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Kamenin B./[. IlinBuilieHHS €KOJOT14YHOI O€3IEKH OTepalliil MOBOMKEHHS 3 B1X01aMHU
dbotoenexkTpuunx naHeneil. — Kpaniikaiiitna HaykoBa mpatisi Ha mpaBax pyKOMUCY.

Hucepraiiisi Ha 3100yTTS HAYKOBOTO CTYIEHs JokTopa (inocodii 3a cremiaabHICTIO
101 «Ekomnoris» (10 — Ilpuponuuui Hayku) — HarioHanbHHII TEXHIYHUN YHIBEPCUTET
«XapKiBCbKUI MOJTITEXHIYHUNA IHCTUTYT», 2024.

Hucepraiiiitny po00oTy BUKOHAHO Ha kadeapl XIMIYHOI TEXHIKM Ta IMPOMHCIOBOI
exosyorii HalloHaJIbHOrO TEXHIYHOIO YHIBEPCUTETY «XAapKIBCBKHI MOJITEXHIYHHUM
THCTUTYT».

06’exm Oocnidxcenuss — YHOPABIIHHSA BIIXOAAMU COHSYHUX (DOTOEIEKTPUUHUX
MaHesel, 1Mo BKJIOYA€e omeparlii iXx oOpoOKM 1 BiJIHOBJIEHHS Ta BPaxoOBY€ OCOOIMBOCTI
YTBOPEHHS PI3HUX THUIIIB BIAXOJIB Y BOEHHH MEPIOI.

Ilpeomemom docniodxcenv — CriocOOM Ta METOIM TIJIBHUINEHHS €KOJOT1YHO1 Oe3MeKu
omepallii ympapiiHHS 3 BiIxogaMu (POTOENEKTPUYHHUX MaHeded, 1o (HOpMyOThCs i
BIUIMBOM BIAMIHHUX YNHHUKIB.

B nuceprariiiiniii poGoTi BUpillieHa BaXXJIMBa HAYKOBO-ITPAKTUYHA 33]1a4a €KOJOT14HO
0€3MeYyHOro BEACHHS Olepalliil yrnpaBiiHHS BigxoJaMH (DOTOEIEKTPUUYHUX MaHENeH, sKi
MarTh OCOOJIMBI YMOBHU MOXO/KEHHS, BKIIOYAIOYM MAacOBO YTBOPEHI B YKpaiHi B yMOBax
BOEHHHUX J1H.

VY BcTymi 0OrpyHTOBAaHO BHOIp TEMHU JOCIIJKEHHS Ta aKTYaJbHICTh JHUCEPTALIHHOT
poboTu, chopMynbOBAaHO METy Ta 3ajJadi, BU3HAUEHO OO0’€KT, MpeaMeT 1 MEeTOAH
JOCIIIJKEHHS, MOKa3aHO 3B S30K JUCEPTALIAHOIO JOCHIIKEHHS 3 HAYyKOBO-IPAKTHYHOIO
poOoTor0 Kadenpu, BU3HAUEHO HayKOBY HOBU3HY Ta C()OPMYJIbOBAHO MPAKTHYHE 3HAYECHHS
OTPUMAaHUX PE3YJbTATIB.

VY nepiiomy po3ziii MpoaHaii3oBaHO CTaH COHSYHOI €HEPreTUKH y CBITI Ta YKpaiHi,
o 0e3MoCcepelHbO MOB’SI3YETHCSA 3 YTBOPEHHSIM BIAXOMIB (DOTOETIEKTPUUYHUX TMaAHENEH,

o0cArn SIKUX 30UIBIIYIOTBCS 1 BXKE 3apa3 CTAHOBIIATH aKTyaldbHY MpoOieMy IIo0aibHOro
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xapakTepy. PO3BUTOK COHSIMHOI €HEPTreTUKHU B YKpaiHi XapaKTepU3Yy€EThCSI 0COOIMBOCTSIMH,
BUKJIMKAHUMU BOEHHHMH JIIMH, 110 MPU3BOASITH O TMOIIKOMKEHHS Ta pyHHalli pi3HHUX
BuniB CEC. 3a pesynbraramu aHaizy TEOPETUYHOTO MaTrepiady HayKOBHX pOOIT
OOTpYyHTOBAHO, 110 B1AXOAU (DOTOENEKTPUYHUX TMaHENIEH MICTITh PEUOBHUHH, SIKI MOXKYTh
HETraTUBHO BIUIMBATHU Ha JOBKULIA. B TemepimiHiii yac, B OCHOBHOMY, BOHU (POPMYIOThCS 3
MaHesied MepHIoro MOKOJIHHS, 110 BUTOTOBJISIOTHCS HAa KPEMHIEBIH OCHOBI. YTBOPEHHS
TaKUX BIIXOAIB Yy 3arajJlbHOMY BHIAJIKy OOyMOBIIOE€THCS BTPATOl0 €(PEKTUBHOCTI POOOTH
naHesiel Ta BUBOJIOM iX 3 ekciutyarailii. B Ykpaini qanuii mpoiiec JOMOBHIOETHCS MACOBUM
(dhopMyBaHHAM BIJIXOMAIB, K1 YTBOPWIKCH BiJl ypaxkeHHsI BOeHHOIO 30poeto naneneit CEC Ta
y HOJaJbIIOMY 3aJIyU€Hl y 3arajbHy CUCTEMY YNPaBIiHHS BiixoAaMu B KpaiHi. Ha cboronni
MPAKTUYHO BIJICYTHI JAOCHIPKEHHS IIOAO0 BIUIMBY IIUX BIAXOMIB Ha JIOBKIUIS Ta CUCTEMU
YVIOpaBIiHHS HUMH, SIKI BpaxoBYIOTh iX crnenu@iky. Takoxk He CTBOPEHO OprasizaiiiiHi
CTPYKTYpU MJig 3I1ACHEHHS ormepaiiii oOpoOKM Ta PEHUKIIHTY BIAXOMIB COHSYHUX
(OTOCNEKTPUYHUX TAHENEH, 110 MAlOTh PI3HE MOXOMKEHHS. TakuM YMHOM, MOJMANbIINUX
JTOCHIIKeHb TOTPeOyIOTh MPOOIEMHI MUTAHHSI CTOCOBHO ITiABUIIEHHS €KOJIOT14HOI Oe3MeKH
omeparlii ymnpaBliHHS 3 BIJXOJAMHU SIK CKJIAJOBUMH 3arajibHOI CHCTEMH YIPaBIIIHHS
BIIXOIaMH B YKpaiHl Ta 3aJIy4€HHS PECYPCOLIIHHUX CKJIAJOBUX BIAXOMIB Y LHUPKYJISPHY
€KOHOMIKY KpaiHu. Ha oCHOB1 OTprMaHUX pe3yibTaTiB aHami3y, Oyau chopMyIbOBaHI 3aaul
JTOCHIIPKEHHS Ta NUISXU 1X BUPIIIEHHS.

VY npyromy po3iiii mpoaHaii3oBaHO Ta 0XapaKTepU30BAaHO METO/H, 110 J103BOJISIIOTh
MPOBECTH OLIHKY BIUIUBY BIIXOAIB COHSYHUX (DOTOCICKTPUUHUX MaHelIel Ha JOBKULISA Ta
METOJM MO0 iX nepepoOKu. PO3MisiHyTO METOIM BU3HAYEHHS OL[IHKH BIUIMBY €JIEKTPUYHOI
YaCTHMHHU BIJXOMAIB HAa IPYHT Ta BOJAHE CEPEOBUIIE 3 BUKOPUCTAHHSIM MIJHUX IPOTIB, IO
MalTh PI3HUI CTYMiHb MOIIKOJXEHb. MeTOIOM aTOMHOI €MICIMHOI CHeKTpoMeTpii
BU3HAUEHO KOHLEHTpaIll 10HIB MIiJI y Opobax IPyHTYy Ta BOIM, IO MICTHIM 3pa3Ku
€JIEKTPUYHOTO mpoBigHUKA. [IpuBeNeHO METOAWMKY BIAJIJICHHS 3 COHAYHOI MaHenl
€JIEMEHTIB, K1 MIJJATal0Th TOCIIIHKEHHIO, Ta MIATOTOBKM MaTepiajiB IIOA0 MOXJIHUBOCTI

BUKOPUCTAHHS CKJIO00I0 Yy BUPOOHUIITBI OyaMmarepiamniB. [3 3acTocyBaHHSIM XIMIYHOIO Ta
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peHTreHo¢a30BOro aHamizy MPOAHATI30BAHO XapaKTEPUCTUKY CKIOOOI0 Ta 3pa3KiB
[IEMEHTIB, a TaKOXX MPOBEICH1 MIKPOCKOIIYHI IOCIII)KEHHS MaTepiaiB.

Y TperbOoMy pO3Iial  PO3MIANAETHCS 3alpONOHOBAaHA KJacu(ikallis BIIXOMIB
(dhoTOCNEeKTpUYHUX TaHelled B YKpaiHi 3a TUIIaMU YTBOPEHHS, 1110 BCTAHOBIIIOE 3B'A30K 3 iX
HEraTUBHUM BIUIMBOM Ha JOBKULIA. IIpoaHami3oBaHo, IO HaWOUIbILY MNOTEHLINHY
HeOe3MNeKy CKIaAaloTh BIAXOAM, YTBOPEHI MPHU ypa)xKeHHI maHesled BIHCHKOBOIO 30pOEIO.
OpieHTOBHUM PU3UK IO/I0 TUIONI 3a0PYIHEHHS BiJ] €KOJIOTIYHO HEOE3MEUHOro YIpaBIiHHS
BiXogaMu a00 y BUNAAKy Haa3BuyaiHux cutyari Ha CEC, ski y moHanOuIbIIN Mipi
BUKOPUCTOBYIOTh COHSIYH1 ()OTOENIEKTPUYHI €IEMEHTH, MOXKIJIMBO MMPOaHali3yBaTh Ha OCHOBI
00CSTiB BCTAHOBJICHUX (POTOETEKTPUUHHX MMAHEIICH.

VY nanomy po3aisii HAaBEJEHO PE3YJbTaTH EKCIEPUMEHTAIBHUX JI0CIII)KEHb BITHOCHO
BILIUBY €JIEMEHTIB €JIEKTPUYHOI YACTUHH BIIXOA1B (DOTOETEKTPUYHUX NAHENel Ha TPYHT Ta
iX TOBEIIHKY VY TPICHOBOJHMX MPUPOAHUX 00’e€kTax. BuszHaueHo, 10 eJIeKTpUUHI
MPOBITHUKY, SIKI OMUHUJIMCA HA TPYHTI MICJISI MOMIKOMKEHHS TMaHEell, CTalOTh JIKEPEIOM
3a0pyaHeHHsT Miaao. JlochaimpkeHHs, sIKi TPOBOJAWIMCH HA JIGPHOBUX IPyHTaxX 3
BUKOPUCTAHHSIM  aOCOPOIINHO-CIEKTPOPOTOMETPUYHOTO  METOAY,  MOKazaliu, 110
KOHIIEHTPALlisl 10HIB Mi/I1 CKJIajia 55 MI/KT Ta y HOPIBHSIHHI 3 €TaJIOHOM 30UIbIINIIACH Mailke
y 14 pazi. IloBemiHka MiAHUX JpOTIB SIK €JIEMEHTIB EJIEKTPUYHOI YaCTUHHU
(OTOCNEKTPUYHUX TaHeNed Ha MOPUPOAHI BOAOWMM BHU3HAdauacs JJisl PIYKOBOi BOJIU.
BcraHoBieHo, 110 HE3Ba)KarO4M Ha B1IOMY JOCHTh BHUCOKY KOPO31MHY CTIMKICTH Mial y
LOMY CEpPEAOBHIL, Ma€ MICLE JAESIKE CAMOBLIbHE PYHHYBaHHS METAJTY.

VY yeTBepTOMY PO3/1JIi IPEACTABICHO AOCHIIKEHHS [0/10 KOMIUJIEKCHOTO 3aM001raHHs
HETaTUBHIN A1i BIAXOAIB (hOTOEIEKTPUUHUX IMaHeIed Ha JOBKIUISA IIJISIXOM ITiABUIICHHS
€KOJIOr1YHO1 Oe3MeKu oneparlliil ynpasiiHHs Biaxoaamu. Big3HaueHo, 1o Jii 3 yrnpaBiiHHS 3
BiIX0JaMU (DOTOENEKTPUYHUX MMaHENEeH PEeryaio0ThCA 3araiIbHUMU 3aKOHO/IABUUMU aKTaMU,
MPUUHATUMHU B KpaiHi, K1 Hapa3l po3BHUBaIOThCA. BogHouac mependadaeTbcsl BITHECCHHS

JaHUX BiI[XOI[iB A0 CJIICKTPOHHHUX, PCEryjIlOBaHHA ITIOBOPKCHHA 3 SIKHMH MOXKCE 6YTI/I
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nonoBHEeHO 3akoHoM «lIpo enexkTpuuHe Ta elEKTpOHHE OOJagHAHHS Ta BIAXOIU
€JIEKTPUYHOTO Ta €JIEKTPOHHOTO 00JIaTHAHHS, MPOEKT SIKOTO BKE 0OTOBOPIOETHCS.

Po3pobnena KoHIENI[is €KOJOTIYHOI Oe3MeKH orepaliil MOBOMKEHHS 3 BIIXOAaMu
(hOTOCNEKTPUYHUX MaHeNel, CKIaJ0Bl SKOi BKIIOYAIOTh: OJOK MPOIMO3UIINA 3 €KOJOT14HO
Oe3nevyHoro 300py Ta 30epiraHHs BiAXOAIB Ta OJOK OOIPYHTYBaHHS 1 BUOOpY HAINPSMKY
10JI0 MEepPepOoOKH UM BIJHOBICHHS JAHUX BIAXOAIB. Y TmepuioMy OOIi pO3TISIAAETHCS
TUSATBHICTE  BIAHOCHO OCOOJMBOCTEN  YIpaBIiHHS 3 KOXKHUM  THUIIOM  BIJIXOZIB
dbotoenexkTpuyHux naHened. Jpyruil ONIOK BKIIIOUA€: BU3HAYEHHS PU3BUKIB EKOJIOTTYHOT
HeOe3MeKn BiAXOMIB (HOTOSTSKTPUUHUX TaAHENIEeH IJid POo3pOOKH peKOMEHAAIll II0a0
MOJAJIBIIIOTO TOBO/KEHHS 3 HUMHM Ta MOJEJIOBAHHS JAMHAMIKKA YTBOPEHHS BIJIXOIIB
(dhoTOCNEKTpUYHUX TaHeNled B YKpaiHi 3 METOW IJIaHYBaHHS JISJIBHOCTI 31 CTalioro
YOPABIIHHS BIIXOJIaMHU.

BcTranoBieHo, 1110 111 BUSHAUECHHS MOAANIBIIIOT0 HAPSIMKY YIIPABIIHHS 3 BIIXOAaMU
micis omnepaniii oOpoOieHHs JOIIIFHO BUKOPUCTOBYBATH METOJ] OararoKpuTepialbHOTO
aHaJi3y pillleHb. Y AKOCTI KPUTEPIiB PU3UKIB €KOJIOTIYHOI HEOE3MEKH PELUKIIHTY BIJIXO1B
(OTOENEKTPUYHUX TaHEJIel PEeKOMEHAYEThCA PO3NIAHYTH: OIIHKY CTaHy BIIXOMIB,
€KOJIOT1YHI 1 EKOHOMIYHI PHU3UKKM Ta BU3HAYCHUN 3a LUMH KPUTEPISIMU 3arajibHUN
€KOJIOTTYHUHN PU3HK (PEHUTUHT) BIIXO/IB.

Jlns mporHO3yBaHHS YTBOPEHHS BIJIXOIB COHSYHUX (POTOENEKTPUUHHUX MaHelen
3aMpoONOHOBAHO MaTE€MaTU4YHy MOJieNb, 10 O0a3yeThcsl HA AWUHAMINI iX (OpMyBaHHS Ta
MOTY>KHOCT1 COHSIYHOI €HEpPreTuku B YKpaiHi. Mojienb Halae MOXKJIUBICTh MPAKTHUYHOTO
IJIaHYBaHHsI OOCATIB BUBOAY 3 €KCIUTyaTallli BiANpAIlbOBAHUX MaHEJIeH Ha MPOMHUCIOBUX
CEC Ta iHIIMX €HEepreTUYHUX 00’ €KTax, a TaKOXK MPOTHO3YBAHHS X YTBOPEHHS y CUCTEMI
YIOPABIIHHS BIIXOJIaMHU.

[’atuil po3min auceprailii NMpUCBIYEHUN €()EKTUBHOMY BIJIHOBICHHIO BIJIXOIB
(OTOCNEKTPpUYHUX MaHesel, sika € 00O0B’SI3KOBOIO YMOBOK BUKOPHCTAHHS BTOPUHHUX
pecypciB y LIUPKYISPHINA €KOHOMIIIL. 32 YMOBHU BIJICYTHOCTI CIIEL1aIi30BaHUX CTPYKTYP AJIs

nepepoOKu BiX0A1B POTOETEKTPUUHUX MaHes e y TenepilliHiil yac B YKpaiHi Ta TEXHOJIOT1H
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iX mepepoOKH 3 MOBEPHEHHSIM y OCHOBHE BHUPOOHUIITBO COHSYHMX IMaHENEH, a TaKOX
MacOBOIO HAKOMWYEHHS BIIXOMAIB, AOLUIBHUM € I1X PEUMKIIHT B 1HIIMX HampsiMKax
BUTOTOBJICHHSI KOpPUCHOI mponaykiii. CkJIO mmaHeneil € pecypcoliHHUM 00’ €MHUM
KOMIIOHEHTOM BIAXO/IB, SKUH BIANOBIJHO 1O CBITOBOTO JOCBILYy Yy HaWOUIBIIIN Mipi
nepepoOseThes. 3 ypaxyBaHHSIM 1IbOTO MPOMOHYETHCSI BUKOPUCTAHHS JAHOTO KOMIIOHEHTA
BIIXO/IIB Y BUPOOHHUIITBI B’SDKYUHMX MarepiajiB Ta OETOHIB Ha iX OCHOBI. TeOpeTH4HO
OOTpYHTOBAaHO Ta EKCHEPUMEHTAJIbHO BCTAHOBJIECHO MOXIIUBICTh BUKOPHUCTAHHS CKJia
COHSTYHUX (DOTOENEKTPUYHUX MTaHENIeH JJISl HACTKOBOI 3aMI1HU LIEMEHTY Ta JIJIsl IOBHOI 3aM1HU
MPUPOJTHOTO 3alOBHIOBAYa Yy CKJIaJlax OOBaXXKEHUX Ta BAXKKUX OETOHIB, MPUIATHUX s
CTBOPEHHS KOHCTPYKIIiil 3araqbHOOYI1BEIBLHOTO Ta CIIEiaIbHOTO TPU3HAYEHHS.

3a BUCHOBKaMU 11070 €(PEKTUBHOCTI AUCEPTAILIMHOTO AOCHIIIKEHHS BiJ3HAYEHI TaKi
HAyKOBI Pe3yJIbTaTH:

1. Brnepuie oxapakTepu3oBaHO Ta KJIACHU(PIKOBAHO YTBOPEHHS BIJIXOAIB COHSYHUX
(dhoTOCNEeKTpUYHUX TaHeNled B YKpaiHi y BOEHHUM NEpioJl, a TAKOXK BU3HAYEH1 0COOIIMBOCTI
BIJIXO/I1B, YPa)KEHHUX BIMCHKOBOIO 30pOEI0;

2. Bmepme Bu3Ha4€HO 1 JOBEACHO, IO BIAXOAM C-Si1 TaHENEeH, sSKI HaWOUIbII
BUKOPUCTOBYIOTBCSI y CBITI Ta B YKpaiHi, NpH TOIIKOIKEHHI BIHCHKOBOIO 30pO€I0
3a0pyHIOIOTh IPYHTH 10HAMH MiJll Ta MOXKYTh OyTH MOTEHUIMHUM JKEPEIOM 3a0pyIHEHHS
MPUPOTHUX BOJOMM;

3. HaOyma po3BUTKY KOHLEMIlisS MiABUIIECHHS €(QEKTUBHOCTI JIsJIBHOCTI 13
3amo0iraHHsl Ta 3MEHIIEHHS IIKIJIMBOTO BIUIMBY Ha JOBKULIS Olepaliil MOBOIKEHHS 3
BIIXOJJaMU COHSYHUX (DOTOENEKTPUYHUX TMAHENEeH, 10 Y3TOIKYEThCA 3 HAI[IOHAILHOIO
CTpaTeTi€r0 yIpaBiIiHHA BIX0AaMu B YKpaiHi;

4. Halyno poO3BUTKY NPOTHO3YBAaHHS YTBOPEHHS BIAXOAIB (POTOETEKTPUUHUX
naHeneu, mo Oa3yeTbcsi Ha JUHaMIIl iX (QOpMyBaHHS Ta MOTY>XKHOCTI COHSYHHX

€JIeKTPOCTaHII B YKpaiHi;
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5. YnockoHaleHO METOJl 0ararOKpUTepiaibHOTO aHalli3y JJIsl OLIIHKH €KOJIOT1YHOTO
PU3HKY, KM BHU3HAYA€ E€KOJOT1YHO OE€3MEeuHl IUISIXM BUKOPUCTAHHS BIIXOAIB COHSIYHHX
(OTOCNEKTPUUHUX MaHENEH;

6. HaOyno po3BUTKY T€OpeTHUHE OOTPYHTYBaHHS Ta €KCIEPUMEHTAJIbHE JTOBEICHHS
MOXJIMBOCTI PEIUKIIHTY CKJa BIAXOMIB COHSYHUX (DOTOENEKTPUYHUX MaHenel s
YaCTKOBO1 3aMiHM IIEMEHTY Ta JUIsl MOBHOI 3aMIHM MPUPOJHOIO HAMOBHIOBaYa y CKiaaax
00Ba)KEHUX Ta BAXKKUX OETOHIB 3a paXyHOK iX MAaTPUYHOI CLOPITHEHOCTI.

PesynbraTit 1OCHII)KEHb BUKOPUCTAHI y MEKax HayKOBO-IoCHiaHOI TeMu «Po3podOka
HayKOBHMX OCHOB CTaJIOTO YNPAaBIIHHS Ta yTUii3alii TBepaux Biaxoais» (AP 0124U001841),
a TaKOoXK MpPU TMPOBEJICHHI HAYKOBOTO KOHCYJIbTYBaHHSI Ha Temy: «Po3poOka cuctemu
CEJIEKTUBHOTO 300Dy, 3€JIEHOT JIOTICTUKU Ta MEepepOOKU BIAXO/IB CIIOKUBAHHD (IO0TOBIp No
154/34-2024 Big 15 ciuns 2024 p.). TeoperuuHi pe3yiabTaTv AUCEPTAIIHHOI POOOTHU
BUKOPUCTOBYIOThCSI Y HaBuasnbHOMY mponieci HTY «XIID» mpu miaAroToBIl CTYIEHTIB 3a
cnenianbHicTIO 101 «Exomnorisy.

Kntouosi cnosa: Bimxoan COHTYHUX (POTOCIEKTPUUYHUX MaHENEH, POTOCNEKTPUIHUI
MOYJib, COHSIUHA €HEPreTHKA, BiJHOBIIIOBAHA €HEPreTHKA, MOJCIIOBAHHS, 3a0pyIHEHHS
IPYHTY, PEUUKIIIHT, YIIPaBIiHHs, OETOH, IPUPOAHI BOAOWMHU, eKoloriyHa Oe3rneka, cTamui

PO3BHUTOK, IIEMEHT, Mi/Ib.



CIIMCOK ITYBJIIKALIINA 3710BYBAUA

Havykosi npaui, 6 sakux onyOaiko8aHO OCHOBHI HAYKOS8L pe3yibmamu _oucepmauii v

d)axoeux BUOAHHSIX Ykpainu ma nayxosomempuyrux bazax:

1. Camoitnenxko H. M., Karenin B. JI., bapanoBa A. O. IlepepoOka Ta yTumizaiiis
(OTOCNEKTPUYHUX COHAYHUX MaHenel. Bicnuk Hayionanbno2o mexuiyHo2o yHieepcumemy
«XI1I». Cepis: Hogi piwenns 6 cyuacnux mexnonoeisx, 2021, (2)(8), c¢. 121-126. (b)

2. Karenin B. Jl., Camoitnenxko H. M. CyuacHuil ctan omepariii MOBOMKEHHS 3
BIIXOJJaMU COHSYHUX (DOTOENEKTPUYHUX TMaHele B YkpaiHi. Bichux Xwmenvhuyvrkoeo
HayionanvHo2o yHigepcumeny, 2022, (5)(313), c. 89-93. (b)

3. Camoitnenko H. M., Koporoaceka A. M., Karenin B. JI. JocaigkeHHs1 BILUTUBY
BIIXO/IIB COHSIYHUX (POTOENEKTPUUHUX TMaHeNel Ha TIPYHT. EKonociuni HAYKU:X HAYKOB0-
npaxmuyunutl xcyprnani, 2023, (5)(50), c. 25-29. (b)

4. Camoiinenko H., Karenin B., Cakyn A. OcoOnuBocTi omepauniii ynpaBiiHHS
BiXojgaMu (DOTOJIEKTPUYHUX TaHeNed B YKpaiHi y BoeHHUH mnepiof. IIpobremu ximii ma
cmanoeo pozsumky, 2023, (3), c. 82—-88. (b)

5. Koporoaceka A., Karenin B., Camoitnenko H., IllaGanoBa I. Po3pobka ckiamiB
OETOHIB 3 BUKOPUCTAHHSIM BIJXOJIB CKJa COHSYHUX (POTOETEKTPUYHUX TaHeNeu. BicHux
Xmenvuuyvkoco nayionanvhozo yHieepcumemy, 2023, (329)(6), c. 189-193. (b)

6. Camoitnenxo H. M., Karenin B. /I. MozaentoBanHs TuHaMIKi YyTBOPEHHS BIJXO/1B
COHSIYHUX TaHeled B YKpaiHi. Exonociuni nayxku: Haykogo-npaxmuynui dxcypHan, 2024,

(1)(52), c. 95-100. (B)

Onyonikosani npaui anpodauitiHo20 xapakmepy:

7. Katenin V. D., Samoilenko N. M. Opportunities for photovoltaic modules recycling
process improvements. Te3u pgomoBimeit XXIX MiXKHAPOAHOI HAYKOBO-MPAKTHUYHOI
KoH(pepeHuii «/Hpopmayitini mexunonozii: Hayka, MmexHika, MexHoi02is, 0c8ima, 300p08 s:

MicroCAD-2021» — Xapkis: HTY «XI1l», 2021. — 261
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8. Camoitnenko H. M., Karenin B. JI. [loBomxenHs 3 poTOEAEKTPUYHUMH TAHETSIMU
00’€KTIB COHSYHOI eHepreTuku. Marepianu VI MiDKHApOAHOTO MOJOJIXKHOTO KOHTpECcy
«Cmanuii  po3eumoK:  3aXucm HA8KOIUWHLO20  cepedosuwya. Enepeoowaonicme.
36anancosane npupoookopucmysannsy — KuiB: HarionanpHuil yHiBepcuTeT «JIbBIBChKa
nojitexHika», 2021. — C.223.

9. Katenin V., Samoilenko N. Solar panels waste prospects in Ukraine. Theoretical
and empirical scientific research: concept and trends: Collection of scientific papers
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The object of research 1s the management of waste from solar photovoltaic panels,
which involves their processing and recovery operations and takes into account the specifics
of the formation of different types of waste during the war period.

The subject of research i1s the methods and ways to increase the ecological safety of
waste management operations from photovoltaic panels, which are formed under the
influence of various factors.

This dissertation addresses the significant scientific and practical problem of
environmentally safe handling operations for photovoltaic panel waste, which have special
conditions of origin, including those massively generated in Ukraine during wartime.

The introduction substantiates the choice of the research topic and the relevance of the
dissertation, formulates the purpose and objectives, defines the object, subject, and methods
of research, shows the connection of the dissertation research with the scientific and practical
work of the department, determines the scientific novelty, and formulates the practical
significance of the obtained results.

The first chapter analyzes the state of solar energy in the world and Ukraine, which is
directly related to the formation of photovoltaic panel waste, the volume of which is
increasing and already represents a pressing global problem. The development of solar
energy in Ukraine is characterized by features caused by military actions, leading to the

damage and destruction of various types of solar power plants. Based on the analysis of
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theoretical material from scientific works, it is substantiated that photovoltaic panel waste

contains substances that can negatively impact the environment. Currently, they are mainly
formed from first-generation silicon-based panels. The formation of such waste generally
results from the loss of panel efficiency and their decommissioning. In Ukraine, this process
is supplemented by the massive formation of waste from panels damaged by military
weapons, which are subsequently integrated into the general waste management system in
the country. To date, there are practically no studies on the impact of this waste on the
environment and management systems that take into account their specifics. Additionally,
organizational structures for processing and recycling photovoltaic panel waste of different
origins have not been established. Thus, further research is needed to address issues related
to enhancing the environmental safety of waste management operations as components of
the overall waste management system in Ukraine and integrating valuable waste components
into the country's circular economy. Based on the results of the analysis, research tasks and
solutions were formulated.

In the second chapter, methods that allow for the assessment of the environmental
impact of photovoltaic panel waste and methods for their recycling have been analyzed and
characterized. The methods for determining the impact assessment of the electrical part of
the waste on soil and water environments using copper wires with varying degrees of damage
have been examined. Atomic emission spectrometry was used to determine the
concentrations of copper ions in soil and water samples containing electrical conductor
samples. The methodology for separating elements from the solar panel for research and
preparing materials for the potential use of glass waste in building material production has
been presented. Using chemical and X-ray phase analysis, the characteristics of glass waste
and cement samples were analyzed, and microscopic studies of the materials were
conducted.

The third chapter presents a proposed classification of photovoltaic panel waste in
Ukraine by types of formation, establishing a connection with their negative impact on the

environment. It is analyzed that the greatest potential hazard is posed by waste generated



4

from panels damaged by military weapons. The estimated risk of contamination area from
environmentally hazardous waste management or in case of emergencies at solar power
plants, which mostly use photovoltaic elements, can be analyzed based on the volume of
installed photovoltaic panels. This chapter provides the results of experimental studies on
the impact of electrical components of photovoltaic panel waste on soil and their behavior
in freshwater natural bodies. It was found that electrical conductors on the ground after panel
damage become a source of copper contamination. Studies conducted on sod-podzolic soils
using absorption-spectrophotometric methods showed that the concentration of copper ions
was 55 mg/kg, which is almost 14 times higher compared to the standard. The behavior of
copper wires, as elements of the electrical part of photovoltaic panels, in natural reservoirs
was determined for river water. Despite the well-known high corrosion resistance of copper
in this environment, some spontaneous destruction of the metal was observed.

The fourth chapter presents research on the comprehensive prevention of the negative
impact of photovoltaic panel waste on the environment by increasing the environmental
safety of waste management operations. It is noted that the actions related to managing
photovoltaic panel waste are regulated by general legislative acts adopted in the country,
which are currently being developed. At the same time, it is anticipated that these wastes will
be classified as electronic, with their management potentially regulated by the "Law on
Electrical and Electronic Equipment and Waste Electrical and Electronic Equipment," a draft
of which is already under discussion.

A developed concept of environmental safety for handling photovoltaic panel waste
operations includes: a block of proposals for environmentally safe collection and storage of
waste, and a block for justifying and choosing directions for recycling or recovering this
waste. The first block addresses activities related to managing each type of photovoltaic
panel waste. The second block includes: assessing the risks of environmental hazards from
photovoltaic panel waste for developing recommendations on their further management and
modeling the dynamics of photovoltaic panel waste formation in Ukraine to plan sustainable

waste management activities.
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It 1s established that for determining the further direction of waste management after

processing operations, it is advisable to use the multi-criteria decision analysis method. The
criteria for assessing the environmental risks of recycling photovoltaic panel waste include:
the condition of the waste, environmental and economic risks, and the overall environmental
risk (rating) of the waste determined by these criteria.

To forecast the formation of solar photovoltaic panel waste, a mathematical model is
proposed, based on the dynamics of their formation and the capacity of solar energy in
Ukraine. The model allows for practical planning of the volumes of decommissioned panels
at industrial solar power plants and other energy facilities, as well as forecasting their
formation in the waste management system.

The fifth chapter is dedicated to the efficient recovery of photovoltaic panel waste,
which is a prerequisite for the use of secondary resources in the circular economy. Given the
absence of specialized structures for processing photovoltaic panel waste in Ukraine and
technologies for recycling them back into the main production of solar panels, as well as the
mass accumulation of waste, recycling them in other directions of useful product
manufacturing is advisable. The glass of the panels is a valuable volumetric component of
the waste, which, according to global experience, is mostly recycled. Taking this into
account, it is proposed to use this component of the waste in the production of binding
materials and concrete based on them. It is theoretically substantiated and experimentally
established that the glass of solar photovoltaic panels can be used for partial replacement of
cement and complete replacement of natural aggregate in the compositions of heavy and
high-density concrete suitable for creating general construction and special-purpose
structures.

The conclusions on the effectiveness of the dissertation research highlight the
following scientific results:

1. For the first time, the formation of waste from solar photovoltaic panels in Ukraine
during the wartime period has been characterized and classified, and the features of waste

affected by military weapons have been identified;



6
2. For the first time, it has been determined and proven that the waste of c-Si panels,

which are the most used in the world and in Ukraine, when damaged by military weapons,
pollute the soil with copper ions and can be a potential source of pollution of natural water
bodies;

3. The concept of increasing the efficiency of activities to prevent and reduce the
harmful impact on the environment of operations related to the handling of PV panel waste
has been developed, which is in line with the national waste management strategy in
Ukraine;

4. The forecasting of the formation of photovoltaic panel waste, based on the dynamics
of their formation and the capacity of solar power plants in Ukraine, has been developed;

5. The method of multicriteria analysis for assessing environmental risk, which
determines environmentally safe ways of using PV panel waste, has been improved;

6. Theoretical justification and experimental proof of the possibility of recycling glass
waste from PV panels for partial replacement of cement and for the complete replacement
of natural aggregate in compositions of heavy and high-density concretes due to their matrix
compatibility have been developed.

The research results were used within the scientific research project "Development of
Scientific Foundations for Sustainable Management and Utilization of Solid Waste" (state
registration number 0124U001841), as well as in scientific consulting on the topic:
"Development of a System for Selective Collection, Green Logistics, and Recycling of
Consumption Waste" (contract No. 154/34-2024 from January 15, 2024). The theoretical
results of the dissertation are used in the educational process at NTU "KhPI" in the
preparation of students majoring in 101 "Ecology".

Keywords: solar photovoltaic panels waste, PV module, solar energy, renewable
energy, modeling, soil contamination, recycling, management, concrete, natural reservoirs,

environmental safety, sustainable development, cement, copper.
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