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Cosa K.O. MojaentoBaHHsI pecypCOCIPOMOMXHOCTI Ta HaJIMHOCTI CUCTEM CYXOro
30epiranHsi BiampamboBaHoro sigepHoro nanua Ha AEC — Kpamidikamiiina HaykoBa
mpatlst Ha IpaBax PyKOIHCY.

Hucepranist Ha 3700yTTS HAyYKOBOTO CTyMeHs JoKTopa (imocodii 3a
creuiayibHicTIO 143 — ATOoMHa eHepreTuka. — HamionaneHuii yHiBepcuter «Onecbka
noymTexHika» MiHicTepcTBa OCBITH 1 Hayku Ykpainu, Opxeca, 2025.

AToMHa eHepreTHka 0a3yeTbcs Ha OCHOBHUX MpHHIMIAX — Oe3meka,
€KOHOMIYHICTh, AOULIBHICTH. [lepexia Ha manuBHI UKIH 13 301IBIIEHUMU TOYaTKOBUM
30arayeHHsM Ta IITMOMHOI0 BUTOPSIHHS SIJICPHOTO MAIKMBA, 3yMOBIIIOE IT1/IBUILIEHI BUMOTH
0e3MeKH 10 3ac001B MOBOJIKEHHS 3 BIANPALbOBAHUM siiepHUM nanuBoMm (BAII).

Excrutyarariis  AEC  cynpoBOIKYEThCST  HAKONMWYEHHSIM  BIAMPAIbOBAHOTO
anepHoro nanuBa (BAII), mo miandrae mopanpiiiid mepepoOIll 3 METO0 OTPUMAaHHS
MaJIMBOYTBOPIOBAIBLHUX KOMIIOHEHTIB 1 BUJIUICHHS TBEPAMX PAa10AKTUBHUX BIIXOMIB
[lopiune BuBanTaxxeHHst BAII 3 atomuux enexrpocraniiii (AEC) y cBiti nepesuiye 10
THUC. TOHH Baxkoro Metainy (BM) 1 nuiiie aiyeH1 gep:kaBu nepepoOIaioTh BiINpalboBaHe
MajuBO, MAalOYM CyMapHI MOTYXHOCTI Juis nepepodku 4800 TBM Ha pik. B Ykpaini
IIOPIYHO BUBaHTaXyeThcsi 3 peakropiB AEC Onusbko 560 BiampanboBaHUX
teroBuAUsIIOuNX 301pok (BTB3) peakropiB tuny BBEP—-1000 1 6aussko 170 BTB3 3
peaktopiB BBEP—440, 110 cTaHOBUTH MpuOIN3HO 265 TOHH BaXKKOTO METay.

VY CBITOBI MNpPaKkTULl BIAPI3HAIOTH TPU MNPUHLMUIIOBI MIAXOAM 10 BHPILIECHHS
po0JIeMU MOBOIKEHHS 3 BIANPALIbOBAHUM SAEPHUM NAJTUBOM: IIEpEPOOKa, 3aXOPOHEHHS
Ta BIAKJIAJEHE PIIIICHHS.

VY nepioMy BUMAAKY 3 BiAMPabOBAHOTO SIIEPHOTO MAJIMBA, 110 MICTUTH 10 97 %
AIEPHUX MaTepiajiB BUIYyYalOTh KOMIIOHCHTH Ta PEUYOBUHU, BUKOPUCTAHHS SKHX
€KOHOMIYHO JOUIIBHO JJisi TMOAAJIBUION0 BUKOPUCTAHHS B peEakTOopax HAaCTYIHOTO
MOKOJIIHHS. 3aJIMIIKOBUNA BHUCOKOAKTUBHUN MPOAYKT MiajArae 30epiraHHio abdo
3aXOpPOHEHHIO.

Y npyromy — BUTPUMYIOTh JESKUN Yac, 3a0€3MeUyl0un 3HIKEHHS! aKTHBHOCTI JI0

MPUIHATHOTO PIBHS Ta MOJAJIBIIOT0 3aXOPOHEHHS Y TJIMOOKUX Te0JIOrTYHUX (PopMaIlisx.
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VY BUNaJKy BIIKJIAJEHOTO PIIIEHHS MependadyaeThcsi TOBrOCTPOKOBE 30epiraHHs
BAIl, mo pae MOXIUBICT, Y TEPCHEKTUBI MPUHUHATH PIIIEHHS IPO IOJANbIIE
MOBO/KEHHSI 3 HUM, BPaXOBYIOUM MOJIMBOCTI MalOyTHIX TEXHOJOTIM Ta €KOHOMIYHI
(dhaxTopu.

VY BeTymi 0OTpYHTOBAaHO aKTYaJbHICTh 1 BaXJIMBICTh pOOOTH, BU3SHAUYEHO METY,
3aBlaHHS JIOCHIKCHHsI, HAYKOBY HOBH3HY Ta TMpaKTUYHE 3HAYCHHS OTPUMAHUX
pE3yNbTaTIB, BIIIOOPAXKEHO ii 3B’ 30K 3 ray3€BUMHU JOCTIIPKEHHIMHU, @ TAKOXK 3 HAYKOBO—
AoCHiAHUMH poOOoTaMH, 110 BUKOHYBaiuch B HarionansHOMy yHiBepcuteTi «Omecbka
MOJNITEXHIKa» 3a HAImpsIMOM TIiABUIICHHS e()EeKTUBHOCTI Ta O€3meKkd, BiAMIYEHO
0COOUCTHUI BHECOK 3/100yBaya.

VY nepmomy po3aijii BUKOHAHO aHaji3 ICHYKOYOro nocsiny 30epiranns BAIIL B
Vkpaini. Po3risiHyTo mpouec MmoBOJKEHHS 3 BiANpPalbOBaHUM HAJIMBOM IHiCiA HOTO
BUBAHTAXCHHS Ta KOHCTPYKIIIO 3a JIOMIOMOTOIO SKOi BIIOYBAa€ThCs Mpoliec 30epiraHHs
BAIL.

3a pe3ynbTaTamMu MPOBEECHOTO aHai3y BU3HAYEHO MOXIIMBI IUISXU MOJATBIINX
JOCJIIIKeHb Y BUOpaHOMY HanpsiMKy. Bu3HaueHo MeTy poOOTH Ta HEOOXiAH1 3aBJaHHsI,
K1 TOTP1IOHO BUKOHATH JIJIS JJOCSITHEHHSI METH.

Y apyromy po3aijii mpoBeeHO aHaI3 CydYacHUX TEXHOJIOTIH CyXoro 30epiraHHs
BiAnpaiboBaHoro sjepHoro namua (BAIl), mo BUKOPUCTOBYIOTHCS Ha aTOMHHX
eNeKTpocTaHiisix. HaBeneHO TMOPIBHIIBHY XapaKTEPUCTHKY HAsSBHUX pIINIEHb 3a
KpUTEPISIMHU AJIEpHOI Ta paaialiiiHol 0e3MeKH, a TAKOXK €KOJIOTTYHOTO BILIUBY.

Po3risiHyTo KOHCTPYKTUBHI OCOOJIMBOCTI Ta MaTepiain, 0 BAKOPUCTOBYIOTHCS Y
BUTOTOBJICHHI KOHTEMHEpPIB I CyXoro 30epiraHfs, 30KpeMa METaJleBUX Ta
BEHTWJIbOBAaHUX OETOHHUX KOHTeiHepiB. [IpoaHanizoBaHO NPUHLMNK (PYHKI[IOHYBAHHS
CUCTEM IIaCMBHOTO OXOJIOJKEHHsI Ta 3a0e3nedyeHHs pafiamiiHoro 3axucty. Oxpemy
yBary MpUIIJICHO JTOCBIMY BIPOBAKEHHSI TEXHOJOTIH CyXoro 30epiraHHs y CBITOBIN
MPAKTHII, a TAKOXK CydaCHOMY CTaHy Ta TMEpPCIEKTHBAM PO3BUTKY TAKMX TEXHOJIOTIH B
VYkpaini. Sk mpukian HAMIOHATBLHOTO JOCBIAY PO3TJISHYTO OpraHi3aimilo Cyxoro

30epiranns BAII na maiinanuuky 3anopiszpkoi AEC



Tperiit po3aia IIPUCBSYEHU N MaTeMaTUYHOMY MOJIETIOBAHHIO
PECYpPCOCIIPOMOKHOCTI CUCTEM 30€epiraHHs BIAMPALbOBAHOIO SAEPHOrO MajuBa. byio
MPOBEACHO OTJISi[ METOJIB MaTeMaTHUYHOTO MOJICIIOBAHHS HAIIMHOCTI CHUCTEM
30epiranHs. TakoX pO3TJIIHYTO MaTeMaTH4dHl MOJeNl Jerpajaiii maTtepiaiiB
KoHTelHepiB. [IpoBeieHO aHaNI3 TEPMIUHUX, MEXaHIYHUX HaBaHTaXKEHb HA KOHTEHHEPH
JUTst 30epiraHHs BIAIPAIlbOBAHOTO SICPHOTO MAJIMBA Ta aHATI3 IOBFOBIYHOCTI MaTepialiB
KOHTEHHEDIB.

YerBepTHii po3aii MPHUCBIYCHO OIIHII BIUIMBY Je(EKTIB KOHCTPYKLIM Ha
3QJMIITKOBHIA PECYPC, 30KpeMa 3BapHUX 3’€lHaHb Ta OCHOBHOTO METalTy KOHCTPYKIIii
CUCTEM cyxoro 30epiranHs. [IpoBeneHO OIIHKY WMOBIPHOCTI pyHHYBaHHS 3BapHOIO
3'eMHaHHA 13 JedexTamu Ta 0e3 HUX 3a JOMOMOIOK METOAY PO3paxyHKy WMOBIPHOCTI
pyiiHYyBaHH:. 3aIIPOIIOHOBAHO M1X1/1 0 OLIHKHU PECYPCY 3a KPUTEPIEM IIBUIKOCTI POCTY
TPIIIMHU 3 YpaxXyBaHHSIM KOPO3IWHOTO CEpEeAOBHINA, PEKUMIB HABAaHTAKEHHS Ta
XapaKTEPUCTHK 3BAapHUX 3’€HAHb. Pe3ynbTaTH po3paxyHKIB CB1IYaTh, IO HAAIMHICTh
3BapHUX KOHCTPYKIIA 3HAYHOIO MIPOI0 3aJICKHUTh BiJ TUIYy Ta pO3MIpiB Ae(EKTiB, a
TaKOK BIJl 30BHIIIHIX yYMOB eKcIUTyartamii. OTpUMaHO YHCIIOBI OLIHKH WMOBIPHOCTI
pYWHYBaHHS Ta Yacy 10 BTpaTH IUIICHOCTI KOHCTPYKII 3aJIeKHO BiJ CIICHapiiB
ne(EeKTOyTBOPECHHS.

HaykoBa HOBM3HA OTPMMAaHHUX Pe3yJIbTATIB :

VY nuceprariiiinii po60Ti OTPUMaHO HOBI HAYKOBO OOTPYHTOBAHI PE3yJIbTaTH 1010
M1IBUIICHHS €()eKTUBHOCTI Ta OE3MEKU TEXHOJIOT1H CyX0oro 30epirants BiAMpaibOBaHOTO
anepHoro nanua (BAII), mo MawTh ICTOTHE 3HAYEHHA ISl PO3BUTKY SAEPHOI
€HEPreTUKH Y KpaiHu.

1. CucreMaTH30BaHO TEXHIYHI BHMOTH JO CYYaCHHX CHCTEM CyXOTO
30epirannss BAIl 3 ypaxyBaHHSM MDKHApOJHMX CTaHAApPTIB Ta OCOOTUBOCTEH
excrutyatarii B Ykpaini. [IpoBeaeHO KpUTHYHHI aHai3 iCHYIOUMX KOHCTPYKTHBHUX
pillleHb KOHTEWHEpiB, 110 JO3BOJMIIO BHOKPEMHUTH KIIOYOBI (DAKTOpU BIIMBY HaA iX
JIOBTOBIUHICTh Ta O€3MEUHY €KCIUTyaTallifo.

2. 3M1ICHEHO KOMIUIEKCHY OI[IHKY CY4YaCHMX TEXHOJIOTI 3 ypaxXyBaHHAM

eKoJIoTiyHO1  Oe3meku, eQEeKTHBHOCTI OXOJO/KEHHS Ta 3axXUCTy IEepCOHAIY.
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OOrpyHTOBaHO BUOIp ONTUMAJIBHUX PILIEHB I BUKOPUCTAHHSA B YMOBaX YKpPaiHCHKHX
AEC, na npuknazi nocsiny 3anopizbkoi AEC.

3. Po3po6iieno HOBY MareMaTW4YHY MOJENb OIIIHKK pecypcy Ta HaJiiHOCTI
KOHTeHHepHUX cucteMm aisi 30epiranHs BSII 3 ypaxyBaHHSIM KOMIUIEKCHOTO BILIUBY
TEIJIOBUX, MEXaHIYHUX 1 paJialiiHuX HaBaHTaxeHb. [IpoBeeHO NPOrHO3YBAHHS
JOBTOBIYHOCTI MaTepiaiiB KOHTEHHEPIB Y peaibHUX YMOBaX €KCILTyaTallii.

IIpakTUyHe 3HAYEHHS] OTPUMAHUX Pe3yJILTATIB MOJISATA€ Y TOMY, 1IO0:

1.  Po3pobnena MaremaTH4Ha MOJETh OILIHKH pecypcy Ta HaIilHOCTI
KOHTEIHEPIB 3 ypaxyBaHHSIM KOMIUIEKCHOTO BIUIMBY 30BHINIHIX HABAHTAXEHB J103BOJISIE
3MIIICHIOBATH OOTPYHTOBAaHE MPOTHO3YBAHHS TPUBAJIOCTI X O0€3MEYHOI eKCIuTyaTallii, o
MO>Ke OyTH BUKOPUCTAHO ITiJ1 Yac IJIaHyBaHHs TepMiHiB 30epiranns BAII ta ontumizanii
pEerJaMeHTHHUX IEePEBIPOK.

2. Marepianu aucepraiii MOXYyTb OyTH BHUKOPHUCTaHI K OCHOBa JJIst
MOJAJIBIINX HAYKOBUX JOCIIKEHb y cepl MIABUIIEHHS PECYPCHOI CIIPOMOKHOCTI Ta
0e3neKku 1HPPacTPyKTypy MOBOKEHHS 3 BIANPAIlbOBAHUM SIIEPHUM MAJIMBOM, & TAKOXK
y po3po011i HOpPMAaTUBHUX JOKYMEHTIB Yy Tally31 /I€pHOI €HEPTreTUKH.

3. PesynbraTi mucepTariiiHoro JOCIiKEHHSI MOXKYTh OYTH BUKOPUCTAHI MPU
MPOEKTYBaHHI, MOJIEpHi3allli Ta eKCIUTyaralii CHUCTeM CyXoro 30epiraHHs
BiJNpanboBaHoro sigepHoro nanuBa (BSII) Ha aroMHUX eneKTpocTaHLisAX YKpaiHu.
3anponoHOBaH1 peKOMEH 1allii 11100 BUOOPY KOHCTPYKTHUBHUX MaTepialliB KOHTEHHEPIB,
a TaKoX CHUCTEM [ACHBHOIO OXOJIO/DKEHHS Ta paJlalifHOrO 3aXHCTy CIPHUSIOTh
MIJBUILEHHIO TOBMOBIYHOCTI Ta O€3MEKH (PYHKI[IOHYBaHHS TAKUX CUCTEM.

KarouoBi cjoBa: BigmpamboBaHe sI€pHE TalIMBO, Cyxe 30epiraHss,
PECypCOCIPOMOXKHICTh, HaJIMHICTh, cucTtemMa 30epiranHs BSIl, wmatemaruune
MOJICITIOBAHHS, METAJICBUN KOHTEHHEp, KOpPO3is, HampyXeHO—IehOpPMOBAHHUI CTaH,
TEMIIEpAaTypHUI PEXKHUM, TEIJIOBUAUICHHS, sJAepHa Oe3meka, OIiHKa pecypcy,

IMPOTrHO3YBAHHA, aTOMHA CHCPIrCTHKA.
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ABSTRACT

Sova K. Modeling the resource capacity and reliability of dry storage systems for
spent nuclear fuel at nuclear power plants — Manuscript copyright.

Thesis for a Doctor of Philosophy Degree in Specialty 143 — Nuclear Energy. —
Odessa Polytechnic National University, Ministry of Education and Science of Ukraine,
Odesa, 2025.

Nuclear energy is based on the basic principles of safety, efficiency, and feasibility.
The transition to fuel cycles with increased initial enrichment and burnup depth of nuclear
fuel imposes increased safety requirements on spent nuclear fuel (SNF) management
facilities.

The operation of nuclear power plants is accompanied by the accumulation of spent
nuclear fuel (SNF), which is subject to further processing in order to obtain fuel-forming
components and release solid radioactive waste (Fig. 1). The annual unloading of spent
fuel from nuclear power plants (NPPs) in the world exceeds 10 thousand tons of heavy
metal (HM) and only a few countries reprocess spent fuel, having a total processing
capacity of 4800 tHM per year. In Ukraine, about 560 spent fuel assemblies (SFAs) of
VVER-1000 reactors and about 170 SFAs from VVER—440 reactors are unloaded from
NPP reactors annually, which amounts to approximately 265 tons of heavy metal.

In world practice, three fundamental approaches to solving the problem of spent
nuclear fuel management are distinguished: reprocessing, disposal and deferred disposal.

In the first case, components and substances are removed from spent nuclear fuel
containing up to 97% of nuclear materials, the use of which is economically feasible for
further use in next—generation reactors. The residual highly active product is subject to
storage or disposal.

In the second, it is kept for some time, ensuring a decrease in activity to an
acceptable level and subsequent disposal in deep geological formations.

In the case of a deferred decision, long—term storage of spent fuel is envisaged,
which makes it possible to make a decision in the future on its further management, taking

into account the capabilities of future technologies and economic factors.



The introduction presents the relevance and importance of the work, defines the
goal, objectives of the research, scientific novelty and practical significance of the
obtained results, reflects its connection with industry research, as well as with research
and development works carried out at the National University "Odesa Polytechnic" in the
direction of increasing efficiency and safety, the personal contribution of the applicant is
noted. works carried out at the National University "Odesa Polytechnic" in the direction
of increasing efficiency and safety, the personal contribution of the applicant is noted.

Chapter 1: The first section analyzes the existing experience of spent fuel storage
in Ukraine. The process of handling spent fuel after its unloading and the design by which
the process of storing spent fuel occurs are considered. Based on the results of the
analysis, possible ways of further research in the chosen direction are identified. The
purpose of the work and the necessary tasks that need to be performed to achieve the goal
are determined.

Chapter 2: Presents a comprehensive analysis of modern dry storage technologies
for spent nuclear fuel (SNF) implemented at nuclear power plants. A comparative
assessment of existing solutions is provided based on nuclear and radiation safety criteria,
as well as environmental impact. The structural characteristics and materials used in the
fabrication of dry storage containers are examined, with a focus on metallic casks and
ventilated concrete containers. The operational principles of passive cooling systems and
radiation shielding are analyzed. Special attention is devoted to the international
experience in implementing dry storage technologies and the current status and prospects
for their development in Ukraine.

Chapter 3: Focuses on the mathematical modeling of the durability and reliability
of SNF dry storage systems. An overview of current approaches to reliability modeling
is presented, along with a detailed discussion of degradation models for container
materials. Thermal and mechanical loads affecting the containers are analyzed, as well as
the long—term performance of the materials under operational conditions.

Chapter 4: Examines the general structure of models and methods for assessing
the durability and reliability of dry storage systems for spent nuclear fuel. Special

attention is given to analytical approaches that enable the prediction of the safe
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operational lifespan of such systems. The study analyzes potential defects, including
crack formation in reinforced concrete structures, as well as the probability of container
failure at welded joints. Additionally, the reliability assessment of ventilated storage
container (VSC) components is presented, as these are key elements in ensuring the long—
term safety of nuclear waste storage.

Scientific Novelty of the Obtained Results

The dissertation presents novel and scientifically substantiated results aimed at
enhancing the efficiency and safety of dry storage technologies for spent nuclear fuel
(SNF), which are of significant importance for the development of Ukraine's nuclear
energy sector.

1. Technical requirements for modern SNF dry storage systems have been
systematized in accordance with international standards and Ukrainian operational
conditions. A critical analysis of existing container designs has been conducted,
identifying key factors influencing their longevity and safe operation.

2. A comprehensive evaluation of current storage technologies was performed,
taking into account environmental safety, cooling efficiency, and personnel protection.
The optimal design solutions for application at Ukrainian nuclear power plants were
justified, based on the experience of the Zaporizhzhia NPP.

3. A new mathematical model was developed to assess the service life and
reliability of containerized SNF storage systems under the combined influence of thermal,
mechanical, and radiation loads. The model enables accurate forecasting of material
degradation and container longevity in real operating conditions.

Practical Significance of the Obtained Results:

The developed mathematical model enables substantiated forecasting of container
service life under complex external loading conditions, providing a practical tool for
planning SNF storage timelines and optimizing scheduled inspections.

1. The materials and results of the dissertation can serve as a basis for further
scientific research aimed at improving the durability and safety of nuclear fuel
management infrastructure, as well as for the development of regulatory documentation

in the nuclear energy sector.
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2. The findings of the research can be applied in the design, modernization, and
operation of SNF dry storage systems at nuclear power plants in Ukraine. The proposed
recommendations regarding the selection of container materials and the implementation
of passive cooling and radiation shielding systems contribute to enhancing the reliability
and safety of these storage facilities.

3. The methodology for reliability assessment developed in the course of the
research has been integrated into educational materials for the course “Nuclear Power
Plant Safety Culture”, thereby improving the practical training of future nuclear engineers
in the field of technical safety evaluation.

Keywords: spent nuclear fuel, dry storage, resource capacity, reliability, SNF
storage system, mathematical modeling, metallic cask, corrosion, stress—strain state,
thermal regime, heat generation, nuclear safety, service life assessment, forecasting,

nuclear energy.
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