHIOITBCS Ha OCHOBI KOHLUEHTpauil BMPOOHULUTBA
CMPOBMHWM Ha PiBHI KpaiH, wnsxiB ii goctaBkm go €C, a TakoX 3 ypaxyBaHHSM €KONOriyHMX (HakTopiB,
MOXITMBOCTEW NepepobKy BTOPUHHOT CUPOBUHW, HAsiBHOCTiI 3aMiHHMKIB i PIBHS 3aNeXHOCTI Big iMnopTy.

Barato KpUTMYHO BaXXNMBUX PiaKiICHO3EMENbHUX eNEMEHTIB KOHLIEHTPYIOTLCS Y NeBHUX KpaiHax: Kutan
noctadae 98 % pigkicHozemenbHUX enemMeHTiB, TypeddnHa — 98 % 6GopaTiB, a [liBgeHHa Adpuka
3abe3nevye 71 % notped €C y nnaTtuHi Ta iHWKMX MeTanax NnaTtMHOBOI rPynu, TakMX siK ipugin, pogin i
pyTeHin, racpHin Ta cTpoHLin noctayaetbea 3 €C [20].

€C y 2023 poui cunbHO 3anexas Big iMNOPTY: MarHito, repmanito Ta ranito 3 Kutato; cdepoHiobito 3
Bbpaswunii; 6opatie 3 TypeuunHun. B 3aranbHomy iMnopTt cknaB 94 % pigkicHo3eMenbHUX MaTepianis, sKun
Haginwos 3 Kutao, Manansii Ta Pocii pazom y3atux. NMpu Tomy, wo obcar iMmnopTy KpUTUYHOI CUPOBUHM 3
€C B nepiog 3 2019 no 2023 pik Mae gUHaMiKy 0O CKOPOYEHHS, 3a BUHATKOM NPUPOAHbOro rpadity. Tak, Ha
iMmnopt go €C marHito, depo-Hiobito, 6opaTiB Ta ranio, YyacTka Ha OCHOBHOIO MapTHepa cknagae 75 %
3aranbHoro imnopTty. LliHn Ha depoHiobin, repmanin, 6opatn Ta ranii y 2023 poui 3pocnu, Togi SK LiHK Ha
P3E, marHin, cypmy Ta npupogHuii rpadit 3aHnsumnucs [7].

CeiToBa cninbHOTa 3po3yMmina, WO BiHOBMOBaHa eHepreTuka 3a 3aMOBYYBaHHSIM cTana Kepenom
HaneLleBLLOl HOBOI reHepalii enektpoeHeprii. Mporpec, gocarHytun y 2023 poui, € 3Ha4YHUM KPOKOM Ha
LMsXy A0 CUCTEMU, 3aCHOBaHOI Ha eHeproeekTUBHOCTI Ta Bi4HOBMNIOBAHMX TeXHONOriaX. [JlocAarHeHHs MeTu
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NOTPOEHHS BiAHOBIIOBAHOI €HEpreTukM Bumarae, wob rnobanbHa noTyxHicte BOE pocsarna 11,2 TBT go
2030 poky, gogatoum B cepegHbomMy 1044 BT HOBMX NOTyXHOCTen wopidyHo go 2030 poky. 8,5 TBT Gyae
3abe3nevyeHo nuwe 3a pPaxyHOK COHAYHUX (POTOEMEKTPUYHMX CTaHUii Ta Ha3eMHUMX BIiTPOBUX
eneKkTpoCTaHUin, 3rigHO 3 nepcrnekTuBamu CBITOBOMO €HEepreTMYHoro nepexony, po3pobneHumun
MixHapogHum areHTcTBOM 3 BigHoBMNoBaHoi eHepreTukn IRENA. Y 60poTb6i i3 3MiHOW KrnimaTy npoBigHuMun
kKpaiHamn Ha COP 29 6yno npunHaTto piweHHa npo BugineHHs 300 mnpa gonapis KoxHoro poky oo 2035
POKY Ha MiATPMMKY KpaiH, WO pO3BUBAIOTLCS, Y iX Aigx no 60poTbbi 3 3miHOW KnimaTy[2; 4].

Y mManbyTHbOMY 4acTka 3eneHoi eHepreTuku Gyge i gani 3poctaTtuv, WO npu3Bede A0 3POCTaHHSA
nonuTy Ha pigkicHo3emenbHi MaTepianu. Lleii 3pocTtatoumii nonut MoXe npusBecTM Ao npobrnem 3
nocTa4YaHHSAM.

Y ocTaHHi poku BigbyBaeTbCsA 3MeHLUIEeHHs YacTkn Kutato y Bugobytky P3E yepes BigkputTsi HOBMX
podoBuL, MO BCbOMY CBIiTY. TUM He MeHLUe, 3pocna ydacTb Kutato y nepepobui pya P3E, wo gossonse ix
KOHBEpPTYBaTW Yy OKCWOM, MeTanu, CnrasBuM Ta MarHitm, nonut Ha $Ki NOcCTiMHO 3pocTae. Llen cektop
nepepodKkn NPUHOCUTL BinNbLUMA NPUBYTOK i € OiNbLL €KOMONYHO YNCTUM.

[oku iHWi kpaiHM He PO3MNOYHYTb IHBECTYBaHHSA Yy BaXNUBI eTanu nepepobku pigko3emensHux pya,
TOOTO Yy BUPOOHMLTBO MaTepianis, WO MaloTb nonuT, Hanpuknag, NdFeB marHiTiB, KiHLEBI KOpucTyBaudi 3a
mMexamn KuTawo 3anuwatMMyTbCA BpasnuBMMM OO0 KMTANCbKOI MOHOMOMIT i 3anexHumu Big Hel vy
ManbyTHLOMY, He3anexHo Big TOro, CKiNbKU HOBUX LLAXT 3anyCTATb B iHLWMX KpaiHax [23].

3 UbOro BUNNUBAIOTb HACTYMHI pekoMeHAauii 3 AesKUMN 3ayBaXKEHHAMU:

— YAOCKOHanMT1 BUPOGHUYI MpouecK, cnpsiMoBaHi Ha 36inblieHHA BUAOOYTKY Ta 0B6poOKy KNHO4OBMX
CUPOBUHHKX i NnepepobreHnx maTtepianis;

— OpraHisyBaTu CKnafaHHA OCHOBHMX KOMMOHEHTIB [ANff 3MEeHLUEHHS 3aneXHoCTi Big asiNCbKux
noctavarnbHUKiB;

— OpraHidyBat MOKpaLWleHHs HaAiMHOCTI Ta 3HMXKEHHA BUTpaAT 4Yepe3 HayKoBi [LOCNIIKEHHA Ta
po3pobku;

— YAOCKOHaNUTN nepepobky KpeMHito;

— pO3WMPUTK JXepena noctadaHHs maTtepianis.

BucHogku 3 npoeedeHo20 dociidxeHHsl. PigkicHo3emMenbHi enemeHTH, 30KpemMa Heoaum,
avncnposin, Tepbii, KpemHin, iHAin Ta ranii, BigirpatoTb KMNIOYOBY POMb Y PO3BMTKY COHSYHOI Ta BITPOBOI
EHEpreTUKM, L0 € OCHOBHIMM HanpsiMaMiy BiAHOBIIOBArIbHOI eHepreTuku. Ix cTpaTeriyHe 3HaYeHHs 3pocTae
y 3B’513Ky 3 rnobanbHMM KypcoMm Ha ekapOoHi3aLito Ta eHepreTu4H1In nepexia.

3pocTaHHsA CBITOBOrO NOMUTY Ha Ui MaTepiany CTBOPHE PU3NKM HECTABINBHOCTI NAaHLUIONB NOCTa4YaHHs,
Wwo 3i cBoro 6OKy MOXe yCKnagHWTX BNpPOBaAXXEHHS BiQHOBIIOBAHMX TEXHOJIONN Ha LUMPOKOMY PiBHI Ta
ranbmyBaT OpMYyBaHHSA CTiIMKOT eHepreTU4HOI CUCTEMN.

Bucoka koHueHTpauis BuaoOyTKy Ta nepepobku pigkicHo3emenbHUx ernemeHTiB y Kutai nmigcunioe
3anexHiCTb CBITOBOrO PWHKY Bi4 OAHOro [pkeperna, WO € MNOTEHUINHO BpasnueMM ¢akTopoM Ans
eHepreTnyHoi 6e3nekn, 3okpema B mexax €C.

MpoaHanizyBaBLWN PUHOK, 4OBEAEHO KOHLEHTpauilo BMPOBHMLUTBA pigkicCHO3eMenbHUX martepianis y
Kutai, wo 3ymoBnoe HeobXigHICTb po3pobneHHs edpeKkTUBHUX MexaHi3MiB gmBepcudikauii noctayaHHs. 3
ornagy Ha Ue, BaXUBMM € 3anyyeHHs anbTepHaTMBHUX [pPKepesl, a TakoX BMPOBAKEHHS Cy4aCHUX
TEXHOMOri nepepobkn AN 3a40BOMEHHS 3POCTAalYoro nonuty Ta (POPMYBaHHA CcTpaTerin cranoro
3abe3neyveHHsa NoTpeb 3eneHOi EKOHOMIKMU.
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PIAKICHO3EMEJbHI METAIIM B CUCTEMAX COHAYHOI TA BITPOBOI EHEPIFETUKU

MeTa. lNpoBeaeHHA KOMMMNEKCHOro aHanidy LWAsxiB NoCTadaHHA PigKiCHO3eMENbHUX eneMEHTIB B
CYCTeMax COHSAYHOI Ta BITPOBOI EHepreTukn Ta NPOrHO3yBaHHA PO3BUTKY PUHKY LIMX €NeMEHTIB Yy CydacHUX
YMOBaX, LLIO BUHMKAOTb BHACHIAOK BiiHW Ta iHLUMX YNHHUKIB.

MeTtoguka gocnimkeHHsA. Y npoueci HanucaHHA cTaTTi OGyno BMKOPUCTAHO METOOUKY HayKoBOro
OOCMiMKEeHHs ONA BU3HAYEHHSA Yy3aranbHIOKUMX 3BeOeHUX CUHTETUYHUX MNOKa3HMWKIB LoJo CTpaTeriyHux
LWNAXiB po3BUTKY Ta AMBepcudikauil nocTadaHHs pigkicCHO3eMENbHUX ENEMEHTIB, a TaKOX CTaTUCTUYHUI Ta
rpadidyHMn MeToan Ans aHanidy PUHKY PigKICHO3eMENbHUX €eneMEeHTIB Ta MPOrHO3yBaHHA nonuty Ta
Npono3uuii 3a 4ONOMOror Yacosux psais. 'padikv Bynu BUkopucTaHi Ans Bidyanisauii uMx gaHux.

Pe3ynbTtatn pocnigxeHHA. BcTaHoBneHo, WO pigkicHo3emenbHi enemeHTn (Heoaum, OUCMpPOs3ii,
Tepbin, KpemHin, iHgin, ranin), Habyesalo4um Bce BINbLUIOrO CTPaTEriyHOro 3Ha4YeHHs y BIAHOBIOBAHIN COHAYHIN
Ta BITPOBIN eHepreTuui, CNPUYMHAIOTE 3pOCTaHHA rnobanbHOro MnonuTy, BOAHOYAC YCKMaAHKYM
3abesnevyeHHsa cTabinbHMX nocTavaHb. Lle, y cBot 4epry, ycknagHie nobyaoBy 6Ginbw 6Ge3neyHoi Ta
AekapboHi30BaHOT eHepreTMYHOI cMcTeMU. 3a3HaueHi BUKIMKN € HaA3BUYaNHO CKnagHUMKM, ocobnmBeo 3 ornsgy
Ha LUBMAKOMIMHHI 3MiHW reononiTM4YHOro KOHTEKCTY Ta 6e3npeLeneHTHI kpuau, Lo noctatoTb nepeq €C.

MpoaHanizyBaBLIN PUHOK, OOBEAEHO KOHLUEHTpaLilo BMPOOHMLTBA PiAKiICHO3EMENbHUX MaTepianiB y
Kutai, wo 3ymoBmnoe HeoOXigHICTb po3pobneHHs edekTUBHUX MexaHi3MiB amBepcudikalii nocrayaHHs. 3
ornagy Ha Ue, BaXNUBMM € 3anyyeHHs anbTepHaTUBHUX [Kepen, a TakoX BMpPOBaXEeHHS Cy4acHUX
TEXHOMOri nepepobKn AN 3a40BOSIEHHST 3pOCTAaKYOro nonuTy Ta (POpMyBaHHA CTpaTerin cranoro
3abe3neyveHHsa NoTpeb 3eneHOi EKOHOMIKM.

HaykoBa HoBu3Ha pe3ynbTaTiB gocnimkeHHA. OOrpyHTOBaHO KOHLEMLi0 KOMMIIEKCHOrO aHanisy
LUMIAXiB MOCTAaYaHHS Ta BUKOPUCTAHHS PiAKiICHO3EMENbHMX eNEMEHTIB Yy CucTemax BigHOBMIOBaHOI EHepreTuky,
30KpEMa COHSAYHIN Ta BIiTPOBIW, WO, HA BiAMIHY Bif iCHylOUMX MNigxodiB, A€ 3MOTy He NuLIe BU3HAYUTU TXHIO
KPUTWMYHY porb y 3abesneyeHHi TEXHOMOrYHOro PO3BUTKY B YMOBaxX nepexody A0 KhiMaTU4HO HeWTpanbHOI
MiHiMi3auil. YaockoHaneHo MeToAWuHi Nigxoan A0 MNPOrHO3yBaHHS AMHAMIKM PO3BUTKY CBITOBOMO PUHKY
pigkicHo3eMenbHUX MaTtepianis, WO BPaxOBYHOTb BMMMB HOBITHIX €KOMOriYHWX TpeHAiB Ta TpaHcdopmalin
rnobanbHoi eHepreTMyHoi noniTukn. Habyno noganblioro po3BUTKY HaykoBE PO3YMIHHS  CTPYKTYPHO-
PYHKLIOHaNbHMX acneKTiB NOriCTUYHNX MepeX NocTayaHHs pigkicHo3eMenbHUX eneMeHTIB.

MpakTMyHa 3Ha4ywWicTb pe3ynbTaTiB AOChiMKeHHA. Pe3ynbTaTu NpoBeAeHOro LOCHiAKEHHS
MaloTb Barome MpakTU4YHE 3HaYEeHHs], OCKINbKM MOXYTb OYTM BUKOPUCTAHI Ans oOrpyHTYBaHHA aHanisy Ta
NPOrHO3yBaHHA JOMNICTUYHUX LUNAXIB MOCTA4YaHHS PigKiCHO3eMernbHUX efIEMEHTIB, a TakoX Ofs BUPILLEHHS
NUTaHb, NOB'A3aHMX i3 MAaNBYTHIMKU BMKITMKAMKN Ta MOCUINEHHSAM KOHKYPEHLLii 3a cTpaTeriyHi pecypcu.

KnrouoBi cnoBa: pigkicHo3eMernbHi eNeMeHTH, KPUTUYHO BaXKNTMBUIK MaTepian, COHAYHa eHepreTuka,
BiTPOBa eHepreTrka, CTaTUCTUYHUI METOL, NPOrHO3yBaHHS.

Novosad l.Ya., Ruska R.V., Plaskon S.A.

RARE EARTH METALS IN SOLAR AND WIND ENERGY SYSTEMS

Purpose. The aim of the article is to conduct a comprehensive analysis of the supply routes for rare
earth elements in solar and wind energy systems and to forecast the development of the market for these
elements in the current conditions arising from the war and other factors.

Methodology of research. The scientific research methodology was used in the process of writing
the article to determine generalised synthetic indicators on strategic ways of development and diversification
of rare earth elements supply, as well as statistical and graphical methods to analyse the rare earth elements
market and forecast supply and demand using time series. Graphs were used to visualise this data.
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EKOHOMIKA IIPHPO/]OKOPHCTYBAHHA TA
EKOJIOIIBAIIA HABKOJIUIIIHBOI'O CEPE/IOBHIIIA

Findings. It has been established that rare earth elements (heodymium, dysprosium, terbium, silicon,
indium, gallium), which are becoming increasingly strategically important in renewable solar and wind
energy, are driving global demand while making it difficult to ensure stable supplies. This, in turn, makes it
harder to build a more secure and decarbonised energy system. These challenges are extremely complex,
especially given the rapidly changing geopolitical context and the unprecedented crises facing the EU.

The market analysis proved the concentration of rare earth materials production in China, which
necessitates the development of effective mechanisms for diversifying supplies. In view of this, it is important
to attract alternative sources, as well as to introduce modern processing technologies to meet the growing
demand and develop strategies for sustainable meeting the needs of the green economy.

Originality. The concept of a comprehensive analysis of the ways of supply and use of rare earth
elements in renewable energy systems, in particular solar and wind, is substantiated, which, unlike existing
approaches, allows not only to determine their critical role in ensuring technological development in the
transition to a climate-neutral economy, but also to identify potential threats to the stability of supply and
formulate strategies to minimize them. Methodological approaches to forecasting the dynamics of the global
rare earth materials market were improved, taking into account the impact of the latest environmental trends
and transformations in global energy policy. The scientific understanding of the structural and functional
aspects of logistics networks for the supply of rare earth elements was further developed.

Practical value. The results of this conducted study are of significant practical importance, as they
can be used to substantiate the analysis and forecasting of logistics routes for the supply of rare earth
elements, as well as to address issues related to future challenges and increased competition for strategic
resources.

Key words: rare earth elements, critically important material, solar energy, wind energy, statistical
method, forecasting.
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