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Beryn

KOMIIVIEKCHE POBACTHE YIIPABJIIHHA
CUCTEMHHUMMHU B3AEMO3B’SA3KAMMU (NEXUS) IIPU
BUKOPUCTAHHI IPOJOBOJIBYUX,
EHEPTETUYHUX, BOAHUX I 3BEMEJIBHUX PECYPCIB
JJIA BABE3IIEYEHHSA CTAJIOT'O PO3BUTKY

AT. 3aFOpO,ZLHiI711, IO.M. €pMOJ‘IB€B1’2, B.JL EOFI[aHOBl,
10.B. Kocriouerko', T.1O. €pmonbesa’
'Harionanbha axkazemis HayK Ykpainu; “MiKHApOIHHI iHCTHTYT
MPUKIIATHOTO CUCTEMHOTO aHaNi3y

Y KHM31 y3araJlbHeHO TOTOYHI pPe3yNbTaTH JOCHIJKEeHb, IO
BUKOHYIOTBHCSI B paMKaXx CIUJIBHOTO IpoekTy Mixk HallioHanbHOIO akasieMi€ero
Hayk VYkpainm (HAHY) ta MiKHapogHUM 1HCTUTYTOM HPHUKIAIHOTO
cucremHoro aHanizy (IIASA, ABcrpis), skuil cipsMOBaHUIN Ha BUPILLIECHHS
CKJIaIHUX npobiem IHTETrpOBaHOT O pobacTHOrO yIIpaBJIiHHS
B3a€MO3AJICKHOCTSMU B CHUCTEMI, SIKa BKIIIOYA€ MPOJOBOJIBCTBO, SHEPTIIO,
BOJY, JOBKUIISA 1 CYCHUIBCTBO JJsi 3a0€3MEUCHHsS CTajloro pPO3BHUTKY
(Zagorodny, Ermoliev, 2013; Zagorodny et al., 2012; 2013; 2014). IIpoekr
6a3oBanuii Ha maptHepcTBi IIASA Ta cemu nposinnux incturyris HAHY,
K1 TaKOX CHIBIPALIOIOTh 3 MEpPeKaMU HAIlOHAJIBHUX Ta MIKHApOIHUX
opraizauiii, pagHUKiB Ta TOMITHUKIB. [IpoekT crpsMoBaHHMII Ha HAyKOBY
MIATPUMKY — TIOMITHK, 10 3a0e3MeuyloTh  y3TO/PKEHY  CTpaTeridyHy
KOOp/AMHAIII0 Ta PEryJIIOBaHHS MDK IPOJOBOJBYUM, EHEPreTUYHUM,
BOJHUM CEKTOpaMH, OOJIIK CKJIaJHUX 3B'SI3KIB Ta BIIMIHHOCTEH Yy
MIPOCTOPOBOMY Ta YacOBOMY MacmITabax MiX CLIbCHBKUM TOCIOJAPCTBOM,
CHEpreTUKO Ta BOJAHMM TOCIIOAAPCTBOM, MOKJIMBHUMU CHCTEMHHMHU
pU3MKaMH Ta HOBOIO MOJXJIMBOIO TIOJNITHKOIO Ha pIiBHI KpaiHu 3
ypaxyBaHHSIM MDKPETIOHAJbHOI Ta MIDKHAPOAHOI TOPTiBII, TJI00aIBbHO-
JIOKAJIbHOTO 3a0pyIHEHHS, MOB'SI3aHUX 13 LUM pPHU3HUKIB, MNPSMOrO Ta
HenpsMoro oOMiHy pecypcamu Tomo. OCHOBHa METOJOJIOTIYHA MeTa
IIPOEKTY - PO3BUBATH Ta BIPOBA/PKYBAaTH HOBI MIJXOAM JO CHCTEMHOIO
aHaJi3y JUId BHUpIIIEHHS 3arajbHUX mpolieM B iHTepecax Ykpainu, [IASA
Ta BCHOTO TJIOOAIBHOTO CYCITUIBCTBA, IO MOJISATAE y PO3POOII PillieHb TSt
pobacTHOTO ympaBlliHHS BUPOOHHUIITBOM Ta CIIOKUBAHHSIM IPOJOBOJIBCTBA,



eHeprii, Bogu Ta exojoriyHumHu pecypcamu (FEWE), sxi HemoxnuBo
3aMpONOHYBATH 32 JOTIOMOTOI0 ICHYIOUMX TPAAMIIHHUX MiAXOIIB.

YacTo geranbHi rajgy3eBl Ta perioHajlbHI MOJETIl BHUKOPHCTOBYIOTHCS
JUIsL CaMOCTIMHOTO IUIaHYBaHHS JISJIBHOCTI BIJNOBIAHMX CEKTOpIB Ta
perioHiB. OHaK pPIlICHHS, ONTUMAJIbHI U1 OKPEMOI MiJICUCTEMHU, MOXKYTh
BUSIBUTHUCST HETIPUITYCTUMUMU JUIA BCi€i cuctemu. [Ipoekt po3pobisie HOBI
HiAXOJM, 3aCHOBAaHI HAa B3a€MO3B’A3KY JETAJHO PO3MOJALICHUX MoJesei
nificucteM (HampuKial, rajy3eBUX Ta PETIOHATbHUX MOJIENei) B paMKax
CHUIBHUX OOMEXEHb pEeCcypcCiB, IO JI03BOJIE MOBHOL[IHHY I1HTEIPOBaHY
CUCTEMY MIATPUMKH HPUMHSTTA ONTUMAJbHUX Ta HAAIMHHUX pIlIEHb Y
cekTopax Ta perioHax. Cnuparouuch Ha HOBI 1/1€1 B3a€EMO3B'I3KY CHUCTEM 3
ACUMETPUYHOIO 1H(GOpPMAIlIEI0 Ta IHIIMMH HEBU3HAYCHOCTSMHM, BKIIAQJICHI
CTpaTeriuHo-omnepaliiHi Ta JIOKAJILHO-TJIO0AIBHI Mozenl
BUKODUCTOBYIOTbCSI B MOE€JHAHHI 3  3arajioM  HebaeCiBCbKUMU
IMOBIpHICHUMH TIpOLIEAYpPaMH 3HIJKEHHS MacmTaly A aHalizy Ta
VIpaBIiHHSA  TJIOOAJIGHUMH  CHCTEMHHUMH  B3AaEMO3AJICKHOCTIMH  Ta
pU3MKaMH, IO MAarOTh JIOKAJIbHI HACHIAKM 1 HaBmaku. [loka3HUKH,
pO3paxoBaHi Ha OCHOBI KUIBKICHUX JIaHUX, BHUKOPUCTOBYIOTHCS ISt
BIOPSAKYBAaHHS HOBOTO THUIy pH3HMKIB Ta EKCTPEeMaJbHHUX IO,
MNOPO/PKEHUX  pIMIEHHSMU  pI3HMX  3alikaBieHuX  cTopid. s
JIOBFOCTPOKOBOTrO  crajoro ¢yHkuionyBanus cucreM FEWE Haniiina
MOJIITUKA BKJIIOYAE SK B3a€EMO3AJE€KHI CTpaTeriyHi  JTOBIOCTPOKOBI
(ouikyBaHi, oMepe/iHi) pillIeHHs, TaK 1 KOPOTKOTEPMIHOBI (ajanTamiiiHi, ex-
post) pilieHHs (KOPEKTHBH).

TakuM YuHOM, NPOEKT po3polisie OaraTOMOAENbHY CTpaTeriuHo-
aIalITUBHY CUCTEMY MiATPUMKH NPUHHATTS pimieHb (DSS), sika inTerpye He
mume HamioHanbHi Mozemi FEWE, a # Ti, mo gitoTe y rio0aibHOMY
MacmTall, B JEAKUX BHIAIKaX «3HIDKYIOUM» pe3yJbTaTH OCTaHHIX 0
HallloHAJIBHUX piBHIB. lle mo3Bosisie iHTErpyBaTH MO, po3pobiieHi 3a
PI3HUMU DINIEHHSMHU 7SI OKPEMUX IMUTaHb, IEMOHCTPYIOUU PO3pOOHUKAM
MOJITHYHUX PIIIeHb, I CaMe MOXKYTh OyTH 3HAHCHI KOMIIPOMICH, CHHEPTii
4y  po30DKHOCTI  PI3HUX MOJITHK, W1I0 3a0e3medyye AiajJor  Mik
3aIliKaBJICHUMH HaIllOHAJbHUMHU Ta MDKHAPOJAHMUMH cTOpoHamu. DSS
BKIIIOYae B cebe 0a3y JaHUX, SKi € BXIAHUMH JaHUMU IS MOJEJCH.
[Tponienypn rapmoHi3auii JaHUX BUKOPUCTOBYIOTh HETJAJKy CTOXAaCTUYHY
ONTUMI3aIlil0 Ta CcTOXacTHuHi KBasirpamieHtd (SQG) s  momyky
poOacTHUX pIlIeHh B PEXKUMI OH-JAWH, BKIIOYAIOYM MIUPOKE KOJIO
3aCTOCYBaHb MAIIMHHOTO HaBUaHHS Ta INTy4YHOro iHTeNekTy (Al), 30xpema
rmubokoro HaByaHHsA (DL) Ta ramOOKMX IMITYyYHHMX HEHPOHHUX MeEpex
(ANN).
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301UIbIIEHHSI T100aJIbHO-JIOKAIBHUX MIXK- Ta BHYTPIIIHbOPEriOHATbHHUX,
a TaKOX Taly3eBHX B3a€MO3aJICKHOCTEH MOXKE CYTTE€BO BIUIMBATH Ha
CUCTEMHI HeCTaOUIbHOCTI HaBiThb MpPH Ha NEpLIMI MOIJAJ HE3HAYHHX
nepudepiiHuX 3MiHax, 110 BiAOYBalOTbCS, HANPHUKIAJ, BHACIII0K
BIPOBAKEHHSI HOBUX TEXHOJIOTIH, MOJITHK a00 3MIHM MOTOAHUX YMOB Ta
BUHUKHEHHSI CTUXIMHMX InuX. JleranpHi ramy3eBli MOZENi TpagulliiiHO
BUKOPHUCTOBYIOTBCS JUUIsl TIepe10aveHHs Ta TUIaHYBaHHS 0a)KaHOTO PO3BUTKY
BIMOBIAHUX CEKTOpiB. OfHAK HEe3aNeXHWM aHami3 Ta TMONITHKH, IO
MIITPUMYIOTECS [IUMU MOJIEJISIMH, ITHOPYIOTh CHUIBHI 1T Ta 0OMEKEHHS,
0 MOXE MPU3BECTH 10 HeOaKaHUX HACHIJKIB. BiaCyTHICTH CIHIIBHOTO
MOHITOPHHTY HAasBHUX PECYPCIB MPHU 3POCTAIOUIM B3a€EMO3AIECKHOCTI MIXK
KpaiHaMHd Ta IXHIMH CEKTOpaMH MOXE CHPHUYMHUTH «HEOUiIKyBaHI»
nedinuTH, CHUCTEeMHI HECTaOUIBPHOCTI Ta He3axulleHicTh. Hampuknan, y
ceprmai 2007 poky miAg Yac 3HAYHOI TOCYXH Ta TIOB’S3aHOTO 3 HEIO
MIJBUIICHOTO MONUTY Ha BOAY Yy CUIBCBKOMY TOCIOJApCTBi, J0OBENOCS
BIJIKJIFOUMTH KiJIbKa eHepreTuuHux peakropis y CIIA.

3pocratoui B3aeMo3asiexKHOCTI Mixk cekropamu FEWE Bumaraioth
CKOOpAMHOBaHOT momTuku Oe3neku. I[lig Oesnekoro TyT po3ymilOTh
3IaTHICTh 33/I0BOJIBHATH MOTPEOH CYCIHIJIbCTBA B MPOJYKTAaX XapyyBaHHS,
eHeprii, BoJi, cTabUIbHOMY 30epeXeHH1 Ta BIJHOBJICHHI HaBKOJIHUIIHHOTO
Cepe/IoBHINA TOILIO, BIJIMOBIIHO 10 CTaHAAPTHUX BUMOT IIOAO iX SIKOCTI,
KUTBKOCTI Ta HAassBHUX pU3HKIB. BogHOYAC, HA perioHaIbHOMY Ta MICIICBOMY
PiBHSX, OCOOJIMBO B €HEPreTHUIll Ta CUILCHKOMY I'OCHOJAPCTBI, MU MOKEMO
CHOCTepiraTd HEMOCHIOBHI MpPOLECH JeleHTpali3alii Ta Jaeperysisiii,
CTBOPEHHSI HEOJHOPIIHO PO3MOAUICHUX HE3AICKHUX BUPOOHUKIB Ta
TUCTPUO'IOTOPIB, SIKI BH3HAYalOTh CBOi BHPOOHWYI TIUIAHU Ta 1HITY
TiSUTBHICTh BIJMOBIAHO O PU3MKOBAHUX TOTOYHUX PHUHKOBUX yMOB. Y
IIbOMY BHWMAJKYy BIJICYTHICTb HAJEXKHOI Y3TOHKEHOI JOBTOCTPOKOBOL
MOJITHKK MOXE CIPUYUHHUTH TJI00ANbHI CHUCTEMHI pPHU3UKM Ta 3001,
MEePENIKOKAIYH CTAJIOMY PO3BUTKY. JIJIsi YHUKHEHHS IIbOTO TOTPiOHI HOB1
CHCTEMHI HOPMH, SIKI MOXKHa PO3POOUTH HUISAXOM BIIPOBA/PKEHHS METOJIB
YIpaBIiHHS 3B’ 3KaMH, 110 JO3BOJIATh aHATI3yBaTH Y3r0JKEHI pimeHHs 0e3
TOYHOI Tay3eBoi iH(opmartii.

30kpeMa, y KHU31 peACTaBIIeH] BIAIOBIIHI PO3POOKH 3 TAKUX MMUTAHB:

= MeTOHONOrIYHI BHUKIMKHA, MOB'S3aHI 3 MOIEIIOBAHHAIM Ta
pobacTHMUM  ympaBiiHHSAM  B3aemo3B’siskamu  FEWE  mpum
CUCTEMHHMX  pHU3MKAaX, HEBU3HAYEHOCTSAX, AaCHMETPUYHOIO
iHpopMmariero. be3nedne y3romkeHe poOacTHE KepyBaHHS
3B’s3kamu FEWE  Bumarae  HamexHOro  ympaBiiHHS,
3a0e3MeYeHoro  aJeKBaTHUMH  CHUCTEeMaMHM MIATPUMKHA  Ta
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MPUAHATTS PIlIEHB IS Y3TO/PKEHHS PO3MOIIIEHUX Taly3eBUX Ta
perioHanbHUX Mozened. Hapniiina nomituka Moxe OyTu
JIOCATHYTA 3a JIOIOMOTOK0 BIAMOBIJHUX HETJIAJKUX CHCTEMHHX
IHAMKATOpIB PU3UKY, 110 JO3BOJSIOTH HAJIEKHUM YHUHOM
MPEJICTABIATH CUTYALI0 13 pINIEHHSIM THUMY "TOTparuIiHHA 4u
Oponmycky" — mojao  Iiied, [0  CTOCYIOThCS  CTaJlOCTI.
BukopucTaHHs CTaHZAPTHHUX CEpEeIHIX 3HA4YeHb, HAHMEHIIHX
KBaJIpaTiB Ta JAUCIEPCIMHO-KOBapiallifHUX MigXOIiB HE €
HaJIlHUM OpU acUMETPUYHIA MIHJIMBOCTI Ta HEBU3HAUYEHOCTI
IIPU HEHOPMaJIbHUX PO3MOALIAX;

BrockoHnaneHi miaxoau 10 MOJEIOBaHHS Ta aHaJi3y CUCTEMHUX
pusukiB FEWE wuyepe3 ek30oreHHI Ta €HIOT€HHI IIOKH Y
B3a€MO3AJICKHUX  COILIaJIbHO-€KOHOMIYHUX Ta  EKOJOTTYHHUX
CUCTEMax, KOJIM HEBEJMKE MOpYIIEHHS B OJHIM CHCTEMI MOXKe
CIPUYMHUTH CYTTEBI pO3ODKHOCTI Ta pO30DKHI TpaekTopii
PO3BHUTKY CHCTEM, HerependadyBaHi 3a CBOIMHM HACIIiIKaMH, 110
Bele 10 30uTblIeHHS MailOyTHbOT HeBM3HA4YeHOCTI. CibChKe
rOCIIOJIaPCTBO, CHEPreTUKA Ta BOAHI CUCTEMHU BPA3JIMBI JI0 3MIHU
KJIiMaTy Ta HAA3BUYAWHUX TMOAINA, MOB'SI3aHUX 3 MOr0JIOH0.
[locnigoBHa 1HTErpoBaHA HOBA MOJITUKA BUKOPUCTAHHS 3€MEb,
CUIBCBKOTO  TOCIOJApCTBA,  YOPABIiHHSA  BOJHOIO  Ta
€HEepreTUYHOI0 OEe3MEeK0I0 MOXKe BIJIrpaBaTH LEHTPAJIbHY POJIb Y
NOM'SIKIIEHH] Ta ajanTamii 0 3MiH KJIiMaTy Ta 30UIbIICHHS
CTIMKOCTI 010 MIHIHUBOCTI ITIOTOJIH;

3B'130K PO3MOJALIEHUX Taly3eBUX Ta PErioHAJIbHUX Mojeseil 3
acuMeTpu4Hol0  iH(dopmariero. Posmoxinena ramy3eBa Ta
perioHaibHa MOJeJll BU3HAYAIOTH PIMICHHS, ONTUMAalbHI IS
PO3IIISIHYTUX CEeKTOpiB Ta perioHiB. Komm KoHKypeHIis 3a
pecypcu cTa€e HEMHUHYYOK, HE3aJeKHUW aHaji3 CEKTOPIB Ta
PETiOHIB, IKI HE BPaXxOBYIOTh IXHIl B3a€MO3B’A30K, MOXE CTaTH
nyke omarimBuM. [liaxim nams  3B'SI3yBaHHA  PO3MOJAUICHUX
Mojenieli 0a3yeTbCsi Ha iTEpaTMBHOMY MpOLECi «HABUAHHSI,
BUKOPUCTOBYIOUM  mpuHIUnu  merony SQG  Herjmagkoi
CTOXAaCTUYHOI ONTHMI3allil, II0 TNepexXOoAUTh A0 COLIaIbHO
ONTHUMANBHOTO pimeHHs. Tyr He mMmoTpiOHO OOMIHIOBATHUCS
MOBHOIO 1H(OPMAILII€I0 PO TEXHIUHI XapaKTEPUCTUKU MOJIENIEH.
TakuM YMHOM, MU YHUKAEMO ‘“KOPCTKOTO 3B’SI3KY~ MOJEJIEH B
OJTHOMY KO[il, III0 €KOHOMHUTH Yac MPOrpamMyBaHHs Ta J03BOJISE
napajesbHO PO3MOAUITH O0UMCICHHS Taly3eBUX/PEriOHATEHUX
MoOJIeTIeH 3aMiCTh IUPOKOMACIITA0HOT IHTETPOBAHOT MOEITL;
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JunamiuHa HajiiiHa MOJENb  KpOC-€HTpOMNii Ha  OCHOBI
3MEHIIEHHS MaciiTady JI03BOJIiE TapMOHI3yBaTH JaHl 3a
POCTOPOBO-YaCOBHMH ~MacmTabaMu Ta TIIOJIETIIYE  3JIUTTS
rno0aJlbHUX Ta JIOKAJBHMX Mojedel. 30KpeMa, Lie J103BOJIsE
MPOEKTYBaTH MalOyTHI CYKyIHI 3MIHHM 3€MJIEKOPUCTYBaHHS B
Vkpaini  Big  ri00anpHOi  MOAENi  3eMJIEKOPHCTYBAaHHS
(GLOBIOM) gno Oinpm witkux pimesnb. Lleit migxig mae
HOCIIOBHI ~ pe3ylbTaTH  MDK  MacIluTaOHUMHM  3MiHaMH
3eMJICKOPHCTYBAaHHS,  IMPOLECAMHU  PO3BUTKY  CLIBCHKOTO
rocrnofiapcTBa Ta MICIEBOIO JMHAMIKOIO. 3ampONOHOBAHUMN
NiX1JT BUKOPUCTOBYBaBCS B  [HCTUTYTI €KOHOMIKM Ta
nporosyBanHs HAH Ykpainu [uist nporHo3yBaHHs 3MEHILIEHHS
MacmTabiB, orpumannx GLOBIOM mis pisHUX comiaibHO-
€KOHOMIYHHUX, TEXHOJIOTIUHUX, AeMOrpa(iuHuX Ta KIIMaTHUYHUX
CLEHAapIiB;

[lmanyBaHHST ~ TOBrOCTPOKOBOTO  PO3BUTKY  €HEPreTHYHOTO
CeKTOpY B VYKpaiHi 3a0e3nedye y3roJUKeHWH BHYTPIIIHIN
MPOTHO3 PO3BUTKY HAaIlOHAJBHUX  COIlaIbHO-€KOHOMIYHHX,
TEXHOJIOTIYHUX Ta €KOJIOTIYHUX TEHJEHIIiH, a TaKoX BpPaXxOBYe
CKJaJgHI BIJHOCHMHU 13 3O0BHIIIHIM CBITOM, IO BHHHKAE
BHACHTIIOK Tiobami3zaiiiHuX mpoleciB. Metogonorii po3poOku
JIOBFOCTPOKOBHX TPOTHO3IB JIJIsl BETMKUX CHCTEM, SIKi, 30KpeMa,
BKJIIOYAIOTh B3a€MO3AJICKHI E€HEPreTUYHI Ta BOAHI CUCTEMH,
OpIEHTOBaHI Ha ONTUMajJbHE Ta HajAliHE  YHpPaBIiHHSA
OOMEXEHUMH TNPUPOJHUMH PECypcaMu IMpHU BHUKOHAHHI Il
YINpaBJIiHHA E€HEPreTUYHUMH, BOJHUMHM Ta €KOJOTIYHUMHU
pecypcamy;

JlanamadTHUI €KOJMOTIYHHI aHai3 Ta MOACIIOBAHHS TUHAMIKH
CTaHy POCIMHHOCTI Ha OCHOBI TOKAa3HHMKIB BajOBOi MEPBUHHOI
npoaykruBHocTi (GPP) Ta 4mcToi mepBUHHOT MPOTYKTHBHOCTI
(NPP) pocivHHOTO TMOKpHUBY 3 ypaxyBaHHSM MIiHJIMBHUX yMOB
HaBKOJIMIIIHBOTO cepenoBUIa. [IMHaMiKy Ta 3arajibHy KiJIbKICTh
nornHaHHsg CO; B pI3HUX KjIacaX POCIMHHOCTI, BKIIIOYAIOUU
OCHOBHI KyJObTYpH B JAESIKHX perioHax YKpaiHW, BHUBYAIU 32
JIOTIOMOTOF0  CYITYyTHUKOBUX JaHMX. 3BaKalO4d Ha IMIOPIYHI
ouinku GPP ta NPP, Ba)XnuMBO BHBUHTH, SIK CIIOCTEPEKYBaHUI
e(eKT PI3HOMAHITHUX EKOJIOTIYHMX YMOB BILJIMBA€ Ha 3arajibHy
MPOAYKTHBHICTH POCIMHHOCTI,;

AHaii3 SKOCTI BOOM Ta pPU3MKIB 11 3a0pyAHEHHS Ha OCHOBI
BUKOPHCTaHHS [JaHUX CYIIYTHUKOBOTO CIIOCTEPEXKEHHS 3a
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BOJAHMMM 00'€eKTaMHU TIOBEpXHI, IPYHTOBUM IIOKPUBOM Ta
nepefayero 3a0pyIHIOBaYiB MOBITPS B IIMPOKOMY KOHTEKCTI
CTaJOrO YINpaBliHHSA pecypcamu. KoMruiekcHe —yrpaBiiHHS
0€3MeKOol0  BHMarae KOMIUIEKCHOTO MIAXOAY [JO  OLHKH
COLIIAJIbHO-€KOJIOTIYHUX PU3MKIB, BKJIIOYAIOYM MOJIEIIOBAHHS
BOJIHOT'0, CYXOITyTHOI'O Ta MOBITPSIHOTO cepenoBuia. B ymoBax
OOMEKEHOT0 JIOCTYIy JI0 JaHWX HemnpsMa OIliHKa Ta
MO/ICJIIOBAHHS MPOLECIB CTAIOTh OCOOJMBO KOPUCHUMM: HE TaK
Oarato  mapameTpiB  0e3NocepeHbO  BHUMIPIOIOTHCS 3
HEOOXITHUMM  TOKa3HMKaMH  HPOCTOPOBOIO,  YacoOBOIO,
CHEKTPAJIbHOTO Ta PaJlOMETPUYHOrO PO3PI3HEHHsI, BOJHOYAC,
6arato mapameTpiB MOXKHa CHOCTEpIraTu HEMOBHO 1 3 ICTOTHOIO
HeBu3HaueHICcTIO. OpHIED 3 TOJOBHUX NpoOJIeM € aHali3
HEBU3HAUEHOCTEH, TMOB’S3aHUX 13 CYNYTHUKOBUMH JIaHUMH,
MOB'I3aHUMHU 3 KJacu(iKalll€el0 3eMHUX TOKPHUBIB, a TaKOX
po3poOka mpoOIEeMHO OPIEHTOBAHUX MOJEIEH;

AHai3 pu3uKiB HaJA3BUYAHHUX CUTYAIlli 3a TOTIOMOTOI0 JJAHUX 3
pizaux mxepen (Kostyuchenko et al, 2020) Bupimrye npoGiemu
CIPUHHATTA PU3MKIB Ta 3arpo3, BUKOPHCTOBYIOYM IiJXOJH,
MOB'I3aHI 3 JIIOJACBKUM BHUMIpoM BpaziuBocTi. CorianbHi
NUTaHHA € OJHUMH 3 OCHOBHUX KOMIIOHEHTIB Cy4YacHOl
koHmenii 6e3neku. CydacHe pO3yMiHHS CKJIQTHOT OE3MEeKH Ta
KOMIUIEKCHOTO YNPABIIHHA PHU3UKAaMH BUMAarae asaimi3y BCIX
MPUPOJHUX Ta AHTPOIOTeHHUX (AKTOPIB, 3aTydyeHHS BCIX
HasBHUX  JIaHMX, MNOOyJOBM  CYYaCHUX  aHAJTITHYHHUX
IHCTPYMEHTIB,  OpPIEHTOBAaHMX Ha  aHali3 pHU3HKY, Ta
TpaHcopmalii  HAmOro po3yMiHHS OO  BPas3MUBOCTI,
CHPUHHATTA pu3MKy Ta Oe3neku. [IpoOmemu Oe3neku Ta
YIpaBIIiHHS PU3UKAaMHU 3apa3 BHUMAaraioTh po3poOKH HE JUIIe
IHKEHEepHUX, aje #W 3HA4YHOK MIPOI0 TaKOX COMLIaJbHO-
€KOHOMIYHHUX Ta €KOJOTTYHNX KOHIIEIIIIH;

KommiekcHi JOBrocTpOKOBi MiAXOIU 10 YIPABIIHHA PU3UKAMHU
Ta EKOHOMIYHOTO pO3BHUTKY B YMOBaxX CHJOTCHHUX Ta
€K30T€HHUX HEBM3HAYEHOCTEW Ta PU3UKIB JIEMOHCTPYIOTh, IO
3MIITHEHHS 3B’SI3KIB MK TONEPEAHIMHA  JTOBTOCTPOKOBUMH
pilieHHSAMH (TaKMMHU SK TIOBEHI Ta MOCYXH, 3MEHILEHHS PU3UKY,
OyIIBHHUIITBO CXOBHII T2 BOJJOCXOBHIII, 3pOIITYBAIbHUX CHCTEM) 3
IHIIUMU ~ KOPOTKOCTPOKOBHUMH  DIIIEHHSAMHU 3  aJaNTalli€ro
0araTbOX 3aIliKaBJICHHX CTOPIH 3HAYHO  TOKPAIIYIOThCS
HAIIHHICTh, €QEeKTHBHICTh Ta Oe3MeKy MOBKULIA A pillleHb
CTOCOBHO BJIACTHBOi HEBH3HAYEHOCTI Ta CKCTPEMAJbHHX IMOJIIH.
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IuteHcudikanis nmomnepeaHiX 3axoAiB - y HO€JHAHHI 3 OLIbII
OOTpYHTOBaHMM  METOJAOM  BHIUICHHS  pecypciB  Juid
HApOIyBaHHS aJaNTHBHUX MOXIUBOCTEH JUIS HACTYITHHUX
KOMIICHCAIlil, YMOBHMX KpPEIUTIB, KaracTpodiuHUX oOuiramii,
MOHITOPHHTY, TOPTIBJI1 Ta PETYTIOBAHHS - MOXE 3HAYHO 3HU3UTH
3arajlbHe HABaHTA)KEHHS HA HAllOHAJIbHY EKOHOMIKY Ta
3a0e3neynuTy OajlaHC MDK E€KOHOMIYHHMM 3pOCTaHHSIM Ta
0e3nekoro. KoMIIIeKCHI JJOBMOCTPOKOBI MiJXOAU 10 YIPaBIiHHS
pHU3UKAaMH Ta €KOHOMIYHOTO PO3BHTKY, 3 UITKAM aKIEHTOM Ha
MOJJIMBOCTI PIJIKICHUX KaTacTpo¢ 13 3HAYHUMM HaciiJKaMH,
JI03BOJIAIOTH PO3pOOUTH €(EKTHUBHI PILLIEHHS B LILOMY KOHTEKCTI.

B Vkpaini BiJICYyTHICTb Y3TOJXKEHOI 1HTErpOBAaHOI YpSIOBOI IMOJIITUKU
CIpUYMHIIIA yalli3allilo ClIbCbKOTo rocnoaapcersa (Zagorodny et al., 2014;
Keyzer et al., 2013, 2017; Acs et al., 2013) Mk ManTuMU BHYTPIIIHIMH
JOMAIIHIMK  TOCHOJApCTBAaMM, IO BiAIrPalOTh LEHTPAIbHY pOJIb Y
BHYTPIIIHBOMY  TMPOJOBOJRYOMY  3a0€3leuUeHHI Ta  HaIllOHAIbHIN
OpoAOBONBYIM  Oe3meni, 1  BEJIMKMUMH  PUHKOBO  OpIEHTOBAaHMMHU
CUTBCHKOTOCIIOIAPCHKUMH  TTIIPUEMCTBAMH, IO MAOTh  BaXKIUBHUM
npiopuTeT Ui BHPOOHMIITBA BHMCOKO3aTpeOyBaHMX HA MDKHAPOTHHX
pUHKaxX KyJIbTyp, Takux sk "OloeHepreruuHi" KyiabTypu. Lle cTBOpumIio
CHJIBHUM BIUIMB Ha (MDKHApOAHMN) PUHKOBMH PHU3MK 1 TNPHU3BENO [0
HEKOHTPOJIbOBAHOI 1HTEHCH(IKAIl CLIHCHKOTOCIIOAAPCHKOTO BUPOOHUIITBA,
He30alaHCOBAaHOTO BUKOPUCTAHHS 3€MEllb, IPYHTIB, BOJH, 3a0pyAHEHHS
BOKKUMH METAJIaMH Ta IHIIMMH KOMIIOHEHTAMH BIJIXOJIB, 3aJIMIIKAMHU
n00puB Ta nectUiMAiB. KoHIEHTpallis 3eMili 3 OpIEHTALl€l0 HA MPHOYTOK
MPU3BOJUTH BEJUKI MANPUEMCTBA O CKOPOYCHHS 1HBECTHUIIINA B JIFOJICHKHI
KamiTas, IO Bexe A0 Mirpamii, pyHHYBaHHS CUIBCBKUX IIOCEJICHb,
noJisipu3alii 10X0/iB, BTpATH A00POOYTY, MEMOMyJIsilii, 3017bIIIEHHST PIBHS
0e3po0iTTs Ta O1THOCTI.

BaxnmuBIiCTh y3rO/DKEHHUX MiIXO/IB 1HTETPOBAHOTO MOJCIIOBAHHS IS
aHai3y 0e3MeYHOro JOCTYIY JI0 MPOAYKTIB Xap4dyBaHHS, €HEprii Ta BOIU
craja ocobauBo oueBHAHOKO st pocmigHukiB HAH VYkpainu micns
Yopuobmibebkoi katactpodu. IHctuTyrn HAH VYkpainm wakonmuuwmm
3HaYHUU JOCBiJ y i ramy3i. BOoHHChKa KOH(epeHIist 3 MUTaHb BOIHOTO,
€HEePreTUYHOTO Ta TMPOAOBOJBYOTO 3a0E3MEUEHHS IMIJIKPECToE, 10
«B3AEMO3ANICKHICTH MK BOJIOI0, €HEPri€l0 Ta MPOAOBOIBUOID OE3MEKOI0
YITKO BU3HAYAETHCS MPU MPHUHHATTI PIICHh y MMHUPOKUX MEXaxX Ta Ha BCIX
piBHSX, 1100 YCBIJOMUTH TOTEHINiaJd B3a€MOBUTIIHUX i Ta YHUKHYTH
KOH(UIKTHUX IJIe MOMTHKM Ta 11 HeHaBMHUCHI Hachigkm» (Bonn
Conference, 2011; OECD, 2012).
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HoBuii MeTon0sI0OriuHUN BHUKJIMK CyYaCHUX JAOCHIJKEHb CTOCYETHCS
HaJI)KHOTO CHCTEMHOI'0 aHaji3y CyNepeyHOCTeH, KU XapaKTepU3yeThCs
HE TUIBKM 3pOCTAlOYOI0 B3a€EMO3AJIEKHICTIO MDK KpaiHaMu Ta IXHIMHU
perioHamu, aje OJHOYACHO - IMOCHJICHHSAM JIeLIeHTpati3alii Ta Jeperysuii
CEKTOpIB, 10 TEHEPYIOTh TMOTEHILIMHI TJI00albHI pUBUKH Yy QopMi
HaBMHMCHUX YM HEHaBMHMCHUX Jii pI3HUX areHTiB, y TOMY YHCIHI
CUTBCHKOTOCTIONAPCHKUX, BOJHUX, CHEPreTHYHHX Ta  CKOJOTIUHHX,
3alikaBieHUX cTopiH. Lli eHJoreHHi pPHU3UKM MOXYTh 3aBAATH LIKOJU
CTaJIOMy PO3BHUTKY, HAIPUKJIAJ, CHPUYMHSIOUN KAacKaIHI BIAKIIOUCHHS Ta
nedinur enextpoeneprii B KamidopHii, 3poctanns uin y Hopserii, noBeHi
B yparany Karpina, moxii B SAnmoHii Ta cBiTOB1 ()iHAHCOBI Ta €KOHOMIYHI
KpH3H.

Tomy B 1IbOMY AOCHIPKEHHI CHUCTEMa MIATPUMKH MPUUHATTS pIllICHb
JUIsl iHTerpoBaHoro HajiiHoro ynpaiaiHHS FEWE 6a3yetsca Ha po3poOii
He0aeCIBCbKUX MOJENIEN CTOXACTHYHOTO MOJEIIOBAHHS Ta ONTHMI3alii 3a
JIOTIOMOTOI0 «IUTYYHOTO HAaBYaHHS» (HABUAHHS Ha OCHOBI MOJEJIFOBAHHS)
CTpATEeTiYHUX JOBFOTEPMIHOBHX OYIKYBAaHUX PpillleHb, IOB’SI3aHUX 3
aJanTUBHUMHU BiANoBiAsIMH. OKpIM B3a€MO3B'A3KY y 4aci 13 CTpaTeriyHuMU
Ta  aJanTaliiHUMH  pIIIEHHSMH, CHOPSIMOBAaHMMU HA  TIPUHHATTA
ONTUMAJIBHUX HAIIMHUX KOPOTKOTEPMIHOBUX pIIEHb 3 JIOBIOCTPOKOBOIO
HEPCHEKTHBOI, MPOEKT po3polisie Ta BHOPOBAKYE METOIM 3B SI3KIB
PO3IMOAUICHUX TATY3€BUX Ta PETIOHAIBHUX TJI00ATBHO-TIOKATLHUX MOJICTICH.
Ile m03BONE€ TPaBUIBHO TMPEICTABUTH B3AEMO3AIEKHI KOJIEKTUBHI
CUCTEMHI pPHM3MKH Ta craixy poOacTHy mnomituky. I[Ipocti miaxonu 13
3aCTOCYBaHHAM KOMIUIEKCHOTO 3MEHIIEHHS PHU3HKIB MPHU3BOIATH 10
HeOa)KaHUX HACHIAKIB JJIS TOJITHKH, HANpPUKIAL, CEepeIHs CEe30HHA
Temreparypa abo cepelHs KUIbKICTh OMajiB y CUIbCBKOMY I'OCIOJIAPCTBI HE
MOXXYTh BHUSIBUTH TIOTCHIIMHY KPUTHYHY MIHJIMUBICTh BPOXKAMHOCTI JIst
BUPOOHHUIITBA  CUIBCBKOTOCIIOAAPCHKUX  KYJNbTYyp.  YIpaBIiHHSA 32
JIOTIOMOT'0K0  OCEpEJHEHUX IOKAa3HMKIB HEraTHBHO BIUIMBA€ Ha CKJax
TEXHOJIOTIYHUX TMOPTQEINiB; HEJAOOLIHIOETbCS POJb CXOBUII 3€pHA,
BOJ103a01pHUX MPUMIIIEHh a00 BOJOWM, MEPEIOBUX TEXHOJOTIN 3pOIICHHS
i Oydepusanii BUpOOHMILITBA XapyOBHX MPOJYKTIB Ta 3POCTaHHA IiH;
3aBUIIYETHCS POJb PHUHKIB JJIs 3MEHIIEHHS Ta PO3MOJAUTY PH3HUKIB;
HA/Ia€ThCs MEPEeBHILIEHA Bara MeXaHi3MaM CTpaxyBaHHS Ta I[IHOYTBOPEHHS
Ha pu3uku. Lli pakTopu HEraTMBHO BIUIMBAIOTh HA CTAJIMH PO3BUTOK.

OcHoBHa MeTrozoJioTiuHa MeTa mociimkeHHs "KomruiekcHe pobacTHe
yIpaBlIiHHSA CUCTeMHMMH B3aeMo3B’si3kamMu (NEXUS) mpu BukopucTaHHI
MIPOJIOBOJIBYMX, EHEPTETUYHUX, BOJHHX, 36MEJIbHUX 1 €KOJIOTTYHHX PECYPCIB
JUis 3a0€3MeYeHHs] CTAJIOr0 PO3BUTKY' — 1€ po3poOKa Ta BIPOBAKECHHS
IHTErpOBaHMX MiIXOIB O MOJEIIOBaHHS, 1110 JO3BOJISAIOTH BIIPOBAKYBAaTH
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cnuibHe MiaHyBaHHs cektopiB FEWE min acumerpuunoro iHgopmariero
PO Taxy3eBi MOJENi, HAPUKIIA[, KOJIM OKPEMUI CEKTOp HE Mae iHpopmarii
npo Mojeni 1HmMX cekTopiB. CTaHIapTHUHM MiAXiJ 1O 1HTErpOBaHOIO
MOJICJIIOBAHHS NUIIXOM 3'€THAHHs MiAMOJENeld B OJHOMY MICIi BHMAarae
MIOBHOTO JIOCTYIy JO Tajly3€BUX MoJened Juis iX NepeKoJyBaHHs,
MacimitaOyBaHHS Ta penapamerpusainii. Yacto 1e € He3AIHCHEHHUM
3aBJaHHAM, SIKIIO Taidy3eBl MOJENl HE MalTh JYyXe MPOCTOi CTPYKTYpH.
[Ipoekt po3poliisiec HOBI METOJIH, IO JO3BOJISIOTH 3B’SI3YBAaTH PO3MOILICHI
CEeKTOpHI MOJENI MiJ AacUMETPUYHOI0 1HPOpMAI€d Ta CHCTEMHUMU
pU3MKaMHU y B3aeMo3alie:)kHUX cucremax FEWE.

JIOBrocTpokoBa KOHIIEMLis CTaJor0 PO3BUTKY BHMAara€ HaJIEKHOTO
MPOCTOPOBO BUPAKEHOTO ITOBO/DKEHHS 3 HEBU3HAYEHOCTSIMH, OCKIUIBKU
3B'SI30K Y NO€AHAHHI 3 MpOLEcaMu JAeperyismii, 10 TPUBAIOTh, MOXKeE
CTBOPIOBATH B3a€MO3AJIEKHI KOJEKTHUBHI CHCTEMHI PHU3UKU 31 3HAYHUMU
Hacniakamu. Hanpukian, 30iablneHHS MONMMTY Ha OlomanauBO 30UIbLIyeE
PU3UKH, TOB'I3aHi 3 TIOTOOI0, IO BIUTMBAIOTh HAa C€HEPTETHYHUU CEKTOP.
Boanouac, Benuke BHUPOOHMUTBO OlomajyvBa BIUIMBAE HA IPOAOBOJIBUY
0e3neKky, TMOCWIIOE aucOalaHc B 3€MJIGKOPUCTYBaHI,  CIPHYUHSE
3a0pyJqHEHHS TPYHTIB Ta BOJM, 30UIBIIYE PUBHKHU A 3A0pOB's. Takum
YHHOM, MPOEKT PO3po0IIsie MOJEIi Ta METOAH, IO JO3BOJISIOTH 3aTyYHTH
cucremMuuii ananiz FEWE-3B’s3kiB, mo Oynau mopyuieHi (HaBMHCHO Ta
HEHAaBMUCHO) 4Yepe3 pillleHHs PI3HUX areHTIB.

CranjapTHi MiIXOOU A0 YINPABIIHHS PU3UKaMU 0a3yroThCS Ha OIIHII
po3moAiTy HMOBIPHOCTEH 3 BUKOPUCTAHHSIM MOBTOPIOBAHUX CHOCTEPEKEHb
TiET camMoi CHCTeMH Ta BHpIUIEHHI NpoOJieM MPUHHATTS pilleHb 13
3HAWIECHUMU UMOBipHOCTsIMHU (IuB. Auckycito B Ermoliev, von Winterfeldt,
2012). Y ueHTpi yBaru mpboro MpoeKTy € po3poOKa HOBUX, OUTBII OE3MEUHUX
Ta €(pEeKTUBHUX CHUCTEM, SIKi HIKOJIM HE CIIOCTEPIraloThCsl B PEaIbHOCTI,
OTKE€, pealibHI CITIOCTEPEKEHHSI HEJIOCTYITHI a00/Ta HETOBHI, OCKIJTLKH BOHU
MOXYTh OYTH 3aHAJITO TOPOTUMH abO0 MPOCTO HEMOKIMBUMHU. ToMy TOUHI
MPOTHO3M TMPAKTUYHO HeMoxuuBl. OTxe, Led NPOeKT BUKOPHUCTOBYE
KOHIIETILi}0 pOOACTHUX PillIeHb, SIKi B IEBHOMY CEHCI € ONTUMAILHUMH IS
OyIp-SKOTO  CIIEHapil0 TOTEHIIMHUX HeBH3HadeHocTe. HactymHuii
MPOCTUHA MPUKJIIAJ LUTIOCTPYE 10 KOHIIETILIIO.

Ipuxnao. Ilpunycmumo, wo HACMYNHUL CIbCLKO2OCNOOAPCLKUL CE30H
Modice Oymu  nocywiiueum (cyeuapiu 1) abo eonocum (cyenapiu 2).
Cinbcbrozcocnooapcoka kynemypa A - Halikpawje piwieHHs (015 Cmaniozo
po3sumky) y cyenapii I, mooi sk kynemypa B - Halikpawe piuwienus y
cyenapii 2. OCKilbKU MOYHUU NPOSHO3 NO2OOHUX YMOB € HEMONCIUBUM,
HAUKpawum HaoiuHum piwerHam 6yoe euobip kyromypu C, wo 6yoe 00opum
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piwennam 015 060X cyenapiie xoua ye He mak 0oope, sK Kyromypa A 6
cyenapii 1 ma xynemypa B y cyenapii 2. Pobacmme piuieHHs Modice maKoic
Oymu cymiwiuio Kyibmyp ma 3epHOSUX CXO8UW, A MAKOIC O00CMYny 00
PUHKIB.

Le#t npukian iIOCTPY€e NPUHLMIIOBI BIIMIHHOCTI MIXK aHaJIi30M CHUCTEM
FEWE, sKkumu KepyeTbcs JIIOAMHA, Ta IPUPOJHUMHU CHCTEMaMH, MO0
PEryNIOIThCS  30BHIMIHIMU ~ 3aKOHamMH. TpaauuiiHi  MIOXOAH, IO
3aCTOCOBYIOTHCS JIUISI IPUPOJAHUX CHCTEM, BUKOPHCTOBYIOThH Oararti Habopu
CHOCTepE)XEHb OJHiI€l 1 Ti€l )X CHUCTEMH, BHU3HAYaIOTh MAIIOUYMH 3aKOH 1
OyIyroTh MOJENb MPOTrHO3yBaHHsS cTaHy cuctemu. Cuctemu FEWE, Ha sxi
BIUTMBAIOTh HEBIZAOMI 3a3[aJIeri/ib PIIEHHsS Ta 3arpo3u, € MoOylI0BaHUMHU
TakKUMM pilIeHHAMUA. ToMy 3aMICTh TPOrHO3YBaHHS TOJIOBHA pOJIb
CHCTEMHOI'0 aHaJli3y MEePEeHOCUThCS Ha pO3pOOKY poOACTHOT MOJIITHKY, sIKa €
Kpalor IJisi BCIX MOTEHIIWHUX HeBU3HaueHocTed. KoHmeniiis pobacTHUX
pillIeHb, OJTHAKOBO ONTHUMAIBHUX (B IEBHOMY CEHCI) JIJIS BCIX MOTEHIIIHIX
CIICHapiiB, BKJIIOYAE i/1€i BKIAJCHUX HEIJAJKHX CTOXAaCTHYHUX MOJEen
onTHUMi3allii MakCUMallbHOTO TuIy (sK, Hampukiana, B Ermoliev, Norkin,
2013; Ermolieva, et al, 2013; Ermoliev, Ermolieva, 2013; Ermoliev et al.,
2013). [IpoexTyBaHHS HUISAXIB CTAJIOTO PO3BUTKY 3 YPaxyBaHHSIM PU3UKIB Ta
TEXHIKO-€KOHOMIYHHUX OOMEKEHb JOCATAEThCSA PO3B’SI3aHHSAM CTOXACTUYHOL
MOJeNl JAMHAMIYHOI ONTHMMI3alii, [0 Ma€ HEAJAUTUBHY Ta HErJaaKy
CTPYKTYpPYy, s5Ka OOMEXy€e BUKOPUCTAHHS CTaHIAPTHUX ONTHMAJIbHHUX
METOMIB YNpaBIIHHA, HANpHUKIAA, pIBHIHHA bennmana 1 npuHIMI
MakcuMiny [loHTpsriHa.

BupoOHHLTBO NPOAYKTIB Xap4yyBaHHS MO-CYTI 3aJIeKUTh BiJ OanaHcy
BOJIHUX PECypCiB Ta MMOBIPHOCTI Ha/J3BHYANHMX TMOMAIN, CIPUYMHEHUX HE
JUIIE CTUXIMHUMH JIUXaMH, a W XHOHMMH TMOJITUKAMH Ta TPaBUIAMH.
HanexHux pe3ynabTariB IHTErpOBAHOI'O MOJENIOBAaHHS Oye IOCATHYTO
IUISIXOM PO3POOKH HOBUX aJEKBATHUX TEOPETHUKO-METOJMYHHUX IiIXOJIB Y
ronoBHoMy areHTi (PA) - (muB. muckycii B Ermoliev, von Winterfeldt, 2012)
abo '"Jep)kaBHO-TIPUBATHOMY" THITI TMAPTHEPCHKUX CTOCYHKIB B yMOBax
BJIACTUBOI HEBU3HAYEHOCTI Ta "pO3YyMHHX'" PU3HKIB, MOPOKEHUX PI3HUMHU
areHTamMu. Lli paMKu 103BOJISIOTH MOCATTH HAMIMHUX KOPOTKOTEPMIHOBHX
pillleHb 3 JOBIOCTPOKOBOI MEPCHEKTHBH 3 BHUKOPHCTAHHSIM OCOOIMBOCTEH
pPO3MOAUTY 3 YITKUM TPAaKTYBaHHSIM MIHJIMBOCTI Ta HEBU3HAYCHOCTI, a HE
yepe3 CyKYIHI (cepeiHi) MOKa3HUKU €eKTHBHOCTI.

[linTpumka pimeHbs A7 IHTErpOBAHOTO POOACTHOTO  YIPABIiHHS
cucreMamu FEWE neMoHCTpye BaXIMBICTH HAIIWHHMX I1HIAMKATOPIB Ha
OCHOBI KBaHTWJIBHHUX PIBHIB, HETNAJAKOI CTOXAaCTUYHOI onTUMi3alii Ta
cTOXacTHYHUX KBazirpanieHTiB (SQG) mis HaMIHHUX pIillIeHb B PEKUMI OH-
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JaifH, BKJIIOYAIOYM IIMPOKE KOJIO 3aCTOCYBaHb MAIIMHHOTO HABYAaHHS Ta
mryyHoro iHTenekry (Al), 3okpema rnumbokoro nauanHs (DL) Ta
rbokux mrydHux HeWpoHHHx mepex (ANN) (Ermolieva et al., 2016;
Ermoliev et al., 2018; Gorbachuk et al., 2019; Ermolieva et al., 2019;
Ermoliev et al., 2019). L{i moxeni Ta METOAM AO3BOJISIOTH 3aCTOCOBYBATH
WMOBIpHICHI Ta HEIMOBIPHICHI (SBHO 3a/laHi UM 3MOJIEIbOBaH1) PO3MOIiIH,
[0 TMOEAHYIOTh B CO0l CHUMYJIAIII, CIIOCTEPEKECHHS, BUMIPH IIAHCIB,
NEePEKOHAHHS E€KCHEepTiB Ta OLIHKU MOJIOHOCTI (Hampukiaa, cTuciaa Gopma
OILIIHIOBAYIB  si7jpa). 3aJydeHHs eKCHEePTHUX JYMOK Ta HENpsIMHUX
BUMIPIOBaHb € KPUTHUYHO BaXJIMBUMH JUISI IHTETPOBAHOI'O MOJICIIIOBAHHS
CTaJIOTO PO3BUTKY Ta MIATPUMKHU MPUNHHATTS pillieHb, KOJIU MOTPIOHI JaHi €
neginuTHUMH a00 BIJCYTHIMM Ta KOJIM Ha ICTOpPUYHI JaHI BIUIMBAIOTh
MUHYJ TOMITHKA Ta moAil. [|jis BHCOKOKOHBEKIIIMHUX MOJENEH, TaKuX SK
riboka mepexa ANN, SQG 1i migxoau 103BOJIIOTh YHUKATH JIOKATbHOCTI
pimeHb. Y BUMaaKax HecTarlioHapHUX JaHuX, SQG 103BOJSIOTH TPOBOIUTH
MOCTIIOBHUM Teperisil Ta ajanTtaiilo MapaMeTpiB /0 CEpeAOBHIIA, IO
3MIHIOETBCS, MOXKIIMBO, BHXOJSYM 3 aJalTUBHUX MOJEIIOBaHb. Hermaaki
nigxoau ta npoueaypu STO, 3acHoBani Ha SQG, BUKOPUCTOBYBAIUCH IS
HaJIIHOrO 1MOBIPHICHOTO I1TEPAaTUBHOIO 3HMKEHHS MacliTaldy CYyKYMHHX
3Ha4eHb 1O OUIbLI YITKUX PpO3PI3HEHb, 3aCHOBAHMX Ha ICTOpPUYHIN Ta
HEJaBHO OTpUMaHIi MicleBid iHGopMallli 3 pI3HUX JKepen, 3 MOXKIMBUMU
MOMUJIKAMH Ta HEBU3HAYCHOCTSIMU (HANIPUKJIIAJ, Pi3HI KapTH BUKOPUCTAHHS
3eMeNb, PI3HI KJIIMaTU4YHI yMOBM ab0 MOJENbHI ClieHapii), y cucremi
HNIATPUMKH CTPATETiYHUX PIIIeHb Ul CTAlOr0 PO3BUTKY, Ta B CHCTEMax
VIIPaBITiHHS MPOAOBOJIFYHMH, BOJHIUMH, EHEPICTUYHUMHU Ta €KOJOTTYHUMH
pecypcami.

VY ¢okyci npoekTy Oy HaCTYIHI METOIUYHI POOIeMHu:

1. Po3poOka MmeroniB 3B'S3yBaHHS pO3MOAUICHUX MOJENEH Mix
aCHUMETPUYHOIO iH(DOpMaIli€0 Ta 3 TEXHIKO-CKOHOMIYHUMU
0OMEKEHHSIMH, TOOTO KOJHM CEKTOp HE PO3KpHBae iH(opMarito
po cBorO Moaenb. OcobirBa yBara MpUALIIETHCS TIPOCTOPOBO-
9aCOBUM MOJICTSIM 3 CHJIOTEHHO T€HEPOBAHUMHU CHCTEMHUMU
pPU3UKAMH, CTPATETiYHUM JOBTOCTPOKOBHM  pIllIEHHSAM Y
MOEHAHHI 3 aJanTalifHUMU BUMNPABICHHSIMHU (ONEPATUBHUMHU
pIlIEHHSIMU)  MMICJIS OTPUMaHHA HoBoi iHdopmariii, sKa
BUKOPHUCTOBYETHCS K CTAHJAPTHI MAaCHUBHI METOIW HABYAHHS,
TaKk 1 AK aKTWBHI METOOM HaBYaHHsS. TakWil IMiOxXig BUMAarae
PO3pOOKM HOBHX METOIB CTOXACTHYHOI OMTHMIi3allii, OCKUIbKH
TpaauIliiiHa TeOpPish ONTUMAJILHOTO YIPABIIIHHS HE 3aBXKIU MOXKE
OyTH 3acTocoBaHa (IWB., HAMPUKIAM, AUCKycii B Ermoliev, von
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Winterfeldt, 2012) uepe3 HeaguTUBHMI Ta HErNMaJKUM THUII
NPUAHATTS PillieHb.

Po3pobka mpouenyp HaxiiHOI rapMoHizamii JaHuUX —Ta
MacimITadyBaHHs 13 3aCTOCYBaHHSIM HOBOTO THUITY HETJIAJKOl
CTOXACTUYHOI ONTHUMI3allii Ta CTOXAaCTUYHUX KBa3irpaji€eHTHUX
METOJIIB JJI1 NOIIYKY HaAIMHUX pillleHb B PEXHUMI OH-JAiiH,
BKJIIOYAIOUM IHMPOKE KOJIO 3aCTOCYBaHb MAIIMHHOTO HaBYaHHS
Ta wWTyyHoro iHTenekrty (Al), 30kpema TIMOOKOro HaBYAHHS
(DL) Ta rmubokux mTy4yHuX HeHpoHHUX Mepex (ANN).

Po3pobka onTuManbHUX HAIIMHUX TPAEKTOPIM 1HTErpOBAHMUX
CHCTEM, 1110 BKIIOYAIOTh BHUITAJKOBI MOMEHTH Yacy 3yMUHKH, [0
JI03BOJISIFOTh KOPUT'YBAaTH PIILIEHHS Ha OCHOBI HOBOi iH(opmarii
Ta BpaxyBaHHS IIOKOBHMX BIUIMBIB 4Ye€pe3 MIaJIOT 3aIliKaBJICHHUX
CTOPIH 3 MOJICIISIMH.

AHani3 pymriHuX cui 3arpo3 (BiACYTHICTh HEOOXiTHOI SIKOCTI Ta
KUIBKOCTI TMPOJYKTIB XapyyBaHHs, 3HWKEHHSI SIKOCTI BOJAU Ta
IPYHTIB, 3HW)KCHHSI CTAOLIbHOCTI €HEPronocTayaHHsl, 3HUKCHHS
€(eKTUBHOCTI BHUKOPHUCTAHHSA €HEprii, KOH(QUIKTHa IOJITHKA
TOIO) Ta HAJiHI MOKAa3HUKU HAa OCHOBI KUIBKICHUX IapamMeTpiB
o6esneku FEWE, mo xapaktepu3yroTh HOCTIZOBHY poOAacTHY
MOJIITUKY.

30ip Ta HaJeXHE MpPEJICTaBICHHS BIAMOBIIHUX MPOCTOPOBO-
YacOBUX JIaHUX IMPO  CUIbCHKOIOCIOAAPCHKY  JiSIBHICTD,
NPUPOJHI pecypcH, nemorpadidfi, COIialbHO-€KOHOMIYHI Ta
€KOJIOT1UHI IMOKa3HMKM Ha HAIlOHAJILHOMY pIBHI Ta piBHI
paifoHiB Ta perioHiB YKpaiHH 3 peaJbHHX CIOCTEPEkKEHb Ta

JTyMOK €KCIIepTIB, 3 BUKOPUCTAaHHSM BIJIIIOBITHUX
rapMOHI30BaHUX JaHUX Ta METOMIB, HANPUKIAJ, WMOBIPHICHHX
METOIB 3MEHIIIEHHS Ta 30UIBIIEHHS MacmTaoy,

HermapaMeTPUYHOI OLIIHKY, HEBU3HAYSHHUX PO3MO/LIIIB TOLIO.

CTBOpEHHSI IHTETPOBAHMUX BKJIQJCHUX MOJENEH JUIsl OI[iHIOBaHHS
poOacTHHX DpillleHb, IO 3a0e3MeuyroTh HAAIWHUNA Ta CTIMKUN
3B’s130k FEWE 3a pi3HHX HEeBHU3HAYEHHX 3arpo3 Ta BiAMOBITHUX
MOMEHTIB 3yITHHKH.

Ockinbku poOACTHICTH HE MOXKE OyTH JOCATHYTAa JIUIIE B OJHOMY
CEKTOpi YW KpaiHi dyepe3 MOCHIICHHS B3a€MO3AIEKHOCTI MK CEKTOpaMHU Ta
KpaiHaMH, TPOEKT Ma€ Ha MeTI PO3pOOUTH MIAXOIH, IO JJTO3BOJIATH
pO3po0IATH HaAiKHI Ta Oe3MeyHi pillleHHS 3 TOYKH 30py BCiX CEKTOpiB Ta
KpaiH. lleHTpanbHI METONWYHI TMHUTAaHHS, TMOB'S3aHI 3 PO3POOKOID HOBUX

0araToMOJICIbHUX  3B'SI3KIB Ta  MOJAIBIIOK  PO3POOKOIO
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croxacTuuHoi Bepcii riobanbHoi Moneni GLOBIOM Ta #imMoBipHICHHX
METOIB 3HIKEHHs MaciiTady. BaxinBo, mo6 MeToau 3B’ sI3yBaHHS MOTIIN
3aCTOCOBYBAaTHCS Yy BHIaJKax 3 AaCHMETPUYHOIO 1H(OpMalli€ro Mpo
MiIMOJIEN1, 3aCTOCOBHOIO B PI3HUX MOTOYHUX Ta MAaHOYTHIX JOCIHIiIKEHHSIX
Ta HacKpi3HUX 3axojnax Takux mporpam IIASA, sk Merogomoris
cucreMHoro aHanizy (ASA); MonentoBaHHs Ta YHOpPaBIiHHS €KOCHCTEMaMH
(ESM), Pusuxk Tta BpasmuBictb (RAV), Eneprernuna, Bogna Ta iHmi
nporpamu Ta iHiniatusu [IASA. Meronosnoris, 1o po3po0sieThCsl B paMKax
cuuibHOoro npoektry HAH Vkpainu Ta 1IASA, mae 3aranbHuil xapaktep 1
3aCTOCOBYETHCS JUIS 1HIIUX TEMAaTUYHUX JIOCIIKEHb, 1110 MalOTh I7100aNbHI,
perioHanbHi, JOKaJIbHI MaclITaOu, HAPUKJIIA, 3HI>KEHHS po3MipHOCTI SSP-
cuenapiisB. GLOBIOM (Fricko et al., 2016; Ermoliev, et al, 2012), HoBi
maxoan no GLOBIOM, BeWhere, MESSAGE, nociikeHHS CTajaoro
po3Butky B Kurai (Xu et al., 2015; Ren et al., 2018). 3aBnsku upomy
MPOEKT crpusie HaykoBuM mpioputeram [IASA om0 po3poOku cydacHUX
CHUCTEMHHMX METOJIIB aHali3y, MOJEJlel, IHCTPYMEHTIB Ta 3acTOCYBaHb.
Meroarka BUBYCHHS B3a€EMO3B'SI3KIB JIa€ 3MOTY 00'€THATH PETIOHU, CEKTOPH
Ta Cy0'eKTH, 4acoOBi, COLIaJIbHI Ta MPOCTOPOBI MacIITaOu Bif II1006AIHLHOTO
JI0 PETiOHaJbHOTO, HAIIOHAJBHOTO Ta CYyOHAIIOHATBHOTO, a TaKOoX
MOJIETIIYE  3aBAAaHHSA  KEpIBHUKAM  JUIsl  BHPIIICHHS  TJI0OQJIBbHUX,
perioHaNbHUX Ta HallOHAJIBHUX MpoOiem. Po3mmpeHi mpouenypu OLIHKH
Ta TapMOHIi3allii JaHUX BUKOPHCTOBYIOTh HOBI MMOKa3HUKHU €()EKTUBHOCTI Ha
OCHOBI  KIIBKICHHX TIOKAa3HHMKIB, METOAW HEIrJIagKol CTOXaCTUYHOI
onrtumizanii Ta meroau SQG A Momyky poOacTHUX pillleHb B PEKUMI OH-
JaifH, BKJIIOYAIOYHM MIMPOKE KOJIO 3aCTOCYBaHb MAIIMHHOTO HABYaHHS Ta
mryyHoro iHTenekry (Al), 3okpema rnmbokoro nauanHs (DL) Ta
MIMOOKHUX MTYYHUX HEUpOHHUX Mepex (ANN).
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Po3ain 1

B3AEMO3B’A3KHU MK ITPOJOBOJIBYNMMU,
EHEPTETUYHUMHU TA BOAHUMU PECYPCAMM:
METOJOJIOI'TA MOJAEJIIOBAHHS TA YIIPABJIIHHA
CTABUUVIBHUM PO3BUTKOM

K.JI. Atoes', O.M. Tonoanikos', B.M. T'op6auyx',
T.10. €pmonbera’, FO.M. €pmonses?, B.C. Kupumok',
I1.C. KHOHOBl, T.B. [enensiesa’
1IHCTI/ITyT Kkibeprernkn iMm.B.M.Tnymxosa HAH Vkpainu, “MixHapogHuit
IHCTUTYT IpUKIIagHOro cucteMHoro aHamizy (IIASA,Ascrpis)

BCTYII

CuHepriam KJiiMaTHYHUX 3MiH Ta YeTBepToi MPOMUCIOBOI PEBOJIOLIT
(UITP) crtae BaroMuM BHKJIMKOM i TJ00QJIBHOTO  CYCHUIBCTBA.
JlocsiTHEHHS y PO3BUTKY HOBITHIX TEXHOJOTiH (0i0- Ta HAaHO-TEXHOJIOTII,
poOoToTexHika, [HTepHeT pedeld, aBTOHOMHI TpaHCHOPTHI 3acobu, 3D-npyk,
HOBE ITPUPOJOKOPUCTYBAHHS, HOBI BUCOKI T'yMaHITapHI TEXHOJIOTIH Ta 1HIII)
Ta HIBUAKE BIPOBA/KEHHS IUGPOBOI 1HOPACTPYKTYpH CTBOPIOIOTH HOBI
MOYJIMBOCTI JUIsl CTAabIIBHOTO PO3BUTKY cycminbeTBa [1]. ¥V TO# ke wac,
3pOCTaHHSI  COIlIaJIbHOI ~ HEPIBHOCTI, Ta  BPA3JIMBOCTI  KPUTUYIHOL
1HQPACTPYKTYPH, PO3MOBCIOJKEHHS HEOE3NEYHUX TEXHOJIOTiH, MOCTIHHO
3pocTaroue HaBaHTAKEHHS HA €KOHOMIKY BHACHIZOK CTapiHHS HaceJIeHHS,
3a0py/HEHHS JOBKUILIS CTBOPIOIOTH CBOEPIIHUM CHHEPreTUYHHUN edeKT,
MPUBHOCSATH JJ0JIATKOB1 CUCTEMHI PU3UKH.

[TimBuIIEeHHS] KUIBKOCTI €KCTpEMalbHUX IIOTOJHUX SIBUI (TIOBEHI,
IITOPMH, Ta 1HII), 3HWKEHHS €(QEKTUBHOCTI 3aXOMIB IOJ0 TOM'SKIICHHS
HACJTIAKIB 3MIHM KJIIMATy Ta aJamnTailii 10 HUX, 3Ha4HI BTPATH MPHUPOIHOTO
PI3HOMAHITTSI Ta EKOJIOTIYHUN Kojamc (3emiis, OKeaH), ITiIBUIIEeHA
MOTYXXHICTh TPUPOIHUX KatacTpod (3eMIIeTpyCH, IlyHami, BHBEPKECHHS
BYJIKaHIB, TeOMarHiTHi Oypi), 3pOCTaHHS TEXHOTEHHHUX HaJI3BUYAHHUX
cutyariii (po3nuB HapTH, paaioaKTUBHE 3a0pyAHEHHS Ta 1HINI) — Bce IIi
MOJ1ii € TOJIOBHUMU HACIITKAMU KIIIMAaTUYHUAX 3MiH.

BoHM TpOBOKYIOTH Takd 3arpo3u JUIsi CTaOUIBHOTO pPO3BUTKY: 1)
MPOOBONIBYY KpH3Yy (KIIMATH4HI 3MIHM CHOBUIBHIOIOTH 3POCTaHHS
r100aTbHOTO BpPO’KAI0, OCKUIBKM TMIJBHIIEHHS CEPEIHIX TeMIeparyp
CKOpOUYY€E CE30H POCTYy POCIMH Ta 3HWXKYE BpOXKai); 2) BOJHY KpHU3Y
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(BomHu#M nediuuT Moke aectabuli3yBaTH HPOCTIp OE€3MEKH, TOMY PUHOK
BOJIM y MailOyTHbOMY MO€ OYTH CXOXIM 3 CydaCHUM PHHKOM €HEProHOCIiB
3 HOro TOCTPOI KOHKYpPEHLIE Ta OOpOThOOI y «rapsyux» TOYKax
r7100abHOTO CBITY); 3) €HepreTuuHy Kpusy[2].

Enepreruuna kpu3a MoB’s3aHa HE TUIBKM C Je(ilIUTOM ManuBa, aie
TakoX 31 3MiHAMU OajlaHCy IMONUTY Ta IPOIO3ULIi EHEepPropecypcin
BHACJIIJIOK JOCSITHEHb B PO3BUTKY TE€XHOJIOTIH JOOYBaHHS ClIaHIEBOi HahTH
1 cnaHieBoro rasy. HectaOinpHICTh LIH HA €HEPreTUYHOMY PUHKY € OJJHUM
3 IpOsIBIIAHB Takoro aucbanancy. Kpim Toro 3 pozsutkom UIIP, ekoHoMika
y MailOyTHbOMY OyJe cTaBaTH MEHII E€HEPreTUYHO 3aJIEKHOI0, 3aBISKU
HOBITHIM TEXHOJIOTiIM Ta MipaM I0JI0 eHeprozoepexxeHHs. Och YoMy Y
LEHTPl yBaru OIUHSAIOTHCA JOCTIIKEHHS B3a€MO3B’SI3KY MPOJOBOJIbUUX,
eHepreTU4HuX Ta BogHux pecypcis (IIEBP).

CTBOpeHHS CKJIQAHOT MepeXKi TI00abHOI €KOHOMIKH 3HAYHO MiJCHITIOE
MOJIsl TEXHOTEHHUX, MPUPOJIHUX, EKOHOMIYHUX 1 ComiayibHUX pu3uKiB. e
OOyMOBJIGHO TaKMMH OCOOJIMBOCTSIMH CYYaCHOI'O CYCIUJIBCTBA, SIK
MIJBUIIEHA LIUIBHICT 3B'I3KIB MK By3JlaMH MEpexXi Ta pi3Ke 3pOCTaHHS
HIBUJIKOCTEH, 3 SIKUMHM MaTepiajibHi IIIHHOCTI ¥ iH(OpMallis HUPKYIIOIOTh
no ii crpykrypi. By3nu 1iei mepexi NHepeTBOPIOIOTHCS Ha CBOEPIJIHI
aKyMyHKTYPHI TOYKH Bpa3jMBOCTI CYCHUIbCTBA, B SKHUX CJIa0OKi BIUIUBU
MOXXYTh BHUKJIMKAaTH CHJIbHI PO30IKHOCTI TPAEKTOPIl PO3BUTKY CHCTEM,
HenepenOadyBaHi 3a CcBOiMH  MacmTabaMu — HACHIAKH, 3pPOCTaHHS
HeBU3HaueHocTl MailoyTHboro (Puc.l). CunpHi 3B'I3KM MDK BY3JIaMu
r100anbHOI CiTi HMPU3BOAATH O TOTO, IIO BPa3MBICTh KOXHOTO BY3Ja
MaTHM€ BHUPIIIAIbHE 3HAYCHHS JIJIs1 BPA3JIUBOCTI 1HIITHX.

KymynsaTuBHUN eQeKkT pi3HUX J[DKepel pHU3UKIB CTae BaXIUBUM
T€HEPATOPOM HEBH3HAYEHOCT] 1 HECTAOUIBHOCTI B CY4aCHOMY CYCIUIBCTBI.
VY pa3i KyMyJISATHBHUX CTPECOpiB, BiOYBa€ThCs HeNiHIAHE IMiJABUIICHHS
Ypa3IuBOCTI CHCTEMH 1 3HIKEHHSI MOKIIMBOCTEH i1 amanraii. HeniniiHOCTI
MPU3BOJATH 10 BUHUKHEHHS 00JacTeil 3Ha4eHb CUCTEMHUX MapaMeTpiB, SKi
4acTO XapaKTEepPHU3YIOThCs Hemepen10auyBaHOK TOBEAIHKOK0, KOJIH Mai
BIUIMBH BUKIIMKAIOTh ICTOTHY TpaHc(hopMallito 0e31meKku CUCTeMHI

Otxe, kmimMatuyHi 3mian  Ta YIIP  CTBOPIOIOTH  CYKYHHICTB
B3a€EMOTIOB’SI3aHUX KPU3 — MPOJOBOJIbYOI, BOJHOI Ta eHeprernyHoi. Ili
KpHU3U TOCWIIOIOTH o/iHA iHmry. ToMy moTpiOHa iHTerpoBaHa MOJIITUKA IS
MiHIMi3amii iX HacHiaKiB. Yce 1ie moTpedye CTBOPEHHS HOBUX METOIIB st
KOMIUICKCHOTO MOJICJTIOBAaHHS Ta YIPABIIHHS PU3HKOM, SIKi JO3BOJISIOTH
JOCIIIDKEHHST ~ CHHEPIeTHMYHOI  B3a€EMOJIi MDK  pHU3UKaMH  PI3HOTO
noxo/pKkeHHs. [lochileHHsT MOXIMBOCTEH MOAETBHHUX MOCHIHKEHb y TaKol
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chepi Sk BIDIMB TIO0AIBHHUX 3MiH Ha B3aemo3B’si30k [IEBP B ymoBax
MiJBUIICHOT HEBU3HAYCHOCTI € TOJIOBHOIO METOO IaHOT CTATTI.

Po3noBcromKReHHA iH}peK-
LifHHX 32XBOPIOBAHE
Marmii BIVIHB Elcc”rpemni
TIOTO/IHI IBHINA
TIpoaoBo/b4a
Desmexa

CrapiHHA Hace/IeHHA

BTpaTH NpHpPOTHOT O
PpizHOMAHITTA TA
KOJIANC eKOCHCTeM

, TTonapuzania
CYCIIIbCTBA

TexHoreHHi 2
Ta exotoriumi  DPIVMBICTE KPHTH-  prenrenmys  Comiambua  Bomua Gesmexa
karactpopu  THOTIHOPACTPYKTYPH  Gespexa HepiBHICTL

Po3MI0BCIOReHHA
iHpeRIHHHITX 32XBOPHBAHL. -
TIpoaoBo/b4a — A

BrpaTn npupogHOro
PI3HOMAHITTH Ta

ExcrpeManbHi _ KOJIanc eKoCHCTeM
\ TIOT0Hi ABMINA
TonApHu3ania
TexHoreHHi \O CyCrimbcTBa
TA eKOJIOTiYHI
| g
KaracTpopu EHepreTH4yHa g

Oezmexa ) .
ConianbHa HepiBHiCTE  BopgHa 0e3nexa

BpajHBICTE KPHTH-
“HOT HYPACTPYKTYPH |
Puc.1. Tpanchopmariist IpocTOpY B3a€EMO3B’SI3KiB TII00aTBHUX 3arp03 MPH MAIUX
BILIMBAX.

Bynyte posrmsiHyTM HacTynmHi 3amadi: 1) po3poOka MaTeMaTHYHUX
MoOJeJel s TMPOTHO3YBaHHS JMHAMIKK B3aeMo3B’s3ky [IEBP Ta
MOXXJIUBUX MEXaHI3MIB BUHUKHEHHS HECTaOLIbHOCTI; 2) po3poOka
MaTeMaTHYHOI MOJIETI NJIsl aHaji3y PU3UKY B POCIHMHHUIITBI; 3) po3poOka
METOJOJIOTIi MPUHHATTS pilleHb B YMOBaX pHU3MKYy Ta YacTKOBOI
HEBU3HAUEHOCTI; 4) po3poOKa JBOETAITHOI Ta ABOPIBHEBOI MOJIENI €KOJIOTO-
€KOHOMIYHUX PIIICHb.

1. MOAEJIIOBAHHS B3AEMO3B’SI3KY IIEBP

AHami3, mo OyB mpoBeneHuil B [3,4] MO3BOJMB BCTAHOBHUTH OCHOBHI
BHUMOTH JI0 MAaTEeMAaTUYHOI MO JUIs TOCIIiKeHHS B3aeM03B 513Ky [IEBP.
EdexTuBHICTh MOnemtOBaHHSI 0araTo B 4OMY 3aJIe)KUTh BiJ 3HAXOKCHHS
30a7aHCOBAHOCTI MDK TparHeHHsSM [0 JAeraii3amii Ta HeoOXiTHICTIO
coponieHHss Mojeni. Yim OUIbI JeTani30BaHOI0 CTa€ MOJENb, TUM OLIBII
3poctae il pPO3MIpHICTh, YCKJIATHIOETHCS 3aBHaHHS iaeHTHdIKaIil
napaMmeTpiB Mojieni 1 300py BXIIHUX JaHHX, 3pOCTAE MOXUOKA PO3paxXyHKIB
Ta 3BY)KYEThCS TOPU30HT MPOTHO3YBaHHS. KpiM TOrO, CKIIagHa crcTeMa He
€ TPOCTOI0 cyMolo 11 miacucteM. B Toil ke yac 6e3 moOyn0oBU AOCTATHHO
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JeTaTbHUX MOJICJICH, HEMOXKIIMBO 3PO3YMITH, SIK TIOPYIICHHS Ha OJHOMY
MiJPUBHI NEPeIalOThCS Ha 1HIII, AK Ais aJanTaliifHUX MPOIECiB Ha PiBHI
OJIHI€T TIJCUCTEMHU BIUIMBAE HA AISUTHHICTh MEXaHI3MIB caMOOpraHizaiii i
(YHKIIIOHYBaHHS CKJIaJJHOI COLIaJbHO-€KOHOMIYHOI CHUCTEMU B LIJIOMY.
HemoxnuBuM ctae 1 BU3HAYCHHS pealbHUX CIIEHApPIiB PO3BUTKY 1 OIlIHKA
€(eKTUBHOCTI KOHKPETHUX YIPABIIHCHKUX PIllICHb.

3ajaul BENMKOI PO3MIPHOCTI MOXHA BHPIIIYBAaTH, BUKOPUCTOBYIOUH
ToM (akT, mo ¢(a3oBUl MPOCTIP JAMHAMIYHUX CHUCTEM € y OUIBIIOCTI
BUIAJKIB HEOAHOPimHUK. B omHill obmacti mapameTpiB CTaH CHCTEMH
MOKe OyTH 3 NPUMHATHOI TOUYHICTIO OXapaKTEpPU30BaHUM 3a JOMOMOIOIO
HEBEJMKOI KITBbKOCTI 3MIHHHX, SKI CKJIAJal0Th MPOEKIiI0  Maol
po3mipHocTi. [HII 3MIHHI MOXYTh OyTH NIANOPSAKOBAHI 3MIHHUM
npoekuii (mapamerpaM MopsAaKy). BoHM € HeCyTTEBUMM 3 TOYKH 30py
ONHCY CUCTEMH B MeXax JaHoi o0yacTi mapamerpiB. Y 3arajbHOMY
BUMAJKY TMPOEKLIi Majoi pO3MIPHOCTI MOXYThb BUKOPHUCTOBYBATHUCS B
oOMexeHuXx o0nacTax (azoBOro MpoCTopy, MPUUOMY B PI3ZHHUX 00JIACTIX
MpoeKIii HeoOOB'I3KOBO OAHAaKOBI. B obsacti mapamerpiB, B SKHUX
nmoOy0Ba MPOEKINi Majaoi pPO3MIPHOCTI 3 TOAAIBIIAM BHKOPUCTAHHIM
METO/IIB HEIIHIAHOI JWMHAMIKA HE € MOXKIIMBOIO, ITOBEIIHKA CHCTEMH,
BIJIPI3HAETHCS CKJIQJHICTIO, Hemepen0ayyBaHICTIO 1 PI3HOMaHITHICTIO,
BHACJIIJIOK 4OTO JOBOJWTHCS BUKOPUCTOBYBATH IMOBIpHICHI MeTomu [5].
Takum YUHOM, TPW JOCHIHKEHHI CKJIaJHUX CHUCTEM BHUKOPHCTOBYETHCS
KOMOiHaIisl JeTepMiHICTChKHX [6,7] 1 croxacTUUHUX Mozenel [8,9]. V tux
BHUIMAJKaX, KOJM BHACIIJOK YHIKaJIbHOCTI SIBHINA, IMOBIPHICHI METOIH
CTalOTh Hee(DEeKTUBHUMH, TIOBEJIHKA CHUCTEMHU JIOCHIKYEThCS 32
JIOTIOMOT'OF0 METO/1iB T€OPii TIIaIKKX Bi0OpaskeHs [6,7].

Hocmimxenus  B3aemo3B’si3ky  [IEBP  moTtpeOye  BukopucTanHs
IHTErpoBaHUX MoJeNel, sKi 00’€THYIOTh DPI3HH KOHTYPH pEryJIIOBaHHS
€KOJIOTO-eKOHOMIYHOI cHucTeMH. Taka Mojens Oyna 3arnporoHOBaHA
dopecrepom A BUBYaHHS TiobanpHOi auHamiku [ 10]. Jeski moaudikartii
miei Mozeni BUKOPUCTOBYBAIMCH JUIsl PIIICHHS PI3HOMAHITHUX 3aj1ad,
MOB’SI3aHUX 3 ONTHUMAJIbHUM YIPABIIHHAM TJI00aTbHUM PO3BUTKOM
[7,11,12]. Opnak, OLIBIIICTE MOJEIEH EKOHOMIYHOTO PO3BHUTKY OyiIu
po3polIieHi me M0 epu riiodaizaiii 1 He TO03BOJISIFOTh OMHCATU PEKUMHU
MOBEIHKH COITiaTbHO-€KOHOMIYHOI CHCTEMH B OKOJIWIII TOYOK Oipypkairii,
KOJIM CHUCTEMHI 3aKOHH, II0 KEPYIOTh MOBEAIHKOIO €KOHOMIYHHMX CHCTEM,
MOXYTh pi3K0 3MiHIOBaTucs. CHUCTeMa y TakuX BHIIQJKaX CTa€ CHIILHO
3aJIeKHOI0 BiJl MajHMX 3MiH MapaMeTpiB YIPaBIiHHS 1 MOYaTKOBUX YMOB.
TakuMm pexuMam, BJIACTHBUN CTPUOKOMOMIOHWN XapakTep, KOJIHM Malli
TUTaBHI 3MIHU MapaMeTpiB CUCTEMH, MIPUBOAATH A0 Pi3KOi 3MiHH TPa€eKTOpil
PO3BHTKY.
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VY psni pobiT 6ys10 3apONIOHOBAHO BUKOPUCTOBYBATH JJISI TOCIIKCHHS
HOJIOHUX CHCTEM TEOPi0 PEXKHUMIB 13 3arOCTPEHHSIM, SIKa 710 I[bOT0 YCIIIIHO
BUKOPHUCTOBYBaJIacs JUIsl BUPILIEHHS 3aB/laHb Ia30BOi JUHAMIKH, (i3uku
IUIa3MH, XIMIYHOT ~KIHETHUKH, JIA3€PHOTO  TEPMOSJIEPHOTO  CHHTE3Y.
OcoOnMBICTIO PEXUMIB 13 3arOCTPEHHSIM € Te, 110 B HUX (QYHKIIS MOXe
HEOOMEKEHO 3pocTaTu 3a oOMexxeHuit yac. Lli pesxumu, MOKyTh IPUBOJAUTH
JI0 BUHHUKHEHHS TIPOCTOPOBO JIOKAJI30BAaHUX JUCHIIATHBHHUX CTPYKTYp. Y
TaKUX CTPYKTypaxX ICHY€ MOJKJIMBICTH IOSIBM JIETEPMiHOBAHOTO Xaocy —
JTUBHUX aTtTpakTopiB [13,14].

['mobanbpHa eKOHOMIKA MOKe OyTH PO3IJISiHYTa SIK BIAKPUTA, HEJIHINHA,
JMCUIIATHBHA, IOTEHIlaJIbHA CHCTE€Ma, TakKa [0 CaMOOpPraHi3yeThCs,
CaMOBIJITBOPIOETHCS, MA€E CITHOBI €JIEMEHTH Ta OJIM3bKA JIO CTAaHY HECTIAKOL
piBHoBaru [15]. JlificHO, B Takux 00sacTsx, 5K (OHIOBI 1 ()iHAHCOBI PUHKH,
TPOIIOBE 3BEPHEHHS 1 KPEAUT, €KOHOMIUHI CUCTEMH MOXYTh 3aJTHIIATHCS
HEpIBHOB&XXHUMH JJOCUTH TOBruil yac. byno Big3HaYeHO, 110 KOJMBAJIbHA
JUHAMIKa psAy KIOYOBHX IMOKA3HUKIB CBITOBOI ekoHOMikU (iHAekc Jloy-
JlxoHca, 1iHa Ha 30JI0TO, LiHAa Ha HA(Ty 1 Tak JAajii) B MEBHI Nepioau
Harajye XaoTHYHY JWHAMIKy KOJHMBAaHb, XapakTepHUX Ui JUBHHX
aTTpakTopiB [16].

Sx ceiguate nani The World Bank, nokasuuku mpupocty ITEBP B
Vkpaini Ha npotszi 1993-2013 pp. (mpomoBoibUMi 1HAEKC, CHOKHBAHHS
eHeprii, KUIbKICTh BOAM 3a0paHOl 3 MPUPOJHUX BOJAHUX 00 €KTIB) CYTTEBO
konuBanucsk (Puc. 2).

—— MM ¥ KIEEOCTL oA Fabparol 5 mpupogno: omenn: o6 erTis (90
—=— 3ILIHM OpOg0EIEYOTO HFeRcy (%)
SLIUEE ¥ BEEOPHCTAREHL #HepTH (%)

A
RN AYA
Y N/

1993 1995 1997 1889 2001 2002 2005 2007 2008 2011 2013

Puc.2. Tunamika 3min [IEBP B Ykpaini (http://wdi.worldbank.org/table/).

Ha puc.3 mnpexacraBieHi ¢a3oBi KpHBH, L0 XapaKTEPH3YIOTh pi3HI
MIPOEKIIii KOJIMBAaHb IUX MapaMeTpiB Ay Ykpainu, binopyci ta [lombmii.
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TpaexTopii (a30BUX KpUBHX B OKpEMi MEPIOAN MOXKYTh TPAKTyBaTHCS
K pyX 10 TPaHUYHOTO LUKIY, IO CBIJYUTH MPO MOKJIMBOCTI 1ICHYBaHHS
CTIMKMX IMUKIIYHUX aTTpakTopiB. ToMy € Baromi NPUYHHH 3aTy9CHHS
MaTEeMaTHYHUX MOJIENIel IeTePMIHOBAHOTO Xa0Cy — «IMBHUX aTTPaKTOPIB»
JUTSL TOCHIKEHHST MEXaH13MiB HecTabuIbHOCTI B3aeM0o3B’si3ky [TEBP.

21 18 0 -3 3 Q 15
ZniHa OpoF0E WIEHEoTo ARy (20

VY poborti [17] Oyma 3ampomoHOBaHa PO3MOJIJICHA MOJEIb PUHKOBOI
€KOHOMIKHM, $IKa  JI03BOJII€E OTPUMATH XaOTWYHI PIMIEHHS B MPOCTOPi
3MIHHUX, 1110 XapaKTEePU3yIOTh (DIHAHCOBO-E€KOHOMIYHI MOKa3HUKH. B sKOCTI
3MIHHUX IIi€] MOJEIl BUKOPHCTOBYBAJIMCS 3MiHA Ta IHTEHCHUBHICTbH PYXY
kanu Tany (K) ta monuty (D) mig BrimuBoM HopMmu ipudyTkKy (U). OnHiero 3
BIIACTHBOCTEH 1Ii€l cucteMu Oyna HASABHICTh B HiA MOCIHiJOBHOCTI
Oidypkariii HapoHKEHHS CTIMKUX MEPIOJMYHUX OJHOPITHUX MPOCTOPOBHUX
BHPINICHD JOBUTLHOTO TEPioay, M0 (GOPMYIOTh OJHOPITHUHN MO TPOCTOPY,
aJie XaOTUYHHUH 33 9aCOM aTTPaKTOP.
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Posrnsinemo 3aBmaHHs OOYZOBM MOJENI, fKa JO3BOJsUIa O OTpUMAaTH
Xa0TMYHI PEKHMH B TPOCTOPI  COLIAbHO-€KOHOMIYHUX  3MIHHHX.
bazytounce Ha  JOCHIJUKEHHSIX  IJI00AIbHOI ~ €KOHOMIKH  Oyaemo
BUKOPUCTOBYBATH HACTYMHI pumnyueHHs [ 18].

['moGanpHa eKOHOMIKa CTBOPIOE IMEBHUM MONHUT HA AISUIBHICTH PI3HUX
BUPOOHUYMX CUCTEM, BIANOBIJAIBHUX 32 CTIMKUNA PO3BUTOK CYCHIIbCTBA B
pi3HUX BUMipax Horo (hyHKIIOHYBaHHS (€HepreTHuHOMY, iH(opMariiiHoMy,
MaTepiaJbHOMY, €KOJOTTYHOMY, METUKO-010I0TYHOMY Ta 1HIII).

YacTtrHa pecypciB, BUPOOITIOBAaHUX [IUMH CHCTEMAaMH, BUTPAYa€ThCS Ha
HIATPUMKY 1X BHYTPIIIHBOI CTPYKTYpPH, 1HAKIIE KaKydd, Ha 3I1HCHEHHS
BHYTPIIIHBOI (PYyHKIIT, 1HIIIa YaCTMHA — Ha 30BHIIIHI (YHKI1, BA3HAYYBaHI1
MOMHUTOM TJI00anbHOI eKoHOMIkH. LI momuTm 3anexars BiA Pi3HHUX
YUHHUKIB: TMOTOYHOI'O CTaHy BUPOOHMYMX CHCTEM, HAaBaHTAXKEHHS, [ii
30BHIIIHBOTO CEpPEIOBUINA, CPEKTUBHOCTI PETYIATOPHUX MEXaHI3MIB 1 Tak
nani

Hexait b;; — mOTOYHUI MONUAT HA AISUTHHICTH 1-0M BUPOOHUYOI CUCTEMH,
HOPMOBaHUIl Ha OJMHMIIIO CHUCTEMH MaTepiaJbHOr0 BHUPOOHUIITBA, SIK SIKa
po3rasgaTuMeMo poOoue Miclle y BIAMOBIAHIN ranmy3i BupoOHuuTsa (V).
[Torounuil craH i-oif BUPOOHMUYOI CHUCTEMH XapaKTEpU3YEThCS piBHEM il
30BHINIHKOI (YHKIIIT, 1110 BU3HAYAE i MPOMO3UIIII0 HA MOMUT TIO0ATBHOL
exoHoMiku. [Ipono3uiist abo BiANOBiAAa€ MOMUTY, YH Hi.

Hexaii b,; — piBeHb IpOMO3UILi], 110 HOPMYETHCS HA OJAMHUIIIO BUMIPY
¢byHKIiT  1-0f  BUPOOHMYOI cHCTeMU (BUPOOHUIITBO  MaTeplallbHUX
IHHOCTEH, mOoCyT, iHpOopMaliiHOr0 KOHTEHTY 1 Tak faii) X;. BigmoigHo
0 TIPUUHATUX TI03HAaueHb b Y; Ta byX; XapakTepusyloTh BiJIITOBIIHO
3arajdbHUA MOMHUT Ha MISUTBHICTH i-OW CHUCTEMH 1 3arajibHa MPOMO3MILS Ha
MIATPUMKY 30BHIIIHBOI (DYHKIIII, BU3HAUYBAaHY MOJKJIUBOCTSIMHU ICHYHOUHX
pOOOUUX MiCIIb.

Hexaii mBuAKiCTh 3MiH NMPOMO3UIIi 30BHIMIHIA (QYHKIIT mponopiiiiHa
HAJUIMIIKY TOMUTY TJIO0ANThHOI €KOHOMIKHM Haj mporo3uiiero. Tomi maemo
HACTYITHE PIBHSIHHSA JJISl IUHAMIKH MPOIIO3UIIi] 1-0i CUCTeMHU:

dX,;/dt=a,[b,Y, —b,X,], (1.1)

JIe @i — mapaMmeTp, 0 XapaKTEPHU3YeE afanTaiifHi MOKIUBOCTI.

IcHYIOTH perynasTopHi MeXaHi3MH, SIKI B pa3l HAJIUIIKOBOTO IOMUTY
OPUBOAATH JI0 3MiH Y BHPOOHHYMX CHCTEMax, INO 3aJy4aloThb JO
BUPOOHMIITBA HOBI poOoyl Micisa. Baxkatumemo, mo yuM Oinbire X; THM
OurbIa KUTBKICTH poOoOuYMX MicIb Y; 3amydeHa B mporec. Hexait cji(t) —
MONUT Ha 301IBIICHHS YKCIIa pOOOYNX MiCIlb, HOPMOBAaHHWM HA OJAMHHITIO X,
a ¢i(t) - monst pobounx Micip Y; 3amydeHux B 3abesneueHHs X;. Toxi ¢, X Ta
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¢2:Y; BIATOBITHO XapaKTEPHU3YIOTh 3arajibHUW TOMHUT 1 MPOMO3UIIIIO0 JIst
CTBOpeHHS poOouux Micib. Hexail miBUAKICTh 3MiHM YKCIa POOOYUX MICIh
Oyne mpomopIiiiHa HA/UIMIIKY iX MOMUTY HaJ MPOmo3ulli€ern. Toml MaemMo
HACTYIIHE pIBHSIHHS, [I0 OMNKHCYE JUHAMIKY YHClIa pPOOOYUX MIiCIlb,
3ally4eHUX Y BUPOOHMIITBO:

dY,/dt=a,[c, X, —c,Y ], (1.2)

171
JI€ ;i MA€ TOM K€ CEHC, 1110 dj;.

PiBusnHs (1.2) He BpaxoBye, IO YHCIO Y; HE MOXE 3pOCTaTH
HEOOMEXEHO, OCKUIbKM ICHYIOTh TII€BHI €KOHOMIYHI, MarepiaibHi 1
iHpopMariiiHi oOMexyBaui, ranbMiBHI 1€ 3pocTanHsA. KpiM Toro, HeoO6XigHO
BpaxyBaTH, 1[0 YaCTHHA PECYPCIB BUTPAYAETHCS HA MIATPUMKY BHYTPIIIHbOI
CTPYKTYpU BUPOOHHYUX CHCTEM, TOMY BiJIOyBa€TbCs MOCTIMHE 3aTydeHHS
YacTUHU Y; 70 1boro mpouecy. BiaTik poOouux Micup MpONOpUIHHUH, 3
ofHOro OOKy, piBHIO 30BHINIHBOT (PYHKIIT X;, 11O CTBOPIOE HAJIUIIKOBE
HAaBaHTA)XCHHS Ha CTPYKTypu 1-OH cHUCTEMH, a, 3 IHLIIOrO0 OOKYy, PIBHIO
CTPYKTypHUX TopyiieHb (Z;). Lli mopyiieHHs BHHHKAIOTh Y BHPOOHUYMX
crcTeMax i BUMararoTh JOJATKOBUX PECYPCHUX BUTPAT HAa CBOE YCYHEHHSI.

3HEBXIIMBO MaJIUi PiBEHb CTPYKTYPHUX MOPYIICHb MOXKE ITPHBECTH 10
KaracTpo(piyHMX HACHiAKIB, SKIIO piBHI 30BHIMHBOI (QyHKOIT X;
00yMOBJIEHI €KOHOMIYHOIO IHTErpalli€l0, TEXHOJOTIYHOI PO3BUHEHICTIO 1
MOJIITHYHUMH  3000B's3aHHSIME  (TJI00ani3amisl), — JOCHTh BHCOKi. Tomy
PIBHSIHHS, 110 OMUCY€E TEMII 3MiHU YuCiIa poOOYMX MICIb TPaHCHOPMYETHCS
1o Burisny (1.3)

dY,/dt = a,[c, X, =Y, —c;, X, Z,], (1.3)

1€ ¢3; — MOMUT Ha Y; OOyMOBIEHMH 3a0€3MEUCHHAM BHYTPILIHIX (YHKIIN
BHUPOOHUYOI CHCTEeMH 1 HOPMOBAaHWM HAa OJWHUII 30BHIIIHBOI (QYHKITI 1
BUHUKAIOYHUX TIOPYIICHb.

BBaxkatuMemo, 10 3pOCTaHHS YHCIA MOPYIICHb MPOMOPIIHHE PiBHIO
HaBaHTAKEHHS Ha CTPYKTYPH, IO 3a0e3MedyloTh 30BHINIHIO (QYHKIIO X;.
Ile HaBaHTa)KEHHS 3aJEKUThH BiJl BEIMYUHU X; Ta 4nuciaa poOoUnx Micip Y,
3aJIy4eHUX B TIpolleC BUPOOHHUIITBA. Takoxk mepeadadynMo, 1o ICHYIOTH
PEryNATOpHI (aanTaiiiiii) MEXaHi3MH, SKi B IEBHUX MeXax 3[aTHI yCyBaTH
BHHHKAIOYI MMOPYIIECHHS, aKTUBYIOUHCH MPH X BUHUKHEHHI 1 HAKOITMYEHHI.

Hexaii d;; ta dy - BignmoBimHO Koe(illiEHTH MPOMOPLIHHOCTI, TOAI
MIBHJIKICTh POCTY MOPYIIIEHh OMMCYBATUMETHCSI HACTYITHUM PIBHSHHSIIM:

dz, /dt=[d, XY, —d,Z,], (1.4)

Posrisaemo OJIHY iSOHBOBaHy CUCTEMY, fAKa Ma€ OJHY 30BHIIIHIO
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¢yukmito. Xail Bci MOJelbHI Koe(illleHTH He 3ajiexaTb BiJ dYacy.
BBenemo HacTyIHI MO3HAYEHHS:

t=t*/(a,c,), 0=(a;b,)/(a,c,), r=(bec,;)/(b,c,),b=d, /(a,c,),
X:d1X(03/d1)1/2/(azC2 )ay:dlblY(C3/d1)]/2/(bzazcz)a z=(b,c;Z)/ (ba,c,)

B upbomy Bunanky pisasHHA (1.1), (1.3) Ta (1.4) TpanchopmyroThcs 10
Burisny (1.5)

dx/dt =0(y—x), dyldt =rx—y—xz, dz/dt =xy—bz,
(1.5)

3rinHo 3 pobotoro Jlopenma [19], B pmaHid cucTEMI BHHHKAIOTH
OiATPUMYBaHI XaOTHYHI pEeXKUMHU. TakuM YHMHOM, B33a€MO3B'SI3KY MIX
30BHIIIHBOIO (PYHKIIIEI0 BUPOOHMYOT CUCTEMHU, KUIBKICTIO poOOYMX MiCLb 1
CTPYKTYPHUMH  TMOPYLIEHHSAMHU  MOXYTb  OIHUCYBAaTHCS  MOJIEIUIIO
MeractabutbHOro xaocy Jlopenma. Ilepexim Bim cTaOUIBHOCTI CHUCTEMH
(HM3bKHMH piBEHb BPA3JIUBOCTI) 10 11 HECTaOUIBHOCTI (BUCOKMH pIiBEHb
Bpa3JIMBOCTI) MOKe OyTH aHAJOTIYHUN MEepexo1y Bij JIAaMIHAPHOTO MOTOKY
710 TypOyJIE€HTHOTO.

3poCTaHHA TONUTY BEAE€ A0 3POCTaHHS MapaMerpy 7. 3pOCTaHHS
MPOMO3HINT 70 3MEHIIECHHS IhOT0 TMapameTpy. ICHYITh I1HTEpBaIH
BiJTHOIIEHHSI TIOMUT/ TPOMO3UILiS, SIKI BIANOBIIAIOTH PI3HUM pPEKUMaM
MeTacTabliapbHOro Xxaocy. Manu ¢uykTyauii nmapamerpa » MOXYTh BU3BAaTU
CYTTE€BY TpaHc(opMaIlilo AWHAMIKM CUCTEeMH. Y BEpXHill I'paHHIl I[OTO
IHTepBaly Taku (QIYKTyarmii MOXXYTh BH3BAaTH KaTacTpo(diuHi HACIIIKH,
MOB’s13aHI 3 MEPEXO0JOM OT CTaOUIBHOCTI IO HECTaOUIbHOCTI, BiJ| CTaHy 3
HU3BKUM PIBHSIM BPa3JIUBOCTI 10 CTaHY 3 ii BUCOKUM PiBHEM.

JlocmiKeHHsT 1eTepMiHOBAHOTO Xaocy y (i3uili, 010J0Tii, EKOHOMIIT
NpUBEIO A0 ICTOTHOTO NEPEOCMHUCIEHHS WOTo pojii B caMoopraHizarii
CKJIAHUX NUHaMiYHHX cucTeM [20]. BusBuioch, Mo 3aBASKH XaOTHYHHM
pexuMaM 3 iX MiJBUIIEHOI0 YYTJIMBICTIO J0 MajluX OOypeHb MapaMeTpiB,
CTa€ MOXIIUBHM TIEPEBEICHHS CHCTEMY 3 OKOJIMII OJHOr0 HECTIHKOro
IPAaHUYHOTO IUKITY B OKOJHIIIO 1HIIOTO. [HITUMH CIIOBaMH CTa€ MOMJIUBUM
SKICHa 3MiHa TIOBEIIHKH COIIAJIbHO-€KOHOMIYHOT CHUCTEMH, 3a PaxyHOK
MalluX 3MiH MapaMeTpiB YNpaBIiHHS, a 3HAYUTh NPU 3HAYHIA EKOHOMIl
pecypciB. Buxonsuun 3 1IbOTO pO3YMiHHS, TpaHCHOPMYBAJIOCS 3aBIaHHS
yIpaBiliHHA XaocoM. Bim BuOopy [iif, IO yNpaBiIsAOTh, CHPUSIOYHX
MPUITMHEHHIO Xa0Cy, JI0 BUOOPY YIpaBiliHb, IO JO3BOJSIOTH CTaOLIIZaIlIIO
NEBHUX HECTIMKUX MEPIOANYHUX TpaekTopii [17].
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CxopoueHHsI pecypcHOi 0a3u BHACTIOK KIIMAaTHYHUX 3MiH 3BYXKYE
MO>KJIMBOCTI CTabIJIbHOTO PO3BUTKY. Y BUMAJAKY YKpaiHH, iICHYIOUl pecypcH,
JI03BOJISIOTH JIMILIE TPOXU 3MIHIOBATH MapaMeTpH YIPaBIiHHS €KOHOMIKOIO,
TOMY BUHHMKAa€ 3aBIaHHS IOIIYKY TaKUX TPAEKTOPI PO3BUTKY, sKi O
JTO3BOJISUTH 33 PaXYHOK MajluX 3MiH IMapaMeTpiB, 3M1IMCHIOBATH «IIEPECKOK) 3
oJiHi€T TpaekTOpii pO3BUTKY Ha iHIIY. Mojeni JUBHUX aTTPaKTOpPIB SK pas3
MOXYTb OyTH BUKOPUCTaHI JJIS JOCIIKEHHS YMOB, TIPH SKUX MOYJIUBHI

Takui CBOEpIAHUN (a30BUH Tepexify 3 OJHOTO TPAHUYHOTO IUKIY 0
IHIIIOTO.

3a nmomomororo gaHux CBitoBoro banky OyB mpoBeneHwil aHani3
JMHAMIKM 3MIH TOKa3HHUKIB, 1110 XapaKTEPU3YIOTh CIIOKUBAHHS CBIKOT BOJU
Ta eHeprii Ha npoTsa3i 1993 — 2013 pokis. Sk BugHO 3 puc.4 y nepiox 1995-
1998 pokiB TpaekTopist (a3oBoi KpHBOI 3MiH BKa3aHUX MOKa3HHUKIB
3ajnumiagacs B 30HI TSDKIHHS TpaHuMdHoro uukiny 1. Tpancdopmanii B
exoHoMimi Ykpainu B 1999 Tta 2000 pokax mpu3BeIH 0 TNEPEXOAy
TpaekTopii wi€i (a30BOi KpUBOI B 30HY TSKIHHS 1HIIOIO aTTpakTopa —
rpanngy”oro 1ukay 2 (mepiom 2000 — 2004 pokiB). Tpaextopis ¢azoBoi
kpuBoi y nepioq 2005 — 2013 pokiB Moke TpaKTyBaTHCs K PyX O HOBOT'O
IPaHUYHOIO LUKy 3.

20

15

SMiHA EHKOPHCTAHEA eHepri (Vo)

3 91994
L 2009

=20
-20 -12 -10 -5 0 2 10
JMiHA KMIEKOCT] COOEET BogH (#0)

Puc 4. ®a3oBa TpaeKTOpis 3MiH CIIOKUBAHHS CBIXKOI BOAM Ta €Heprii B YKpaiHi y
1993-2013 poxkax 3a gannmu The World Bank (http://wdi.worldbank.org/table/)
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Cuctema (1.5) moxe OyTu 3amucaHa B KOMIUICKCHIH (opmi BiTHOCHO
JBOX KOMIUIEKCHMX 3MIHHHUX X Ta ) OJHI€i peuoBoi 3MIHHOI z, MO Mae
peYoBi mapamMeTpH ¢ Ta b 1 KOMIUIEKCHI MapaMeTpu r = 1] +irp , a = 1- el. Sk
noka3zaHo B [17] B koMmjiekcHii cuctemi piBHAHb JlopeHna peami3yerbes
CIleHapii mepexoay A0 Xaocy 4epe3 cyOrapMoHiMHUI Kackaa Oidypxarriii
JTBOMIPDHHUX TOpiB. Y CHUCTEMi HApOJKYEThCS TPAHMYHUN LUK YaCTOTU
w=r,6/(c+1).

[ToBepuemocs Tenep no cuctemu piBHsHB (1.1-1.4). B npomy BuUnaaxy
MaEMO N OCIHWIATOPIB, HI0 TEHEPYIOTh KOJIWBAaHHSA 3 YacTOTaMH ;
BIANOBIAHO. SK1I0 3axatu HaOlp (QyHKLINA 3B'A3KY MK OCILHJIATOPAMHU, TO
OTPUMAEMO CHCTEMY 3B'si3aHUX ocuuATOpiB. KonekTuBHA CHHXpOHI3aIlis
JAaHUX OCHMWJIATOPIB MOXE OyTH JOCIHIDKEHA 3a JOIMOMOTOK MOl
Kypamoto [21], sixa Ma€e HaCTYITHUIN BUTJISAL;

N
06, /odt=w,+K/N) sin@, -0)), i=1..N

J=1
ne 6;€[0,2xn]- dha3oBi 3miHHI, ©;—BiacHl yactotu, K > 0 — mapameTp 3B'A3Ky.

TakuM 4YMHOM, 3aBJaHHS YIPaBIIHHS  COL[AJIbHO-EKOHOMIYHUM
PO3BUTKOM B YMOBAaX BUHHKHEHHS XaOTHMYHHX PEXKHMIB 3BOJUTHCS [0
YIpaBJIiHHS YaCTOTOI HEHYJIbOBOIO CEPEJHBOIO IOJS, 110 MPOLYKYEThCS
3B'SI3aHUMU OCLIUJISITOPaMH.

2. AHAJII3 PU3UKY B POCJIMHHUITBI

Ha cywdacHomy erami pO3BHTKY arpapHoro cekrtopa YKpaiHu
CITbCBKOTOCTIONIAPChKI  TOBAPOBUPOOHHMKH  CAaMOCTIMHHO  BH3HAYalOTh
CTPYKTYpY TOCIBHUX TUIOII, OPI€EHTYIOUUCH TIEPEBAKHO TUTHKH HA TMOTOYHY
KOH'IOHKTYPY TPOJOBOJBUOTO pUHKY. llorogHuii pusmk, SKmo i
BpPaxOBYETbCS, TO TUIBKM Ha IHTYiTMBHOMY piBHI. Hemoctaths yBara no
[OTO aCMEeKTy Ha MPaKTHUIl MPU3BOAUTH J0 BEIUKHUX BTPAT ypoXkaro Mpu
HECTIPUATINBUX MTOTOJTHUX yMOBaX. ToMy HaOyBae 0coOIMBOI aKTyaIbHOCTI
po3po0Kka MaTeMaTHUYHUX METOIB OIIIHKKA PU3UKY BTpAT BPOXKaK 1 HOro
BpaxyBaHHS NpPHU IUIAHYBaHHI CTPYKTYPH MOCIBHHUX IUIOII HA PiBHI KpaiHH.
Jnst BupimeHHst 1ie€i nmpobieMu B il cTaTTi po3poOsieHa MaTeMaTHYHA
MOJIETb Ui onTuMizarii CTPYKTypHU MOCIBHUX IUIOI]
CLITbCBKOTOCTIOIAPCHKUX KYJIBTYP Ha PIBHI KpaiHW 3 ypaxyBaHHSAM PHU3HUKY
BTpaT Bpoxaioo. B 11 OCHOBI NEXWUTh MWiAXiA, NpUHAHATHA B Teopil
noptdenbHOi omTHMI3alii, TOYaTOK sKOi OyJio TOKJIaAeHO B CTAaTTi
Mapkosina [22]. BignoBigHo 10 1bOro mMinxomy oOMexeHi (hiHaHCOBI
pecypcu po3MOAUISIIOTECS MK (PiHAHCOBUMH THCTPYMEHTAMH TaKUM YHHOM,
1100 MaKCUMI3yBaTH CEpeIHIO0 MPUOYTOK MPU OOMEXEHHSAX Ha PU3HK BTpAT.
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B po6orax [23-27] neit miaxia 6yno MoaudikoBaHO Ta 3aCTOCOBAHO ISt
pO3B'sI3aHHS TMPHUKJIAAHUX 3a7a4 HE TUIBKM B PU3HK-MEHEIKMEHTI 1
(iHaHCOBOI 1HXKEHepii, a ¥ B Takux 00JacTAX, K CydacHa CTaTUCTHKA,
CTOXAaCTHUYHE NMPOrpaMyBaHHS, JIOTICTHKA, MEIUIIMHA, MEXaHIKa 1 CIJIbChbKe
rocrnoiapcTBo. Y TepMiHaX ONTUMI3alii CTPYKTYpH MOCIBHUX IUIOII 3ajada
MOJIATAE B TOLIYKY PO3MOLITY 3araibHOi MOCIBHOI IUIOMNI MIXK OOJIacTSIMU
VYkpaiHu, SIKUi MakCUMI3ye CEpeHbOPIUHY BpPOKAMHICTH MPU OOMEKEHHI
Ha pU3UK He1000py BPOXKaro.

2.1 IlocTanoBKa 3amayvi

3ajaua pU3MK-aHaNi3y B POCIMHHMIITBI IOJIATA€ B OLIHIOBAHHI PiBHS
MOJIMBHX BTpaT BpOXKal0, CHPUYMHEHUX PI3HUMH TpPHYUHAMH, 1 iX
IMOBIpHICHHX XapaKTEPHUCTHUK.

Posrmsinatoreest K obnacreit Ykpainn. Hexait £, — cepennst mo k -

00J1acTi BpOXKaWHICTh AEAKOI CLIILCHBKOIOCHOAAPChKOT KYIbTYpH, k =1,...,K
, 1 & —1i cepenns mo kpaini BpokaitHiCTh. OCKIJIBKY I1i BEJIMYMHH 3 POKY B
pPIK 3MIHIOIOTHCS BHUMAJKOBUM YHHOM, TO OyAeMO po3risiaatd ix sk
BUIIA/IKOBI BEJTMYMHU. SIK €TaJIOH, 10 BIJHOIIEHHIO JI0 SKOT'O BU3HAYAIOThCS
BTpATH BpoOKato (Hemo0ip Bpoxkaro) B k-if oOmacti, MoxkHa Oyio O BuOparu
cepenHill GaraTopiuHHUI piBeHb BpOKalHOCTI MO LIl objacti g . =E[&,].
Ane B TakoMmy pa3i He Oyno O eauHOro 3paszka Jis BCiX oOmacrel, i
MOPIBHSIHHS OLIHOK PHU3MKY BTpaT BpOXKalw MDK obnactsamMu Oyino O
yckiagHeHo. Tomy HemoOip Bpokar B k -l 00yiacTi OI[iHIOBAaTUMEMO
BITHOCHO CEpEeIHBOr0 0araTOpiyHOrO PiBHS BPOKAHHOCTI JaHOI KyIbTypH

o Bciif kpaini, & = E[£] , 3a popmyIoro
w =E-&, k=12, K. 2.1)

[To3uTHBHI 3HAUY€HHS BUIIAJKOBOI BEIMYMHU O, BIATIOB1IAIOTH

HebaxaHUM HacliakaMm (HemoOip BpOKaro MO BiJHOIIEHHIO /10 €TaJTOHHOTO
piBHS), @ HETaTHBHI - CIPUATIUBUM (ypoKai, SIKHHA TIEPEBHUIIYE CEPeIHii
piBeHb). Y 3B'SI3KYy 3 IIUM BUHHKAae mpobiema BHOOpY MiIXOIAIIOl Mipu
PHU3HKY peamizaiii HeOakaHUX HACTIIKIB. 3 MOSBOIO CTATTI [22], MpOTITOM
JEKUIbKOX JECATHIITH B Teopii mopTdenbHol onTuMizamii y sSKOCTI Mipu
PU3UKY BUKOPUCTOBYBAJIOCS CTaHAAPTHE BIAXWICHHS, IIO XapaKTepU3ye
HIMPUHY IMOBIpHICHOTO po3moniury. IIpu 1IbOMy BeNHMKI BIIXWUJICHHS BiJ
CepeHbOro SIK B OIK IMO3UTUBHUX 3HAa4eHb, TaK 1 B OIK HEraTUBHUX
PO3TIIAIAIOTECS SIK PU3WKOBaHI. Y TOW jXKe Yac Ha MPaKTUIll MiHiMizamii
MIUIATalOTh TUIBKKM OJHOCTOPOHHI BIIXHJICHHS B TO3UTHBHUN OIK, SKi
BINOBIJAIOTH ~ BTpaTraM Bpoxkaro. ToMy B OCTaHHIM dYac MIMPOKOTO
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nomupeHHss HaOyna wmipa pusuky VaR (Value at Risk), sika BpaxoBye
BIJIXMJICHHS TUIbKH B OJMH (HECTIPUSATINBUIL) OIK.

Posrnsinemo po3mnojiian WMOBIPHOCTE BHIIAJKOBOI BEIMYMHU () BTpaT
BPO’KaI0

F(z)=Plw<z}. (2.2)

Toxi VaR npu piHi 3Haunmocti ¢ (0 < @ <1) dyHkuii posnoainy @
BH3HAUYAETHCS 32 popmyroro [23-25]:

VaR,(w) =min{z | F(z) > a} (2.3)

[Ipu & = 0.95 ne Bu3HA4YeHHs O3HAYA€E, IO 31 CTAa BUMAIKIB TUIBKH B

n'sTi HenoOip Bpoxaro Oyzme mepeBunryBatd VaR ), (@) . Sxmo ¢yHKIis

posnoginny F(z) HemepepBHa 1 CTPOro MOHOTOHHa, TO VaR,(w) -

KBaHTWJIb DPIBHSA O 1uis wiei QyHkuii. /laHa mipa pu3uky mae npocTuid
IHTYITUBHO 3po3yMinuii ceHc. IIpoTe BoHa He BimoOpakae MOXKIMBICTH
peaiizalii BeMKUX BTpar 3a Mexkamu VaR , (W) 3 ManuMu TMOBIpHOCTSIMH.

Jns ypaxyBaHHS BaXXKUX XBOCTIB B (DYHKIIIT pO3IOALTY BTpAT, B SIKOCTI
Mipu pu3UKy BUKOpUCTOBYIOTh CVaR (conditional VaR). Llg mipa pusuky
BU3HAYa€e CepeaHl BTpaTH, L0 MEPEeBHUILYIOTh BiANOBiAHE 3HaueHHS VaR).
Sxmo dynkuis posnoainy F(z) HemepepBHa B Touui VaR,(w), to CVaR
BU3HAYAETHCS 32 GopMyIoro [25]

CVaR,(w)=FE{w|w=VaR,}, 4)
ne £ —MareMaTuYHOro O4iKyBaHHS.

Po3srnsnemMo IUCKpeTHWI BHNAMOK, KOJIM BHIAJKOBAa BEMUYMHA ()
npuiiMae KiHIIEBE YMCIIO 3HAYEHb, SKI YMOPSIKOBAaHI HACTYIHUM YHHOM:

z) <z, <...<zy, 1 AIMOBIPHICTb peani3auii 3Ha4eHHs 7 JOPIBHIOE p > ()
, n=1,..., N . Hexaii npu upomy iHz1ekc n, 3a10BOJbHSIE YMOBIi
ng—1

Z p,=d >Z p,-
n=1 n=1
Toni CVaR,(w) obuncnroeTbest 3a hopmyinoro [25]
1 9 y
CVaR, (W) = - [Z p, —GJzna + Pz, . (2.5)
- n=1 n=ng+1

OCKUTbKH Ha MPAKTHUIN PO3MOJALT BUMAJAKOBOT BETUYMHU () HEBITOMUH,
to s obumcneHHs CVaR,(@W) BUKOPUCTOBYETHCS CIIEHAPHUH ITiXi,

3aCHOBaHMH Ha iCTOpI/I‘IHI/IX JaHUX.
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B pamkax 1mporo migxomay OyaemMo BBaKaTH, IO BHUMAJAKOBA BEIMYMHA
&, mpuiiMae 3 pIBHUMH HMOBIPHOCTSIMU 3HAYCHHs (CLEHAPID) u,,,...u, , AC

u, — ICropum4Ha (CTaTHCTUYHA) BPOXKANHICTB CLIBCBKOTOCIOIAPCHKOT
KyJAbTYpH B J-My poui (pu j-My cueHapii) B k-it obmacti, Kk =1,...,K
i=L....J . J - nepion (KUIBKICTh CIIEHapiiB), B MekaxX SKOTO

BUKOPUCTOBYIOTBCSl CTAaTUCTH4YHA 1H(OpMalis Npo BpOXKAHHICTH JaHOI
KYJIBTYpH 32 MUHYJI1 POKH.

Y HacTymHOMY pO3IUTI TPEJICTaBICHI pPe3ylbTaTH OLIHKH pPU3HKY
Hemo00py BpOXKAK O3UMOI TIIEHUINl MO BCiX o0nacTsax VYKpaiHu 3
BUKOPHCTaHHAM B sikocTi Mipu pusuky CVaR,(@), mo OOYUCIIOETHCS 32

dhopmymoro (2.5). 3a JOMMOMOTO0 CITIBBIIHOIICHh PU3UK HET000PY BpOXKAIO
- CepeqHBOpIYHA BPOKAWHICTH OyAyTh BHUABIEHI SIK 00JIACTi, HAWOLIBII
CHPUATIUBI JJIi BUPOOHHUITBA JAHOI CUIbCHKOTOCIOAAPCHKOI KYJIBTYPH,
Tak 1 HecrpuATIMBi. O0NacTh, B K cepeAHbOPIYHA BPOKAWHICTH BUCOKA
MIPY HU3BKOMY PiBHI PH3UKY, BBAKAETHCS CIIPHUATINBOIO JIJIsI BUPOIIYBAHHS
JnaHo1 KyJnbTypH. Lle CriBBIIHOINIEHHS BUKOPUCTOBYETHCS B CTATTI B SKOCTI
6azucy TU1St ONTHUMAJIBHOTO posmnoaity MOCIBHHUX TLJTOII]
CUTBCHKOTOCTIONAPCHKOI  KylnbTypu 1O obnactsMm. BukopucroByroun
BEJIMKUN PO3KUJA IO O0JIaCTSAM 3HAa4YeHb CEPeAHBOPIYHMNA BpOKAWHOCTI 1
PU3HKY HEA000py BpOXKaK, MOXKHAa BHOpaTH TaKWUH PO3IMOALT TOCIBHUX
wiony Mo oO0JacTsIM, MPU SKOMY JOCSTA€ThCS MaKCHMAaJIbHE 3HAYCHHS
CepeIHBOPIYHOI BPOKAHHOCTI JaHOT KYJIBTYPH 10 KpaiHi 1 MPH I[bOMY PUZHK
He000py BpOXKaro HE IEPEBUIILYE 3aIaHOTO KPUTHYHOTO PiBHS.

Jnst hopmymroBaHHS 3a7a4di ONTHUMAIBHOTO PO3MOIIY MOCIBHUX TLION]
ONIHI€T KyNIbTypH MO OOJIACTSAX 3 YypaxXyBaHHSM PHU3HKY BTpaT BPOXKAIO
BBEIEMO Taki Mo3HadeHHs. Hexail S — 3aranpHa MOCIBHA IUIOMIA, SIKY

IUTAHYETHCSl BIBECTH MiJ IF0 CUIBCHKOTOCIONAPCHKY KYIBTYPY; X, —
4acTKa 3araibHoOi IO, Ka npunajxae Ha k -y odnacte, k=1...,K ; u; —
BpPOXaiHICTh JaHOI KyJIbTypH B k - oOmacti mpu j -My CIEHapii,
k=1,....,K
BiJIBEJICHA MTiJ1 JaHY KYJIbTYpPY B k -if 0OnacTi.

j=1,...,J; s, — BUIbHA IOCIBHA IUIOILA, KA MOXe OyTH

2 3

[Tpn ¢dikcoBaHOMy po3moOAiIl MOCIBHUX Iwion] X = (X,,...,X;) CEpeaHs
0 KpaiHi BPOXKalHICTh KyJIbTYPH MIPU ] -MY CIIEHapii JOPiBHIOE

K
uj(x)=Zujkxk . (2.6)
k=1
CepenHbopivuHa BpOKANHICTB IO KpaiHi JOPIBHIOE
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K

zz UyX, - (2.7)

J=1 k=1

klH

a@:%z%up

Henobip yporxaro B KpaiHi Ipu j -M clLieHapii B IOPIBHSAHHI 3 €TAIOHHUM

piBaem & nopiBHIOE

W(x, ) =& -u (x)=& =D u,x, . 2.8)

Pusux HenobGopy BpoXkaro B TMOpPIBHSAHHI 3 ETAJIOHHUM pIBHEM
BUMIpIOeThCsl mokasHukoM CVaR,(@w(x)) 1 obuucmioeTsest 3a (Gopmyrnoro

(2.5), ne

3amavya onTuMizanii po3noaiay MOCIBHUX IUIOINI MiJl OJHY KYJbTYpYy MO
001aCTsM 3 ypaxyBaHHSIM PU3UKY TOJSATra€ y BU3HAYEHHI TAaKOTO PO3IMOJLTY
mociBHMX mwIom, X =(X,,...,X;) , TpPH SAKOMY MAaKCHMi3yeThcs i
cepeHbOpIYHA BpPOXKaWHICTh MO KpaiHi

#(x") =max ZZu WX, (2.9)

j=1 k=1
1 IpU IbOMY BUKOHYIOTBHCSI OOMEKEHHS:
® Ha pU3UK He10OOpy BPOXKAIO
CVaR,(W(x))<R, (2.10)

® Ha CyMy MOCIBHHUX IUIOII, BIABEACHUX I/ KYJIbTYpPY B yCiX 00JIacTIX

iﬁzh @2.11)

k=1
® Ha MOCIBHI MJIOII], SIKi MO’KHA BUUTUTH B OKPEMHX 00J1aCTSX,

0<%SZ k=1,...,K . (2.12)

Bemuunna R B oOmexenHi (2.10) BimoOpakae TMPUHHATHUN 3 TOYKH
30py 3a0e3nedeHHs MpPOAOBOIBYOI Oe3NeKd KpaiHM piBeHb HeHZo0opy
BpOXXKat0 B po3paxyHKy Ha 1 ra. Ilpm 1mpomy MaeThcs Ha yBasi, IO
KOMIICHCYBAaTH BTpaTH BPOXKAI0 MOXKHA 3a PAXyHOK IHIIMX JDKepel,
HalpuKJIaJ HasIBHMUX 3amaciB ab0 CKOpPOYEHHs EeKCIOPTY BiAMOBiAHOL
cinbepkorocogapebkoi mponykmii. OmiHka pu3WKy B JIiBi  4acTuHI
oOmexxeHHs (2.10) TOBMHHAa BHKOPHCTOBYBAaTHCS SIK OCHOBa JIJIS
BUPOOIICHHS cTpaTerii (hopMyBaHHS HEOOXiTHUX OOCSTIB 3armacis.
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[TomHOXUBIIM 00MABI YacTUHU oOMexeHHsa (2.11) Ha BenuuuHy S,
oTpuMaeMo OajlaHCOBE OOMEXKEHHs, fKE€ TrapaHTye, L0 CyMa IOCIBHHX
IUTOI, BIABEJIGHUX IIiJ L0 KYyJIbTYPY B YyCIX 00JacTax, IOpIiBHIOE il
3arajibHOI MOCIBHOI MJIOIII .S Ha piBHI KpaiHH.

2.2 Pe3yJbTaTu po3paxyHKiB

B nmanmomy po3mini MareMaTtWyHi METOAM 1 MOJEIb, W0 OynH
3allpONIOHOBAaHI B MONEPEJHbOMY PO3[iI, BUKOPUCTOBYIOTHCA IS
MIPOBEACHHS PU3HK-aHAI3y e(EeKTUBHOCTI BUPOOHUIITBA O3UMOI MIIICHUII B
KOXKHIA oOnacTi YKpaiHu, a TakoXX IJis pILIEHHS 3aJadl ONTUMAaJIbHOTO
PO3M0/ILTy OCIBHUX IUIONI 10 00JIaCTSM 3 YpaxyBaHHSAM PU3UKY.

3 ypaxyBaHHSM TOro, WIO TMepiojA, 3a SKUH BUKOPUCTOBYIOTHCA
CTaTUCTUYHI JJaH1 PO BpoXkalHIicTh, J = 13, mpu BUOOp1 piBHS 3HAYUMOCTI
a = 0.77, 3nagenns CVaR,.,(@W) npuOIM3HO IOPIBHIOE CEPEAHBOMY
3HAYEHHIO HeJ1000pY BPOKAIO 3a TPU HaWOUIbII HEBPOXKAMHI POKH.

3riIHO 3 METOJIMKOIO, 5K 3aCTOCOBYETHCS B YKpAiHi Ta B ACSIKUX 1HIITUX
kpainax ~ CHJI,  BpoXaifHICTb  CLIBCHKOTOCIOJAPCHKUX  KYIBTYp
BHU3HAUYAETHCS B PO3paxyHKY Ha | ra muiomii, 3 SIKOT 3a0UpaeThCsl ypoKai.
Jlis mpoBelleHHS pHU3MK-aHali3y OyiM OTpHMaHiI 3HAu€HHS BPOXKANHOCTI
03UMOi MIIEHUII B PO3paxyHKy Ha 1 ra mociBHOI IUIONII SIK MO 0OJIACTSM,
TaKk 1 MO KpaiHi, 1 BU3HAYEHO cepe/Hiil 3a 13 pokiB piBeHb ii BpOxKaWHOCTI
o xpaini & . Orpumane 3Hadenns & = 27.28 11 3 OAHOrO FeKTapa 3acisHol
IJIONIi B TOJANBIIOMY BHKOPHUCTOBYBAJIOCS SK €TaJOH, IMIOAO SKOTO 3a
dhopmynoro (2.1) Bu3Havanmucs BTpaTH Bpoxaro. [lo koxHii obnacTi Oynu
BH3HAYCHI CEPEIHBOPIYHI 3HAUCHHS BPOXKAWHOCTI O3UMOI MIICHHMIN 1
po3paxoBasi 3a ¢hopmyoro (2.5) 3HaueHHs pU3UKy Heao00py ii Bpoxkaro.

Bumnaakosa MIH/IABICTH BpPOXKAHOCTI CLIBCHKOTOCTIONAPCHKOT
KyIbTypH y (bikcoBaHiii 0o0macTi XapakTepH3yeThCsl JABOMa MOKAa3HUKAMHU:
CEpPEIHBOPIYHUN BPOXKAWHICTIO 1 PHU3UKOM HEIOOOpYy BpOXKaw IO
BiJIHOIIEHHIO JI0 €TaJOHHOTO 3HA4eHHA. L[i TMOKa3HHWKH XapaKTepu3yIOTh
e(heKTUBHICTh il BUpOOHMIITBA B MaHii oOmacti. [lopiBHsSHHS oOnactel 3a
[IMMHU JIBOMa MOKAa3HUKAMH 3PYYHO MPOBOJUTH 3 JOMOMOror rpadika, Ha
SKOMY 110 oci X BimkmamaroTbes 3HaueHHs pusuky, CVaR, .., a mo oci Y -
CepeHbOpIYHA BpOXKaWHICTh, 1T HA | ra mociBHOI Twiomt (auB. Puc. 5).
Touni 3 xoopawHatamu (x,)) Ha IbOMY Trpadiky BiJNOBiIae 00IACTH,
CepeIHbOpIYHA BPOKAWHICTH B SIKIM JOPIBHIOE y , a PU3HK HEI0O0pYy
BPOXKAK0 — X .

VY niBOMy BEpXHBOMY KYTKY pO3TallOBaHI TOYKH, SIKI BiJIIOBIJAIOTH
o0JacTsM 3 HAWOUTBII COPHUATIMBUMH YMOBAaMHU JJII BUPOOHHIITBA O3MMOL
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MIIEHUII], OCKIIBKY BOHM XapaKTEPU3YIOThHCS OPIBHAHO BUCOKHUMHU PIBHAMU
CepeIHbOPIYHMI BPOKANHOCTI 1 HU3bKUMHU 3HAYEHHSIMHU PU3HMKY HEL000py
Bpoxkato. Y 1o rpyny BxonaTh Yepkacbka, KuiBcbka, BinHuibka Ta
BonuHcbka o6acTi.

o L W Yepkacckas o6:.
5= A O
s =
g A * P * "o AK 6 .
S B — - neBcKas 0bn
- Q 0 hd A4
d=.) =] [ v [ .
! - A O BUHHULKas 06..
=% % [A)
O & T T T T T T T T T T T T T 1

>

456 7 8 9101112131415161718
Puck Henobopa ypoxkas (CVaR_0.77), u/ra

Puc. 5. Jliana3oH criBBIIHOLIECHD "pU3HK HET0O0OPY BpoXKaro -
cepeIHbOPIYHA BPOXKAWHICTE" 110 00acTsIM YKpaiHu Ui 03UMO1
TIIIEHUII].

HalimeHmiuM  pusukoM  HeqoOOpy  BpOKal0  O3UMOI  IMIICHMIN
xapaktepusyerbcs BonmHcbka 00macTs, y sikiit 3HaueHHs pusuky CVaR, ,,=

4.45 11/ ra. Takum 4MHOM, B CepeIHbOMY 3a TPHU HAMOIIbII HEBPOXKANHUX B
it o6xacti poku i3 13 Heno6ip BpoXKaro 03MMOI MIIEHUII MO BiHOIIECHHIO
1o eranony (27.28 1 / ra) craHoButh 4.45 11 / ra. [Ipore cepennbopiuHa
BpOXKaWHICTH 1i€1 KyIbTypH B BomuHcebkiit o6macti (28.05 11/ ra) nabararo
HIDKYE BiJMOBIIHOTO MoKa3HUKa B Yepkachkiii oomacti (33.87 11/ ra).

Jocuth Xopolle CIBBIIHOMICHHS "pU3MK HEI000pYy BpOXKaw -
cepeqHbOpiyHa BpOXKalHICTR" nemoHcTpye KwuiBchka o0macth, B sIKii
CepeHhOpIYHA BPOXKAMHICTh 03UMOI MIIeHuIl Ha 4.76 11 / Ta BUIIE, HIXK y
Bonuncekil, a pusuk Buie Tiabku Ha 0.41 11/ ra.

Haiiripime cniiBBigHOMmEHHS "pU3HK HEA000PY BPOXKAIO - CEPEIHBOPIYHA
BPOXKAMHICTR" JTEMOHCTPYIOTh 00JIacTi, SKUM BIAMOBITaIOTh TOYKH B
paBOMY HWXHBOMY KYTKY Ha rpadiky, OCKUIBKM y HHMX HH3bKI pPiBHI
CEepPEeNHBOPIYHOT BPOKAWHOCTI 1 BHCOKI 3HAUYEHHS PHU3HKY HEI000py
BpOXkKalo. Y L0 TPylmy BXOAATh MuKonaiBcbka Ta XepcoHCbka 00JacTi.
MukomaiBchbka 001acTh XapaKTEePHU3y€EThCsl HAHO1IBIIMM 3HAYCHHSIM PU3UKY

CVaR,,,=16.93 i/ ra Ha (HOHI JOCUTH HU3BKOTO 3HAYEHHS CEPETHBOPIUHOT

BpOXKaiHOCTI o3uMoi mmieHmii, 23.76 1 Ha | ra mociBHOI TUIOMNII.
Haiimenmmii piBeHb cepeTHbOPIYHOI BpOKAHOCTI 03uMoi miienuri, 21.98
1l / ra, Mpu JOCUTH BHCOKOMY piBHI pusuky, CVaR,,, = 11.44 u / ra,

neMoHcTpye ABToHOMHA PecrryOimika Kpum.
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Po3rnsiHemMo, K BIUIMBa€ po3Mip 3arajibHoi MOCiBHOI Twiomi S 1 i
pO3M0JIL1 MK 00JacTsIMM Ha €(eKTUBHICTh BUPOOHUITBA O3UMOI MIIEHUL
Ha piBHI KpaiHu. [IpoBeneHo yoTupu cepii po3paxyHKiB IpU 3HAYEHHSX S,
piBHEX 2356.5, 5089.2, 5533.8, 6499.4 Tuc. ra, SKi BIJNOBIIAIOTH
3arajlbHUM TOCIBHUM ILIOLIAaM, BI/IBEZICHUM B YKpaiHi il 03UMY MIIECHUIIO
B 2003 p, 2006, 2012 1 2011 pp. BiAMOBIAHO.

Jns mapamerpy S, , SKUH BHKOPHCTOBYETbCS B MpaBiii 4acTHHI
obmexenHs (2.12), mu BUOpanu MakcuMaibHy 3a 13 poKiB MOCIBHY IUIOMNIY,
sKy OyJI0 BiJIBEJICHO M1l 0O3UMY IIIEHULIO B k -if obnacri, k=1,...,K .

VYV KoxHil cepii po3paxyHKiB po3B's3yBajach 3ajada (2.9) - (2.12) npu
PI3HHUX 3HAYEHHSAX MpPaBOi 4acTUHU B oOMexeHHi (2.10), R,,...,R, , AKuM
BIJNIOB1AI0Th ONTHUMAJbHI PIIICHHS x;l ,...,x;V . OnTUManbHe PilleH s X,

3agaui (2.9) - (2.12) npu ¢ikcoBaHoMy 3Hau€HHI NpaBoi yacTWHU R, B
obmesxeHHi (2.10) xapakTepu3yeThCsl CIIBBITHOUICHHSAM "PU3MK HEZ000pYy
BpOKAl0 - CEpPEeIHbOPIUYHA BPOKANHICTH': (CVaRO'W(w(x;’)),ﬁ(x;I)) ,
n=1,....N.

SIkmo BimoOpasUTH TOYKM 3 TaKMMU KOOpJIMHATaMU Ha rpadiky, Ha
SKOMY 110 OCi X BIJKJIa#aroThCs 3HaueHHs pusuky, CVaR,,,, a mo oci Y -
CepeHbOpIYHA BpPOXKAWHICTH Ha PIBHI KpaiHW, TO OTPUMAEMO KpPHBY,
aHAJIOTIYHY  MexXIi e(eKTUBHOCTI Mapkosiia, AKa  LIMPOKO
BUKOPHUCTOBYETHCS B T€OPii MOPTQENbHOI ONTUMI3AIli].

Ha puc. 6 BinoOpaxeHi YOTUPH TaKUX KPUBHUX, IIOMidueHi HoMepamu |
- 4.

Kpim Toro, moka3aHi TakoX 1 TOYKM 3 Homepamu 5 - 11, mio
XapaKTepU3yIOTh (PAKTUYHI 3HAYCHHS MMOKA3HHUKIB €(PEKTUBHOCTI PO3MOILTY
MOCIBHMX TIJIOII 03UMO1 TIIICHUII TI0 001acTsIM YKpaiHu B Pi3HI POKH.

KpuBa 1 Ha rpadixy € Mexer epeKTHBHOCTI PO3MOAUTY 3arajibHOi
MOCIBHOI TIJIONII O3WMOi MIIeHUIl po3Mipom S = 2356.5 Tuc. ra Mixk
obmactsimu Tipu (ikcoBaHWX 3Ha4YeHHsX §,, k=1,...,K . Came Ha Takiil
o Oysa mocisiHa o3uMa mmeHuns B Ykpaini B 2003 p . Ile 3naueHHs -
MmiHiManbHe 32 2000 - 2012 pp. Kpusiii 2 BiAmoBigae miomia po3mipoMm S =
5089.2 tuc. ra, kpusiit 3 — S = 5533.8, kpusiii 4 — S = 6499.4 Tuc. ra.

Hns  xoxHoi Toukm KpuBoi 1 i Y - KoopauHata JOpPiIBHIOE
MaKCUMaJbHO MOXIIMBOMY 3HAQUEHHIO CEpPEAHbOPIYHUN BpOKAHHOCTI
03UMOi TIIEHHUIll IO KpaiHi 3a yMOBHU, IO PHU3HK HEAO0OpY BpPOXKAIO
CVaR,,, He mepeBWIlye 3HAYEHHs, MO BiAMOBimae il X -KOOpAWHATI.
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Kpaitns 3miBa Touka Ha KpuBii 1 BiANOBiZa€ MIHIMAJBHOMY 3HAYEHHIO
PU3HKY, K€ MOKHA JIOCSTTH IPU ONTUMAIBLHOMY PO3MOALI MiX 00JacTAMHU
MOCIBHOI miowii po3mipoM S = 2356.5 Tuc. ra.

[Tpu Oynb-KOMYy 3HAUYEHHI BETUYMHU R B MpaBiil 4acTHHI OOMEXEHHS
(2.10) menmomy, HIX 1el MIHIMaIbHUM pU3HK, 3aaa4a (2.9) - (2.12) He mae
normycTumoro pimeHHs. KpaitHs nmpaBopyy Touka Ha Iil KpHUBiil BiNoBigae
ONTUMAJILHOMY pillIeHH!IO 3a1a4i (2.9) - (2.12) 3 MakcuManbHO MOXKJIMBUM
pusukoM. IIpu 3HayeHHsAX R , 10 NEPEeBEpUIYIOTh Led MaKCHUMalbHUN
pusuk, oomexenHs (2.10) Oyne HeakTUBHUM, ToOTO 3amaya (2.9) - (2.12)
Oyzne exBiBaJleHTHA 3ajadi Makcumizauii QyHkuii (2.9) npu oOMexeHHAX
(2.11)1(2.12).

30,2 ?ﬁ.—‘
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9 296 S ——2
S 294 of
:E 292523 i3
¥ -
Q 7’
> &84 Z ©3
® =78 '1/_{,‘ 6
-] 18 =
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6,0 64 68 7,2 76 80 84 88 9,2 9,6 10,010,410,8
Puck nexo6opa ypoxas (CVaR_0.77), u/ra

Puc. 6. CiiiBBigHOIIEHHS (DaKTHIHUX MTOKA3HUKIB €()EKTUBHOCTI PO3TOILITY
MOCIBHUX TUTOLT 03UMOI MIIEHULI 10 00JacTsM YKpaiHu B pi3Hi pOKH i
MexaMH e(DeKTHBHOCTI.

Cnig  3a3HauuTH, 1O 3HAYEHHS MAaKCHUMaJbHOTO PHU3UKY JUIA
HEONTUMAJBFHOTO PO3MOJUTY TOCIBHOI IUIONII MO 00JacTIM MOXE iCTOTHO
MepPEeBUIIyBaTH MaKCUMAJIBHUN PU3WK, OTPUMAHHWKM TMPU BHUPIMIEHHI 3aaadi
(2.9) - (2.12). Takum YMHOM, TIPU 33/J]AHOMY 3HAYCHHI PU3HMKY 3HAUCHHS
CEepPeNHbOI BpPOKAMHOCTI MOXKHA 30UTBIIMTH TIABKH IO PIBHS, W10
BU3HAYAETHCS BIIOBITHOIO TOYKOIO, PO3TAIIOBAHOI HA MEXKi e(hDeKTHBHOCTI.
[Tonanpiie MiABHUILEHHS PIBHS CEPEIHBOI BPOKAWHOCTI MOKHA JIOCSTTH
TIJTBKY 32 PAXyHOK 30UTBIICHHS 3HAUEHHS JTOMTYCTUMOTO PH3UKY Ta MOIIYKY
ONTUMaIBHOTO pimeHHs 3amadi (2.9) - (2.12), axomy Oyxe BigmoBigaTh
TOYKA Ha MEXi e(PEeKTUBHOCTI, IO JIC)KHUTH MPABIIlIe 1 BUIIE BUX1THOI TOUKH.
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o iTepaTUBHY NpOIEIypy MOKHA NPOJOBXKYBATH JO THUX IIip, ITOKH
oomexernns (2.10) 3amumaerbess akTuBHMM. KpaifHiii mpaBiit Towli,
po3TalloBaHii Ha Mexi e()EeKTHMBHOCTI, BIJIOBIa€ MaKCUMalbHUM pIBEHb
CepeIHbOI BPOXKAHHOCTI, SIKUM HEe MOYKHA MEpeBepIIMTH NpU (IKCOBAHUX
3HA4YEeHHSAX PO3MIpiB 3arajibHOI MOCIBHOT IO S 1 BUIBHOI MOCIBHOI IO
s, B k -1 obmacti, k=1,...,K , s;xka Moxxe OyTH BiJBeAEHa IiJ JaHY

KYJIBTYpY.

3MiHa 3HaYeHHS S NPU3BOJIUTH J10 3MIHM (OPMHU 1 PO3TALIYBAHHS MEXI
epextuBHOCTI. Ha puc. 6 BuaHO, 110 31 30UIBIIEHHSAM pPO3MIPY 3arajbHOI
MOCIBHOI TwIONii S , SKy HEOOXIHO pO3MOAUIMTH MDK 00JacTsIMH,
BIJIMOBiHA MeXKa €(EeKTUBHOCTI 3MIITYETHCS B OIK MPABOT0 HIKHBOTO KYTA.
B Tomy x HanpsiMKy 3MILIYIOTbCS TX KpaiiHi JIiB1 1 KpaliHi MpaBi TOUKH. Taka
3aKOHOMIPHICTh B PO3TalllyBaHHI MeX €()eKTUBHOCTI CBIAYUTH MPO TE, LIO 31
30iMBIICHHSAM 3HAYeHHs S ONTUMalbHI pimeHHs 3amadi (2.9) - (2.12)
XapaKTepU3yIOThCSl BCE TIPUIMMH CIIBBIJHOLIEHHSMHU "pU3UK Henoo0py
BPO’KAIO - CEpEAHBOPIYHA BPOKANHICTB".

Y mpaBoMy HIDKHBOMY KYTKY 300paxkeni Touku 5 - 11, 1o
XapaKTepU3ylOTh IOKAa3HUKM e(PEKTUBHOCTI  (HAKTHUHOTO  PO3MOJLTY
MOCIBHMX IIJIONI O3WMOI MIIEHUIl pi3HUX po3mipiB S 3a 2000 - 2012 pp.
Jis toro mo0 MiJKPeCIUTH, HACKUIBKM pimieHHs 3amadi (2.9) - (2.12)
MOKpAIly€e MOKAa3HUKK e(EKTUBHOCTI PO3MOALTY TOCIBHHX IUIOH] O3MUMOi
IMIIEHUIII B TTOPIBHAHHI 3 (D)aKTUYHUMH 3HAYCHHSIMH, JICSIKI TOYKH ITO3HAYCHI
TUMH K MapKepamu, 110 1 BIAMOBIAHI iM Mexi epexkTuBHOCTI. Hanpuknan,
HWKHS TOYKA, MIO3HaYeHa POMOUKOM, BiIOOpa)kae CIiBBIAHOIICHHS '"PHU3UK
HeIo00py BpOXKAK - CEepeaHBOPIYHA BPOXKAWHICTB', IO XapaKTEPH3YE
¢baxtuunuii posnonina B 2003 p 3aranbHOT MOCIBHOT TUIOIII O3UMOI MIIEHHUIT
po3mipom S = 2356.5 Tuc. ra Mk obOnactamMu. TakuMm ke MapKepoM
Mmo3Ha4yeHa Mexka eeKTUBHOCTI 1, moOymoBaHa B pe3yibTaTi BHUPIIICHHS
JEKUTBKOX 3a]lad MpU PI3HUX 3HAYCHHSIX R B MpaBiii 4acTUHI OOMEXCHHS
(2.10) 1 ¢ixcoBanomy 3HadeHHi mwiomi S = 2356.5 Tuc. ra. AHaJOTri4HO,
Toulli 8§ 1 Mexi e(pEeKTHBHOCTI 2, MO3HAYEHUMH MOPOXKHIM KBaapaTOM,
BigmoBimae oxHe 3HadeHHS S = 5089.2 tmc. T'a; toumi 10 1 Mexi
epexktuBHOCTI 3 - 3HaueHHs S = 5533.8 Tuc. ra; toumi 9 i Mexi
edeKkTUBHOCTI 4 - 3HaueHHs S = 6499.4 tuc. ra.

Biacranps Mixk KOKHOIO TIapor0 TakuxX rpadivyHUX 00'€KTIB XapaKTepU3ye
CTYIiHb €()EKTHBHOCTI OMTHMI3aIlii PO3MOALTY 3arajlbHOT MOCIBHOI IO
MDK oOmactamu. Puc. 6 naemMoHCTpye, 1o HaiOUIbIIa e(PEeKTUBHICTH
JOCATAETHCS TPU MiHIMAIbHOMY 3Ha4eHH1 S . 3 pOCTOM pO3Mipy 3araibHOi
MOCIBHOI TUTOINTI, SIKYy Tpeba pOo3MOAUIUTH MiX 00JIacTIMH, €()EKTUBHICTH
ONTUMI3aIli] majae.
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JUis TOYOK, IO3HAYEHMX MOPOXKHIM KPYXKEUKOM 1 CHMBOJOM -+,
BIAMOBiAHI Mexi edeKTHBHOCTI He HaBeAeHO Ha rpadiky. [lepma 3 HHX
BIJNOBIAa€ HaWOUIbII edeKTUBHOMY (AKTUYHOMY pO3MOAUTY 3arajbHOi
nociBHoi miouii (2000 p), a Apyra - HalOUIBII HeePEKTUBHOMY PO3IOALITY
(2002 p).

VY Tabnuni 2.1 HaBeneH! ONTHMabHI BapiaHTH PO3MOJUTY 3arajbHOI
MOCIBHOI TUIOMII 03UMOI MIICHHII MIX OOJIACTSAMH, AKI XapaKTepU3YIOThCS
MiHIMaIbHUM pU3MKOM HenoOopy Bpoxato ( CVaR,,, ). Lli  Bapiantu

po3mnojainy, oTpuMani mpu po3B's3anHi 3amadi (9) - (12) ana S = 2356.5
trc. ra, 5089.2 tmc. ra i 5533.8 THc. ra, MOPIBHIOIOTHCS B TaOMHIN 3
PO3MOAIAMH TAaKUX JK€ 3arajbHUX Tuionl, peanizoBanumu B 2003, 2006 i
2012 pp. Ha MPaKTHIII.

Ob6nacti posramoBani B Tabmuii 2.1 B MOPSAKY 3pOCTaHHS PU3UKY
HeZ000py BpOXKaK0 03UMOi MIICHUIN. AHali3 MOKa3ye, 10 MPH PO3MOALTI
3araJibHO1 MOCIBHOI IJIOLII MOPIBHAHO Masloro po3Mipy (.S =2356.5 tuc.ra 1
S =5089.2 Tuc. ra) c MiHIMaJIbHUM 3HAYEHHSIM PU3HUKY HEA000pY Bpokaro (
CVaR,,;), i 03uMy IMIICHULI0O B OCHOBHOMY BUAUISIOTHCS BiJIbHI MOCIBHI

IUIOII B OOJIACTSX 3 CHPUATIMBUMH YMOBaMH JUIsl ii BUPOOHUIITBA (BEpXHIi
psaxu Tabaumi 2.1).

VY 3B"I3ky 3 OOMEXKEHHMM pPO3MIPOM BUIBHOI TOCIBHOI IUIONII B IUX
obmactsix S, , 31 30UIBIICHHAM 3HAYCHHS S JOBOJUTHCSA 3alisTH BUIbHI

MOCIBHI IJIOMII B 00JACTSX 3 MEHII CHPHUITINBAMU YMOBAMH, IIO MOTipIITye
CITIBBITHOIIICHHS "pU3HK HEA000PY BPOXKAIO - CEPEAHBOPIUYHA BPOKANHICTE"
Ha piBHI KpaiHH. 3TiJHO 3 TOPSAKOM PO3TAIlTyBaHHs 00JacTei B TaOIuIl, B
HIDKHIA YacTHHI 3HAXOMATHCS 00JIACTi, SIKI XapaKTePU3YIOTHCS BEIMKHAM
PHU3UKOM Heo00py Bpoxkaro. J[o HUX BiTHOCATHCS MIBIEHHI 1 CXiqHI 00MacTi
VYkpainu.

Tabnuiss AeMOHCTpYyE 3HAYHE 3MEHIIEHHS I1X YacTKH B 3arajbHii
MOCIBHIM TIJIOMNII O3WMOI TIICHMIII B ONTUMAJIbLHUX BapiaHTaX PO3MOJILTY B
MOPIBHSIHHI 3 BapiaHTaMH PO3MOJTY, pPEaTi30BaHUMH B PI3HI POKH Ha
npaktuii. [Ipy 1bOMy B ONTHMANBHUX BapiaHTax yacTka MUKOJIAiBChKOT
0071., sIKa XapaKTepU3YEThCSI MAKCHMAIILHUM PU3UKOM, JJOPIBHIOE HYIIIO.

[TopiBHSHHS (HAKTHYHOTO PO3MOAUTY 3 ONTUMAJIbHUM CBIIYHTH, MIO
caMe ICTOTHHUM 30ULIBIICHHSAM 4YacTKH O0JacTeil, HECHPUSTIUBHX IS
BHUPOIIYBaHHS O3WMOi IIIIEHHWINl, B 3arajbHId TIOCIBHIA TIJIOMII, SKE
MPAKTUKYBAIOCS B PI3HI POKHU, TOSICHIOETHCS BEIUKHA PU3UK HET000PY
BpOJKar0 Ha PiBHI KpaiHH.



Tabauys 2.1.
ITopiBHSIHHA (PAKTHYHOIO PO3MOALTY 3araJIbHOI OCIBHOI IIOIIi 03MMOI
NIIEeHHUIIi 0 00J1aCTAM 3 ONTHMAJILHHAM 1 S = 2356.5, 5089.2 i 5533.8

THC. T'a.
Po3noain nociBHOI mitonti 03umMoi nienuii no odjaacram (%)
§=2356.5THc.Ta | §=5089.2 THC. T2 § =5533.8 Tuc. ra
Obaactsb Onrtu- 22:;,]“ OnTu- ®aktn- | Onru- Daxru-
MaJILHH 2003 MalbLHE | HH MaILHH | THUi
171 r) i (2006r) | i (2012 )
Bonuncbka 5.42 3.90 2.51 2.37 2.31 2.19
KuiBcbka 11.43 0.98 5.29 4.13 4.87 3.23
3akapnaTrchka 1.46 1.09 0.67 0.57 0.62 0.62
JIbBiBChKa 5.92 4.43 2.74 2.36 2.52 2.48
UYepkacbka 11.25 1.56 5.21 3.83 4.79 3.90
PiBHeHChKA 5.17 2.40 2.40 1.78 2.20 1.75
Binnnnpka 15.90 5.08 7.36 4.38 6.77 6.28
g;;‘g;mma 2.62 1.08 1.21 0.81 1.12 0.91
TepHoMinbChKa 8.78 3.90 4.07 3.09 3.74 3.74
XMeIbpHUIbKA 12.50 5.20 5.79 3.30 5.32 3.90
XKurommpcrka 0.65 2.18 3.15 1.75 2.90 1.73
YepHiBeupka 0.00 1.36 1.21 0.64 1.11 0.79
CyMcbKa 0.00 2.84 4.47 1.85 4.11 3.38
AP Kpum 7.94 10.93 7.78 5.99 7.16 5.72
YepHiriscpka 0.00 291 3.16 2.40 2.90 2.58
ITonraBchka 0.00 1.59 7.10 4.98 6.53 3.58
JloHenpka 0.00 6.42 4.69 6.66 7.54 7.21
KipoBorpazacbka 10.97 2.60 7.54 5.51 6.93 391
3amnopi3pka 0.00 6.72 10.07 5.84 9.26 7.52
XapkiBCbKa 0.00 7.40 9.33 7.06 8.58 6.35
Opnecbka 0.00 7.30 1.80 8.09 5.18 8.03
Jlyranceka 0.00 7.87 0.00 4.40 3.51 5.34
XepcoHChbKa 0.00 7.89 2.45 5.35 0.00 4.39
fﬂ‘“p"“eTpOB""“ 0.00 0.86 | 0.00 6.86 0.03 5.99
MuxomnaiBcbka 0.00 1.54 0.00 5.99 0.00 4.47
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[TominmmTr  cmiBBiAHOIIEHHS  "pU3WK  HEmNOOOpYy  BpOXKaw -
cepeIHbOpIYHA BPOXKANHICTE" HA PIBHI KpaiHU MOKHA HUISIXOM 301IbIIEHHS
MOCIBHUX IUIOII O3MMOi MIIEHUIl B 00JAcTAX, PO3TALIOBAHUX Y BEPXHIX
psaakax TaOmuIl, 3a PaxXyHOK KYJIbTYp, APYTOPSIHUX 3 TOYKH 30Dy
MIPOJIOBOJIHYOI OE3MEKH.

3rigHo 31 craructuyHuMH Aanumu [28], 3a 1990 - 2011 pp. mioma, 3
aKoi 310paHo BpoXkail COHSIIHMKY, 30utblmiacst B KuiBchbkiit 001. B 17.9
pas3u (3 4.8 Tuc. ra B 1990 p o 86,0 Tuc. ra B 2011), B Uepkachkiii 001. - B
4.2 pa3u (3 37.9 tuc. ra B 1990 p no 157.8 tuc. ra B 2011), y Binaumekii
0071. - B 4.3 pasu (3 34.3 tuc. ra B 1990 p no 148.0 tuc. ra 8 2011); moma, 3
aKoi 310paHo Bpokall pinaky, 30uibumiacs B KuiBebkiit 06i1. B 3.8 pasu (3
9.2 tuc. ra B 1990 p no 35,4 tuc. ra B 2011), B Uepkacobkiii 0o0i. - B 46.8
pasu (3 1.5 tuc. ra 8 1990 p no 70,2 tuc. ra 8 2011), y Binnunpkiii o6 - B
12.3 pa3u (3 11.6 Tuc. 'a B 1990 p no 143,0 tuc. 'a B 2011).

Ax6u B 2011 p B miJ COHSAMIHMK 1 parc Oyau BiABEAEHI Takl K IO,
gk 1 B 1990 p, To y Bcix oOmacTsx yTBOpWIHCS O HAIIMIIKKA BUIBHUX
MOCIBHUX ILJIOL, PO MacITabu SIKUX KPaCHOMOBHO CBIJ4aTh Taki LUppu: B
KipoBorpascekiii 001, i Haguimku ckinand 6 124% Bia mOCIBHOI IO,
BUIJIeHOT B it obmacti B 2011 p mig o3umy mnmieHuio; B Yepkachkiil -
62%; B XXutomupchekiii - 56%; B [lonraBcbkiit - 55%; y Binuupkiii - 49%;
B KuiBchkiii - 48%.

30UIBIIMBIIK B KOXKHIM 00J1acTi pO3Mip MOCIBHUX IUIOI, BiJIBEACHUX B
2011 p mig o3UMY MIUEHUIIO, HA BEJIMYMHY HAJUIMIIKIB, IO YTBOPHIIHUCS,
OTPUMA€EMO HOBI 3HAUCHHsI BUIBHMX NOCIBHUX Twtom, S, , k=1,...,K . Jlns

X JaHux Oyna pos3B'szaHa cepis 3amad (2.9) - (2.12) mono po3nonainy
3arajibHOI1 MOCIBHOI Moy po3MmipoM S= 6499.4 tuc. ra Mixk o0nactaMu
IpY Pi3HUX 3HAYCHHSX MPaBoi YaCTUHH B oOMexeHHi (2.10).

AHaui3 OTpUMaHUX pe3yJbTaTiB MMOKa3aB, M0 IPU HOBUX 3HAYEHHSAX S, ,

k=1,...,K , Mexa epeKTHBHOCTI, moO BiAmoBimae S = 6499.4 Tuc. ra

(kpuBa 4 Ha puc. 6) mepemicTuiacs Bropy 1 3pymmia BiiBo. [Ipu mpomy
miama3oH  3HAYEHb PU3MKY HENOOOpy BpOXKaw, IO  BIAMOBIgae
nepepaxoBaHii Mexi epeKTHBHOCTI, mokpammBcs 3 [9.8551, 10.5] mo
[8.872, 9.492], ToOTO HOBE 3HAYCHHS MAaKCUMAIbHOTO PU3HKY - 9.492,
CTaJ0 MEHIIWUM, HDK CTape 3HAYCHHs MIHIMAJIbHOTO pHU3HKY - 9.8551.
[TokpamuBes TakoXk 1 Jiama3oH CEepPelHbOPIYHUX 3HAYECHb BPOXKAWHOCTI 3
[27.08, 27.51] mo [28.11, 28.59], T06TO HOBE MiHIMadbHE 3HAYCHHS
CepeTHBOPIYHOI BPOKAWHOCTI 03MMOI MIIICHHUIII CTAIO OUTBIINM, HIXK CTape
MaKCHUMaJIbHE.
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3. METOJOJIOT'IA TIPUMAHSTTA PINIEHD B YMOBAX
HEBU3HAYEHOCTI

Po3gin mpucBsYeHO omuMCy amapary Mip pH3WKY, MPHU3HAYCHOTO IS
OLIIHKM PU3UKIB B 3a/la4ax MPUHHATTS PIlICHb B YMOBaX HEBU3HAUYEHOCTI.
[Tix TakumMu ymoBamu OyZeMO PO3yMITH HEETEPMIHOBAHICTh MPOLIECIB, L0
BHUBYAIOTHCSA, HACHIJIKU SIKUX CYTTE€BO 3aJI€KUTh BIJl JNESIKUX BUIMAJIKOBHX
(HEeBM3HAYEHUX ) TAPAMETPIB.

Bynemo po3pi3HATH JBa BUMNAAKH: KOJM IMOBIPHICHI PO3MOJUIN TaKUX
napaMmeTpiB BiioMi Juist ocodu, 1o npuiimMae pimenHs (OI1P), Ta konu BoHn
He Bigomi. B [29] Taki Bunaaku O0yno Ha3BaHO BiAMOBIAHO YMOBaMHU PU3UKY
Ta YMOBaMHM HEBHU3HAYECHOCTI. 3pO3yMiIO, MO SKYCh IH(OpPMAIIIO PO
noni6oui napamerpu OIIP HeoOximHO MaTH. SIK MpaBHIIO, B PI3HOMAHITHUX
MPaKTUYHUX 3aCTOCYBAaHHSX BIJjOMa JIMIIE YacTKOBa 1H(OpPMAIIS PO
PO3MOAITN BUNAIKOBUX MapaMeTpiB. HasgBHICTh HaBITH BEIMKOro HaOOpPY
CTaTUCTUYHUX (ICTOPUYHHUX) JIaHUX HE TrapaHTye MOBHOI 1H(opmalii mpo
iMOBIpHICHI po3nofinyd. MojentoBaHHs MalOyTHHOIO pPO3BUTKY MOMIiM
3aBXKJIM Hece B c00l HEBU3HAYEHOCTI, OCKUIbKM 3HAHHS MHHYJIOIO HeE
O3Haya€ 3HaHHS MallOYTHHOTO.

Sk mpaBWIIO, PU3UKHU TPOIECIB 3yMOBJICHI 1X HEBU3HAYCHOCTSMHU 3
MMOTEHIIITHO MOXJIUBUMH  HECHPUATIMBUMHU (K 70 HaWTIpHINX)
Hacmiakamu. [lo cyri, BOHM BiI0OOpa)kaloTh  OI[IHKM  peasizamii
MEeCUMICTUYHUX CIIEHAPIiB PO3BUTKY MOJIH Y BUTIISII BIAMOBIIHUX 30UTKIB,
BTpaT, TOHIO. 3pO3yMij0, MO CHOCOOM MOOYIOBH TaKHX OIIIHOK MOXYTh
Oyt pisHMMH. Hampukiaa, BOHM MOXYTh OINHMCYBaTHCA CEpEeIHIMHU
BTpaTaMy, MaKCUMaJIbHUMHU 30MTKaMH (HAUTIPIIMA BUIIAJIO0K), YU JACTKUMH
iHmmMu  BenwunHamu  [24,30]. 3a3Buuail Taki OIIHKKM OyIyrOThCS 3a
JIOTIOMOTOF0 TIeBHO1 MipH ((hyHKIIIT) pU3HKY, 10 BimoOpaxae ysiaeHHs OITP
PO Te, SIK OLIHIOBATH PU3UK.

B poGoTi omucyerhcs MaTeMaTHYHHM — amapaT — MOJieApaTbHUAX
korepeHTHUX Mip pusuky (IIKMP), skuii BBOAMBCA [UIS  BiIOMHX
IMOBIPHICHMX PpO3MOJIUTIB BUNAAKOBUX BenuunH (B.B.) [31] Ta motim
MOIIMPIOBABCS Ha BUMAJAOK HETOYHHX CIIEHApHUX WMoBipHOcTel [32]. Bin
BUSBHUBCS €EKTUBHUM JUJIsl TIOLITYKY ONTUMAIBHUX NOPTHENbHUX PIllIEHb 3a
CMIBBIAHOIIEHHSIM BHHAropojaa — pU3UK B YMOBaxX HEBU3HAYEHOCTI [32-34].

TyT uelt amapaT po3BHBAE€ThCS Ha BUIAJOK HETOYHUX IO CIIEHAPHUX
3HAa4YeHb BUIIAJKOBHX (HEBH3HAUEHHMX) BEIWYHH, JUIA SIKUX MOXYTh OYyTH
BiJIOMI JIMIIE iX OIIHKKA 3BepXy Ta 3HU3Yy. KpiM TOro, Ha OCHOBI
Bukopuctanas [IKMP 3ampornoHoBaHO €IWHUI MiAXiq 1O pO3B’S3aHHS
3a/la4 CTOXaCTUYHOT'O IPOrpaMyBaHHs Ta poOACTHOT ONTUMI3AIII].

3.1. EnemenTn anapary IIKMP
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Hexait wa iimoBipHicHomy mpocropi (€L, XZ,F)) 3amaHa B.B.
X(.):Q— R.B[30] nns omiHKK pU3UKY B.B. PIHAHCOBOTO IMOTOKY X OYI10

BBEJICHO MOHSATTS KorepeHTHOi Mipu pusuky (KMP), sika npeacrasnseTscs B
HACTYIHOMY BUTJISIIL:

p(X) =sup{E,[-X]: PO}, 3.1)

ne Ep[.] — maremaTu4He OYiKyBaHHS IO HMOBipHICHIA Mipi P, O — neska
ONyKJIa  3aMKHEHa MHOXXMHa MMOBIpHICHUX Mip. Mipa iHTepHperye
MOTEHLIHHI BTPaTH MOTOKY X, K1 OIUCYIOThCS BEJIMYMHOIO (—X).

VY Bunajky, Koiau B.B. X OIKMCYe BUTpATH, 30MTKH, BAPTOCTI Ta 1HIIE, 10
XapaKTEepPU3YEThCS TMOPSAJKOM IIepeBard ‘UMM MeEHIe, TUM Kpaume’, y
BianoBigHiit KMP BUKOpUCTOBYIOTH KOHCTPYKIIiO, aHaNOri4yHy 110 (3.1), ane
0e3 3HaKy “MiHYC” IpH B.B.:

P(X) =sup{E,[X]: P <0} (32)

Mipa (3.2) 3aCcTOCOBYETbCS B 3a/a4ax MPUUHATTS pillIeHb, B SIKUX B
AKOCTI KPHUTEpIiB Ta B OOMEKEHHSX 3BEPXY BHUKOPUCTOBYIOTHCSA (YHKIIT
MiHIMYMiB, OCKUIbKH 1€ O3HaYa€ caMe TaKUi MOpsAIOK nepesar. B iHmomy,
MPOTUJIC)KHOMY BHIIAJKy B SIKOCTI MIPH PU3HMKY JOLUIBHO BUKOPHUCTATH
npencrasieHns (3.1).

PosrnsHemMo Temep CKIHYEHHY AMCKPETHO pO3MOAUIEHY B.B. X, sKa

ONMUCYeThCSI  HAOOpOM CBOIX MOCIHEHApHUX 3HA4YEeHb X =(X,...,X,) 3

BIANOBIIHUMH CLIEHAPHUMU HMOBIpHOCTAMU p, = (P ,..., po) . s Takux

B.B. B [31] BBogmiocs mousATTs noiienpansHoi KMP (IIKMP), B sikomy
koHcTpykiis  (3.2) (BimmoBimHO (3.1)) mOmMOBHIOBajiach  yYMOBOIO
noJtieaipaabHOCTI (0ararorpaHHocTi) MHOXHHH (), TOOTO HOTO OMUCOM Y
BUTJISIL

O={p:Bp<c,p20}, (3.3)

ne B 1 ¢ —MaTpuIld Ta BEKTOP BIANOBIAHUX PO3MIPHOCTEH.
Crninyroun [33], posnoainumo onuc MHOKuHA Q B (3.3) Ha cTaHIapTHY
Ta 3MICTOBHY 4YacTHHHU. [IpescTaBUMO MaTpHIIO B Ta BEKTOD ¢ SIK

B = ,C = R (34)

ne By ico3(3.4) € crannapTHUMH:
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o (1), (1 s
O SRS A W 3:3)

. n
OCKUIBKH OITHUC Tb MOB . =1 , a Bl Ta ¢, NPEACTaBIIAOTH
=141

3MICTOBHY 4acTuHY B (3.4), sika BlIacHe 1 BU3HAaYa€ Mipy PU3MKY Y BUIIISAI1
criBBiHOIIEHb (3.2)—(3.5).

Hpuxaagu IIKMP [33]:

I11) cepenni Brpatn E,[X]: O = {po};

[12) makcumanbHi BTpaTu (Hadripmuii Bunanok): B onuci Q (3.2)—(3.5)
BiJICyTH1 B Ta ¢.

I13) mipa conditional value-at-risk (CVaR) [24]: B omuci Q (3.2)—(3.5)

1
B =1,¢= P>
l-a
[14) cnextpanbHa KorepeHTHa Mipa pusuky (SCRM) [35]: B omuci Q

(3.2)—(3.5) BI:],CIZ[Z—I 4 jpo , A€ J 1 q, BHU3HAYAIOThCI 3
i=1 LT Oy
BIATIOBITHKUX CITIBBiAHOIICHD [33].
I15) npencraBnennss Kycyoki iHBapiaHTHMX 3a posnoaiiom KMP

(KRRM) [36] B OIIKCI Q (32)*(35) B1 = ]’cl :( max ZL)pO [37]
(GRS Sl B

Bunagoxk HeTOYHHX cHeHApHUX F#MoBipHocTeii. [HONI BraeThcs
MOJICJTIOBATH  CIieHapii MalOyTHIX TOJIA 3 PO3MOMAUIOM IO HUX 3HAYCHD
B.B., MIPOT€ BAXKO 11EHTH(]IKYBAaTH BEKTOp CIIEHAPHHUX HMOBIPHOCTEH po,
SKUW JIUIIE OIIHIOETHCA 3BepXy Ta 3HU3Y. s momiOHMX cuTyallii, 1o
HA3WBAIOThCSl BUMAJKaMH HETOUYHUX HWMoOBiIpHOCcTeH, amapar [IKMP
MPOTIOHYE TaK 3BaH1 pOOACTHI KOHCTPYKIIii Mip PH3HUKY.

Ix mo6ynosa mossrac B HacTymHOMY. Y BHNAJIKy BiJOMHX PO3IOiiB
JTUCKPETHUX B.B. Mipa pU3UKY BHU3HAYa€ThCs KOHCTpYKIiew (3.1), (3.3) (um
BinmoBigHo (3.2), (3.3)), B skiii mpaBa yacTWHA cmiBBimHOIICHHS (3.3)
3aNneXuTh Bi po. Lle o3Havae, mo MHOXMHA (Q AJIA MIpU OINHUCYETHCA
NesIKUM OaraTo3HayHUM BioOpaxeHHsM (0.8.) O(p,).

Y BUIAJKy HEBM3HAYEHOCTI WOI0 po Y GopMi p eU, Mipa MOBUHHA
BpaxoBYBaTH 30UIBIICHHS PU3MKY MOTEHIIHHUX BTpaT 3a PaxyHOK i€l
HeBu3HayeHocTi. Toxi 1m0 movaTkoBi Mipi p (-) Oynyerbes ii poGacTHa

KOHCTPYKIIisL:
Py, (X) =sup{E,[X]: PeOU,)}, (3.6)
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e O() —6.8. py(.), Q(UP):c_oL U Q(pO)J , CO — ONyKNa  3aMKHEHa
PosUp
000JI0HKa.

IloGynosa p, .,y Burmsiai (3.6) mo movarkosii Mipi p, y dopmi (3.2) B
3arajlbHOMY BHITQJIKy HE € TpuBlanbHOO 3aaaueto [33]. [Ipore BoHa 3HauHO
CIIPOLIYETHCSI TPH MPOCTIH CTPYKTypl MHOKUHU U ,, 30KkpemMa y BUIAAKY
HETOYHUX HMOBIPHOCTEM, KOJM BEKTOp CLEHAapHUX WMOBIpHOCTEH po
OIUCYETHCSI CBOIMU HID)KHIMHU Ta BEPXHIMM OIIIHKaMHU p; Ta p, BIJIIOBIJIHO.
Toni mHOxkuHa U, Mae BUIIIAA:

Up={p:p20,2p,»=Lpzﬁp£pu}- (3.7)

i=1

B upoMy Bumnaaky pobactHi KOHCTpYKIii 1 npukiaagiB mip I11)-I15) e
[IKMP, mo omnwucytoTecs cmiBBigHOmEHHIMHU (3.2)—(3.5) 3 HACTymHUMU
atpudyramu [33]:

. . N | TP,
IT1") nuisa cepenHix BTpar: B, = ,Cp = ;

1 P
[12") nns MakcUMabHUX BTPAT: BIICYTHI B Ta ¢y
I13") st CVaR: B, =1,c, = lp“ ;
-a

114" st SCRM: B =1,¢c, = ZILJ p,» A€ A, 1 ¢, BU3HAYAIOTHCS 3
-1 1=Q;

1

JIeIKUX BIAMOBIIHUX CITIBBIJHOIIEHD;

n A
I15") wist KRRM: B =1,¢, =| max ——1p .
u
(Ayoened)eA 435 1_ai

Bunanok HeTOYHHX NMOCHEHAPHUX 3HaYeHb B.B. [Ipunyctumo, 1mo mu
HE MOXXEeMO 1eHTH(IKYBaTH MOCIEHAPHI 3HAYCHHS B.B., @ MAEMO JIUIIE X
BEpXHI 1 HIDKHI OIIIHKHA. Y TaKuUX BHMAJKaX MOXHA BUKOPHCTATH BXKE
po3BuHenuil amapat [IKMP nacrynuum ymHom. Hexaii 3nauenHst B.B. X
OIIIHIOKOTHCSA 1i BUITAJKOBHUMH (ITOCIIEHAPHUMH) BEPXHIMH 1 HIWKHIMH

ouinkamu X,;, X, , t00T0 Ik X €U, , ne
U, (0)={X(0): X,(0) < X(0)< X, (0)},0cQea.

Tozai Mo>keMO BBECTH BiATIOBIAHO HWXKHIN Ta BepxHii Bapiantu [IKMP.
VY BHManKy, KOJM BHKOPUCTOBYETHCS KOHCTPYKLis (3.2), MO3HAUYUMO SIK
HIKHIO Ta BepxHIo [IKMP B.B. X BinnoBinHO:
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p'(X) =sup inf E,[Y]=sup{E,[X,]: PO}, (3.8)

PeQ X

P(X)=supsupY =sup{E,[X,]: PeO}. (3.9)

PeQ YeUy

B pasi Buxkopuctanus KoHCTpyKii (3.1), BpaxoBy04H 3MiHY 3HaKy Ipu
B.B. X, BianoBigHi [IKMP Bu3Ha4aroThCS HACTYITHUM YHHOM:

P (X) = sup{E,[-X,]: P O}, p"(X) = sup{E,[-X,]: P O}

3po3ymino, 1o obuaBa Bapiantu [IKMP cniBnagaroTh, SKIO
MOCIIEHapHI 3HaueHHs B.B. Bigomi. OTXe, y BUNAAKY HETOYHHX
MOCLIEHAPHUX OIIIHOK MU OTPHUMAEMO BEpPXHIA Ta HMKHIM BapiaHTH Mipu
PHU3HKY, SIKI B OJIJIbIIIOMY MOXYTh BUKOPHUCTOBYBATHUCS B 3aJI€KHOCTI Bijl
IIOCTAaHOBKHM 3aJ1adi.

KomO0iHauissi HeTOYHMX CLHEHAPHUX WMMOBIPHOCTEl Ta HETOYHHX
NMOCHEHAPHUX 3HAYEHb. 3po3ymiio, 10 y BUNAAKY KOMOiHamii
MOMepeaHIX JBOX  HEBHU3HAUEHOCTEH MM MOXXEMO BHUKOPHCTAaTH BKE
PO3BUHYTUM MAaT€MaTHYHUN amapar. SIKIo Ipu HETOYHUX ITOCLEHAPHUX

3HaueHHsX ( X €U, ) MM MaeMO Ille¢ HETOUYHI CLEHapHI HMOBIpHOCTI (
po€U, ), 1o 3a cniBBiaHomeHHsMu (3.6), (3.8)—(3.9) HeBaxko

TIpeIcTaBUTH podacTHi KoHCTpyKwii ans p' (1) Ta p“(.):

P, (X) =sup{E,[X']: PeQ(U,)} :
pZO;UP (X) =sup{E,[X"]: PeQ(U,)}.

3.2. 3Be/ieHHs 32/1a4 CTOXACTUYHOTI'0 MPOrPaMyBaHHSA Ta POOACTHOI
onTumisamii 10 3agau 3 IKMP

B pobGori [37] omucyBanocs 3BEIEHHS IIHPOKOTO KIacy 3amgad
croxactuuHoro nporpamyBanHs (CII) Ta poGactnoi ontumizauii (PO) o
JNETEPMIHOBAHUX ONTUMIZAIlIMHUX 3adad 3a jgonomororo amapary [TKMP.
Haranaemo 3BiaTu nesiki paxtu.

Posrnsinemo 3amauy omTuMmizariii, B sIKii TPUCYTHS HEBU3HAUCHICTHh Yy
BUTJISIII JISSTKOTO BUTIAJKOBOTO TTapaMeTpy Y :

fo(x,Y) >"min",
f,(x,Y)<0,i=1,...m
xeM c R*

51



e MHOXHHa M Mae MpocTy CTPYKTYpY, a CEHC CHMBOIY “min” Ta
HEpiBHOCTEH B OOMEXKEHHSX B 3B’S3KYy 3 HEBU3HAUEHICTIO MapameTrpy Y
YTOYHUMO JaJli TI0 TEKCTY.

OTxe, Hexail MaeMo iMOBipHiCHHH TpocTip (€2,%, P), Ha SKOMY 33aHO
iMOBIpHiCHUIA po3noain mapamerpy Y , 1000 Y():Q—>R', me s —
po3mipHicTe mapametrpy Y . Toml /uis KOXHOI 3 €JIeMEHTapHUX MOMdii
(cuenapiiB) we Q) onucane 3HaueHHsa f,(x,Y(®)),i=0,..,m . Omxe, npu
BuMipHocTi f;(x,Y(®)),i =0,...,m 3agaH0 iX po3noais. OCKUIbKM 3HAYCHHS
Y=Y(w) mnoBHICTIO BH3HA4Yae€TbCAd CIEHApPIEM @ , IS CKOPOUYCHHS
no3Ha4yeHsb 3amicteb f,(x,Y(®)) Oynemo mucatu f,(x, ®).

VY Takux MO3HAYEHHSX OMKCAaHa paHiIlIe 3a/iaya ONTHMI3allil Ma€ BUTIISL;

f;)(x, CO) —)”min",
f(x,0)<0,i=1,.,m (3.10)
xeM c R*

Tenep 3amauy (3.10) MOXXHAa YTOUHHMTH B 3QJIEKHOCTI BiJl PO3YMiHHS
OIIP, sixa MOo>ke 0OMpaTH Ti, YU 1HII CTOXACTUYHI KPUTEPIT AJi BpaXyBaHHS
3HayeHb QyHKUiH f(x,®),i=0,1,.,m. B CII “min” f,(x,0) Ta

f.(x,w)<0,i =1,...,m MOXYTb pO3yMITHCS B CEHCi, HaPUKJIAJ], CEpPEIHIX,
HAUTripIIMX, 4u iHIIKUX 3HAaYEHb B.B., Y1 BUKOHAHHA 0OMEXEHb I'apaHTy€eThCs
3 nesikoro imoBipHicTio [37]. B moctanoBkax 3amad PO B sxocTi moaiOHUX
KpPHUTEPIiiB, K MPaBHIO, BUKOPUCTOBYIOTHCS HAWUTIpII 3HAYEHHS B.B., X0ua
MO>KJIUBI ¥ 1HIII BapiaHTH.

B [37] nokazano, mo mupokuit kiac 3agad CII ta PO MoxHa 3BecTu 10
HACTYIHOI 3aja4i eTepMiHoBaHoi onrtumizairii 3 [IKMP:

Po(fo(x,®)) — min,
p.(f,(x,0)<0,,i=1,..m (3.11)
xeM

e p;(.),i=0,..,m — IIKMP Burmsagy (3.2)—(3.5), siki OyayroThCst 1O B.B.
f.(x,w), i=0,..,m.

BigmiTumo, 1mo mepexia Bij OAHIET TOCTAHOBKU MPOOJIEMH IO IHIIOI B
3amadi (3.11) mocsraerbest 3a paxyHOK BUKOpucCTaHHA BinnosinHoi [TKMP.

TexHIYHO 1Ie peam3yeThcsi BUOOpPOM MaTpuill By 1 BekTopy c; 3 (3.4), nus.
npukiaau [11)-T15).
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VY BUNAAKY HETOYHUX CLIEHApHUX HMOBIPHOCTEH [UIsl OLIHIOBAHHS
PU3UKY MOXHA CKOpHCTaTHCS pOOAaCTHMMH BapiaHTaMH TakuX Mip 3
npukiagis [11")-I15"). Toxi mipu p,(.),i =0,...,m B (3.11) po3ymitoTbcs B
TaKOMY CEHCI.

3amaua (3.11) He € mpocToro, Iie JAesika MiHIMaKCHa IMOCTaHOBKA, €
BHYTPIIIHIA MaKCUMyM MOPOIKYETHCSI KOHCTPYKIIEIO Mip pU3HKY. SKiio
¢bynkuii f,(x,®), i=0,.,m onykm mo x, BOHa € MPOOJIEMOIO OITYKIIOTO

MporpaMyBaHHs 1 MoOke OyTHM pO3B’si3aHa BIANOBIAHUMU YHUCEIbHUMU
MeTroAamu, mauB., Hampukian, [39]. Ilpore momryk pimeHb 3HAYHO
CHpOLIY€EThCS, KOMM Il (yHKUOIl JiHiMHI, TOOTO M 3amauy JiHIHHOT
onTHUMI3aIlii.

3.3. 3apaui ainiiiHol onTuMi3auii Ta onTUMI3auii nopTgesaro npu
HEBH3HAYCHOCTI

[Mpunycrumo, mo B 3axayi (3.11) dyskuii f,(x,®),i =0,...,m niniiHI O
x, 10010 f,(X, ) =<I[,(®),x > —a,(®),i =0,...,m , a MHOXHHA M Ma€ MpPOCTy

CTPYKTYpYy, HANpPUKIAJ, y BHUIJIS/I OMYKJIOro OaraToKkyTHHKa. B 1pomy
BUIAJIKY 33/1a4a HaOyBa€ HACTYIHOT'O BUTIISAJTY:

Py (w),x >—a,(®)) = min.
o<l (@),x>-a,(®)<0,i=1,.,m (3.12)
xeM c R*

SIKIIO MpOCTip eneMEeHTapHUX MoAid () omucye CKIHUCHHH JUCKPETHHIA
posmonin, To BektopH /(@) i Benmuuunu a,(®) npu i = 0,...,m posnoineHi
Mo 7 CHEHapisX, 1 Hed po3MOoMial MOKHA TPEACTABHTH BiIMOBIIHHMH
MaTpUIIMH 1 BEKTOpamMu. BBosuM nmo3HaueHHs:

(o) ... (o) a,(w,)
L = , a, = e |, 1=0,...,m,

1 1

(o) ... (o) a,(®,)

ne I;(@,) — j-a KOMIIOHEHTa [;-T0 BEKTOPY B CUEHApii @ , Ta BPaXOBYIOUH
koHcTpykuito [TIKMP, nepenumemo 3amauy (3.12) sk
max {< Lyx—a,, p> pe@,} —>min,
max {<Lx-a,p>peQ}<0,i=1..,m (3.13)
xeM c R*
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Hexait KO’KHa 3 noJiepaabHUX MHOKHH 0.,i=0,.,m

MMPpEACTABIIAECTHCA Y BI/IFJ‘I}II[i
O ={p:Bp<c,p=20},i=0,..,m,

3 BIANOBIIHUMH CTaHAAPTHUMHU Ta 3MICTOBHMMM YacTHHamu Uil B,,c,,
i=0,..,m ysurmsigi B¢ i B!,c] BianosigHo.
B takux mo3Hadennsx 3anava (3.13) mae BUrISIA

max {< Lyx—a,, p > Byp <c,, p=0} > min_,
max {<Lx—a,p>Bp<c,p>20}<0,i=1,..,m (3.14)
xeM c R

Sk mokazano B [37], mouryk pimenHsa npobiemu (3.14) 3Boguthes 10
PO3B’s13aHHS BIANOBIAHOI 3aau4i JiHiitHOro mporpamyBaHHs (JIIT).
Teopema 3.1. Sfkmo 3amaga (3.14) cymicHa, TO i ONTUMAILHUM
PILICHHSM € KOMIIOHEHTA X pitieHHs (Vy,..., V,,, X) HacTymHoi 3aaaui JII1:
min <Cy,Vy >,

(Voo ¥y o)
- BJv, +L,x<a,
<c,v,><9,,i=1...,m (3.15)
— Bl.Tvl. +Lx<a,i=1..,m

xeM,v, 20,i=0,...,m

a 3HaYeHHS MO (QYHKIIISIX B PITIEHHSAX IIUX 3a/1a4 CIIBIaIal0Th.

[Tincramisiroun B (3.15) pi3Hi BapiaHTH 3MICTOBHUX YaCTHH MaTpHIb Ta
BEKTOpiB, W0 TpeAcTaBisitoTh  BimmoBimHi [IKMP, wmm  Moxemo
TEXHOJIOTIYHO PO3B’sI3yBaTH 3a1a4i BUMINY (3.12) sk BiAmoBiaHI mpobaemMu
JIIT nnst Bevoro kimacy [TKMP.

OnTumizanis noprdgenro 3a cniBBiAHOIIEHHAM BHHAIrOpPOJAa-pU3HUK.
3 MpeacTaBlIeHOI BUINE TEOPEMHU CIIIAYIOTh OTPHMaHi paHille pe3yiabTaTH
BIJIHOCHO ONTHMIi3allli mopTdeiB 3a CHiBBIAHOMIEHHSIM BHHATrOPO/a-PU3HK.
HaBenemo nesiki 3 HuHX. BiamiTuMo, IO 31 3MICTOBHHX MipKyBaHb ISt
nooynoBu [IKMP Tyt BukopucroByethcs kKoHcTpykIis (3.1), (3.3)—(3.5).

Hexait maemo k& (QiHaHCOBHX IHCTPYMEHTIB, IO HA3UBAIOTHCS
KOMITOHEHTaMH TOpT(]ento, po3moail NMpHOYTKOBOCTI SIKUX OIHUCYETHCS
MaTpuiero H po3MipHOCTI nxk, NI j-ii CTOBITYUK OIHCYE PO3MOIIN j-i
KOMIOHEHTU. Bektop u = (uy, ..., U;), 1O ONUCYE CTPYKTYpy MopTderto,

) k , )
pO3IIIIIA€ThCA K 3MiHHA, 1€ Zl u, =1, u; 2 0, i=1,....,k.  HeoOxinHo
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3HAUTH TaKy CTPYKTypy MOPTQENIo u, sKa ONTUMI3Zye HOTO CYKYITHHI
pe3yJbTaT 3a CMiBBIIHOMEHHSIM MPUOYTOK-PU3HK.

[Ipu BigoMux posnoaiiax, KpiM Matpuill /H po3noauiiB NpuOyTKOBOCTI
KOMIIOHEHT I10 CLIEHapisX, MU 3HAEMO 1€ BEKTOP CLIEHApHUX HMOBIpHOCTEH
D, - B Takux ymoBax Maemo J1Bi MOB’s13aHi MOCTAHOBKH 3aJjayu: MiHIMi3allito

I[IKMP mnoprdento npu rapaHToBaHidi cepeHiii mnpuOyTKOBOCTI Ta
MaKCHUMI3alll0 cepeHbOi MPUOYTKOBOCTI MOPTQEN0 MPU OOMEKEHHSAX Ha
I[TKMP.

[To3raunmo nomycTrMe 3HAYEHHS CepeAHbOI MPUOYTKOBOCTI OPThEIto
Ep [Hu] six uo, obpany IIKMP — sik p(Hu), nomycrume 3uadenns [IKMP

nopTdento — sk po. Toxai i 3axa4i GopMyITIOIOTECS BIAMOBIAHO Y BUIIISIL:

min p(Hu). max E, [Hu].
u,=Lu, 20 (3.16) D> u;=Lu, >0
E, [Hu]Z p, p(Hu) < p,
(3.17)

3BeneHHs Takux mpobnem 1o 3amad JIII moxHa chopmymnroBatu y
BUIJISIII HACTYITHOI TEOPEMHU.

Teopema 3.2 [31]. Sxmo npobnemu (3.16), (3.1), (3.3)—(3.5) Ta (3.17),
(3.1), (3.3)(3.5) cymicHi, iXx onTUMaibHUMH MOPT(HEIIMHU € BIIMOBIAHO
KOMIIOHEHTH u pilieHs (v, #) HacTynHux 3anay JIIT:

: T
min,, <c,v>, max,, <H p,,u>,
—~B'Vv-Hu<0 —-B"V—Hu<0
— po Hu < —pu <c,v>< p,
U =1 2 u =1
v20,uz20 v20,u>0

a 3HaYEHHS B PIMIEHHAX MO (PYHKIIIAX ITUX 3a/1a4 BiIMOBITHO CITiBIIa1al0Th.
BigmiTimo, 1mo noaiGHM pe3yabTar Moxke OyTH copmynboBaHUN i
JUIsT 3a7avi MakcuMizamii mpuOyTkoBocTi mopTtdento tumy (3.17) npwm
oOMexeHHsIX Ha Kinbka [IKMP.
Bunagok HeTOYHHUX CHEHAPHUX MMOBipHOCTEH. Y 1IbOMY BUNAAKY I10
MOYaTKOBIA Mipi p(.) Ta MHOXHMHI HeBU3HAYeHOCTI Up y BIAMOBITHOCTI 3
(3.6) Gyayrorbest poOacTHI BapiaHTH Mip pusuky o, (), a B SKOCTI

pobacTHOro aHajuory O4YiKyBaHId NPHUOYTKOBOCTI  BHKOPHCTOBYETHCS
HacTynHa QYHKIIISI BHHATOPOIH

r(X)=min{E,[X]: PeU,},
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ne Up y BUNAQAKYy HETOYHUX WMOBIPHOCTEH MNpEACTaBIsAEThCS Y (opMi
npoctoi mnosieapanbHoi MHOXKHHU (3.7). Toai maemo

F(X)=min{E,[X]: Pe 0},

ne O onwucyetbes y popmi (3.3) 3 HACTYNIHUMU aTpUOyTaMu:

-1 — P
CcC= .
1 P.

BBenemo mo3HadeHHs i MaTpUilb B 1 BEKTOpPIB ¢ 3 OMNHUCY
noJsieipalbHUX MHOXUH: B, 1 ¢, — 1us QyHkuii Bunaropoau #(.); B, 1 ¢, —
JuIss poOaCTHHMX BapiaHTiB Mip pusuKy p . (.) . B nux mnosHaueHHsx

pobactHi Bapianth 3ajmauy  MiHiMizauii  IIKMP  noprdemo mpu
rapaHTOBaHOMY DPiBHI BHHAropojau ry 1 MakcuMizauii (QyHKIIi BUHAropoau
noprdento mnpu obmexeHHsx Ha [IKMP piBHeM p), MarOTh BiANOBITHO
BUTJISIL:

min P, (Hu) max r(Hu)
Dlu,=1u, 20 (3.18) Du,=1u, 20
r(Hu) 2, Pyu, (Hu) < p,

(3.19)

Teopema 3.3 [33]. Sxmo npobrnemu (3.18) i (3.19) cymicHi, ix
ONTUMATBFHUMHU TOPT(HENIMH € BIAMOBIIHO ¥ KOMIIOHGHTH PillieHb (V, U, W)
HacTynmHux mpooaem JIIT

min,, . < c,,v>, max. .. <-—c,,w>,
~B'w-Hu<0 ~B'w—Hu<0
—<c,,w>< -7, —B;v—HuSO
—-B,v—Hu<0 <c,,v>< p,

u, =Lu>0 D u,=Lu=0

v20,w=>0 v=20,w>0

a 3HAUCHHS B PIIIEHHX MO (YHKILIAX KX 3a]1a4 BiJIOBITHO CIIBIAJAI0Th.
[TomiOHMIT pe3ynbTaT MOXHA CPOPMYITIOBATH TAKOX JIJIT MaKCHMi3allii
¢ynkuii BuHaropoau noprdenro npu odomexxkeHHsX Ha Kinbka [IKMP. [pu
IIbOMY 3pOCT€ pO3MipHicTh BignmoBigHoi 3amaui JIII, skxa moBuHHA
BPaxOBYBAaTH BCI TaKi OOMEKEHHS.
3.4. 3agaui onTuMizauii B yMOBaX HETOYHHMX MOCHEHAPHUX OLIHOK
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B ymMOBax HETOYHHMX TIOCIICHAPHHUX OIIHOK B.B. MH MOXEMO
BUKOPHUCTOBYBaTH KOHCTPYKLIi OMUCAaHUX B PO3ZUII 1 BEpXHIX Ta HUKHIX
BapianTiB [IKMP.

PosrnsiHemo 3amauy (3.11), ge B SIKOCTI B MpaBUX YAaCTUH OOMEKEHb
3amicTb 0 CTOATH NESKi MapamMeTpu o, :

Po(fo(x,®)) > min,
pi(fi(x,w))<9,,i=1,....m (3.20)
xeM
3p0o3yMisio, 0 BUKOPUCTAHHS B Hii B SKOCTI p(X) BEpXHbBOI OLIHKH

P"(X) 1o3BONHUTH OTPUMYBATH TapaHTOBaHI pe3yJbTaTH JJIsI OOMEKEHb i

3HaYeHb KpUTEpIiiB, 110 ONTUMI3YyIOThcsA. PimeHHs Takoi 3amadi Oyne
pobGacTHUM BIJHOCHO HETOYHOTO TOCIIEHAPHOIO OLIIHIOBAHHS B.B., a
anexBaTHuil BuOip Bapianty [IKMP B xoHcTpykuii (3.2)—(3.5) 3a6e3neuntsb
pOOaCTHICTH pillIeHHS BiIHOCHO HEBU3HAYEHOCTI, 3yMOBJICHOT IMOBIpHICHUM
PO3IOIIJIOM B.B.

[IpoTe BUKOpHCTaHHS JMIIe BepxHiX OIiHOK o"(X) B sikocti [TKMP

MOJK€ TPUBOJWTH JO 3aHAATO KOHCEPBATWBHUX pillleHb. [ oTpuMaHHS
OinpIn  30a7aHCOBAHMX pIlIEHb HEOOXIJHE BpaxyBaHHS TaKOX HUKHIX
oninok p'(X). Tlpore B 1bOMy BUNanKy e(EKTUBHICTH pillleHb TpeOa
nmopiBHIOBaTH 1o  aBox  ominkax [IKMP, omke, B  pamkax
OaraTokpuTepiaIbHOTO MiIX0ay OyayBaTu MHOXKUHY [lapeTo-ontumManbHUX
piteHs Ta o0upaTH 3 HUX Brami. Takuii mporec He € TPUBIAIBHUM.

Po3risHeMO BHUKOPHMCTaHHS 000X owiHok p'(X) Ta p“(X) B 3amaui

(3.20). 3posyminmo, 1m0 Temep BOHAa Ma€  BUIMNA  HACTYNHOI
JTBOXKPUTEPHAIIBHOI 3a/1a4i:

pifamon) |
o (/o (x, @))
pi(fi(x,w) <0/ ,i=1,...m

ol (fi(x,0)<6i=1,...,m
xeM

i

(3.21)

a pimenHsa Tpeba obuparu 3 ii [lapeTo-onTuManbHOI MHOKUHH. BinMiTMO,
o0 B Takiii TMOCTaHOBIN JUIsI TapamMeTpiB OOMEKEHb OUYEBHJIHI YMOBH:

! u -
0<6, <96 ,i=1...,m.
BararoxpurepianpbHa onrTumizamis 3abe3medye  JAOCTaTHIM — HaOIp
npuiiomiB BHOOpy pimeHs 3 [lapeTo-onTumManbsHOi MHOKWHY, TOYMHAIOYH 31
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3ropTaHHsl KpuTepiiB. Po3riasHemMo TyT juiie mifxiJ onTHMi3alii 0JHOrOo 3
KpUTEpiiB npu oOMexeHHsAX Ha iHmi. Toai, Buxomsuu 3 (3.21), Moxemo
chopMyIIOBaTH HACTYIIHI JIB1 3a/1a4i:

pg (fo ()C, 0))) - min, pé (fo (x’ CO)) - min.
PGSO islom (o P @) <O i= 0
plfi(x0)<8i=0im pl(fi(xr.0) <5 i=1,.,
xeM xeM

(3.23)

[Mpu minifiHOCTI M0 X QyHKIiH f; (X, ®),i =0,...,m 1i MpodIEeMU MOXKHA
3Bectu 10 3anad JIII y dopwmi, ananoriuniii Teopemi 3.1. 3BepHemocs 10
3anadi (3.12):

po(< (@), x > —a,(»)) > min.
p(<l(@),x>-a,(®)<5,,i=1,.,m
xeM c RF

V Bunazaky, koiu B.B. [,(w) ta a,(w) npu i =0,...,m, po3nonineHi no n
cueHapisx (@,...,®,) , MOXHa JHWIIEC OIIHIOBaTH 3BEpXy Ta 3HH3Y
BennunHaMu [ (@) , a'(w) 1 I'(®), a(w) BiNOBiAHO, e OUIHIOBaHHS

MO>KHA TIPEJICTABUTH BiAMOBITHUMH MAaTPHUIISIMH 1 BEKTOPAMH:

li(w) .. (o) a;' ()

L = , a = ,i=0,.,m,
Iw,) .. Li(o,) a;(w,)
I(w) .. L(w) a(w)

L= .. . . |,a=| .. |,i=0,.m.
lill (a)n) e lek (a)n) ail (a)n)

BpaxoBytoun konctpykuito [IKMP, nepenumemo 3anaui (3.22), (3.23)
BIJIITOBIAHO K
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max{< Lyx—a,, p > peQ,} - min,
max{< Lix—a',p>peQ}<d',i=1..m

l ] Z (3.24)
max{< Lx—a,,p>pe}<0,,i=0,.,m
xeM c R*
max{< Lyx—a,, p > p € Q,} - min,
max{< Lx—a',p>pe0}<s.,i=1,.m
<Lx—a;,p>peQi<s (3.25)

max{< L'x—a',p>peQ}<6',i=0,..,m
xeM cR*

ne 6 >0,i=1,.,m,35" >0,i=0,..,m — nesxi GpikcoBaHi BeIUUNHH.

AHAJIOTIYHO TONEpPEeHbOMY I MPOOJIEMH MOXKYTh OYTH 3BEIEHi 10
BiamoBimaux 3amau JIII. Hexaii, sk 1 panimie, KOXXKHa 3 TOJieApaTbHUX

MHOXUH (., =0,...,m TpeacTaBiIeHa BIAMOBIAHO CBOIMH MaTpuIeo B, i

BEKTOPOM

O ={p:Bp<c,p=20},i=0,...,m.

Teopema 3.4. Skuo 3anaui (3.24) ta (3.25) cyMicHi, iX ONTUMaIbHUMHU

pilUCHHAMM € BiJMOBIIHO KOMIIOHEHTH X PilEHb (V),...,V. VY., V", X)

HactynHux 3ana4 JIIT:
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min , .

/
(Vg s+ Vigy sV 5+- Vi 5X)

T, u u u
—Byvy + Lyx < a,

u
<y, Vo >,

<c,v ><0/i=1,...m
-BV' +Lix<a,i=l...,m
<c,v ><6,i=0,.,m

1
~-BV +Lx<ad,i=0,.,m
1 .
xeM,v; 20,v 20,i =0,..,m
Tt sty

Tl ! !
—-Byvy+Lyx<a,

!
< CyrVy >

1 I .
<c,v; ><6,,i=1,...m
T. 1 u ro.
-Bvi+Lx<a;,i=1...m

<c;,v ><0/,i=0,.,m
BV +Lix<a!',i=0,..,m
xeM,vl.l >0,v 20,i=0,...,m

a 3HaYeHHSA MO (QYHKIIISIX B PIMICHHSX X 3a/1a4 CIIBIAIal0Th.

HeBaxxko Takox coOpMynioBaTH pe3yibTaTH aHajoriuHi Teopemi 3.3
0710 onTUMi3alli nmoprdenato 3a CHiIBBIAHOUICHHSIM BHHAropoaa-pu3uK,
BUKOPHUCTOBYIOYH JJIsI I[LOTO BiJMOBIHO BEPXHI Ta HWKHI OI[IHKH MAaTPHUIlh
pO3MOAUTIB  TPUOYTKOBOCTI KOMIIOHEHT, MIp PH3UKYy Ta (QYHKIIHA
BUHAropoIu.

Otrxe, amapar [IIKMP po3noBciojxkeHO Ha  IIHUPOKHM  Kjac
HEBU3HAYEHOCTEH, M0 J03BOJISIE BUKOPUCTOBYBATH Horo mpu: 1) Bimommux
WMOBIpHICHHX PO3MOiIAaX B.B.; 2) HETOUYHUX IMOCIIEHAPHUX HMOBIPHOCTSIX;
3) HETOYHHMX TIOCIIEHAPHUX 3HAYEHHSAX B.B.,; 4) KOMOIHAIISX HETOYHUX
IMOBIpHOCTEH Ta HETOYHUX TMOCIICHAPHUX 3HAYEHb.

Po3BuTOK amapaTy Mip pU3MKY Opi€HTOBAHUH Ha OLIHIOBAHHS PU3UKY
s moOynoBH  epeKTHMBHUX  (ONTUMAJbHUX) pIillleHb B  YMOBax
HEBU3HAUEHOCTI 1 Jla€ MOJJIMBICTH 3alpoOIOHYBaTH €IMHUN MiAXiA 110
po3B’sizanHa 3amad CII ta PO. YV Bumaaky HETOYHHMX MOCHEHAPHHUX
HMOBIpHOCTEH BUKOPUCTOBYIOTHCS TaK 3BaHI pOOACTHI BapiaHTH Mip PU3UKY
Ta QYHKIIA BUTpally, 3a CIIBBITHOIICHHSIM SKUX IIYKA€ThCS OMTHUMATbHE
piteHHs. Y BUMAIKy HETOYHHX TOCIEHAPHUX OI[IHOK BUKOPHUCTOBYIOTHCS
BEpXHI 1 HWXKHI BapiaHTH Mip pPHU3UKY Ta (QYHKIIH BUHAropoau, sKi
noTpeOyoTh TOMmyKy BignoBimHux [lapeTo-onTUManbHUX pimeHb. Y
BUIMAQJIKy KOMOIHAIii HETOYHUX WMOBIPHOCTEH Ta HETOYHUX OIIIHOK
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HeoOxiaHO 1wykatu noAiOH1 Ilapero-onTumanbHi — pillleHHs, ane i
pobacTHUX BapiaHTIB Mip pU3MKY Ta (PYHKIIHl BUHATOPO/IH.

Pozsurok anapary IIKMP no3Bossie y3aralbHUTH MONEPEAHBO BiJIOMI
TEOpEeMH II0A0 3BEJCHHS 3ajJau JiHIKHOI ONTUMI3allili IpU HEBU3HAUYEHOCTI
Ta 3aj7a4 ONTUMI3alii MOpT(eto 3a CIHiBBIIHOUIEHHSIM BHUHAropoaa-pu3nkK
70 BIIMOBIIHUX 3ajad JIiHIHHOrO mporpamyBaHHs. lle mae MoxnuBicTh
po3B’si3yBaTH 11 MNpoOJeMH HaBITh MpPU  BEIMKUX  PO3MIPHOCTSIX
3aCTOCYBaHHAM cTaHJapTHOI TexHiku JIIT.

4. IBOETAITHA TA IBOPIBHEBA MOJEJII EKOJIOI' O-
EKOHOMIYHMUX PIHIEHb

Po3pobka ¥ OOrpyHTYBaHHS Mporpam CTpaxyBaHHS 3 YypaxyBaHHSIM
KaracTpo(iYHUX PU3BHMKIB 3aIMILAIOTHCA AaKTyaJbHUMH JUISI TPUAHATTS
€KOJIOTO-€KOHOMIUHUX pimeHb. Yepe3 KIIMAaTU4HI 3MIHM Ta 3pPOCTAHHS
PHU3HKIB TOBEHEW Yy CBITI CTa€ aKTyaJlbHOI J0Ope MpojymMaHa IMporpama
CTpaxyBaHHA Ta MEHEKMEHTY PHU3MKY MaBOJKIB, L0 3aJly4ya€e Pi3HUX
3alHTepecoBaHUX o0ci0 (cTopiH, areHTtiB). OCHOBHUI BUKIUK — II€
NPUIATHICTh CTAaHJAPTHUX MIAXOMIB JO0 PO3pPaxyHKIB CTPaxoOBUX MpeMii
piakux karactpodiunux BTpar [40, 41]. Mera — cnpoekTyBaTu mporpamy
pO3MOAiTy TOBEHEBHX BTpaT, fKa BKJIIOYAa€E IPUBATHE CTpPaxXyBaHHS,
OoCHOBaHe Ha reorpadiuno crnenudiyHUX BpazMBoOCTIX [42]. Anani3
IPYHTYETbCS Ha pO3pOOJICHIM IHTErpoBaHiil Mojaedl MEHEIKMEHTY
katactpodiunux pusukiB (integrated catastrophe risk management, ICRM),
saka cknanaerbess 3 GIS-momeni maBoAKiB 1 CTOXAaCTUYHOI MTPOLEAYPH
onTuMizamii 3a reorpadgiuyHo cnenudiuHUMH  BpazmuBOCTAMH. s
JOCSITHEHHS CTIMKOCTI i poOAaCTHOCTI MPOrpaMu CTpaxyBaHH 10 TIOBEHEH 3
pizHuMU  peruauBamMu  mojnenb  ICRM  BukopucTOBYe — mpouenypy
CTOXaCTHYHOI ONTHMi3allii, OCHOBaHYy Ha 3aJeKHUX B KBAaHTUIIB
(GYHKIISIX ~ PU3BWKY CHCTEMHOI  HECIPOMOXKHOCTI, SIKI  BpPaxOBYIOTh
Ha/IMIPHICTb 1 HEOCTATHICTh IUIATEXIB 3aiHTepecoBaHux ocibd. [lopiBHsAEMO
JIBa aJIbTEPHATHUBHI CIIOCOOW PO3pPaxyHKYy CTPaxOBUX MPEMi — OCHOBaHHI
Ha mozeni ICRM poGacTHuiil cioci 1 TpaauIiiHui TiAXi cepeIHbOPITHIX
BTpar (average annual loss, AAL).

CrpaxyBaHHS Bijl OBEHEH BBaKAETHCS HAraJIbHUM €JI€MEHTOM IOJIITUKU
Flood Risk Management (FRM). [Io6pe mpoxymana nporpama cTpaxyBaHHs
Bil TOBEHEH Mae€: pO3MOBCIOMKYBATH PUBUKH TOMIDK YYaCHUKIB,
MICIIEBOCTEH 1 IEPi0/IiB Yacy, TapaHTYIOUN HASIBHICTh KOIITIB JJISI IOKPHUTTS
BTpar [43]; miIBUIIYBaTH TrpoMaaChKy OOI3HAHICTH MPO PU3UKU MOBEHEH
[44]; yacTOo MPOMOHYBATH IIHOBI 3HWKKH; CIIPUATH 3aXO0JaM ITOM SIKIICHHS
30uTKiB [45]; moxinuryBaTé e(peKTUBHICTh BUKOPUCTAHHS iHHOT 3eMui [46].
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bararopiBHeBa mnporpama crtpaxyBaHHA Bin aux (multi-layer disaster
insurance program, MLDIP) y ¢opmi aep:kaBHO-IPUBATHOTO MapTHEPCTBA
(public-private partnership, PPP) [47, 48] w™oxke BkIOuYaTH pPIiBEHb
NPUBATHOI'O CTPaXyBaHHs, PIBEHb Nepeaayl pU3MKy uepe3 nepecTpaxyBaHH
Ta/abo KatacTpodiyHi obiiramii ¥ KpeauTH, pPIBEHb YPSAJOBHX BHECKIB.
MLDIP Bumarae aHaiizy B3a€MO3QJICKHHMX UYTIUBOCTEH 10 PpUBHKY
3allyueHuX 3aiHTepecoBaHux oci0. Hampukian, koiam crpaxoBuk Oaxae
3HWXKYBAaTH HMOBIPHICTh CBOTO OaHKPYTCTBAa, TO MOXE BBOJUTH BHILI
npeMii a00 3BYXYBaTH TOKPHUTTS, IEPECTPAXOBYBATHCS UM KYITyBaTH
katacTpo(iuni obmiramii. Tozl TArap BTpaT 3CyBaTUMETbCS Bijl CTpaXOBHUKA
0  IHIMX  3alHTepecoBaHUX  oci0  (IHAMBIAYYMIB,  KOMIIaH1i
nepecTpaxyBaHHs, YpSAAOBUX OpraHizaiiil), 110 IpuU BUCOKIM HEpiBHOCTI
PO3MOALTY BUTPAT MOXE BECTH JIO0 HECTIMKOCTI YM HECIPOMOMXHOCTI ITUX
oci6. TakuM 4MHOM, yCHiX Mporpam MOAUTYy BTpaT 3aJeKUTh BiJl B3a€MHOI
(cucTteMHOT) CTIMKOCTI 3aJly4€HHUX HEOJHOPIJHUX 3alHTEPECOBaHUX OCiO.
Taka crilikicTe nOTpeOye aHami3y CKJIAQAHMX PO3MOJUIB  CHIJIBHOI
IMOBIPHOCTI BTpaT, 3aJIeKHUX BiJ PI3HUX areHTIB 1 HeOe3MeK, MpuTaMaHHUX
JTAHOMY PETiOHY.

Mopeni karacTpod CKIQJaloThCsl 3 KUIBKOX MOJIYJIB — TeHepaTopa
HeOe3neK, MOyl Bpa3iauBOCTI Ta MoAyJs (iHancyBaHHs. Ilpu po3poOii
IHCTpYMEHTapil0 Mojenell KaTacTpopIUHUX IS KOHKPETHUX pPETioHIB
MOBEHEH BHKOPHCTOBYIOTHCS HACHYEHI MPOCTOPOBI JIaHI Ta OLIHIOIOTHCS
CTpaxoBl Mpemii, BUXOASUM HE JIUIIE 3 ICTOPUYHUX CIIOCTEPEkKEHb, ajne U
PI3HUX COII0-€KOHOMIYHUX 1 KIIMaTHYHHX cueHapiiB [44]. Opnak y
0araTbOX TaKUX MOJENAX I[IHOYTBOPEHHS KaTacTpO(IUHOTO PHU3HKY
6a3yetbca Ha AAL Ge3 sIBHOTO BpaxyBaHHSA IIiJIel Ta 0OMEXEHb 3aTy4eHUX
3aiHTepecoBaHMX 0cCi0. Bara pu3uky 4acto BUpakaeThCs Uyepe3 CTaHIAapTHE
BIJIXWJICHHSI Ta HaBaHTKEHHs aaMiHICTPATMBHUX BHUTPAT YH MPOCTO Yepe3
AAL, mo MoXe BBOJAUTH B OMaHy O€3 ypaxXyBaHHS CKOIIEHOCTI
KaTacTpo(iYHUX PU3MKIB 1 MPOCTOPOBOI 3aJICKHOCTI BUTPAT BiJ CTPATETIiH.
Jluime craHgapTHE BIAXWIEHHS # cepelHE HE MOXYTb CIyryBaTu
NPURHATHUMHU 1HIWKAaTOpaMHU I[IHOYTBOPEHHS KaTacTpo(iyHUX PU3HKIB, 60
XapakTEepU3ylOTh HOPMajbHI PHU3MKKA 1 HE OXOIUTIOIOTH CHEeruiKy
pO3MOALTIB KaTacTpo(iyHUX BTPAT 3 TOBUIBHO CIAJAl0YMMHU XBOCTAMHU
(heavy-tailed). HaBmaku, Taki 3aJie’)KHI BiJi KBAaHTHJIIB 1HJIWKATOPH, SIK
BapTicTh 3a pu3uKy (Value-at-Risk, VaR) Ta ymoBHa BapTicTh 3a pU3HKY
(Conditional Value-at-Risk, CVaR) [24], 3HaxomsTh 3acTOCYBaHHS Yy
BU3HAYEHHI CTpaTeriii crpaxyBaHHs Bia karactpod [49]. Buxonmsum i3
3aranpHOl Mozeni ICRM [49-51], sxy po3pobuB MiHapOIHUN IHCTUTYT
npukiIagHoro cucremHoro anamidy (International Institute for Applied
Systems Analysis, IIASA), 1 moeauyro4n 3anexHi BiJ KBaHTUJIB (QyHKIIIT
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PHU3MKY Ta MpOLEIypu CTOXACTUYHOI onTuMizauii (stocahstic optimization,
StO) [47, 49, 52], 6yno nobGynoBaHo reorpadidHo HacudeHy mozaenb ICRM,
o0 JI0O3BOJISIE KOPEKTHO OXOIUIIOBaTH IPOCTOPOBO-4ACOBI  Mpodii
KaTtacTpo(piyHUX PU3MKIB JUIsl MPOEKTYBAaHHS pPOOACTHOrO CTpaxyBaHHS 1
OpaTu /10 yBaru 1l 3aiHTEPeCOBaHUX 0C10 (YUaCHUKIB).

Hine pobotu [42] — po3pobutu ocHoBanuii Ha ICRM migxig ans
OLIIHIOBAHHS 3aJIC)KHUX B1Jl PO3MIIIEHHS pOOACTHUX CTpaTeriil cTpaxyBaHHS
1 TIOpIBHATH 3HAWAEHI CTpaTerii 3 TpaAMLIHHUM LiHOYTBOpeHHAM AAL B
paitoni Pilinmonn-Zlpextcrenen (Rijnmond- Drechtsteden, RiD) 6ins
Porrepnama (Higepnannu) 3a mexxamu gam6. Iloemnyroun monenns HIS-
SSM (Highwater Information System — Damage and Casualties Module) 1
MPOLIEYPY CTOXACTUYHOI ONTUMI3AIIT, IS IbOro OyayeThes Moaens ICRM
KOHKPETHOTO paiiOHy 3 MiCIIEBOCTEH 32 MeXaMH OCHOBHOI IPOTHIIOBEHEBOT
cucreMu (TOOTO 3a MeXaMu JaMOOBHX YKpIIUIEHb), SIKHM 3arpoKyrOTh
MOBEHI, 1100 reHepyBaTH cleHapii MOBEHEBUX BTPAT 1 BUMIpIOBAaTH poOacTH1
crpaxoBi mpemii. Jlo HemaBHix mip y Hizepnanmax He icHyBalso
CTpaxyBaHHS BiJl PIUKOBHX 1 NPUOEPEKHUX MMOBEHEH, 3aJIMIIIaI0UU TPOrpaMy
BITHOBJICHHA TicCIs JuXa €AMHUM (piHaHcoBuM iHcTpymMeHTOM FRM. Take
CTpaxyBaHHS OJH1 BBa)XaJIM HEMOXKJIMBUM, a 1HIII — MOXJIMBUM MPU PI3HUX
cxemax nepectpaxyBanHs. Hanpukinui 2012 p. mis 3axumieHux gamobamu
pailoHIiB 3 ABWJIMCS TEpIli KOHTPAaKTH CTpaxyBaHHS BiJ MOBEHEH.
JlocnmipKeHHsT CHCTEMHM CTpaxyBaHHS Biag mnoBeHed y Hinepnangax, B
OCHOBHOMY, TOPKaJIMCSI pU3UKIB IOBEHEH y Mexax 1amo.

Ha mnpocromMy mnpukiazl MOKHA TII0OKa3aTH OMAHJIMBICTb HACIiAKiB
crparerii BukopuctaHHs AAL s OIIHKM KOJEKTUBHUX 30MTKIB.
AnbTepHaTUBHA  CTpaTeris  CHHpAeTbcs Ha  KBaHTWI.  OcTaHHS
3aCTOCOBYETHCSl Y 3arajibHiii MyJIbTHAreHTHIN SIBHIM MPOCTOPOBIA Mojei
ICRM pns manoro periony. Lls Momens BKJIIOYAae HETAJKi CTOXACTHUYHI
GyHKINT  pU3WKY, JIO3BOJIAIOYM  JIOCSATaTH  poOAcTHOI  CHCTEMHOL
CIIPOMOXKHOCTI 'y (opmi HWMOBIpHICHOI pPIBHOBarM MiX HPOTO3HUIIEO
CTpaxyBaHHA 1 TIIONMTOM Ha CTpaxyBaHHA. Y CHTyalll €IUHOIO
arperoBaHoro crtpaxoBuka (¢oHmy Ha Karactpodu) Ta  €IMHOTO
arperoBaHOr0 CTpaxyBaJbHUKA (JAHOTO PETIOHY) ISl pIBHOBAara 3BOJUTHCS
70 3aJeKHUX BiJl KBaHTHIIB OOMexeHb THIMy VaR. Apxkex, morpiOHi
JOKJIaIH1 AaH1 Tpo JaHui perioH. Ha yncenbHUX eKCIiepuMeHTax BHIHO, SIK
monens ICRM no3Bonsie mpoekTyBaTh poOacTHy Mporpamy MHOILTY
MOBEHEBUX BTpaT y perioHi RiD nuisixomM OIIHIOBaHHS pPHU3HKIB Yy
CTpaxyBaHHI BiJl TOBEHEW, BUXOISUYH 13 3aJICKHUX BiJl MICIIEBOCTEH MpEeMiH,
BpPaxoBYIOUM TaKOX MOTEHIIMHY nepeady pU3UKy yepe3 yMOBHHUM KpeauT
Ha YHUKHEHHS PU3HKY, 1 3 YaCTKOBUX KoMmeHcaliil ypsaom. [lopiBHAHO 3
AAL, poOacTHi 3aJieKHI BiJ MICIIEBOCTEH KOMIIEHCAIll ITiABUIIYIOTh
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CTIAKICTh CTpaxyBaHHS 1 3HWXKYIOTh IOMUT HA IHII 3aXOAW Tepeaadl
pu3uKy. JlomydyeHHs ypsay W 3anpoBaKEHHS KPEIUTY 301IbIIy€e MOMUT Ha
CTpaxyBaHHsI, JIOMIOMAara€ 3aJ0BOJILHATH HEOOXigHI 3000B’sI3aHHS |
YHHUKATU HETJIaTOCIIPOMOXKHOCTI.

Karactpogiuni BTpaTH NiJiai0Th CYMHIBY NPUAATHICTh CTaHJIAPTHUX
HiAXO0/IB, 110 BUKOPUCTOBYIOTh aKTyapHO CHpaBeAJIUBI Ipemii (OdiKyBaHi
BTpaTH). SIKI0 KaracTpodu CTAIOTHCS JIABMHOMOIIOHO y 4acl ¥ MpocTopi,
TO iXHIMM POOACTHUMM 1HAMKATOPAMH KOJEKTHBHUX HE3aJEKHHUX BTpAT HE
€ Ccepe/lHl 3HAueHHs 1 CTaHJApTHI BIIXWIEHHS, 00 cepeiHi BTpaTH HE
BUPI3HAIOTH BUIMAAKY KaTacTpO(pIYHUX KOJEKTUBHUX BTpaT.

AHaJi3 CTPaxoBOi CIPOMOXKHOCTI TPHU B3AEMO3AICIKHHUX MICIEBUX
KatacTpo(iyHUX BTpaTax BuMarae po3pooku mozaeni ICRM i meroais StO,
AKl JIO3BOJIAIOTH IMITYBaTH KOJIGKTMBHI 30UTKH JJIs TPOEKTYBaHHS
pobactHoro moptdens HOKPUTTIB 1 mpemid. Llelr mopTdens cTBOprOE
CHUCTEMHY CIIPOMOXKHICTh, $5Ka, B IMOBIPHICHOMY CEHCi, 3amobirae
He1o00paM CTPaxOBHKIB 1 IeperiaTaM BiJ MICIIEBUX T'POMaI.

VY croxactuyHil sBHIM mnpocropoBiit mozeni ICRM [47, 50, 51]
JOCHTIJKYBaHUM perioH HinepnanaiB MOAUIAETbCS HA TMIAPETIOHH YU
micueBocti j=1,...,m . MicueBocTi MOKE BIAMNOBIOATH 3axXUILEHUN
namOamu paiioH, Habip JOMOTOCIOAapCTB, MYHIIMNATITET, 3aXHUILEHa BiJ
noBeHel 30Ha Tomo. Hexail y mepiox wacy ¢ BapTicTh MaiiHa (OyIMHKIB,
3eMenb, (padpuk Tomo) uM Oararcrea (wealth) MicmeBocTi ] OmiHIOETHCS

t
W,

[lpunyctumo, y mporpamy MOIUTY BTpaT 3alydyeHi /1  areHTiB
(CTpaxoBUWKIB, YpSAOBUX YCTaHOB, (OHIIB), SKI MOXYTh YKIJIaIaTH
KOHTPAKTH 3 MICHEBUMH TPOMAJaMHU Ui TOKPHUTTS iXHIX MOTEHIIHHHUX

. . . 0
BrpaT. Koxuwmii arent i=1,...,n mae mnowarkoBuit ¢oug R; (peseps

PUBHKY), SIKHM, Yy 3araJlbHOMY BHUIAIKYy, 3aJICKUTh BIJ OCSIKHOCTI
KaracTpoiyHuX moxid. Hexall rOpuM3OHT MJIaHyBaHHS OXOIUIIOE TEpioau
yacy t=0,1,... Pe3epB pu3uky y koxH#uii nepioxn yacy (¢ +1) mopisHioe

m m
t+1 t t too ot t t
Ri :Ri +Z[7Z'l'j_Cij(qij)]_zl‘j(a)t)ql'ja (4'1)
j=1 j=1
ne: qu — (4acTka) MOKPUTTS areHTOM (CTPaxoBOK KOMIIAHI€K) [ Y

n
. . . . t .
micuesocti / y mepiox wacy f ; » gl <l; 7 ; — TpeMmis areHTa
i=1
(ctpaxoBoi kommanii) { y Mmicuesocti / y mepiox wacy t; c¢;;(q!;) —
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TpaHCaKIiHiHi, aJMiHICTpAaTUBHI, EKCILTyaTalliiiHi Ta iHII BUIATKH areHTa I
y MmiciieBocTi ] y mepiog yacy ¢; L ; (®,) — Brpatu (36uTKH) y MicLeBOCTi
J , cnpuumHeni karactpodoro @, y mepionm wacy I
o =(w,,,...,m, ) — BUNAAKOBI KaracTpodidudi MoMii, fAKi MOXyTh
TpamuTUCS Yy BUIAAKOBIA KUIBKOCTI PpI3HUX MiclieBocTed. 3arajiom

KaTacTpoiuHa HOJis ), y mepioj uacy ! MOJIEIIOETHCS BHIIAJAKOBOIO
M IMHOKWHOIO MICIIEBOCTEH, a TaKOXX BEJIMYMHAMHU BIUIMBY Li€i moaii Ha

KOXHY Taky Micuesictb. Brparu L j (@, ) 3anexars Bixg moxii @,, 3axozis
MOM’SIKIIIEHHS (CKa)X1MO, TMPOTUIIOBEHEBUX JaM0) 1 BPa3iIMBICTIO I[IHHOCTI
MaiiHa 10 Takoi Iofii y MicleBocTi / .
. . . t t . . .
3MiHHI pillieHb ¢; ; Ta JT; ; JO3BOJSIOTH XaPAKTEPU3YBATH BiAMIHHOCTI

3a pU3MKaMHU Yy pi3HUX MicieBocTsax. [lpumyckaeTscsi, MO BCi areHTd
MOXYTh MOKpPHUBATH pI3HI YacTKM KaTacTpopiyHUX BTpaT y JaHId

. ) ) . . ¢

MicueBocTi. Y Bumajaky karacTpodu MicueBicTh / 3a3zHae BTpaTr L i (w,).
. e . . . t t .

[HuBiyyMH 11i€i MiCLIEBOCTI OTPUMYIOTh KOMIeEHcairo L ; (w,)xq; ; Bin

KOMIIaHIl 7 , KOJIM HAaCcTarOTh TaKl BTPATH, 1 INIATIATH CTPaxoBl IIPEMIl 7Z'l-j .

Bapricte MaiiHa Micuesocti / y mepiog uacy (f+1) Bu3HauaeThcs
PEKYPPEHTHO:

1

Wi = ! +E[L§j(wt)xq;j -7 1-Li(@). (42

3azHauumo, 1o y ¢dopmynax (4.1), (4.2) BumagkoBi 3MiHHI
; . L
R =R/ (x,w), th = VV; (X, W) HesBHO 3amexaTh BiJ mepemicTopii —
. . . k k k

BUMAAKOBOI moxil (), Ta s3miHHEX pimens X =(q ,7° ) , ze:

k ko . . k k
q :{qij,l:1,2,...,n,J:1,2,...,m}, n :{ﬂij,
k=0,1,...,t—1.

Po6GacTHICT, ~ TPOrpaMd  CTPaXyBaHHS  BM3HAYAETHCA  TUM, UM

i=12,...mj=12,...m};

HakommYennii peseps puwsuky R;(x,®) y Bumamkosmii mepion uacy
t =T(w) nepmoi katactpodiynoi moxii (3BigKu th]. (,)=0 upn t < 7(w)

YHUKa€, B IMOBIPHICHOMY CEHCI, HECIPOMOXXHOCTI BCIX areHrTiB, TOOTO
BH3HAYAETHCS MOJIIE0 (event)
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e, ={w:R"“(x,w)<0,i=1,...,n}. (4.3)

InTepec koXkHOTO 1HAUBIAYYMA (MicLeBocTl) j=1,...,m mojisrae y romy,
o6 YHUKaTH 3HEILIHEHHS CBOTO MaiHa, TOOTO momil

e, ={o: VV;(C”) (x,) <0} . PobGacrhicTs mpOrpaMu CTpaxyBaHHs

nependavae yHUKHEHHS 00’ €IHaHHA MOIN
62 - 621 Uezz - 'Uezm == {CO: er(w) (.x, CO) S O}, ]: 1,-..,m . (4.4)

Bin nomiit (4.3), (4.4) 3aneXuTh CTIMKICTh (3AATHICTH 10 BIJIHOBJICHHS)
MpOorpaMu CTPAXyBaHHS y CEHCI CUCTEMHOI CIIPOMOXKHOCTI. MeTa mporpaMu
— YHHMKATH TaKUX TOJIA HACTIILKH, HACKIIBKU 11€ MOXKJIMBO. JlocsraTu i€l
METH MOXKHa, HaNpHKIaJ, MiHIMI3yloun OuikyBaHi (expected) HemokpuTi
BTpaTH

Ez1 (1-q,) L' (4.5)
iz

npu oOMekeHH1 WMOBipHOCTI (probability)
Ple,ve,)<p, (4.6)

A€ P — KPUTHYHHA TOPIr IMOBIPHOCTI /IS CHCTEMHOI HECITPOMOYKHOCTI
(cucteMHOrO TIpOBay YW Je(OJTYy) MPOTpaMH CTpPaxyBaHHS, SKa MOXKE
TPaIMTHCA, CKaXiMo, juie pa3 y cronitta. IlosHauenns P(e, Vv e,)
BUKOPUCTOBYETHCS JJIT UMOBIPHOCTI CITIPOMOYKHOCTI SIK JIeAKOi (PYHKITIT Bij
nomiu e, e,.

3aranpHUA  TAXIT MOXHA KOHKPETH3yBaTH, 1100  OXOIUTIOBATH
0COOJMBOCTI HAsABHHUX JAHUX, SKI IMITYIOTBCS MOZYJISIMHU PETiOHAIbHOI
croxactuunoi moneni ICRM uyepe3 crieHapii moBeHeW 1 30UTKIB y peTioHi
RiD. OcHoBa MeTa KOHKPETHOTO MPHUKJIANy — MOPIBHATU BIUIUB 3AJICKHUX
Bl MICIIEBOCTEH TpeMii, sKi BH3HAYAIOTHCS PETIOHATHHOI MOJICILIIO
ICRM, i mpeMiii, ki BU3HAYAIOTHCS TpatuliitauM migxoqom AAL. YV nusomy
MPUKIAAI TPUIYCKAEMO, IO B PETIOHI i€ JIMIIE OJUH arperoBaHHM
ctpaxoBuK (doHn karactpodu), To6T0o n=1. Takox mnpumyckaemo, IO
c ;(g;,)=0, a nakomuyeni Jio mepiuoi MoBeHi Mpemii Mponopuiini 4acy
r(®) _
J
IJIaTHTh MiCIEBICTD ] .

7(w) i nacramus: 7 7; x7(®), Ae 7 ; — cTpaxoBa mpemis, SKy

[Iporpama cTpaxyBaHHS BiJl TIOBEHEW € CHCTEMHO CIPOMOKHOIO, SIKIIIO
no3Bojsie  yHukatum momi  (4.3), (4.4), HAcCKUIBKM 1€ MOXJIMBO B
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IMOBIpHICHOMY ceHcl. bepyun no yBarum npumnymieHHs 1 Gopmyny (4.1),
noio (4.3) nepenumieMo sk

€ :{a): C(r,q,w) = i[ﬂjf(w)_quz(w)]S 0}; (4.7)
j=1

BPaxoBYIOUM TaKoX Gopmyiy (4.2), nofito (4.4) nepenumieMo sk

e, = {w:Dj(ﬂj,qj,a))quLj(“’) —ﬂjr(a))SO}, j=1...,m; (4.8)

TYT ¢ ; — CTPaxOBE MOKPHTTS s MiCIEBOCTI J,a L;(a’) — CTOXaCTHYHI
BTpaTH MICLIEBOCTI j , CIHPUYMHEH] HACTaHHAM BHIIaJKOBUX IIOBEHEM,

=y s 7)) q =(qys--1q,,)-

Buxonsuu i3 3araneHoi cTpykTypu Mozeni ICRM, chopmymtoemo iy
BapiaHT1 OMYKJIOi CTOXacTUYHOI ontuMizauii ¢GyHKIIT mrpady — MiHIMIZaii
¢ynkuii (4.5) muoc 3BakeHi GyHKIIT pU3UKY MOpYyIIEHHS oOMexeHb (4.7),
(4.8)

F(x)= Ei(l—qj)Lj.(‘”) +aEmax{O,—C(7z,q,a))}+

j=1

m

j=1
ne x=(m,q) — Bextop pimenb, 0 < — mrpad 3a mOpylIEHHS
oomexenns (4.7), 0< ﬂj — mrpadHUi TapamMeTp 3a TOpPYIICHHS
oomexenus [ =1,...,m rpymn (4.8), aEmaX{O,—C(ﬂ', q, a))} —
3Ba)KEHUN OYiKyBaHUH Heno0ip porpamu CTpaxyBaHH,
m
Zl p,E max {0,—D (7.9, a))} — cymMa  3BaXEHHMX  Heperviar
I:
CTpaxyBaJIbHUKIB.

BpaxyBanus obmexenp (4.7), (4.8) y mimpoBiit ¢ynkiii (4.9) gepes
(GyHKLIT pU3UKY CTBOPIOE CHJIH, SKi 3MEHINYIOTH /10 0 aOCONIOTHI BETHYUHH

posxomxens C(77,q,®), D; (7,q,®), j=1,...,m. Orxe, minimizauis
cymu (4.9) no3Boisie arperyBaTd CHUCTEMY CTpaxyBaHHS 49 (OHI
KaTacTpou 10 IeIKoi HeTJIaaKol iaboBo1 GyHKIT [53].

Minimizanis no X ¢ynkuii F (x) pIBHOCHMJIbHA MakcuMizamii mo X

byHKIil
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—F(x) = EX(g, ~) [{” —a Emax{0,~C(r,q, )} -
j=1
—;ﬁjme{o,—Dj(nj,qj,m)}.

m
3Bijcu, Oepyun 10 yBaru HezanexHicts F ZL;(w) Bim X Ta
j=1

< () ) < 77(@)
EY(I-q) L =EYq,L\" —EX. L'\,
J=1 J=1 J=1
MPUXOUMO JI0 33J1a4i MaKcuMizalii mo X ¢yHKITii

G(x) = E%quz.("’) — o E ' max {O,—C(;r, q, a))}—
j=1

_jglﬂjEmaX{Oa—Dj (”j’qj’w)}’

m

ne spocranns E D g jLz.(w) o3Hauae 30UIbIIEHHS MPUOYTKY CTPaXxOBHUKIB, a
j=1

3pOCTaHHS —a Emax {0,—C (7,q, a))} Ta

m
— 2 ;£ max {0,—D (7.q;,s a))} O3HAaYa€ 3MEHIICHHS HENT000piB
j=1

CTPaxXOBUKIB 1 EpeIUIaT IHIAUBIAYYMIB, IO CIIPHUSIE MOMUTY HA CTPaXyBaHHA,
CTPaxOBHUM MOKPHUTTSM, JOXOAaM 1 KOMIIEHCAIlISIM CTpaxyBaJIbHUKIB. Takum
upHoM, 3poctanHs G(X) Moxkna iHTepmperyBaTM SIK  3pPOCTaHHS
perioHalbHOTO J00pOOYTY BCIX YYAaCHHWKIB 3 YypaxyBaHHSIM PHU3HKIB.
3HavyeHHS X Yy MporpaMi poO3MOJAUTYy MOBEHEBHX BTPAT MOXKE BHUOMPATHCS
YPSIIOM.

IItpadui xoediuientn & Ta [ j DPETyJIOIOTH KOMIIPOMIC MK piBHEM
npemiii 1 3araTlbHUMH TOKPUTTAMU. KoedimieHT X MO)KHa TaKoK BBaKaTH
I[IHOI0 KpeAWuTy, SKUH mporpama crpaxyBaHHS (poHa karacTpodu)
KYITyBaTHM€ TPH 3MEHIIEHHI HOro pe3epBy HIKYE TEBHOTO KPUTHUYHOTO
piBHiA. Y OaratopiBHEBii mporpaMmi CTpaxyBaHHs BHOIp (f/ BHU3Hauae
CTymiHb ywacti ypsiny y PPP, ToOTO BenuumHy BHECKY ypsAy y IaHy
ctpaxoBy nporpamy. Koedinientu [ ; 3abesnedyroTh OaxaHi BEPXHI MeEKi

neperuiaT iHAUBIAYyMiB 3 OOKY MONUTY TaHOI TPOTPaMH.
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Minimizauis gynkuii (4.9) no3Bosasie gocsratd poOAacTHOI IMOBIPHICHOI
piBHOBarM MK  IOMUTOM 1  TPOMO3MUIIEI0  CTPaxyBaHHsS,  sKa
XapaKTepU3y€eThCs KBaHTUJIbHUMU OOMEKEHHIMH CHUCTEMHOI1
HecnpoMokHOCTI  Tuny (4.6). ITlokaxxemo 1el BaxiauBui  (akr,
MpUIycKaouu, 1o onykia @yHkois (4.9) Mae HenmepepBHI IOXIiJHI
(ckaxxiMo, po3risiayBaHa (YHKIIS PO3MOJUTY Mae HENepepBHY (YHKIIiO
LIUIBHOCTI), 1 YHUKAIOUM YCKJIAJHEHb, OB’ A3aHUX 3 HEIJIaJKUM aHaIi30M.
Toni, NPUIYCKAIOUM TaKOk J0OJaTHICTh 7(®) , yMOBa ONTHMAILHOCTI
grad F(x) =0 3agaui wminimizanii ¢ynkuii (4.9) npu naHomy BekTopi
MOKPHUTTIB ¢ ISl TOJATHMX KOMIIOHCHTIB TpeMii 3a PH3HK 77 (9) mae

(opMy piBHOBaru CUCTEMHOIO pU3HKY [54]:

0=F, =-aP{-C(r.q.0)<O0}+f,PL-D,(7,.q;.0 <0)|.(4.10)

Axmo q; =4y, 7; =7y, m =1, 1o B cuny cnissigHomenns (4.7)

MaEMO

{a) 02C(mq,0)= 2[7Z 7(@) - qJLT(w)] ”OT(W)_QOH(Q)}

2

a B CWJTy criBBiAHOUICHHS (4.8) —

s = 10102 D,(7,.4,.0) = 4,15 —7,7() = g, L — 7y7(e)
j=1.
Toni o6MexerHs (4.6) 3a10BONBHAETCS JTUIIE NpH P = | (BUPOMIKYETHCSA),
TOOTO

P(e)) =1-P(e,),

a piBHsHHA (4.10) 3a1ae piBHOBaXHY 1iHy 77(g) IS 1aHOTO HOKPUTTS ¢

O:_ap(el)+ﬂj[1_P(el)]; (OH‘ﬁj)P(Q):,B';
P{ﬂr(a))SqL;(‘”)} P(e)—'f—ﬂ
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dKMM YMHOM, IapaMcTpu ;Ta TIOKPHUTTA BIIMBAaXOTh Ha
T b a b j

iimoBipricTe P(e;) HecpoMoxHOCTI cTpaxyBanbHUKIB. 1106 mocmizuTn

el BB, 0e3ymMoBHY 3aauy StO (4.9) 3 Hernagkumu QyHKUIAMU WTpady
32 pPHU3MK [EpenuIIeMo SK 3a7ady JIHIHHOIO TNpOrpaMyBaHHS 3

0OMexCHHSIMH. JIst bOTO 110 CTPATEriYHUX 3MIHHKX PILICHHS ex ante 77,
q; nomamo HOB1 aJIanTHUBHI 3MiHHI €X pOst é’ ; Ta &°, 3HAYCHHS SKUX
: ()

OOMpArOThCsl MICHS  CIOCTEPEKEHHSI CTOXAaCTHYHHX BTpar L ;
(HeBiJ’€MHI) BEJIMYMHU KPEAWTIB Ta YpsAAO0BOI JONOMOTH BiJINOBIJIHO, 1€
s=1,...,§ —Bunaakosi cuenapii [55]. HoBi 3MiHHI JO3BOJSATUMYTh yCyBaTH
NeperjaTi CTpaxyBaJbHUKIB 1 HEZ0OOpPH CTPaXOBUKIB, CHPUSIOUU
CHCTEMHIH CIIPOMOKHOCTI MPOTPaMu CTPaxyBaHHS Bijl MOBEHEH.

Hexaii crieHapiii S 3ajae BTpatu Lj. = Ltj (a)s ) s t = z-(a)s )= ™’y
micuesoctsix j=1,...,m 3 iimoBipHicTioO p , - Tom 3amaa (4.9)

piBHOCHIIbHA 337134l MiHiMisaii o y =(7 ;, ¢, 7, &%) byukuii

F(y)= ZPSZ(I q,)L‘+a2psZ§ +ﬂ2ps

s=1 j=1 s=1 Jj=1

pU 0OMEKEHHSIX

¢;20,&"20,5=1...8,
—d;=m;7"—q,L; >,

Zdj. > g’
j=1

Jnst orpuMaHoi 3a/1a4i HasiBHI €pEKTUBHI 3aCO0M PO3B’sI3aHHS.

3amaua LEHTPATi30BaHOTO IUIAHOBHKA HE Oepe 10 yBard MOKIMBOCTI
JEIEHTPANTI30BaHOTO TMPUHHATTA pimeHb [56] abo edexTtn MopanbHOTO
pu3uKky [57], KoM TOBEAiHKAa CTpaxyBaJbHHKa (IOKYIIS CTPAaXOBKH;
insurance buyer, IB) 3MiHIOE€TBCSI BHACTIZOK OTpUMaHHS HUM iHQopMarii
PO CTPaxoBe IMOKPUTTS 32 KOHTPAKTOM 31 CTPAXOBHUKOM (IIPOJaBILIEM
CTPaxoOBKH, CTPAaXxOBOI KOMIIaHi€l; insurance company, 1C). MopanbHuii
pU3HMK O3Ha4ae, IO ICHs MAMUCcaHHS Takoro KoHTpakrty IC wmae
BpaxoBYBaTH OLIbIITy WMOBIPHICTh 30MTKIB, a TaKOX IUIATUTH BHUIILY
CTpaxoBy JOMOMOT'Y IPY HACTaHHI CTPaxoBOro BHUMajKy. Lle cnpuunHioe He
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JUIIE OYiKyBaHI BTpaTH, aje W 30LIbIIye aaMiHICTpaTHUBHI BUIATKU Ta
PU3UKOBI HABaHTAXEHHSA, pyHHYyrouM KoHKypeHTo3aatHicts IC. Toxi 3a
HeZocKoHaoi kinacudikamii pusukis IC cTarye Buly 1iHy 3a cTpaxyBaHHS
3 KJII€HTIB, K1 XapaKTepPU3YyIOThCS HUKYUM MOPAJIbHUM PU3HUKOM, 1 3MYIIIY€E
IX IIEPEXOAUTHU 10 KOHKYpPEHTA.

e crBoproe mist IC crumyn A0 ympaBiiHHSA e(peKTaMH MOpPajbHOTO
PHU3HKY 3 TIOTJISIAY Jifiepa Mpy yKIaJgaHH1 KOHTpakTy [58]. Mera ynpaBiiHHsS
— BHU3HAUUTH ONTHMalbHY (QYHKLIIO MIarexy 3 Touku 3opy IC, mob
3a0e3neunTH Aii nociigoBHuka (IB) B inTepecax IC HacTLIbKH, HACKIIBKU
1€ MOKJIMBO B PAMKax ICHYIOUMX KaHaJIB pO3MOAiUTYy BUrpamrin. DyHKIIsA
MJIaTeXy BKa3ye, SK CTpaxoBa JOMOMOTa 3aJeXUTh Bia (QYHKIII 30MTKIB.
IToBHe MOKpPUTTS 30MTKIB O3HAYae, 110 3arnoOikHI 3ycwis IB 30BciM He
¢iHaHcyoThes. Ha BingMiHy Big onTuMainbHOl (YHKIIT TMUaTexy 3a
BIJICYTHOCTI MOPaJIbHOTO PU3UKY, 3a IPUCYTHOCTI MOPAJIBHOTO PU3HUKY HE €
ONITUMAIILHUM 3a0€31euyBaTH MOBHE IPaHUYHE IMOKPHUTTS MOHAJ CTPaxXOBe
BipaxyBaHHs, HE BpPAxOBYIOUM IHIIMX BUTpAlIiB BiA 3amoOiraHHs
CTPaxoBOr0 BHUMAAKY (CKa)XXiMO, BHIpAUIiB Kpalioro 370pOoB’s), KOJIHU
Butpatu IB Ha 11e 3ano6iranns ayxe HU3bKi [58].

Xoya 3a3Bu4vail mpumyckaroTh, o IC 30BCiM HE MOXE crocTepiratu
3ano0ixHi 3ycuis 1B, He BapTo CTBepKyBaTH, 110 yNpaBliHHA edekTamu
MOpPAJILHOTO PU3MKY HE MOXKE OYTH YacCTHHOIO TEXHOJIOTii CTpaxyBaHHS.
Hanpuknan, y xomepuiliHomy crpaxyBanHi IC nilCHO 1HCHEKTYIOTh
MPOTHUIOXKEXKHI 3aXOAHM JIOBOJII PETENbHO; IO CTOCYETHCS KOMIICHCAIIIHM
npauiBaukaMm, IC wyacto 30epirae mnpaBo MEpeBIPATH CTaH 3]10pOB’S
OcHedimiapa (cTpaxyBajdbHUKA) MIJISXOM BiABiMyBaHHsA Horo Baoma. IC
MOJKE€ TaKOX IepeBipATH, uu IB norpumyBaBcst HanexHoi obaunocTti (duty
of diligence), six 3acTepekKeHO IMOIICOM, TPHUIOMY HETOTPUMAHHS HAJIEKHOT
obaunocTti 103BoJsie IC ckopouyBaTH YM CKaCOBYBAaTH CTPaxOBY JOIOMOTY.
Apxex, momiona nismbHICTE IC € gocuth BuTpatHOr. Tomy IC
nepeBipsATUME Ha MOpaidbHU pu3uk He y 100 % Bumankis, a BuOMpaTnMe
ONTUMAJIbHY HMOBIPHICTh TaKO1 MEPEBIPKH.

Ha wmogi Teopii irop IC Ta IB € rpaBusimu, ae 3minHa pimenss IC — me
MMOBIpHICTB K , 3 IKOIO CTPAXOBHK 3IiMCHIOE IHCIIEKIIIIO, @ 3MiHHA PilICHHS
IB — 1me MMOBIpHICTE L, 3 KO CTpaxyBaJbHUK HE 3IHCHIOE 3am00DLKHI
3axomu [59]. Hampuxman, IC wMoxe mepeBipsATH, YU YTPUMYIOTHCS
BOTHETaCHUKH TaK, SIK 3aCTEPEKEHO KOHTPAKTOM; y BHIAIKY CTPaxXyBaHHS
3I0pOB’sl JIiKap, yrnmoBHOBaKeHUH Bif IC, MOke TIEpeBipATH, UM HAJIC)KHUM
YHHOM 3acTOCOBYeThCs JikyBaHHsA. Konu IC 31ilicHIOE 1HCIIEKITTO, TO 3a3HA€
BUTpAaT b Ha MOHITOPUHT KOHTpakTy. Skmo IB 3nmilicHioe 3amo0ixHi
3aX0JH, TO 3a3Ha€ BUTpAT V # orpumye cepenHio nomnomory EL (piBHY
ouikyBanuM Butpatam (expected loss) mms IC y Takiii curyarii,
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IPUITYCKAalOUM TIOBHE CTPaxoBe TMOKpUTTs); sAkmo IB He 3nxilicHioe
3aroO1KHI 3aX0/U, TO JIcTae cepelHid Burpam EL, (piBHUH O4YIKYBaHUM
Butparam i IC y Takiii cuTyauli, NpUIycKaroud IIOBHE CTpPaxoBe
HOKPUTTS), ajie ToAl y BUMajKy iHcnekuii IC 3HnKye cTpaxoBy JOMOMOTY
Ha () mpuHaiMHI U1 OJHOTO nepiony yacy (oueBuaHo, EL, > EL). Y Bcix
Bunajakax IB mimatuth crpaxoBy mpemito (premium) P s IC. 3aranbHi

Burpamn IC ta IB mis MoxiIuBUX KOMOIHAIM IXHIX 3MINIAHUX CTpaTerii
MO>KHA BUITMCATH TAOIHUYHO:

IC
BincytHicth IHcnekmis
iHCIeKmii 3 WMOBIpHicTIO &
1B 3ano0ixHi IB: EL-P-V IB: EL—-P-V
3aX01H IC: P—EL IC: P-EL-b
3 iimosiprictio (1 — o)
Bincyrnicts IB: EL,—P IB: EL,—P—-Q
3an00DKHIX IC: P—EL, 1C: P—EL,—b+0Q
3ax0IiB

OOuaBa TpaBli BBaXAIOTHCS HEUTPATBHUMH JI0 PU3UKY 3MIHH CBOTO
BUTpaIly, OI0 HE 3aBXJM Ma€ Micle Ui MOKYIIiB CcTpaxoBku. Lle
NPUITYLICHHS J103BOJISIE BUPAXKaTH BUTPAIl Yepe3 rpollli, HEe 3BEpTar0unCh
no (ynkiii kopucHocTi. Ockinbku Taka B3aemoxiss Mix IC ta IB moxke
IIOBTOPIOBATHCA, TO WMOBIPHOCTI K Ta O IHTEPHPETYIOTHCS SK BiIHOCHI
Y4aCTOTH.

Orxe, cnoniBanuii (expected) 3aranpHuii Burpam s [B ctaHoBUTH

EW™® =(1-k)1-pYEL-P-V)+
+k(1=p)EL-P-V)+
+(1-k)p(EL,—P)+
+kp(EL,—P—Q) =
=(I-p)EL-P-V)+ p(ELy —P)—kpQ=

= EL+ p(EL,—EL)—P—(1—p)V —kpQ, (4.11)
a criofiBanwmii 3aranpHui Burpan 1 IC 1opiBHIOE
EW =(1-k)1-p)P-EL)+
+k(1-p)P—-EL-b)+
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+(1-k)p(P—-EL,)+
+kp(P—EL,—b+Q)=
=(-p)P—-EL)—k(1=p)b+ p(P—ELy)+kp(Q—b) =
=P—p(EL,—EL)—EL+k(pQ-Db). (4.12)

Hexaii Bzaemonis mix IC ta IB € nekooneparusuoto, To0To IC Ta IB He
MOXYTh OOMiHIOBaTHCS 1H(OpMaIlli€l0, HaAMAraloyuchb IOOMTHUCS KpPaIoro
pesynbTary s koxxHoro. Lle o3nauae, mo IC npu BuGopi wacrotn k mae
Opatu 110 yBaru ONTHMi3aliiiHy moBeAiHKy IB, ska 3amaeTbcs ymMOBOIO
ONTUMAJILHOCTI

B
0 OEW

= —(1-k)EL-P-V)-

—k(EL-P-V)+
+(1-k)(EL,—P)+
+k(EL,—P-Q) =

= P+V —EL+EL,—P—-kQ=V —kQ+EL,—EL,

_V+EL,—-EL

= 0 '

Y cBoro depry, ontuMizariiiHa moBemiHka I[C 3amaeTbcsi  yMOBOIO
OITUMAaJIBLHOCT1

k

(4.13)

_OEW'
ok

+(-p)(P-EL-b)-
—p(P—EL))+
+p(P-EL,—b+Q)=
==b(1-p)+p(Q-D)=-b+pb+pO—-pb=p0-D>,

0

= —(1-pXP-EL)+

p=—. (4.14)
0
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[apa 3navens (k, 0), 10 BU3HAYAIOTHCS piBHSHHSIMHA (4.13) Ta (4.14),

3ajae piBHoBary Hema y 3Mimanux crparterisx. B 000X piBHSHHSAX €
CIibHA 3MiHHA

Q:2:V+EL0—EL.
yo, k

Ockinbku k , p — ue WmoBipHocTi, To 3 piBHsAHE (4.13) Ta (4.14)

BUIIJIMBAE HEPIBHICTh
Ozmax{b;V+EL,—EL}.

Sxio momyckaTy HEBiI €MHICTh 3arajbHOTO CriojiBaHoro Burpamy IC,
TOOTO

0<EW'“=P— p(EL,—EL)—EL+k(pQ—-b), (4.15)

KOPHUCTYIOUHCH PiBHICTIO (4.12), To B cuity piBHsAHHA (4.14) Mmaemo
P> p(EL,—EL)+EL :g(ELO —EL)+EL.

3BepHIMO yBary, uio B cuiy piBHocTel (4.11) 1 (4.12) cymaphHuit
3aranpHU crioaiBanwmii Burpam IC ta IB y mozeni [60] € Bix’ eMHUM:

EW +EW"™ =—kb—(1-p)V <0.

3a mepiBHOcTi (4.15) ocramne osmasae EW'™® <0, a6o nopymenus
00OMEXXEHHs CTUMYJTY JI0 y4acTi y CTpaxyBaHHI 3 00Ky monuty [61].

TakuM YMHOM, € MOJKJIMBOCTI CTpaxyBaHHs IUIIXOM SIBHOI imiTarrii
OanmaHciB MOMMUTY 1 mpomo3uiii crpaxyBaHHs. PobacTHuil GanaHC iCTOTHO
3QJIKUTh BiJl BUOOPY TOKPUTTIB 1 MpeMid, CTBOPIOIOYH CIPOMOKHICTH
CTPaxOBHKIB BWXXHMBATH IIiJl YaCc CTPaXOBUX BHIIAJKIB 1 TOTOBHICTb
iHauBiAyymiB  miatutu  npemii. [o6 3HaiiTh poOacTHI  pilIeHHS,
BUKOPUCTOBYIOTbCA Taki (PyHKIIT pU3MKY, SK MeperiaTH 1HAMBIIYYMIB i
Heo00pyu CTpaxoBUKIB. Taki pIIEHHS € PO3B’sA3KaMU JBOETAITHOI 3ajadi
CTOXACTHYHOI ONTHUMI3allii, SKa MPH MEBHUX MPUITYIIEHHSIX 3BOAUTHCS O
CTaHJApTHOI 3aja4i JIHIKHOrO TporpamMyBaHHSA. TakoXX € TEOpPEeTHYHI
MOJJIMBOCTI ~ YKJIQJICHHS B3a€EMOBUTIIHUX JBOCTOPOHHIX CTpPaxoOBHX
KOHTPAKTIB, sIKi Ha TMTPAKTHUIIl KOHKYPYIOTb 3 1HIITMMH aKTUBamu [62].

BUCHOBKH
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CBIT cTOiTh Ha TOPO31 rI00aTKHOT TpaHcdopmarllli cBOro Mmopsaky. 3a
CBOIM MacmTaboM, 00’€MOM Ta CKJIAJHICTIO II€ MEPEeTBOPEHHS, SK
BBAXKAIOTh OUIBIIICTh €KCIEpTiB, OyJe HEe CXO0XK€ Ha BCe, 10 JIOACTBO
3a3HaBajo paxiue [1]. Bono Oyne 3ailicHioBaTHCS B NPUHIMIIOBO HOBUX
yMOBax, MOB’SI3aHUX 3 TJ00aNi3alll€l0 Ta 3pOCTAIOUOI0 HEBU3HAYEHICTIO.
3MiHa  (QyHJAMEHTAJIBHUX  XapaKTEPUCTHUK  MPOCTOPOBO-BPEMEHHOIO
KOHTUHYyyMa, Te€Hepye TIOoJsl HOBUX pHU3UKIB, Beae J0 Ouibll
Herepen0auyBaHOTO CBITY, 30UIbIIye CTYIiHb TIJ00AJBHUX Merasarpo3
(EeKOJIOTIYHMX, AaTOMHHX, XIMIYHHUX, TCHETUYHMX, MEHTIbHUX) Ta 1
MO>KJIMBOTO 30UTKY BiJi HUX. Bkl Toro peBosoLis y KOMYyHIKaliifHOMY
pocTopl, HEOOX1JHICTh IIBUAKOTO pearyBaHHS Ha 3MIHM Ta 3pOCTaioya
pOJIb TMCUXOJIOTIYHUX (DAKTOpIB y Mpoleci NMPUHHATTSA pilleHh B yMOBax
3pOCTa040i HEBU3HAYEHOCTI TaK ke Je(POPMYIOTh MPOCTip OE3NEKH.

Hogi 3arpo3u notpe0yroTh CTBOPEHHS HOBHUX METOJIB JJIS iX OLIHKH.
l'omoBHOIO MeTOI gaHOi poboTH OyB MOAAIBIIWA PO3BUTOK METOJIB
MOJICJIIOBAHHS JIJIsl TIOCUJICHHS MOXJIMBOCTEH JOCIIKEHHS y Takoi cdepi
K BIUIMB TJ00anbHUX 3MIH Ha B3aemo3B’si30k [IEBP, B ymoBax komm
CTaHJApTHI METOJIi Ta IHCTPYMEHTH JOCIIJKEHHS CTal0Th HeaIeKBaTHUMH.

VY crarTi CTBOpEeHI MaTeMaTH4YH1 MOJEINl JJi1 MPOTHO3YBaHHS JUHAMIKU
B3aeMo3B’si3ky [IEBP Ta anamisy pusuky B poCIMHHHITBI. Mogeni
JO3BOJISIIOTHh  JIOCHI/DKCHHSI MEXaHi3MIB BUHUKHEHHS HECTaOUIBHOCTI Yy
B3aeM03B’s13ky IIEBP Ta ouiHIOBaHHS piBHIB MOXXJIMBUX BTpaT BpOXKaro,
CHOPUYMHEHUX PI3HUMHU NPUYUHAMH, 1 iX IMOBIPHICHHUX XapaKTEPUCTUK.
Po3pobneHo MeTononoris NPUHHATTA pIlIeHb B YMOBAaX pPHU3HMKY Ta
YacTKOBOI HEBH3HAYEHOCTI, KA NO3BOJIIE IOCTIKEHHS 3aJadi JiHIHHOI
onTuMi3alii Ta onTUMizanii MopTQeNto Mpu HEBU3HAYEHOCTI, ONTHUMI3ALIII0
noptdeno 3a CHIBBIHONMIEHHSM BHHAropoJa-pu3uK, OINTHUMI3aIliio B
yMOBaX HETOYHMX IIOCIIEHapHHUX OLIHOK. P0o3po0iieHo Takok ABOeTamHa
MOJIeJIb €KOJIOTO-€KOHOMIYHUX PIlleHb, Ka MOYXKE BUKOPHCTOBYBATHCS IS
po3poOkM ¥ OOIpyHTYBaHHS MporpaM CTpaxyBaHHS 3 ypaxXyBaHHSAM
KaTacTpo(iUHUX PHU3MKIB MIISIXOM SBHOI 1MmiTarii OajaHCIB TOMHUTY 1
MPONO3HULIi CTpPaXyBaHHS.
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Po3ain 2

IO10 3B’SI3YBAHHS PO3MOJALJIEHUX TAJTY3EBUX
TA PETTOHAJILHUX OTITUMI3ALIAHIUX MOJIEJIEN
M1 ACKMETPUYHOIO IH®OOPMALICIO: POBACTHE
MO/JIEJTIOBAHHSI B3BAEMO3B’SI3KIB B CHCTEMI
MPOJIOBOJILCTBO-BOIA-EHEPTISI-HABKOJIUIITHE
CEPEJIOBHIIIE

IO.M. €pMOJ’IL€B1, A.F.3ar0poz[HiI712, B.JL BOF,Z[aHOB2, T.1O. €pMOJ‘IL€Bal,
I1. Xasmix', M. O6epruraiinep', €. Posenckas'

In £° o - . ) .
MiXHapOIHUN THCTUTYT MPUKIIAJHOTO CUCTEMHOTO aHalizy, “HarionanbHa
aKajeMis HayK YKpaiHu

Pe3iome

3poctaHHs  TI00abHO-JTOKATBHUX, a  TakoX  Tally3eBO-PEriOHaJIBHHUX
B3a€MO3AIIEKHOCTEH MOXKE CYTTEBO BIUIMHYTH Ha 3BHYAHy EKOHOMIUHY
JiSUTBHICTD, HABITH MPU HEBEJIMKHX JIOKAIBHUX MOPYIIEHHAX. [leTanbHi ramy3esi Ta
perioHanbHI MOJENI TPAAUIlIHHO BUKOPHUCTOBYIOTBCS I  CaMOCTIHHOTO
IJIaHyBaHHS Oa’kaHWX TIONITHK BIMMOBIZHUX CEKTOpPiB Ta perioHiB. OmHaK
pillIeHHs, ONTUMAaJbHI AJIS MiJCUCTEMH, MOXKYTh BUSIBUTHUCS HE3IIHCHEHHUMU IS
Bciel cucteMu. VY 1iit poOOTI MU pO3pOOIITEMO HOBHM IMiJIXiMd, MO0 TPYHTYETHCS HA
3B’SI3Ky JCTAIBHO PO3MOIUICHHX MOJEICH IMacucTeM (HAIMPUKIAM, TATy3eBHUX Ta
pETiOHaJIbHUX) B PaMKaxX CHUIBHUX OOMEKEHb PECYPCiB, IO JJO3BOJISIE CTBOPIOBATH
MOBHOLIHHI iHTETPOBaHi CUCTEMH MiATPUMKH ONTHUMAIBHUX PillleHb Y CEKTOpax Ta
perioHax. Y TakoMy MOXOMi pO3MOMUIEHI MOAENi IifoTh sSK "areHtu", 1Mo
CHIUIKYIOTbCSL 4yepe3 "HeHTpalbHUil KOHLEeHTpaTop" (peryisaTop). TakuM 4yuHOM,
BOHM TPOJOBXKYIOTH OyTH OJHMMH 1 TUMH X OKPEMHUMH MOJEISIMH, 1 Pi3HUM
MOJCITIOI0YMM KOMaHJaM He TOTpiOHO OOMIHIOBAaTHCS i1H(POpPMAIIiE€0 PO CBOL
MOJICIIi Ta JIaHi, TOOTO BOHH OTPUMYIOThH IHTETPOBAHI PIlIEHHS ITiI aCHMETPUIHOIO
iHpopMaLi€ero. 3acTOCOBaHICT PO3POOJIEHOr0 MigXOMy MPOAEMOHCTPOBaHA ISt
NpUKJIany, IO 30CEPeAKYEThCS Ha B3a€EMO3B’ A3Kax MPOJOBOJILCTBA, €HEprii, BOI1
Ta HAaBKOJIMIIHBOTO CEPENOBMIIA 3a HAsBHOCTI CIIbCHKOI'O T'OCHOAAPCTBA Ta
BYT1NBHOI MPOMMCIOBOCTI, SIKi KOHKYPYIOTh 3a OOMEXKEHI BOJHI Ta 3eMeNbHi

pecypenu.
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KuarouoBi cioBa: migTpuMKa TpUAHATTS pillleHb, acHMETpUYHA iHopMAaIlis,
3B'SI30K, HETJIaJIKa ONTHUMI3allisl, CyOrpajieHT, IHTEerpOBaHE MOJICIIIOBAHHS, 3B'S30K
MIPOIOBOJIBCTBO €HEPTisI-BOJIa-HABKOIHUIIIHE CEPEIOBUIIIE.

BCTYII

JleranpHi raixy3eBi Ta perioHajJbH1 MOJEINI TPAJULIHHO BUKOPUCTOBYIOTHCS
JUIE TIPOTHO3YBaHHS Ta IUIAaHYBaHHS Oa)XaHHWX pO3pOOOK Yy BIANOBIAHHUX
cekTopax Ta perioHax. Lli mopmem mnpamoTh 13 HAOOPOM MOXKIMBHUX
pilleHb Ta cOpsMOBaHI Ha BHOIp pILIEHHS, 110 ONTUMI3yE LIJIbOBY
(GyHKIII0, SKa BIANOBIA€ CEKTOPY 4YM PETIOHY, 3aJIEKHO BIJ PIZHHUX
BXIJJHUX CIICHapIiB.

Y KOHTEKCTI B3a€MO3B’SI3KiB MiXK MPOJOBOJILCTBOM, €HEPTETHKOIO, BOAOIO
ta aoBkuLIsM (FEWE) Habip MOXIMBHX pilleHb BU3HAYAETHCS TaKUMU
TPbOMa OCHOBHUMH TUIIAMU OOMEKEHb!

»  ObmedicenHss nonumy BCTAHOBIIOIOTH MIHIMAIBHO 3aJ0BUTLHUN
piBenb Oesneku FEWE 3anexno Big HamioHanbHOI  abo
pErioHaNbHOI MONITUKU CIIOKUBAHHS, €KCIIOPTY Ta IMIIOPTY.

»  PecypcHi obmedicennsi OMUCYIOTh MAKCUMaJIbHY (i3UYHY HAsBHICTb
HOPUPOJHUX PECYPCiB, HANPUKIIAJ, 3eMEJIbHUX a00 BOJHUX PECypCiB
JUIS CITBCHKOTO TOCIIOJIApPCTBA Ta E€HEPreTHUKH (TigpOoeHepreTHKa,
BYTrijuist, OlOGHEepreThka TOMIO), IOJICBKKUX pecypciB (pobOouoi
CHJIH), KaIliTaixy TOIIIO.

" ObmedicenHs AKOCMI  HABKOMUWHBLO2O Ccepedosuyd BU3HAYAIOTH
MEX1 JOIyCTUMOTO 3a0pyAHEHHS TOBITPSI, BOAM Ta IPYHTY, a TAKOXK
TPAaHUYHO JOIMYCTUMI piBHI BHKUAIB mapHukoBux raziB (I1I),
BU3HAUCHI HAI[IOHATLbHUMH Ta MIXXHAPOHUMH HOPMaMHU.

Ocoba, sika mpuiimae pilIeHHs, BHOMpae CTpaTerito po3BUTKY (HaOip
TEXHOJIOTif, pO3TallyBaHHS BUPOOHWUYMX OJIWHHIB, BHPOIIYBaHHS
CUTBCHKOTOCTIONAPCHKUX KYJIBTYpP TOINO) JJIsi JTOCSTHEHHS TEBHOI METH,
KO0 MOKe OyTH MiHIMI3aIlid YHCTHX BUTpAT ab0 MaKCHUMI3allisl YHCTOTO
npudyTKY.

VY Hamr 4ac CeKTOpH Ta PErioHW CTAlOTh BCE OUIBII B3a€EMOIIOB’SI3aHUMH
4yepe3 BUKOPUCTAHHs CHUIBHUX pecypciB. 31 3pPOCTaHHSIM HaCEJICHHS
riobanpHa €KOHOMIKA Bce Orpkue 1 OmmKue 10 TUIaHeTapHUX MEeX, OTKe,
B3a€EMO3AJICKHOCTI Ta KOHKYPEHIliS 3a TPHUPOIHI PECypCH CTalTh BCE
Oimpmr  BupakeHMMH. Y  koHTekcti FEWE  eneprernuynmii  Ta
CLTBCHKOTOCIIOTAPCHKHI CEKTOPH YaCTO KOHKYPYIOTh 32 OJTHAKOBI 3eMeJbHI
Ta BOAHI  pecypcd, sKi  HEOOXimHI  SK  JUIS  BUPOIIYBaHHS
CITbCBKOTOCTIONIAPCHKUX KYJIBTYp, TaK 1 JUIsl BHPOOHHUIITBA OioIainBa,
BUPOOHMIITBA €JEKTPOCHEeprii Ta BUAOOYTKY Byriyuii. Kpim Toro, obuasa
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CEeKTOpU  CIPHUSIOTH  MOTIPHIEHHIO  HABKOJMIIHBOIO  CEpEe/lOBUIA,
3a0py/IHIOIOUH IPYHT, BOAY Ta MOBITPsI, BUKUJAIOUM TAPHUKOBI ra3u.

Hanpuxmnan, macoBi BiIKIIOUeHHS enekTpoMepesxi B [Haii (Abrar, 2016), sk
MOBIIOMJISUIOCS,  CTAallUCSl  4Yepe3 IHTCHCHBHE BHUKOPUCTAHHS  BOJH
(mepekauyBaHHs) JJs  CLABCBKOIO TOCHOJApCTBA (3 BHKOPHCTAHHSIM
cyOCHIOBaHUX, a 4acTo 1 OE3KOIITOBHHUX, €JIEKTpoeHeprii Ta Boau). Y
CIIA nediuut Boau Mij 4ac MOCyxX 30UIBIIMB MOMUT HA BOJY B CIIILCHBKOMY
rOCHOJApCTBi, TPOMHUCIOBUX MIAX, Yy JIOMOTOCIOAAPCTBAX, TIPHU
OXOJIOJUKEHH] SJIEpHUX 1 BYTUIBHMX €JIEKTPOCTAHLIN 1 3MYCHB 3yNUHUTH
JIesiKl eHepreTHyH1 ycTaHoBKHU (Hampukian, Browns Ferry facility B ceprni
2007) Ta CKOPOTUTH AISUTbHICTD 1HIINX.

OTxe, cyyacHa IpaKkTUKa pPO3POOKH Ta BUKOPUCTaHHA OKPEMHX MOJEJeH
OKpPEMHX CEKTOpIB Ta PErioHiB 3MYLIye JOCIIJHUKIB pOOUTH JOJATKOBI
OPUITYLICHHS LI0J0 PO3MOALTY 3arajlbHUX PecypciB, BUKOPUCTOBYBAHUX
ceKkTopamMu Ta perioHamu. ['amy3eBi Ta perioHajqbHI MOJENI BHU3HAYAIOTh
pillIeHHs, ONTUMAaJbHI JUIS PO3IJITHYTUX CEKTOpiB Ta perioHiB. Komu
KOHKYPEHIIis 32 PECypCH CTa€ HEMUHYYOI0, HE3aJIS)KHUI aHasli3 CEKTOPIB Ta
pErioHiB, $KIi HE BpPAaxXOBYIOTh iXHIM B3a€EMO3B'I30K, MOXE CTaTH
noMHJIKOBUM. OTKe, rainy3eBl Ta perioHajibHI MOJenl IOBHUHHI OYyTH
NOB'A3aHI MK CO00I0, 1100 OTPUMATH IHTETPOBAHI PIlIEHHS, ONTUMAaJbHI
11st Beiel cucremu. B3aemosanexHi 1ini 6esneku FEWE 3naunot0 mipoto
CHPUSIOTh 3HAXOPKEHHIO 3B’ 3Ky MIXK CEKTOpaMH Ta perioHaMu, 0COOIUBO
yepe3 3arajibHi  €KOJIOT1YHI 1T, BKJIOYAOUYM KBOTH Ha 3arajibHe
3a0pyaHeHHs Boau, Bukuau III' tomo. YV i poOOTI MH po3risnaemMo
npoOjeMy 3B’S3Ky Tally3eBHX Ta/ab0 perioHadbHUX MOJeleH y
MDKrajry3eBy, MDKpETiOHaJbHY IHTETPOBaHY MOJEb IiJl aCUMETPUYHOIO
iH(opMartiero, TOOTo 6e3 po3KpUTTS 1HPOPMAIIii PO BiAMOBIIHI MiIMOICITI.
BincyrHicTs moBHOI iH(opMarliii mpo 1iji, MOXIUBI PillICHHS, 00MEXEHHS
Ta BIJIMOBIIHI HA0OPHW JAaHUX XapaKTEPHI JJIsT MOJIEITIOBAHHSI MIKHAPOIHUX
napameTpiB. BiamoBigHo, y wili poOOTI MH PpO3MEKOBYEMO TEepMiH
«3B’S30K» T aCHMETPUYHOIO 1H(POPMAIIIEI0 Bil TEPMIHY «IHTETPOBAHE»
MO/ICJIFOBAHHS Ha OCHOBI MOBHOI iH(opMariii.

MoxyTh  iCHyBaTH  pi3HI  CIOOCOOM  pO3MONITY  KBOT  MIX
CEeKTOpaMu/perioHaMu, TOTPIOHI IJIsi JOCATHEHHS CIUIBHUX OOMEKEHb
pecypciB. Lle KpUTUYHO 3a7eXUTh Bif 1isIei Ta HassBHOT iHpopmaii. [Tepmr
HDK CpOpMYITIOBATH HAIl MiIXid, HAKPECIUMO JesSKl MOB’s3aHl 3amadvi. 3a
BIJICYTHOCTI KOOpJIMHAIT MiX CEKTOpaMu/perioHaMu MO0 CHUTBHHUX
00OMEXeHb PecypciB, MOXHA OYiKYBaTH, IO BOHH IOBOJSATHCS €rOICTUYHO
Ta CIPSMOBaHI Ha MaKCHUMI3alilo BIAcHOi miboBOI (GyHKIil. Jyis mboro
BOHM HAaMaraTUMyThCsl 3a0€3MEYMTH MaKCUMAJbHO BHCOKI  KBOTH
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CMOXHMBaHHS pecypciB. Taky cuTyamito MOXHAa 3MOJICIIOBATH  3a
JIONIOMOTOI0  IrPOBO-TEOPETUYHUX MOJEIeH 3a BIACYTHOCTI CIIiBIIpali, a
came: irop comiasbHoro piBHoBaru (Harker, 1991), ski Oynu
chopMynbOBaHI TaKUM YHMHOM, 1100 BOHHM BKIIOYAIM CHiIbHI OOMEXEHHS
JUIs TpaBUiB. Y3araibHeHe pimieHHs piBHoBaru Hema (GNE), skiio BoHo
ICHye,  OmHMCye  pO3MOALT  BUPOOHMITBA  Ta  PECypCiB  MiXK
CEeKTOpaMu/perioHaMu, M0 33J0BOJIBHSIOTH CIUIBHUM OOMEXKECHHSIM. Y
LbOMY BHIAJKy pIIICHHS NPUAMAIOTBCS CaMOCTIHHO 1 TOTEeHIial
KOJICKTUBHUX 3YCHIIb JUUIsl YIIPABITIHHS CIUIBHUMH PECYPCaMH irHOPYETHCA.

Ax minkpecmoe I'apkep (Harker, 1991), icHyBaHHS, YHIKaJbHICTb,
crabinbHicTh GNE Ta peanictuuHe macuraOHe BTUIEHHS 1€l KOHLIENIIT He
MOXyTb Oytu rapanTtoBaHi. bimeme Toro, Tapkep (Harker, 1991)
nigkpecioe, mo Habopu pimeHb GNE pinko peanizyrorbesa. OTxe, TOBHUN
aHaii3 piBHoBar Hema B naHOMY BHITAKy € CKJIQIHUM 3aBIaHHSM, SKE
noTpedye JOJATKOBUX MPUIYIIEHb. AHATI3 MOXE CTaTH 1€ CKJIATHIIINM,
SKILO CIIJIbHI OOMEXEHHS pecypciB I'PYHTYIOThCS HAa yMOBax pPiBHOBaru
(onTHManbHOCTI), fKa BHHMKA€ 3 OMIALY Ha IOYATKOBY MpoOiIeMy B
MOCTAHOBLI TpU TOJOBHOTO AareHTra u4u JiJepa-NmociiJOBHUKA TIpU
Crakenbbepra (Ermoliev and von Winterfeldt, 2012). Hanpuknan, y
BUIAJKy acCUMETpU4HOI 1H(GOpMallii BUKOPUCTAHHS YMOB ONTHMAaiIbHOCTI
BUMaraTuMe HEJOCTYIHUX HESBHUX HAOOpIB y3arajJbHEHUX TIpaji€HTIB
(miparpanienTiB). Yepe3 ckiIagHICTh OOYHCIEHb YacTO 3acTOCOBYIOTh
eBpucTHuHi Meronu. OpHak, iM He BHUCTaya€ CYBOpUX JIOKa3iB
KOHBEpPTeHLii, 110 TOPOJKY€E OMaHJINBI BUCHOBKHU.

bropinarep ta Pezepdopa (Bohringer and Rutherford, 2009) posrnsnarots
MO>KJIMBICTh I1HTETPYBaHHA MOJIEJIE EHEepPreTHYHOi CHUCTEeMH Ha OCHOBI
MaTeMaTUYHOTO MpOorpamMmyBaHHs bottom-up B 3arajgbHy MOZEIh piBHOBaru
eKOHOMIKM top-down. VY craTTi mokKa3aHo, 10 (OPMYITIOBaHHS YMOB
PUHKOBOi pIBHOBaru 3a JOMOMOTOK) pPIBHSHB B3a€EMOJIONOBHIOBAHOCTI
JI03BOJISIE IHTErpYBaTH MOJENi, aje 301KHICTh 3alpONOHOBAHOI MPOCTOT
iTepariiHoi Tpoleaypu He MOke OyTH TapaHTOBaHa. Y KOHKPETHHX
BHITaIKaX MOJIENI 3araibHOT PIBHOBAru 3BOJAATHCS 10 TIPOOJIEM ONTHMI3aIlil
(Norkin, 1999), sixki MokHa MOB'SI3aTH, BUKOPUCTOBYIOUH 3alPOITOHOBAHUH
y Po3gini 3 meton.

B mpuHnmmi, 3B'I30K JeTepMiHOBAaHMX MOJENECH Ta JeTepPMIHOBAHHX
HaOIMKeHb MOJIETIEH CTOXAaCTUYHOI ONTHUMI3allii B €IWHY MOJENb, SKa
BKJIFOYA€ BCl OOMEKEHHS BCIX MOJEINEH, MOXKe PO3TIISIIaTUCS SK TIpodiieMa
OonTHUMI3aIil JEKIJILKOX KpUTEPIiB BIAMOBIIHO JO TPHUHIMIIB arperarii
(Kostreva et al., 2004; Ogryczak, 2000) , BKIOYarOYW WMOBIPHICHI
NPHUHIUIK Ui TPOOJeM 13 HEBU3HAYCHOCTSMH, HANPHKIIAL MPH LBOMY
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Barm J00poOyTy TpakTylOThCs sK HMOBIpHOCTI. OjHaK y BHIAIKY
acUMEeTPUYHOI 1H(opMallii, KOJIM areHTH He B 3M031 OTpUMATH 1H(OpMaILito
Ipo MOJieNl OAWH OJHOIO, 3B'A30K, TOOTO IHTErpauis IiJ aCUMETPUYHY
iHdopmariro, MoxiIuBa 3a jgonomoroiro (Po3min 3) Hermagkux MeTomdiB
onTUMi3amii OararoareHTHHUX cucTeM. YacTo HEMOXXIMBO pPO3TIIAIaTh
pilieHHs Ta 0OMEXEHHs BCIX MOJIENeH OJJHOYACHO Ta BUPILIYBAaTH OCHOBHI
HEsABHI  IMpoKoMacmTabHi wmomeni  onrumizamii. Haromicte  Mu
BUKOPUCTOBYEMO ITEpaTHBHI CyOTpaJi€HTHI ONTHMi3alliiiHI MEeTOH,
po3pobJieHl y BUTIISAAI ITEPATUBHOTO PO3KJIAJAHHS IS JBOCTYIIEHEBUX
MoJeNiell  CTOXacTHYHOi omTuMizauii (AMB. JUCKYCii Ta IOCHJIAHHS B
Ermoliev, 2009a,b,c,d), sxi TakoXX MOXyTb OyTH mnepedopMysbOBaHI SIK
MacmTaOHI (HaBiTh HECKIHYEHHO pO3MIpHI) HESBHI MoOjeml JiHiHHOTrO
nporpamyBaHHs. Lli MeTomu MarTh Haa3BUYalHY THYUYKICTh, IO JI03BOJISIE
ontumizyBatu Hernaaki cucremu (Ermoliev and Norkin, 1997; nuB. Takox
po3ain 4). Poznin 3 dbopmystoe 3B'13yBaHHS SIK TBOCTYIICHEBY MOJIEIb, 1€
pillleHHs mepioi Ta APYroi cTaaiil po30MBaIOTHCA Ha MEHINI MiANPOrpaMu
It PIKCOBAHOTO BEKTOPY, SIK 1€ CTOCYEThCsi ocHOBHOI moxemi (1) - (5),
posain 2. Pozknananus (aus., Hanpukiaa, Dempster and Thompson, 1998)
MoJla€e MpaBuiia JAJisl ITepaTUBHUX HAlAITyBaHb BEKTOPY Ha OCHOBI pillieHb
1010 MPOCTUX MiAMOAENeH onTUMi3alii M NOTOYHUI BekTop. Jemmncrep
Ta TOMIICOH JeTaJbHO OOrOBOPIOIOTH 1€, BUKOPUCTOBYIOUM MacHITaOH1
nepedopMaTyBaHHs JIiHIHHOTO IPOTpaMyBaHHs JUIsl MOJI€IeH CTOXaCTUYHOT
onTuMizarii. Ha >xane, e miaxia BuMarae iHdopmartii mpo BCi miaMoen,
10 HEIOCSHKHO JUIs MOJENeH 3a yMOB acMMeTpuuHOi iH(opmamii Ta 3
nBoctyneHeBuMu npoosemamu (Ermoliev et al., 2000), mo dopmyroTees
CHUMYJIATOPAaMH €KCTPEMaJIbHUX MOMAIN Ta MOAESIMH PillleHb areHTiB.

Teopis arenrtiB (auB., Hanpukiaa, Gaivoronski and Werner, 2012) takox
BHMBYA€ BHUIAJKU aCUMETPHUYHOI iH(popMaIllii, a came SK CIIOHYKaTH arcHTIB
no obminy indopmariero. [ligxix Hamoi poOOTH € TPOTHICKHHUM: MU
MIHIMI3yeMO HEOOX1HICTh OOMIHY iH(OpMAaLIi€tO.

[IpeacraBnenuii TyT Miaxig A0 3B'I3yBaHHS Mojeled Oa3yeThCcsi Ha
iTepamiifHOMy Tpolieci HernaaKol onTuMisamii (po3ait 5), Mo NepexoauTh
JI0 COILIAJIbHO ONTHUMAIbHOTO pimeHHs. TyT He TOTpiOHO MOAEISAM
0OMiHIOBaTHCS MOBHOIO 1H(OPMAITIEIO PO CBOi TEXHIUHI XapaKTEPHUCTUKH.
"KBoTH Ha pecypcu" mis KOXXHOTO CEKTOpa/perioHy Ta KOXXKHOTO Pecypcy
MEPEePaxoOBYIOThCS  CEKTOPaMHU/pPETiOHAMH  HE3QJIeKHO, 3MIIIYIOUH  iX
MOTOYHE HAOJNWKEHHS Yy HampsMKYy, BHU3HAYEHOMY BIAMOBITHUMHU
rajy3eBUMHU/PETiOHaIbHIMHU TIHBOBUMH LIIHAMHU HA PECYPCH, BiJl IEPBUHHOT
npobiieMn ramy3eBoi ontuMizamii. TakuM UYMHOM MU ~ YHUKAaEMO
<OKOPCTKOTO 3B’s3Ky» MOJIEJeH B OJHOMY KOJi, IO EKOHOMHUTH dYac
nporpaMyBaHHsI Ta JO3BOJISIE TMAapayieIbHO PO3MOIUIMTH OOYHCIECHHS
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rayy3eBUX/perioHaTbHUX MoJenen 3aMiCTh IUPOKOMACIITA0HOT
iHTerpoBaHoi Mofeni, TOOTO Takoi, SKa MOBEpTa€ Hac 10 BIJOMOTO
"OpOKJIATTA po3MipHOCTI" 1 KHMJA€ BUKIMK TapMOHI3alil JaHUX B
Macmtabax 3a acuMeTpuuyHow iHpopmamiero. lle Takox 30epirae
OpUTiHAJIbHI MOJIE1 B IXHbOMY MOYAaTKOBOMY CTaH1 JJIsl 1HIIUX MOXJIMBHX
3B'SI3KiB. BHKOpHCTaHHS JeTallbHUX Tally3e€BUX/pErioHaIbHUX Mojenen
3aMICTh iX y3araJbHEHUX CIIPOIICHUX BEPCI TaKOX TO3BOJISIE BPaXyBaTH
KPUTUYHO B@KJIMBI JIOKAJbHI JeTaii, fKi, SIK NpaBWJIO, NPUXOBaHI B
CYKYITHHX JIaHUX.

PoGora opraHizoBaHa HACTYIIHUM YHMHOM. Y PO3JUIi 2 0OrOBOPIOETHCS
npobiema 3B's13Ky MOZEJ Ta CTaHAAPTHOIO 1HTErPOBAHOTO MOJIEIIOBAHHS.
VY posauni 3 mnpeAcTaBieHUN OpUTIHAIBHUNA pe3ynbTar 1i€i poboTu -
MOCTIIOBHUM 1TepalliiHUi TOPSIOK 3B’A3KYy MOJENi 3a aCUMETPHUYHOIO
iH(opMmaIliero Ha OCHOBI METOJy y3arajibHEHOTO TpajiieHTa (CyOrpamieHTa)
Hernajakoi onrtumizamii. Y po3aii 4 mpoaHani30BaHO BIIACTHUBOCTI
QITOpPUTMY, MIO0 JIO3BOJIAE Moro 30immkeHHs. Pos3min 5 mpeacrasisie
3aCTOCYBaHHS 3alpONOHOBAaHOIO MiAXOAy Yy TPHUKIAAi, IO TOB'A3YeE
BYTUIbHY Ta CIIbCHKOTOCHOJAPChKY Tajy3eBl MOJENl JAJisi ONTUMAalIbHOTO
yrnpasiiHHs Bojoto y nposinuii Hlansci B Kurai. Po3ain 6 nmigcymoBye Ta
OKpECJIIOE MOXJIMBI MailOyTHI HampsiMH, 30KpeMa, PO3LIUPEHHS MiAXO1y
3B'SI3Ky /10 CTOXAaCTHYHUX MOJAENCH JUIsl YHpPaBIiHHS 1HAYKOBaHUMH
MIXKCEKTOPHUMH «IIPUXOBAHUMM» CUCTEMHUMH PU3UKAMHU.

2. 3B'I3YBAHHS MOJIEJEH JIJIsI ONTUMAJIBHOI'O
PO3IIOALTY PECYPCIB

2.1. I'any3eBa/perioHajibHa Mo/1eJIb
PosristHemMo K cexTopiB/perioHiB, sKi BHKOPHCTOBYIOTH II€BHI 3arajbHi

pecypceu. IIpobnemy ix 3B’s3Ky MokHa chopmyioBatu Tak. Hexaii x® e
BEKTOPOM 3MIiHHHUX PIllIEHb Y CEKTOPI/PETiOHI k Ta MPUITYCTHMO, IO KOKEH

CEKTOP/perioH Mae Ha MeTi BUOpaTH TaKWUi x® , MO0 MaKCHMaJbHO
30UTBIINTH CBOIO 00'€KTUBHY (YHKIIIO (UUCTHH pUOYTOK) y hopmu:

<c(k)x(k)> — max , (1)

3a 0OMexKEeHb

x>0, 2)
) () < p (k) ’ 3)

BR) (k) < y(k)’ (4)
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ne <c(k),x(k)>, k=12,.., K, no3Hadae ckaasipHUi TOOYTOK BEKTOPIB a2

Ta x(k), <c(k),x(k)> = jcﬁk)xg.k).

Tyr, uuctuil npudyTOK B MaTpHlii A® 12 B®  pusnavenns
IPAaHUYHOTO BHECKY KOXKHOTO KOMIIOHEHTA DILIEHHS y 3arajibHUMl IOIMT,
BUKOPHUCTAHHS PECYpCIB Ta BIUIMB Ha HABKOJMIIHE CEPEJOBUILE, a TAKOXK

BEKTOpH b® 1a ™ pusuauarore nami oGMexenHs. Mu BIJIOKPEMITFOEMO
OOMEXEHHS, 5Kl € CIeU(pIYHUMH A CEKTOPY/pPeriony k BHU3HAYEHOTO B
3) Ta 0OMEKEeHHS, K1 € YaCTUHOIO 3araJibHOTO
MDKTraJ1y3eBOro/MiXKperioHaJIbHOTO 0OMEKeHHS 3
(k)

["any3eBi/perioHanbHi KBOTH HE € (PIKCOBAHMMH, CKOpillleé BUKOHYETHCS
HACTYyIHE CIUIbHE OOMEKEHHS Ha 3arajibHi pecypcu

ZleD(k)y(k) < d,y(k) >0, (5)

e MaTpuIll D pusnavaroTh TPAaHUYHUIA  BHECOK KOKHOT
rajry3eBoOi/perioHaibHOT KBOTH B CIIJIbHE OOMEKEHHS, ONMCaHEe BEKTOPOM
d=0.

TakuM YHMHOM, KOXEH CEKTOpP/perioH Kk MaKCHUMi3ye CBOIO ILIJIBOBY
dynkmiro (1) uepes Bubip x*) Ta y*) 3 MmoxmBoro HaGopy, BU3HAUEHOTO
(2), (3), Takum unHOM, 1100 (4) Ta (5) TaKOX BUKOHYBAJIUCS.

CEKTOPAJIbHUMH/PETIOHATIbHUMUA ~ KBOTaMU Y BU3HaueHUMu B (4).

CrinbHe oOMexxeHHs (5) Moxe Oytu abo o00oB's3koBHM, abo He
00O0B'SI3KOBUM. Moxe cTaTHCsA  Tak, oo [jiId  JaHOro y

. o (k)
CEKTOPAIbHO/PETIOHAIBHO ONTHMANIbHI PILICHHS X npobnemu (1)-(4)

Oyne TeHepyBaTH IIOMUAT HA PECypCH y*(k) = g , Take, IO

BUKOHYEThCA (5). Y 1bOMY BHUNAAKYy CEKTOpH/perioHn (HaKTHYHO HE
B3a€MOIIOB'sI3aH1, a PIIIEHHS, ONTHMAJBHI JUISI KOKHOTO CEKTOpa, TAKOXK €
ONTUMAITLHUMH TS BCI€T CUCTEMHU.

Mu 3amikaBieHI B TPOTUJICKHOMY BHUIIAIKY, KOMH OOMExeHHs (5) €
00OB'SI3KOBUMH, TOOTO KOJIM JUIsl ONTUMAIbHUX Taly3eBUX/pEriOHATIBHUX
pimeHs oOMexeHHs (5) He BHUKOHYIOThCS. lle o3Haudae, MO CEKTOpH HE
MOXYTb JOCSTTH CBOI'O ONITUMYMY OJIHOYACHO 1 MPUHANMHI O/IHA 3 HUX Ma€
MOKEPTBYBATH YAaCTHHOK CBOEI KOPUCHOCTI (TOOTO MaTh MEHIII
npuOYTKW/BUII BUTPATH), 100 33 JOBOJIBHUTH CIIUTBHUM OOMEKEHHM (5).

86



3. MOCJIJIOBHA ITEPALIIMHA ITPOLIEIYPA 3B'SI3YBAHHS
MOJEJIEM, IO ONTUMI3YIOTH 3ATAJIbHY ®YHKIIIIO
JAOBPOBYTY

3.1. Makcumi3aiist 100po0yTy B yMoBax acuMeTpuuHoi iHgopmairii
CrpaBal  iHTerpaTHBHI pIllIEHHS, 3a BHU3HAYECHHSM, IepeadadyaroTh
CHIBMPAII0 MK CEKTOpaMH. 3 Ii€i TOUKH 30py, IpoliaeMa B3aEMO3B'SA3KY
MOJIEJl 1O CYTI MOK€ BBAKATHCS MPOOJIEMOI0 ONTHMI3AIi 3 JACKUTbKOMAa
KpUTEPIsIMU B YMOBaxX acHUMETPUYHOI iH(opMallii, B sIKiii MOTPIOHO 3HAUTH
pecypcoedextuBne pimeHHsi [lapero. lle o3nawamo 6 ol'egHaHHS iXHIX

. . K .
LITOBUX (PYHKLIM 3 JIESIKMMM Baramu, zk:l w, =1, B ogHy QyHKLIO
n06po0yTy 1 mouryky ontumymy Ilapero B HacTynHii 3aaui:

K (k) (k)
Zk:lwk(c ,X) > max, (6)
3a ymoB (2)-(5). Ilig acumeTpuuHoiO 1H(OPMAIIIEIO CEKTOPIB/PETIOHIB MU

Ma€eMO Ha yBa3i, II0 CEKTOP/perioH k He 3Hae c(l), A(l), B(l), x® po
iHm  cektopu/perionn [ #k . OnHak € IEHTPAIbHUN KOHIICHTPATOP

(perynsaTop), KM 3Hae D™ i @ . Mu raxox IPUITYCKAEMO, IO ICHYE
Mepeka KOMIT'IOTEpiB, 10 3'€HYIOTh IEHTPAIbHUI KOMIT'IOTEpP KOXKHOIO
CEKTOPa/perioHy 3 LEHTPAIbHUM KOMII'TOTEPOM KOHIIEHTPATOpa.

Y 1mpoMy po3aini MU TPOMOHYEMO MOCHIJOBHHHA aarOpUTM OOYHUCIICHHS
ITepalifHUX aJaNTUBHUX 3B'SI3KIB rajdy3eBUX a00 perioHaJIbHUX MoJesen
il aCHMETPUYHOIO iH(opMaIlli€ro, Ui SKUX KOHBEPreHIlisl BCTAaHOBJICHA,
BIAMOBIMHO 110 po3ainy 4. BaximBo 3a3HauMTH, IO MUKIIYHHUN METO.
ONTUMI3allil, OpiEHTOBaHUI HAa KOOPIMHATH, HE 30iraeThCs, SAKIIO LIHOBA
byakmis € HeaudepeHIiHoBaHU Oe3mepepBHO  (AWB., HAMPHUKIA,
Ermoliev, 2009 a,b,c,d mpo metomu SQG), oTxe, mpsiMuii 3B's130K He Oyne
npamroBatd. OCHOBHA YacTHHA alTOPUTMY - 1€ UEHTPATbHUI KOMII'IOTEp-
KOHIIEHTPATOP, SIKUH MepepaxoBye KBOTH PECYPCIB, 3MIIIYIOUH iX MOTOYHE
HaOMMKCHHS 'y HampsMKYy, BHU3HAYEHOMY BIJIMOBIIHUMH BEKTOPAMH
MOJABIMHUX 3MIHHUX (TIHBOBI IIHM HA PECYpPCH) BiJ MEPBUHHUX 3a1a4
onTuMmizaiii. [{i KBOTH OTPUMYIOTh CEKTOPaJIbHI / peTrioHaTbHI KOMITIOTEPH,
0 JO3BOJISIIOTH MapalielbHO OOYMCIIOBATH PIMIEHHS Ta MIBHAKO
perymoBatu BekTop. €pmonneB (Ermoliev, 1980) crmovarky mnpenactaBuB
171e10 IIbOTO AITOPUTMY, & CYy4acHI KOMHI'TOTEPHI MOTYKHOCTI JTO3BOJISIOTh
peanizyBaTd HOro y macumTaOHMX MOJEINSAX, 0 BHUKOPUCTOBYIOTHCS IS
MiATPUMKH PillICHb.

PosrnsiHeMoO OCHOBHY HesBHY mpoOiiemy Makcumizamii. [lng nanoro

BekTopa y = ( y(l),..., y(K)) MO3HAYMMO ONTHMaJbHE 3Ha4eHHs QyHKLIT (6)
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npu obmeskeHusx (2) - (4) uepes F(y), iHmuMu cioBamu, B Il QYHKIIT

x® (¥) € onTumansHUMU pimeHHsAMEU A (1) mpu (2) - (4) 3a irHOpyBaHHS
cibHUX oOMexeHb (5). Tomy:

K
F(y)= Elf ® (),

Iie f ) () =w; (c(k) ,x(k) (¥)) € yBirmyri  HemudepeHmiiioBaHi
(6esmepepBHO) ab0 Hermanki QyHKHii 11 3aAaHux Bar (CypkeHHs 1, a),

0)).

Ileit anropuT™M BHM3HAYAE MPABUIO IS NPUCTOCYBAHHS JO ONTHMAIBHOIO
y , mo MmMakcumusye ¢yukuiro F(y) mix cninbHumu oomexeHusmu (5),
1110 BU3HAYAE MOKIIMBHI HaGip Y .

3.2. Hersraakuii MeTox 3'¢THAHHSA

Po3risiHeMO JIOBiNbHE 3IiCHEHHE pilmIeHHS )° :(ys(l),..., yS(K)) TUIS
iTepanii s = 1,2, ... anroputmy. [y 3aaHux KBOT y° = (ys(l), ...,ys(K)),
HEe3aJIe)KHI Ta MapajelibHl KOMIT'IOTEPU CEKTOPIB/PErioHiB OOYHUCIIOIOTh
nepBicHi  mozeni  (1)-(4) Ta  OTpUMYIOTH  TOYAaTKOBI  PO3B’S3KH

x50 = x5®) (,5) pasom i3 BignOBiAHEMY TIHBOBUME LiHAMH Ha pecypew,
10670 pimenns (u¥®, v nongiitaNx 3amau.

<b(k),us(k) > n <ys(k)’vs(k)> — min (7)

A(k)MS(k) +B(k)v-9(k) > ch(k) (8)

w'® >0, v°® >0 )
s(k)

k=12,.., K, ne Bektopu v € pymriitHuMu cunamu 3 anroputmy (10).

Hacrynue HaGmwkeHHs kot yS*tl= (y$t1), . ys+1(0)  puponurhes
KOMIT'FOTEPOM LEHTPAILHOTO KOHIIEHTPATOPa LUIAXOM IEPEMIIEHHS )' B
nanpsivox Bextopy v¢ =(v*V . v ®)) | 10610 onmruMansHEx moasiitHux

3MIHHUX (TIHBOBI I[iHM), IO BiAMOBIAaIOTHE 0OMexeHH:sM (4). OTxe, y Hac €
iTepaTUBHA TIPOLIEypa, BH3HAYEHAa B CEHCI («IITYYHOTO I1HTEICKTY»
PO3pO0IIEHOT CUCTEMU PIllICHb:

s+1 s K
yU =y (v o), (10)
Jie p_S - 3aJeKHUM Bij iTepalii MHOXKHUK, KUH € IMapaMeTpoM METONy, a
7y(*) - OPTOrOHANBHHM OMEepaTop MPOEKIil Ha MHOXHWHI Y (IMB. TaKOX
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sayBakeHHs 1, posain 3). Bekrop v’ Bu3Hauae miarpamieHT Oe3nepepBHO
nemuepenuiiiopanoi Gynkuii F(x). Lle Ta KoHBeprenuis pimens y°* 10
ONTUMAJIBHOTO pIlIEHHS 3aaauyl 3B’s3ky (2) - (6) 3a s—>o© |

npoanamizoBaHo y Pozmini 4. Bonr Ta Ciy (Wang and Xiu, 2000)
pO3pOOMIIN TEOPII0 KOHBEPIeHLIi METONy TPaJl€HTHOTO IPOEKTYBaHHS
e s GyHKIII, 1o NOCTIHHO AU(EPEHIII0EThCS, 1€ pO3MIpP KPOKY P
BHU3HAYA€THCS 3aJICKHO BiJl YAOCKOHAJEHHS LIbOBOI (QyHKUii. OnHak y
HaIIOMY BUMAJKY 3 HeludepeHiioBaHUMU (QYHKIISIMU 11€ HEMOKIIUBO. Y
LIbOMY BMIIJIKy PO3MIp KPOKIB p, BUOMPAETHCS 13 JOCUTH 3arajibHUX Ta

OPUPOIHUX BUMOT: O, >0, D7, o, =00, OCKIUIBKH y3arajabHEeHI rpai€HTH
HE € HallpsIMKaMH 3pOCTaHHs (PyHKIIIH.
Xoua CTaHIApPTHUM METOJl MPOTHO3YBaHHS CyOrpaji€HTa CXOAUTbCA Oe3

YMOBH D arg ,OS2 <00 , MPONOHOBAHMM AITOPUTM 3B 3Ky Ul 3a4ad MpH
acumetrpuuHiil iHopmanii (10) Bumarae mi€i AOJATKOBOi yMOBH, I1100
3a0e3MeYnTH KOHBEPTeHIIito He Tinbku Qynkuii F(y°), ane i pimens y°.
Lle no3Bosisie 3ampornoHyBaTH MPOCTUM KPUTEPIl 3YyMUHKH, L0 JIO3BOJISIE
He3aJeKHY ONTUMI3AIII0 B3a€MO3AJICKHUX CEKTOPIB 3a gonomoroto (10).
3.3. Aroputm T i0ro y3arajbHeHHsI

OcHOBHUI anroputM 3B'A3Ky 3 OUIBII JETaJbHOIO iH(OpMALIELO,
BKJTIOYAIOUN KPUTEPii 3YyIHHKH, y3aralbHEHO HACTYITHUM YHHOM:

Kpoxk 0: Ininiamizamis. Cekrop k, k =1,..., K , BubMpae moyaTkoBi BEKTOpHU

0(k)

KBOT ) 1 momae iX 10 IEHTPaJbHOTO KOMITHOTEpa (KOHIIEHTPATOPA).

Komn'torep npoekrye yoz(yo(l),..., yO(K)) Ha HaOip Y , BU3HA4arOuM

1(1)

nepiie 3aiiCHeHe HaOMmKEHHS y1 =y, yl(K)) , HaOip s =1.

Kpok 1: T'enepyrounmii kpok. Ilpumyctumo, a0 modYaTrKy irepartii s

anroput™ notparme y sektop ° = (1*W,..., y*®)) . Morim Ha itepauii s
QJITOPUTM TIPOJOBKYE IiSITH HACTYITHUM YHHOM.

®) ra BUPIIIYIOTH TaJTy3eBi

s(k)

Kpox 2: Yci cekropu/perionn k oTpumyroTs y°

mozem (1) - (4) camocrtiitHo. TiHBOBI IIHU V
MOAAIOThCS HA LICHTPAIbHUN KOMIT'IOTE.

Ha 3arajbHI pecypcu

Kpoxk 3. Llentpanpuuii koMm'totep obuncmoe y° + pv° 3 po3sMipoM Kpoky

ps =Cg/s, Oe c, - mapamerp MaciutaOyBaHHsS, ¢ <c, <c U1 AEIKHX
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KOHCTaHT C, C, SKi PEeryllTh p, TakK, 100 A00yTOK p,v° BiANOBiaB

macmrady y°*. Bekrop y° + p,v’ mpoekTyerhes Ha Habip Y i Bu3Hauae

y”l. CeKTopH OTPUMYIOTh BIJIIOB1/IHI KOMIIOHEHTH y”l.

Kpok 4: Yci cekropu He3anekHO NepeBIpsA0Th KpuTepii 3ynuHku. CekTop
k o0uHCIIoE HEBIJAMIHHY PI3HULIIO
()= 0", P N+ (P v O (3°)) = (W P (3*)) i nonae

3Ha4YeHHA & () B LEHTPaAJIbHUI KOMI'IOTEpP 3arajibHOr0 LEHTPY.

SAxmo Y, &,(s)<e20, ne € - 1e AOMYCTHMAa TOYHICTh, TO AITOPUTM
3YNUHITHCS. B iHIIOMY BUIIAJKy MOBEPHITHCS 10 KPOKY 1.

Po3nin 4 mnoxasye, 1o He3ajiekHe (QYHKIIIOHYBAaHHSI CEKTOPIB/PErioOHIB
BIJIMOBITHO JI0 IIbOTO AJITOPUTMY MOXKJIMBE O€3 PO3KPUTTSA Traly3eBOi
1H(popMalii yepe3 BUMOTY ¢ ,os2 <0,

3ayBaxxenns 1 (O0umc/ieHHs MPOeKLii)

OproronansHe npoekTyBanHs y*"  Bektopy 73°=y® +pv’' Ha Y

OOYMCIIOETECA 332 JIOTIOMOTOK) IIBHJKOTO QJITOPUTMY, IO MiHIMI3Yye
2 2
S

— s(k)
(k)
y =y

K
=2
cnibHUX oOMexkeHb (5). Lls miniMizalis Moxke OyTH 37iHCHEHA MPOTITOM
O00MEXEHOI KIJIBKOCTI KpPOKiB, BHKOPHCTOBYIOYM NEPETBOPEHHS 33134
KBaJPaTUYHOI OMNTHMI3allii Ha OCHOBI PIBHSHB ONTHMAJIBLHOCTI B pamMKax

KBaApaTUuHy (YHKIIIIO 3 ypaxyBaHHSIM

niniifHoro mporpamysanns. Tomy, mo 3a y° €Y mpoekuii y*™ BexTopy
2
yi+pgv', s=12,. , dyke IIBHIKO 3MEHIIYIOTHCS Hys +pgv° —yH

N .
3aBISKH TOMy, 10 1pu PV —> 0 Bektopu v’ 0OMeXeHi ONTHMAaILHEMK
HOABIMHMMY pileHHAMY (IPUIYLIEHHS 1, @), i AKmo y° NpUHMarThCS 3a
MOYaTKOBE HAOIMKCHHS y”l :

3ayBaxkeHnHs 2 (3MimaHi 00MeKeHH)

CrinpHI OOMEXEHHS 00 pecypciB TUMy (5) MOXYTh OyTH HaKJIajeHI
30BHIIIHIM areHTCTBOM a00 MOXYTh OyTH Y3TOJKEHI CHUIBHO MIX
cektopamu/perionamu. CeKTOpH/perioHM MOXYTh OyTH cyOcuaoBaHi abo
OTOJATKOBYBATUCh JIJIi  JIOCSATHEHHS TICBHOTO pIiBHS BHPOOHHUIITBA,
HaIpUKJIa, Mmoo 3a0e3rmeunTy Oe3neyHuil piBeHb 3a0pyaHeHHs y Boji. Taki
pIIIIEHHS 3a4iNaloTh HE JIMIIE BEKTOpHU X ramy3eBux moxenei (1) - (4), ane
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il BeKTOp y oOMexeHOocCTi pecypciB (5). Y 1boMy BUIIAJIKY CIIIbHI rary3eBl
oOMexxeHHs (5) MOXyTh MaTH Taky 3MillaHy ¢GopMmy, IO BKIOYA€E SK
crinsuit pecype X, tak i Yy nix cninbauMu pecypcamu 6 :

ZleM(k)x(k) + ZII;ID(k)y(k) <S5 (1 1)

ne wmatpumi D®)  Busmauarote rpammumEmMii BHecok koxHoro x* B
OOMEXeHHS O , @ TAKOK T€HEPYIOTh JI0IATKOBY aCHMETPUYHY 1H(POPMAIIIFO
LI0J10 3arajbHUX PECYpPCIB y .

Opnak mpo6nema (1) - (4), (11) moxe OyTu mepeTBOpeHa Ha 3aaady, gKa
Ma€ TaKky X CTpYKTypy, sk 1 (1) - (5), 3 okpeMumMu OOMEXKEHHSIMH Ha
3arajibHi pecypcu, sK 11e:

BBenemo Taki BekTOpHU z® , 1110 M B x*) < () , k=1..,K , 1
nepenuiemo (11) sk

k
SK p®,0 <5 5K B sK 0 <5

[Ticns BiAMOBIAHOTO MOBTOPHOTO TO3HAYEHHS MU JIHCHO JOXOJHUMO 0
npobiemu hopmu (1) - (5).

4. BIACTUBOCTI AJITOPUTMY

VY 11bOMy po3ii MU OOTPYHTOBYEMO 301KHICTh 3aIIPOIIOHOBAHOTO CIIOCO0Y
3B's;3yBanHs (10). Mu ciupaemMoch Ha HOTO 3B’SI3KH 3 TEOPIEIO MOIBIMHOCTI
Ta Teopi€ro (MOCTIHHO) HeAM(epeHIIIOBaHOT ONITHUMI3aIlii.

HactynHe € BaXJIMBUM ISl MPOTO3MINT HAIIOrO MiAXOAY 1 BHILTUBAE 3
BimoMux (akTiB Teopii monsidHocTi. Hampuknan, yBirHyticts F(y) Ta
BaXJIUBICTh Henu(epeHiiioBaHoi ONTHUMI3allii BUIUIMBAE 13 TPUIYIIEHHS |
(a). IlepeBipka KpuTepiiB 3ynMUHKH B pO3/AUIL 3.3. BUIUIUBAE 3 KOHBEPICHITI
{y*} mo Toukm Y ) , 0OYMOBJIEHOT TEOPEMOIO ITLOTO PO3ILITY.

PosrisiHemo ramy3eBy/perioHaNbHY MOAENb, BU3HAUYCHY piBHAHHAMHU (1) -
(4), st 7aHOi MOKIIMBOCTI, IO 3aJI0BOJIbHIE oOMexeHHs (5). BimHocunu
MOJIBIHHOCTI 3a3BUYail BCTAHOBIIOIOTHCS 3a JonomMororo (yHkiii Jlarpanxka
(muB. Arrow, et al., 1958; Bertsecas, 1999) nHactynHum ynHOM:

L™ 3@ vy = 1w, (0® x4 @B p®) _ g0 ®)y (0,0 _ g k) ()
e # 1V € NOABIMHUMH 3MIHHUMMU.
Hpunymenns 1 (BixHOCHHU MOABITHOCTI)

[Ipunyctumo, 110 ICHYIOTB piteHHs x® ») BCIX K
rajry3eBHux/perioHanbHux Moneneid. Toxui:
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a). Koxna ¢ynkumia Jlarpawxa L, , k=1..,K, Mae Touky ciana

P 3),u® (3),v® (1)
min L O ), puv) = L (xP (), y,u® ()P () = max Ly (¥, v,u® (1),v® (1))

L O ), 2.u® v P ) = wi (@ O = 1P (), (12)
k k k) (k k k) (k

@ (),6© = 4D O+, y - BOKO () =0.

OckinbkH Lk(x(k), 1, u®(),v® () s ¢bikcoBaHUX y € CHUIBHO

YBITHYTUM (x(k), y) , TO micls MakcuMi3alii BIIHOCHO OTPUMaHOIO

ONTUMAJIBHOTO x®) 3HA4YEHHS (12)

Ly P (3),3,u® () v O () = f®(y) sammmaerscs yeirnyram Ha y

Omxe, [ (), F(y)= ZII;I f (k) (x(k )} € yBirayTi QyHKIii.
HactynHi ¢daktu b) 1 ¢) oOIpyHTOBYIOTh KPHUTEpid 3yNHUHKH aJTOPUTMY
3B's13yBaHHs (po3min 3.3.).

b). 3aBmaHHs MoJBIHHOrO MiHiMakcy minmax L, (X,y,u,V) €KBIBaJICHTHO

u,v20 x>0
3a/1a4i JniHiHOTO MporpamyBanHs (7) - (9).
[TepBicHa Monensb diHiitHOTO MporpamyBanHs (1) - (4) ekBiBajeHTHa 3aaaul
MakKCUMiHy, TOOTO Makcumizamii HeaudepeHIiioBanoi QyHKIIi B IIJIOMY:

min L, (x,y,u,v).
u,v=>0

c). llomsiiiHa 3amada wmae pimeHHs (v (y),v (¥)) , 1 @i pilieHHs
3aJI0BOJILHSIOTH TaKiil PIBHOCTI:

k k k
O =w®.x )=0""u N+ ).
Hacrymuauit dpakr (Ermoliev, 1976; Rockafeller, 1981) € ocHOBOMOMOKHIM
JUIs  BUpilIeHHS  mpoOieMu  3B'SI3yBaHHSA  4epe3  MaKCHUMi3alliio
HeaudepeniiioBanoi GyHkii metogom (10).
Hpunymenns 2 (CyorpaaieHr)
[TpumycTuMoO, 10 iICHYIOThH pillIeHHS x® (¥) Bcix K ramy3eBUX MoOJIENEH.
Toni, ny1st OyAb-IKOTO MOMXJIMBOTO PIIEHHS Z 1,

f(k)(y) _f(k)(z) 2 (V(k)(y)ay _Z) )
t06T0 v* () € cybrpamientom ysirayroi dynxmii £ ().

JloBeaeHHs: 3 MpUIyIIEHHS | BUIUIMBAE, 1110
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FP=-rP@=0"u® N+ @@ e)-0"uP @)~ @)
(0" ,u® )+ @V ) =P u P )= VO )

=P ).y -2).

Bucnosok: sektop v(y) = (v (),..,v"(»)) - ne cybrpamient ¢ynxumii
F() =3, O ), 10610 F(3) = F(2) 2 (v(9),y ~2) -

Tomy mnpouenypa (10) € cmnenudiuHuM MeTOJOM CyOrpajieHTa ais
MakcuMizalii (6e3nepepBHO) Heau(epeHIiioBaHOI YBITHYTOI (YHKIIIT
E(y).

TTokaxeMo Terep, Mo y° HAOIIKAETHCA 10 ONTUMANLHOTO pillleHHS ),
MakcuMizyroun F(y) mpu CribHUX OOMEKEHHsX (5).

Teopema (HeMOHOTOHHA KOHBepreHILisi)
(a). MoxnuBa CykynHICTh ¥ 0OMexXeHa;

(0). Po3mip KpoKy o, BIANOBiZa€ yMOBaM:

Py ZO’ Zilps =%, Zj:lpsz <0, Py =1/s.
Toni limy* eY s> o,

JHoBenennsi: Brnactusicte mpoekuii 77, (-) mae Oyap-sfKHil ONTHMAITbHUI

y*eY:
* s+1 2 * s s 2 * s s * s
‘y -y SHy -y = pgv SHy =y | -2p,(v",y —¥7)
2 N 2 ’
L% N ] IS e

Jle 0SF(y)—F(»)<(,y —»%), ToMy V' € y3araIbHEHUM IPali€HTOM
F(y) ma y =y’ (mpumymieHss 2).

2
v H <C<oo neC >0 € TO3UTHBHOIO KOHCTaHTOI, TOMY IO

Kpim Toro,

pimenns x*(y°) nepurHEX i po3s’ssanns (u'(y*),v*(y*)) nonsiiHMx
CEKTOPIATbHUX/PETIOHABHUX MoJieJiel O0OMEXeH1, OCKIIbKH MOJKJIIHNBa
MHOXXHHA Y 0OMEXeHa HAIIMMU TPUITYIIEHHSIMHU.

2
* s .
y -y } , 1o 3a10BOJIBHAE PIBHAHHAM

ITocnimoBHICTE {

s+1

2
2 ®© 2 . * *
+Cp?, 2521 pl <o muaBcix ¥y €Y, cxoauThbes

el -y

|y -
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g szs pl €

. © 2 .
MOHOTOHHOK, a T <Z'S 1 zg_l P, <00, TOMy BC1 TOYKH HAKOIIMYCHHII

s+l —

. . * ¢
JUIsL §—>00 , TOMY INO HOCIIJOBHICTh T :Hy -y’

. Omxe, KO MU Tenep

{y*} 3HaxonaThca Ha cdepi pagiyca lim” y =y

MOKaXEMO, M0 OJHA 3 TPAaHWYHUX TOYOK (HakomwueHHs) {y'} , ska
*

HAJICKUTh ¥ , TO 3 I[bOTO TBEP/DKEHHS BHUILIMBAIO O 30M>KeHHS {y°} 10

*
TOYKHU Y .

Po3rnsiHeMo 1ie pa3 HepiBHICTb

s 2 . 2 s . s
=y <=2 -2 e 0y =+ Y o7
UYepes wmepiBuicts F(¥y)-F(y')>(',y —y') , mo BummMBae 3
BU3HAUEHHs y3aranbHeHoro rpagienta v' = (v, v*®)) Mu maemo

5 s 2 * 2 K * K
=y <y - -2 e (FOHY-FO N+ CY o}
Tomy, D, p,(FO)-F(y)<ow .  Skmo Y~ p =0 i
F(y')-F(x')>0 , To icHye Taka MiANOCHiIOBHICTE " , IO

F(y)-F(")—=>0 mma s—>o . Tomy {ys} CXOIAThCS 1 JOKa3 €
3aBEpIICHHM.

3ayBamxennss 3. HacrynmHa mOCIIJOBHICTh p, , HaIPUKIIAJ, BIANOBIAAE
yMOBaM TeopeMu: p, =y, /s, 0<y <y <y <oo I JesKUX MO3UTHBHUX

KOHCTaHT ¥ 1 7.

5. IIPUKJIAJ AHAJII3Y B3AEMO3B'SI3KIB MIK
ITPOJIOBOJILCTBOM, EHEPI'IE€IO, BOJIOIO TA JOBKLIJISIM ¥V
KUTAI

Y 1upoMy po3mili MM JIEMOHCTPYEMO 3aCTOCYBaHHS —PO3pOOIeHOT
iTepaliiiHol mpoueaypu 3B’A3yBaHHS Ha MPUKIAL, [0 TOB'A3YE BYTUIbHY
Ta CLILCHKOTOCIOMAPCHKY TaIy3€Bli MOJENI, IO BHUKOPHCTOBYIOTHCS IS
BU3HAYEHHS ONTUMAIBHUX CTpareriii ympasiiHHa B npoBiHmii Illanbci B
Kwurai (Gao et al., 2018).

B 3arampHMX pucax MoOJeNnb MOXe OYTH ONKMCaHa HACTYITHUM YHUHOM.
Mogenb BpaxoBye pi3HI TEXHOJIOTIi BUAOOYTKY Ta MepepoOKH BYTULIA, a
TaKOXX Pi3HI BUAM BUPOOHHUIITBA CUIBCHKOTOCIOMAPCHKUX KYJIBTYpP Y Psai
JIOKAIiil y JTOCHiKyBaHOMY perioHi. BumoOyTok BYrimis Ta BUPOOHHIITBA
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CUTBCHKOTOCTIONIAPCHKOI  MPOMYKIIT OOMEXKEHI HAsSBHICTIO MPUPOJTHUX
pecypciB, 30kpema, BoaM Ta 3emui. l'amysi, mo 0a3yrooTbcsi Ha BYriuI -
BUJOOYTOK, IIPOMHUBaHHS, XIMIYHE BUPOOHHUITBO Ta BUPOOHMIITBO
eJIEKTpOeHeprii - Bce € HaA3BUYallHO eHeproeMHuM. Te, 1mo poOUTh
KOHKYPEHIIII0 3a BOJY II¢ TIPIIO0, - 1€ BEJIMUE3HA HEBIAMOBIAHICTH MK
BOJIHUMH pecypcaMH Ta 3amacamu Byruuid - 53% 3amaciB Byruuist B Kurai
po3TaiioBaHi y Jne(iUUTHUX BOAOKO0 perioHax, a 30% - y perioHax, Lo
3a3HAIOTh BOJHOTO cTpecy, 1 mpoBiHmis I[llaHbci € omHuUM 13 HUX.
BopmonocTauaHHst CiTBCBKOTO TOCIIOAAPCTBA TAKOXK € JYXKE BaXKIIMBUM,
OCKUJIBKH MOX€ CYTTE€BO MOKPAIIUTH PO3BUTOK CLIBCHKOI MICLIEBOCTI Ta
MIATPUMATH TPOJOBOJBYY Oe3neky, 3abe3neuuBlIM 0a30BY JOCTaTHIO
KIUIBKICTh 3€pHa.

Takum 4MHOM, 111 MOJIENb BUPILIYE MPOOJIEMY KOMITJIEKCHOTO IJIaHYBaHHS
€HepreTUYHOr0 Ta CLIbCHKOTOCIOJAPChKOr0 CEKTOPIB B YMOBax JAe(iluTy
BOJAM Ta 3€eMelb, a TaKOX JIOCATHEHHA IIed eHepreTM4Hoi Ta
MIPOJIOBOJILYOI O€3MeKH KOMILJIEKCHO. SIKIIO0 KBOTH Ha BOAY Ta 3€MIIIO JJIst
CEKTOPIB PO3PAXOBYIOTHCS HE3AJIEKHO, 11€ MOXKE ITPU3BECTU JI0 MOPYLICHHS
00MEXEHb 11010 CTAJIOT0 PO3BUTKY.

KpiM Toro, Mozaens Tako CTOCYEThCS 3B'A3KIB Yy pi3HUX Micusx. Perion
[Mlanbci cknamgaeTbes 3 11 MyHIIMMANITETIB, a 1€ 03HAYAE, M0 0c00a, sKa
npuiiMae pillieHHS, Ma€ MOJIMBICTh BHUKOPUCTOBYBATH PI3HHUIIO BUTPAT
MDK HUMHM OpU IJIaHyBaHHI BUPOOHHMITBA Ui 33/I0BOJICHHS 3arajbHOro
MOMUTY B MPOBIHIIT B LIJIOMY.

Tyr Mu npencraBisgeMo KIIHOYOBI pe3ysIbTaTH YUCEIbHUX OOYHCIICHb, IO

JIEMOHCTPYIOTh IIBUAKY KOHBEPIEHI[IO HAOMMKEHMX pilleHb )° 10
ONTUMAIBHUX PIlIEHb TPOOIEMH MaKcUMi3allii 100pooyTy.

3ayBa:kennsi 4 (OOuuciaoBasbHa crilikicTp). [lIBugka KoHBepreHirist
QITOPUTMY  3B’SI3yBaHHS, 3aCHOBaHAa Ha  y3arajJbHEHOMY  METOI
cyOrpamienra Heau(epeHIiioBaHOT ONTHUMI3aIlil, CIIOCTEPIraeThCs 1
TEOPETUYHO OOIPYHTOBYETHCS, KOJW ONTHUMaJbHI PIMICHHS € TOYKAMH
HeaudepeHiioBaHocTi. lle MOSCHIOETHCS TPHUHIUIIOBOIO PI3HUIECIO Y
BUMAAKy Oe3mepepBHO AudepeHIliioBaHUX Ta HeaudepeHiioBaHuX
GyHKLIA, OCKUIBKM  y3araJbHeHi TpalieHTH (CyOrpamieHTH) He
HAONMIDKAIOTBCS /IO HYJIS TPH ONTHMAalIbHHUX pilieHHsX. Hanpukian,
MiHiMi3aIlisl OAHOBUMIpHOI QyHKIIT F'()) =| y| Ma€ PO3B’SI30K y* =0 1mixa
rpamieHTd, piBHi +1 mus y >0 T1a -1 mua y <0 . Lei Tan Hermaakoi
GyHKII  KpUTepiiB  BUKOPUCTOBYETHCS B POOACTHIA  CTAaTHCTHIIL.

PobGacTHicTh 1HMX THMNIB METOMIB IIOJ0 BHUMAJKOBUX IOpPYIIEHb
BHKOPHCTOBYETHCS B croXacTHuHii ontuMizantii (Ermoliev, 2009a, b, ¢, d).
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Tabnuuys 1

Toune ma imepauiiine nopiGHAHHA ONMUMATILHUX 3HAYEHb KOPUCHOCMI MidIC
OKpPeMO OnMUMI308AHUMU MOOEIAMU MA 3A2aATbHOI0 ONMUMIZAUIEIO
000pobymy.

Mogens YucTuii qoxiz, YucTtuit qoxiz, Yucruil goxiz,
3aranabHui, Cinbcbke Byr/ieBuno0yBanns,
mipa. CNY rocnoaapcrBo, mipa. CNY
miapa. CNY

JIBi OKpeMi CEeKTOpabHi 264.2 17.7 246.5
onTuMizariii (0e3
CIUTBHUX OOMEKEHB)

OnTumizartis 196.3 15.4 181.0
no0po0yTY (FKOPCTKUH
3B'SI30K)

[Nog's13aHicTh YEpe3 1954 15.5 180.0
HeHTpaIbHIH "Xxab"

270000
260000
250000
240000
230000
220000
210000
200000

190000
1 2 3 4 5 6 7 8 9 10

Puc. 1. KousepreHiis (3 TOYKH 30py KOPUCHOCTI) ITEPaTUBHOI MTPOILIEITYPH 0
TOYHOTO BHPIIIEHHS 3arajibHOI Mpo0iieMn Makcumizallii 1oopooyty. Ha
BEPTUKAIBHUX OCSX - 3araJIbHUM YUCTHI NPUOYTOK, iTepallii MeToliB
BiTOOpaKarOTHCS HA TOPU3OHTANBHIN Oci. Tpy KpHUBi BiAMOBIAAIOTH Pi3HUM
MMOYaTKOBHMM YMOBaM.
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VY Tabnuui 1 npeacTaBieHO NOPIBHAHHSA ONTUMAabHUX 3HAYEHb KOPUCHOCTI
MDK OKPEMO ONTHUMI30BaHMMU MOJENSMH Ta 3arajlbHOK ONTHMi3alli€lo
no6podyty. Komu ramy3eBi Mopem BHPIIIYIOTBCS OKPEMO, >KOIHHUX
CHUTBbHUX OOMEXeHb (5) HE BCTAHOBIIOETHCS, IO JO3BOJIAE CLIHCHKOMY
rOCIIOJIAPCTBY Ta BYT1IIBHOMY CEKTOpPY oTpuMatu Omm3bko 15% Tta 36% ix
KOpPUCHOCTI BiamoBigHO. OJHaK CHOUIBHI CUCTeMHI oOMexeHHs (5)
nopyiytoTecsi. Ha mpaktuii nie Moxke npusBecTd A0 AediluUTy BOAU AN
OJTHOTO 3 CEKTOpIB 1 10 cucTeMHOro 30010. IIpu chiJbHUX OOMEKEHHSX,
TOOTO KOJMM MOJENl € >KOPCTKUMHU Ta/abo KOJIM BOHM IMOB'SI3aHI 4yepe3
LEHTPaAJIbHUI «BYy30J1», 3a0€3MeUyloul TaKUM YMHOM CHUCTEMHY Oe3IeKy,
3aralbHUM MPUOYTOK MOXJIMBMX ONTHMAJbHUX PpIllIEHb, TOOTO YHMCTUMN
npuOYTOK CEKTOPIB, MOXe OyTH MEHIIMM. YHCIIOBI PO3paXyHKH METOA0M
(10)  m03BOJNAIOTH  IIBHUAKO  BU3HAYMTH  HAWBAXUIMBIIIT ~ YaCTHUHU
ONTUMAJIBHUX pIillleHb, L0 BiJNOBIJAIOTh 32 CHCTEMHY CTaOUIBHICTH Ta
e(heKTUBHICTh. Po3paxyHKM TakoX JIETKO UTIOCTPYIOTh  3HA4YCHHS
MaTeMaTUYHUX MOJENeH TMOPIBHSHO 3 TNPOCTUMH  PO3paxyHKaMHU
"IHTYITUBHO OYEBUAHUX" MPSAMUX YHCTUX MNPHUOYTKIB, $KI ITHOPYIOThH
HenpsiMi CUCTEMHI NPUOYTKM Ta 30MTKM, 110 MOXE PI3KO BIUIMHYTH Ha
OCTaTOYHI BHCHOBKM Ta MOJITUKY. Hampuknaa, BincyTHiCcTb MocTy abo
rajly3eBOro 3B’s3Ky, L0 3'€/IHy€ 1HAKIIE BiJ’ €JHAHHI CEKTOPU/PETiOHH,
MOXK€ CIIPUYMHUTHU BTPATH, SIKI HEMOPIBHSHHI 3 MPSIMOIO BapTICTIO MOCTY.
Le#t TUN CHCTEMHHMX B3a€EMO3AJIEKHOCTEH BHPIIIYETHCS 3alpPOINIOHOBAHUM
MHIIXOI0M.

Ha puc. 1 npencrasneni 3HaueHHs 3arajibHOT QyHKIT 100poOyTy B KOXKHIN
iTepalii anropuTMy Ais TPbOX PI3HUX MOYATKOBUX HaOIMKeHb, TOOTO
MMOYaTKOBOTO PO3IMOiTY BOJAHHUX 1 3€MEILHUX KBOT MIJK JJBOMA CEKTOPaMH.
VY BCiX TPHOX BWITAJIKAX ITEPAIHUIA MPOIEC CXOAUTHCS JOCUTH MIBUIKO,
TOOTO B IIOCTIM iTeparii onTHMaJbHE 3HAYCHHS MPAKTUYHO JOCATHYTE.
[Ticna gecsaroi iteparii TounicTh crae 0,6%.

BaxxmuBum GakTopom, 110 BIUIMBAE HA MIBUIKICTH KOHBEPreHIIii, €,
3BMUAiHO, BUOIp KPOKY MOJIEIIIOBAHHS O, . 3arajbHe IMPaBUIIO MOJIATaE B

TOMy, 110 Maciutab p,v° MOBMHEH BiANoBinaTh Macutaby pimens y° .

6. SAKJ/IIOYHI 3AYBAKEHHA

VY mpoMy po3aini TpeacTaBlICHO IBa HOBITHI pe3ynbrath. [lo-mepime, 1ie
anroput™ - abo 0Oa3oBaHWW Ha MOJEINI IEPErOBOPHUN IMpolec, - IO
no3Bojsie XaOy (IeHTpaibHIN Blaji, TOJOBHOMY areHTy) 3MIHMCHIOBATH
MaKCHMIi3aIlil0 CYCIUILHOTO JA00pOoOyTYy, PO3MOIUISITH OOMEXKEHI pecypcu
MDK KITbKOMa CyO'€KTaMH, HE 3HAIOYM JACTalled BHYTPINIHBOI CTPYKTYpH
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nux cyO'eKkTiB 1 BHMararo4yu JIMII€ TPaHUYHUX I[IH Ha OKpeMi BHUIU
pecypciB. BifbIl KOHKPETHO, 1€ METOJA MOB'A3y€ pi3HI MoAeNi JiHIHHOI
onTUMi3alii B OJHY MOJEIb CHUCTEMH O0€3 TOBTOPHOIO KOJyBaHHS
miaMozene B €IuHY iHTerpoBaHy Mojenb. Ilo-gpyre, ne HaouHa
JIEMOHCTpAIIisl aITOPUTMY JUTsl TEMAaTHYHOTO JOCIipKeHHs B Kurai.

Xoua B LbOMY pPO3JUII MU Majd Ha yBasl 3B'SI30K PEriOHAJIbHUX Ta/abo
rajy3eBHX MoJjelneil, KoJau WIeTbes Mpo 3B'I3yBaHHS MOJENeil 3aranom, wi
MOJIeIl MOXKYTh 3aCTOCOBYBATHCS Ha Pi3HI JOKAJIbHO-II00aIbHI MacluTaOu.
Tomy npoOinema 3B'A3Ky Moxe OyTH TakoX c¢opMyiboBaHa Habarato
OUIbII 3arajbHO 3 TOYKH 30py HIAMOJENEH Ta IHTErpOBaHUX MoeneH, 1
HiAXi4, TpeAcTaBlIeHuil y il poOoTi, Bce 1Ie MOXke OyTH 3aCTOCOBAaHUIL.
3ayBakeHHS 2 UTIOCTPYE 11€ OB TOKIIATHO.

3B'A3yBaHHSI MOJIEJIEH NMEBHUM YUHOM € METOJOM, MPOTUIICKHUM METOJIaM
nexomnosuiii (Hanpukinaa, Dantzig and Wolf, 1960; Bertsekas, 1999; Kim
and Nazareth, 1991). Toxi sk mig 4Yac AEKOMITO3WIT MU PO3AUISIEMO
ICHyIO4y IHTErpoBaHy MOJENb ONTUMIi3alii Ha [AEKUIbKa MEHIINX
i IMOJIeNIeH, B MOJICIISX 3B’ SI3yBaHHS MH OTPHUMYEMO IHTEIPOBaHY MOJEIb
CHCTEMH, TIOB’S3YIOUM 1CHYIOUI SIBHO HEBIJOMI MiaAMOJeNi. 3ayBaXeHHS 2 y
Po3nmin 3.3 Takok AEMOHCTpyeE, IO 3ampolOHOBAaHA METOJOJIOTiS Mae
OPUHIIMIIOBO HOBUH THUN THYYKOCTi, IO JO3BOJSE  OJHOYACHO
BUKOPHUCTOBYBATH MPOLEAYPH 3B’ SI3KIB Ta PO3KIIAAAHHS, IHIIMMH CIIOBAMH,
€HJIOTEHHO PO3’€IHYI0UM MOJEN, 00 3p0OUTH X MOJAANBIIY IHTEIrpalliro
OUIb1I €PEKTUBHOIO.

3anpornoHOBaHUK  OOYMCIIOBAJIBHUN  aNTOPUTM  3aCHOBAaHUW  Ha
MiATpaJieHTHUX METOJaX, BHUHAWIEHUX I ONTHUMI3allii HEerIaJKux
CHCTEM, sIKI MOXKYTh 3a3HaBaTH IIOKIB 1 po3puBiB. ToMy 1mi MeToau OyayTh
OPUPOIHO PO3POOIEHI Ui MOJAIBLIONO 3B'S3YBAaHHS CTOXAaCTHMYHHMX
Mojaened 13 BIIOMHMH  TPAaHUYHUMH  PO3MOJIIaMU  Tally3€BHX
HEBU3HAUYEHOCTEH, MIKCEKTOPHHUX IHTETPOBAHMUX MOJENEH 13 CHUIbHUMH
PO3MO1IaMH KOJIEKTUBHUX CUCTEMHHUX PU3HKIB, CHPUYUHEHHUX Taly3€BUMU
HEBU3HAUEHOCTSAMU Ta PIMICHHSAMHU, [0 MAaKCHUMIi3yIOTh CTOXAaCTUYHY
Bepcito GyHKIIT (6).

Bapro 3a3HaumMTH, MO MH TaKOX MOXXEMO 3IIMCHIOBAaTH 3B'S3yBaHHS
TUHAMIYHUX CHCTEM, BUKOPHUCTOBYIOUM Ti cami piBHsHHS (1) - (5) 3

sexropamn x X = (x®(1),...xP (1)), y® =P q),...yPT)) , mo
XapaKTEepPU3yIOTh PIIICHHS Ta KBOTH CEKTOpiB k =1,..., N ywaci t =1,...,7 .
JlonaTtkoBi ycKiaJHEHHS BHHUKAIOTH y CHUTYallii, KOJIH BEKTOPH x® (1)

matoth 1Bi cknanosi x %) ()= (z(k ) (t),u(k) (¢)), M0 TPEACTABNIAIOTh 3MIHHI
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CTaHy z® (f) Ta KOHTPOJIBHI 3MiHHI u® () . Y upoMy BHMAAKy TOYKHU
cimna y BigHocuHax nojsiiiHocTi (IlpumymienHs 1) MOXyTh MaTé BHIJISAL
IUCKpeTHoro (B 4aci) mnpuHuuny waxkcumymy Ilontpsarina. lle nae
MOKJTUBICTh JIEKOMIIO3HIII1 MOJIENI JUHAMIYHOI ONITUMI3AIli]l uepe3 iHTepBal
[1,7] Ha He3anmexHi mig3anadi ans KoxHoro f=1,.,7 , sSKi MOXHa
BUPIIIUTH 3a JOMOMOIOK 3allPONOHOBAHOTO AJITOPUTMY, SIK 3a3HAYEHO Y
pemapuii 2.

[HIIMM TPUHIIMTIOBO BaYKIIMBUM MOYJIMBUM PO3MIMPEHHSM PEACTABICHOTO
METOAY € BHIAJO0K CTOXACTUYHUX CEKTOPHHUX/PEriOHAIbHUX MoJeNeH, B
SIKUX PO3IOALT HEBU3HAYEHOCTEH (POPMYETHCS PIIEHHSIMU PI3HUX areHTIB.
Hanpuknan, 3MeHIIEHHS  TNOBEHEH  HOBUMH  DPIIIEHHSAMH  IIOJAO
3eMJICKOPHCTYBAaHHSI BIUIMBAIOTH Ha CIEHapii MmoBeHeW. Sk mpaBumio, 1e
YHEMOXKIIMBIIIOE ~ PO3MAUIEHHS TeHepallid  CIeHapilo Ta MpoLexyp
ontumizamii. Ile BuMarae 3'eqHaHHA SK MOJCIIOBAaHHS, TaK 1 MPOLETYP
ontumizamii axanoriyHo anroputmy (10), MmoeaHyHOUYM TakUM YHHOM
MOJICJTFOBAHHS CIIEHAPIiB 3 KPOKaMH ONTHUMI3aIlii.

IMogsika

Po3pobka anropuT™MiB 3B’sI3KiB Ta TEMATHYHHUX JIOCHIKEHD TIATPUMYETHCS
npoektramu €C COACCH (776479) ta SUSFANS (633692) ta crnibHUM
npoektoM MK [IASA Tta HamionanbHOl akajemi€ro Hayk YKpaiHu
«laTerpoBane poOacTHE yYHpPaBIiHHA B3a€MO3B’S3KaMU BUKOPHCTAHHS
MPOJIOBOJIBCTBA, €HEPTIi, BOJU Ta 3eMJI1 IS CTAJIOTO PO3BUTKY».
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Po3agin 3

JIMHAMIUHE OB’€JTHAHHSI I''TOBAJIbHUX 1
JJOKAJIBHUX MOJIEJIEN 3EMJIEKOPUCTYBAHHSI
HA OCHOBI AJITOPUTMY POBACTHOI'O
PO3YKPYIIHEHHSI JAHUX B YMOBAX
HEBU3HAYEHOCTEN

T. €pMOHB€Bal, I1. XaBHiKl, A. MOHLGl, X. BaniHl, M. O6epUJTa171Hepl,
C. Kupustox”, O. Bopoxixa’

' Mi>kHapoaHuit IHCTHTYT IPUKIIAHOTO CHCTEMHOTO aHAI3Y,
2 [HcTUTYT eKOHOMIKHU Ta niporHosyBanust HAH Vkpainu

Y mii crarTi 3 METOI IPOBEACHHS JOCHIIKEHb H OTPHUMAaHHS MPOTHO3IB
HEOOXITHOTO TMPOCTOPOBOTO MacIITady, 3ampolOHOBAaHO OO'€MHAHHS IBOX
MoJeJei: JAMHAMIYHOI MOJENi YacTKOBOi  piBHOBAaru GLOBIOMI, 10
BUKOPUCTOBYETHCS AJsl OOYMCICHHS TJI00aJbHUX 1 PErioHaJbHUX MPOEKIii, Ta
JUHAMIYHOT pEKypCHBHOI MOJETl pO3YKPYIHEHHS, 10 TPYHTYEThCS Ha
BUKOPUCTaHHI MNPHUHLMIY KPOC-€HTpOMii, M 3MEHLICHHS MPOCTOPOBOTO
PO3LIMPEHHSI PE3YNbTaTiB, OTPUMAHUX IJIOOAIBFHOI0 MOJEILIIO. 3alporOHOBAHUH
MiIX1J1 T03BOJISIE BpaXyBaTH HAasBHI JlaHi 3 PI3HAM MPOCTOPOBUM PO3IMIMPEHHSIM Ta
3 pi3HUX JoKepen iHQopMarii, B TOMY YHCIi OTPHMaHHWX 3a JOIMOMOTO0
CYIyTHUKOBHUX 300pakeHb, OGQILIHHUX CTAaTUCTHYHHMX JDKEpeJ, EeKCHEePTHHX
OLIHOK, a TaKOX IJ00aJbHUX MOAEIEeH 3EeMJICKOPUCTYBAHHA. Y YHCIEHHUX
JMOCHIDKEHHAX Ha TpukiIamax Kuraro Ta VYKpaiHH 3amporOHOBAHHM ITiIXia
JO3BOJIMB OTPHUMATH JIOKAJIBHI MPOTHO3M PO3BUTKY 1 3MIHM 3€MIIEKOPUCTYBaHHS,
Y3TO/IKEHi 3 pealbHUMHU TEHICHLIAMH 1 odikyBaHHAMHU. OTprMaHi 3a 10IOMOT 00
PO3YKPYITHEHHS JlaHi W TPOEKIli BHKOPHUCTOBYBAIHMCA I  TTOOYHIOBH
HalllOHAJIbHUX MOJeJNie TUIaHyBaHHS CTaJIOr0 3eMIISKOPHCTYBAaHHS Ta PO3BUTKY
CLIBCBKOTO TOCIIOAAPCTBA.

KarouoBi cioBa: riobanbHa MOJIENb TUIAHYBAHHS 3€MIICKOPHCTYBAaHHS, MOJECIH
po0acTHOrO pO3YKPYIHEHHS, JMHAMIYHE 00’ €THAHHS MOJIENICH, JTOKAbHI MPOEKIIii
3eMJICKOPHUCTYBaHHS

! Global Biosphere Management Model, Havlik et al., 2011
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1. Beryn

B3aemo3anexHocTi MK cucTeMaMH 3eMJICKOPUCTYBaHHS Ha
HallOHAJIbLHOMY M TIJI00aJIbHOMY pIBHAX OOYMOBIIIOIOTH HEOOXIAHICTD
PO3pOOKH HOBUX MiJIXOMAIB JAJIsl IHTETpyBaHHs MoJieNieil 3eMIEeKOPUCTYBaHHS
pi3HUX MacmTabiB. Y 1iil cTarTi 3 METOK NPOBEICHHS IOCIHIKEHb M
OTPUMaHHS TPOTHO3IB 3 HEOOXIHUM IPOCTOPOBUM  PO3LIUPEHHIM
3ampoOIOHOBAaHO 00’€HATH JBI MOJEN: JUHAMIYHOI MOJENl YacTKOBOI
piBHoBarn  GLOBIOM, 1mo BHMKOPHCTOBYETbCA Ui  OOYMCIICHHS
IJ100aBbHUX 1 perioHalbHUX MPOEKIiH, Ta TUHAMIYHOI PEKYPCHUBHOI MOJIEI
PO3YKPYITHEHHS, IO TIPYHTYETbCS HAa BUKOPUCTAHHI MPHUHLUIY KpoOcC-
EHTPOITii, JUIi 3MEHIICHHS MPOCTOPOBOTO PO3IIUPEHHS PE3YNbTaTiB,
OoTpUMaHuX ryI00anbHOI0 Mozeuno. Ilapamerpu 3amponoHoBaHOI Mozemi
PO3YKpYIHEHHsI 3ajieXaTh BiJ MapaMeTpiB 1 pe3yJbTaTiB arperoBaHoi
mogneni GLOBIOM, mio mo3Bosisie BpaxOBYBaTH BeJNIHWYE3HE PI3HOMAHITTA
(hakTOpiB, AK1 BIUTMBAIOTh HA 3MIHH 3€MJICKOPUCTYBaHHSI, @ TAKOXK TEHCHIIIT
aeMorpadiuHoro i EeKOHOMIYHOTO PpO3BUTKY, BIANOBIIHY iH(opMalio
110/I0 BIPOBAKCHUX TMOJITHYHUX 3aXOIB, CTaH MPOOJIEM IPOIOBOJIBYOT,
BOAHOI, eHepretuuHoi Oesmeku. Y crari (Ermoliev et al., 2017)
OOTPpYHTOBAHO 3acagu poO3pOOKH MojeNiedl poOACTHOTO MPOCTOPOBOTO
OLIIHIOBAHHS Ta PO3YKPYNHEHHS JaHUX, OCHOBAaHMX Ha NMPHHLMIAX KpPOC-
eHTponii. ['omoBHa MeTa pPO3YKPYNHEHHS IMOJIATa€ B  OTPUMAaHHI
JOCTOBIPHMX OLIHOK Ha JIOKaIbHOMY PiBHI, BUXOISYM 3 TJI00ATBHUX
TEHJCHIIH, BUKOPUCTOBYIOUM TIpU 1BOMY BCl JOCTYIHI  JaHi,
CIIOCTEPEXKYBaHI i HeCcrocTepeKyBaHi 3MiHHI, 3aJI€KHOCTI MK 3MIHHMMH,
BHCHOBKH €KCIIEPTIB, a TaKOXX pPe3yJabTaTH IHIIMX Mojened. Y po3aim 3
0OTrOBOPIOIOTHCS  OCOOJMBOCTI JAMHAMIYHOTO PEKYPCHUBHOTO aJTOPUTMY,
OCHOBAHOTO Ha NPUHIMII KPOC-€HTPOMIi, IO BUKOPUCTOBYETHCS IJIs
PO3YKpYIHEHHSI ~ pe3ylnbTaTiB  THo0anbHOI  Mojemi GLOBIOM.
3anponoHOBaHUM MiAXiJT BUKOPHUCTOBYBAaBCS y MDKHApOJIHOMY IHCTHTYTI
npukiaanHoro cucremuoro ananmizy (IIASA) ta B [HCTUTYTI €KOHOMIKH Ta
nporaosyBanHss HAH VYkpainm s 3MiHM pO3IMIMPEHHS OTPUMAHHMX 3a
nonomororo  GLOBIOM mpoexiiiii 3eMIeKOpUCTYBaHHS, PO3PaxOBaHUX Ha
OCHOBI  pI3HMX  CIEHApiiB  COI[IO-€KOHOMIYHHMX,  TEXHOJOTIYHUX,
neMorpadiuHuX Ta KIIMaTHYHHUX MPOTHO3IB po3BUTKY (SSPs; Moss et al.,
2010). [Tokazano, 1m0 3alpPOTIOHOBAHMM MMIIX1J MOXXE€ BHUKOPHUCTOBYBATHCS
JUI TUIAaHYBaHHS CTAJIOTO 3eMJICKOPUCTYBaHHS Ha Micusx (Zhang et al.,
2015; Borodina et al., 2016). [Ipuntun kpoc-eHTpoIIii nmepeadadae aesKui
MOYaTKOBUU (ampiOpHUil) pO3MOALT BHPOOHMLTBA HA MICIIX, TOOTO
BUKOPUCTaHHA MEBHOro mpaepa. IIpakTuyHi IOCHIIKEHHsS CBi4aTh, IO
paep MOXKE 3aJeXKaTHh Bil PI3HUX BUMAIKOBUX IapaMeTpiB, TAKUX SK,
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HaNpUKIIaJ, BPOXKalHICTh, LlIHA, PIBEHb BUKHJIIB MMAPHUKOBUX Tra3iB TOLIO
TakuM 4MHOM, 3aMICTh OJHOTO MPAEPA, SK 1€ NPUHHATO B TPagULIHHOMY
MIIX0/1, MOXKE ICHYyBaTH Oe€3Jid mpaepiB, 1 B IIbOMY BHIAJKYy 3aBIaHHS
PO3YKpPYIHEHHS NOJSrae B TOMY, LI00 OTpUMAaTH JIOKalbHI OLIHKH,
BUKOPHUCTOBYIOUM 1H(OpMalliio, 3akjiaJeHy B YyCiX Ipaepax, TOOTO
oTpUMatd  pobacTHi oOuiHKA. Y po3auni 4 miaxix pobacTHOro
PO3YKpYIIHEHHS 3aCTOCOBYBABCS JUIsl PO3YKPYIHEHHS 1 FapMOHi3alli JaHUX
uis YKpaiHM 3 METOI0 MOJAJIBLIOIO BUKOPUCTaHHS iX y HallOHAJIbHUX
MOJIEIISIX TJIAHYBaHHS 3eMJICKOPUCTYBAHHS Ta CTAJIOTO PO3BUTKY CLITBCHKOTO
rocnogapctBa (Borodina et al., 2011). Po3nin 5 migcymoBye OCHOBHI
pe3yabTaTH, BUKIIAJEHI Y TOCIIKEeHHI.

2. D PATMEHT MOJEJII 3MIHA ITPOCTOPOBOI'O
PO3HINPEHHSA 3EMJIEKOPUCTYBAHHSA

2.1. Tpaguuiiina 3aga4a po3yKpyIHeHHsI HA OCHOBI IPUHIMITY KPOC-
eHTpOIIil.

PosrnsiHeMo ¢parMeHT 3araJibHOI MOJENi PO3YKPYHHEHHS, JEeTaJbHO
onucanoi B po3aun 3. IlpoiumocTpyemo ii Ha MHpuUKIAAl PO3YKPYIMHEHHS
arperoBaHMX JaHMX IIOJ0 OPHHUX 3eMelb. BHUKOpHCTOBYBaHa B MOjei
iH(dopmallis Moxe OyTH y3arajbHeHa y HacTynHuil cnoci0. OuiHKa ol

OpHOI 3eMJIi a; y IIPOCTOPOBIH Touwi j, j=1,n, MOXe OyTH OTpHMaHa 3a
JIOTIOMOT'0I0 KapT 3€MHOr0 MOKPHBY, 31 CTATUCTUYHMX 30IpHUKIB abo sK
pesynpraT riobanbHux Mmojener (GLOBIOM). Orminka mnOpuaaTHOCTI
BUKOPUCTAHHS 3€MJI, IO PO3TIAMAETHCA y po3Aum 3, XapakTepusye
MOTEHUIAHO JIOCSOKHHI  PIBEHb MPOJAYKTHUBHOCTI  V; TEBHOIO THILY

3EMJICKOPUCTYBAHHA i, [ =1,m, HanpuKiIaa, OpPHUX 3€MEJb, IACOBHILL,
JICOBUX MAaCHUBIB 1 T.J. y PI3HHX HPOCTOPOBUX Toukax j. ['eorpadiuno-
neraiizoBaHa iHdopmauis mpo 0i0-Pi3uuHy NPHUIATHICTE 1 MOTEHUIHHY
MPOYKTHUBHICTh 3€MJII B PO3pi3i PI3HUX CUIBCHKOTOCIOMAPCHKUX KYJIBTYP
MoOXe OyTH OTpUMaHa 3 ICTOPUYHMX JaHHMX, a TaKOX 3a JIOMOMOrow 0io-
GIBUYHUX MoJenell Takux sk, Hanpukiazn, moaens EPIC (Izaurralde et al.,
2006) a6o GAEZ (Fischer et al., 2002). Meta po3yKpylmHEHHS TOJSTAE Y
BU3HAYCHHI TAaKOTO DIBHS X, 3CMJICKOPHCTYBaHHS { y TOYll [, sKe

3aJI0BOJTHHSJI0 O OCHOBHMM OajaHCOBUM PiBHAHHM (1)-(2):

m

DX, =a,j=1n, (1)
Zyijxijﬁdi,i=l, , (2)
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Jie 3MIHHA X, Ta [apaMeTpu a;, y,, d;, MAIOTh MO3UTHBHI 3HAYCHHS.

PiBussnast (1) BcTaHOBIIOE  OOMEXKEHHs Ha  3arajlbHUi  oOcsr
3eMJIEKOPUCTYBaHHS B Toulll j, TOAl fAK piBHSAHHA (2) BiAmoBigae

OOMEKEHHIO 100 KIIBKOCTI BUPOOIEHOI MPOAYKLIl ¢, 3a MEBHOIO THILY
3CMJICKOPHCTYBAHHS [ BIAIOBIAHO IO PIBHS NPOAYKTHBHOCIT Yy, . JlaHHI
a0o TpOrHo3 piBHA MOMUTY d,, HANpUKIaJ, BUPOOHUITBA 3E€PHOBHX ab0

JIEpEBUHM, MOXHA OTPHUMATH Ha OCHOBI OQILIMHUX JKepesl CTaTUCTHYHOI
iHdopmariii abo pospaxyBaTh 3a JOIMOMOTOI0 arperoBaHMX MOJIEIEH,
MoAIOHUX 10 GLOBIOM. Moxna BBeCcTH HOBI 3MiHHI z;, IO

Xapakrepusyrors  posmoain  mwiomt  (0<z, <I) meBHMX  THUIIB

3CMJICKOPUCTYBAHHS | y To4ll j. Takum 4nHOM, X; =a;z;, H OOMEKCHHs

Jeye
(1), (2) MoxxyTh OyTH 3amKICaHi HACTYITHUM YHHOM:

%Zi]' :15j:17_n5 (3)
=1’

n JE—

Zaij-zij Sdi,iZI,m, aij :Cliyl-j. (4)
j=1

s moaudikamis oomexensb (1), (2) m03BoJsi€E BUKOPUCTOBYBATH TPHUHIIUIL
Kpoc-eHTpoItii (1 AMOBIpHI MiATBEPAKEHHS) AJIsl BU3HAUEHHS ONTUMaJIbHOIO

pIIICHHS z;. Y 3arajbHOMY BHIIQJIKy MOXC iCHyBaTH 0Oe3lid pillicHb z;,
i=1,m, j=1,n, 10 3aJ0BOJBHAIOTH PiBHAHHAM (3)-(4), HaNIpUKIA, KOJIU
cuctema (3)-(4) meBu3HaueHa. B 1mpomy Bumanky, HeoOXigHO 3 Oe3miui
pilieHs BUOpaTH OJHE Ha MiACTaBi JOJATKOBOTO KpuTepito. Kirououm

aCIeKTOM Y BUOOP1 TAaKOTO KPUTEPIIO € Te, M0 BXKE € TaK 3BaHUU anpiopHU

(moyarkoBUii, Oa)xkaHMi{) PO3MOILT Zj, I = 1,m, j=1,n, AKUi CIpUUHHSIE
MiHIMaJIbHI HeraTuBHI (200 MaKCHMallbHI TO3WTHBHI), B MEBHOMY CEHCI,
Haciigku. Hampukian, 1HTYIIisA migkasye, M0 anpiopHUN PO3MOALT MOXKE
3aJIeKaTH BiJ PIBHA PEHTAOENbHOCTI, BUPYUYKH a00 MAaKCHUMalIbHOI JOXOIY
TISTTBHOCTI B KOXKHIM TOYII TPOCTOPY. AMNPIOPHUN PO3MOIIT MOXKHA
po3paxyBaTH, BUKOPHUCTOBYIOUM  JIOCTYNHI  JaHi  (KapTud)  IIOJ0
36MJICKOPUCTYBaHHS, KapTH KIIMaTHYHUX 1 010-Qi3MYHUX YMOB B
MPOCTOPOBUX TOUYKAX, a00 BHXOIASYM 3 YMOB (OPMYBaHHS NOMUTY abo
CUCTEM TOCTIOJaPIOBAHHS. Hampuknan, anplopHUMA po3moain

a;i by
9 = —

= 2 q; = 1, MOXe CITY’)KUTH TTOYATKOBOO OILIIHKOFO TIIOIII
Zi @by
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3eMJIEKOPUCTYBAHHs | y MIPOCTOPOBIN Toull j, e P, - IiHA OpOMyKii i-
ro TUIY 3€MJICKOPUCTYBAaHHS, V, - YPOXKAWHICTH i-ro  THIlY
3E€MJIKOPUCTYBAaHHS Yy TPOCTOPOBIM Toumi j. B ymoBax BiacyTHOCTI
JI0JIaTKOBO1 1H(oOpMaIlii, aliplopHUM MOXke OyTH HalMeHII 1H()OpMaTUBHUI
piBHOMipHui posmoain (Wood et al., 2000), mpu mpomy mpoOiema
PO3YKpPYIHEHHS SIK 1 paHillie BKI0Uae B ce0e 0OMEeXeHHs Ha BCIX PIBHSX 1 3
ycix mkepen. TakuM 4YMHOM, pilleHHS 3aAadi  PO3YKPYINMHEHHS
KOPUTYBAaTHME amnpiOpHUN PO3IMOALT 3 METOI 3a/JI0BOJICHHS BCIX HAsIBHUX
oOMexeHb, B gaHoMy Bumanky (3)-(4). Y posaim 3 00roBoproroThCs
MOJKJIMBI MIiAXOIU JUIsl BUOOpY ampilOpHUX pO3MOALIIB. K0 anpiopHuit
PO3MOJILT BIJOMO q; >0, i=1,m, j=1,n, TOAI OLIHKH z; KpPOC-€HTpOMIi
BU3HAYAIOTHCS HA OCHOBI MiHIMi3anii (yHKII{ KpOoCc-eHTPOIIii:

m

Zz":zijzn; (5)

ZU
9
=1 j=1 q;
3 BpaxyBaHHsM (3), (4). @yukuis (5) Bu3Hadae BiActaHb Kynnbaka-
JIsitbnepa (Kullback, 1959) mix posmoninamu z; Ta g,, TOOTO, pO3MOALI
z;; , OTPUMAHHUI B PE3yNIbTATI BUPIMICHHS 3a/1a4i MiHIMI3aLii KpOC-eHTPOIIi],
Oyne HaOMMKYIMM 10  anpiOpHOTO  PO3MOAULY ¢, LIO 3aBOJIBHSE

oOMexeHHsM (3), (4).

2.2. PoGacTHe pO3yKpPyNIHEHHS JAHUX 32 YMOBH HEBU3HAYEHOCTI y
npepax

Posrnsinemo 3agauy posykpynHeHHs (3)—(5): MiHIMI3yBaTH (DYHKIIiFO KpOC-

m

z; _
cen m n .
EHTPOIII1 E . E i In—- mnpu OOMeKEeHHsX _Zi =1, j=Ln,

ij
n . Pa— .
zjzlaijzij <d,, i=lm, ne z,; MaroTh MO3UTHBHI 3HAYCHHS, a JIONYCTUMY
Oesmiv pilieHb z, MO3HAYUMO Z . Y TpaauuiiHid 3amadqi (3)-(5) 3amaHo
€1MHAH NIpaep g, . IIpoTe nMpaKTHIHI ZOCIIUKEHHS CBIIYATh, IO alplOpHUi
PO3MOILT g, MOXE 3aJekaTH Bijl PI3HUX BUIAJKOBHX IIAPAMETPIB 1, TAKMM

YHHOM, MOXE OyTH BHM3HAUYE€HUH HEOJHO3HAYHO. TOMy B 3arajlbHOMY
BUIIAJIKY 3aMICTh €IMHOTO MPAEpa g, MOKHA MPUITYCKATH, 1O iCHYe Oe3i1i4

npaepis 0, geQ, g=1q,,i = 1,m, Jj= I,_n} . OcHOBHE 3aB/IaHHS TOJIATAE B

TOMY, MO0 3HalTH pimeHHs 3amadi (3) - (5) B aKkoMych ceHCi poOacTHe
II0JI0 BCiX TpaepiB ¢ 3 Q. Po3risiHeMO ABa BOXKITMBUX BUITAIKH.
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2.2.1. Ckaagni anpiopni po3mogism. [Ipunyctumo, 110 iCHye CKiHUEHa

MHOKHMHA O MOXJMBHX Tpaepis ¢° ={g;,i=1m,j=1ns=1:8}, saxi

Z..
BU3HAUYAIOTh 0Oe3nmiu  QyHKIIH Kpoc-eHTpomii F°(z) = Zi Zj z, ln—i .
ij

Cuenapii npaepiB s =1,.S MOXYTb BIAMOBIAATH PI3HUM CIOCTEPEKEHHIMU
ij? R: y,‘ja mo
BU3HAUYAIOTh aIpIOPHUI pO3MOALI, SIK 1€ OOrOBOPIOETHCA B po3aAUIl 2.

a0o0 aJlbTepHATUBHUM EKCIIEPTHUMHM OIL[IHKAMU MapaMeTpiB o

JlocToBipHicTh cleHapiiB s =1,.S MOXHa 3aJaBaTd 3a JIOTIOMOTOIO
nmoBipHocTeit (Bar) y, >0, y <1, zs ¥, =1, mo Bi10OpaxaroTh CTYIIHb
BIIEBHEHOCTI B TOMY, WO § L€ AlfcHUI cueHapiii. Y pa3l HOBHOI
HEBU3HAUYEHOCTI MOXKHA MPHUIYCTHUTH, 110 BCl cLieHapii OJHAKOBO BipOTiiHi,
To0TO0 ¥, =1/§, s =1.5. BukopucroByroun Baru y, 3ajada 3aJa€TbCs y

. N N
craniaptomy Burisii (3)-(5) npu g,; = Zqzl 79, -
2.2.2. Pobarcni He-BaecoBcbki ampiopni posmoainu. Kpim Bigomoi
arperoBanoi iHdopmarii, 3agaHoi TomycTUMUMH oOMexeHHsmu (3), (4),
anpiopHuii  posnonin g =1{q;,i=1Lm,j=1,n} TpONOHYE BAKIMBY

MOYaTKOBY TiMOTe3y WIOAO pO3MOALLY =z o0 3a/I0BOJIBHSIE UM

l:/"

obmeskeHHsM. JIiist ckindenoi 6e3tiui @ anpiopHUX po3mnoaiuts g*, s =1,.5
dyHKuis F(z)= max Zi’j z; In(z; / ) = max Zij z; In(z; / 4jj (2))

BH3HAYa€ MaKCHMaJIbHYy BIiJACTaHb (B ceHcCl iHQOpMamiiHOi BiACTaHi
Kynws6aka-Jlsii6nepa) 10 MHOKHHH pO3MOALTIB O BiJ IITHOBOTO PO3MOALTY

z={z ,i=1,m,j=1,n}, Mo 3a70BOJBHSIE TPUUHATUM OOMEXKCHHSIM, J]I¢

jj b
q(z) - onTHUMaJbHHWK ampiopHUN PO3Moaia. TakuM YWHOM, MiHIMI3aIliro
F(z) MoxHa po3riisagaT sK He-balleCOBChKY MiHIMI3AII0 KPOC-SHTPOTTIT 3
npaepoM ¢(z), IO 3aJEXKUTh BiJ z . MOXHA MIATBEPAUTH, IO MIHIMI3aIlist

F(z) €KBiBaJICHTHA MiHiMi3aIil GyHKIT:

s s
F(Z):mfxzsys Zi,jzij ll’l(Zl:]./ql:.].), Zs:lys =1, s 20.

Ile dopmymoBaHHS I03BOJISIE PO3IJISTHYTH OUTBII 3arajbHy 3amady
pobacTHOrO pO3YKPYNMHEHHS Ha OCHOBI MPHHIMIY KPOC-€HTPOMii 3
BUKOPHUCTAHHAM Bar ¥ = (¥,..., ¥ ), 110 33I0BOJIBHAIOTH IESKUM 3arajlbHAM

OOMEXeHHSIM THIY y € H , siKi BimoOpakaloTh HasBHICTH iH(pOpMaIlii mpo
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y . Hampuknan, B neskux BUMAAKaX, MOKHA BBaKaTH, IO CyMapHa Bara
JIesKOol TMIAMHOXXUHHU  CIIEHapiiB TMEpeBHINye CyMapHY Bary 1HIIOI
HiZIMHOXXHHY, CKaXiMo, ¥, > ¥,, ¥, +y, 21/2 mid 3agaHux creHapiiB s Ta
¢t. Toni gocuTh 3arainbHe 3aBAaHHS POOACTHOI MiHIMI3alii 3MimIaHol 3a1ayi
KpOocC-eHTpoIii (POpMyIIO€ThCA K MiHIMI3al1s QyHKIT:

N s
F(z)= max p2 Zi,j z;In(z, /q;) = Zijzij Inz,

. S R
—min» = 7, (sz z,Ing)),

yeH

(6)

Jie z HaJEXUTh JOIMYCTUMINA MHOXHHI Z , 3aJ1aHiil oOMexeHHaMu tumy (3)-
(5). Oynkuis (6) diHINHA CTOCOBHO 7 1 CTPOTO BUIYKJIA IO BiAHOIICHHIO
10 z, aje, Ha ’Kajib, BOHA HE € BUITYKJIOIO BIJHOCHO 000X 3MIHHUX (z,7).
Tum He MeH1, 3aaauy MiHIMIZaii (10) MoXkHa 3a7aTH AK 3a/1a4y BUIIYKIIOT
onTuMizaiii, cpopMyBaBIlIY 33aJa4y, IBOICTY J10 3a/la4l MiHIMI3alli o y :

. S .
min ) 7, (sz z;Ing}). 0

yeH
[Io6 copocTUTH OOTOBOpPEHHS, MPUIYCTUMO, IO MHOXMHA H 3amaHa
JIHIAHIMHA OOMEKEHHSIMU

s _
2 By¥, 26 k=LK, 8)
i geskux f,, 0, . SIkmo nus nesikoro (pikcoBaHOTO Z MU BCTaHOBHMMO,
oo ¢, = Zi]_zij Ing; , Toxi minimisauii sama4i (7), (8) BigHOCHO y MoOXKe
OyTu 3amucaHa gK MiHIMI3alis Jeskoi JiHiHHOI (mpu (iKCoBaHOMY z )
byHKIIIT:

. S s
min Zs:l VsCs» C, = Zijzlj Ing; )
yeH
npu  obmexeHHsx (8). JlBoicta 3amada (GOpPMYITIOETBCS SAK  3a7ada
MiHIMI3amil QyHKIT:

mafo=15kuk 5 (10)
u

K -
pu 0OMEKESHHSIX Zkzlﬂksuk <cg,me u=U.,u), u 20, k=1:K,

SK1 SIBJITFOTH COOOIO JABOICTI 3MiHHI. Y BIAMOBIAHOCTI A0 TEOPii MBOICTOCTI,
3amada MiHiMizarii (8)-(9) exBiBameHTHa 3amaui MiHiMizarii (10). Takum
YUHOM, 3a7ava MiHimizamii (6) moxke Oytu chopmyiboBaHa sK 3amava
MiHIMI3aIil QyHKIT:

Zij zjjlnz; — mjlx Zk Oy
BIJIHOCHO (Z,u), IPH OOMEXKCHHSX
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2Pt €257 g, s=1:8, z€ 2, (11)

TOOTO MiHiMI3alii QyHKIIT:

ZUZU anl-j—Zkékuk (12)

BIJIHOCHO (z,u) mpu oOMexeHHsix (11).

3. IMHAMIYHE OB’€JJHAHHS I''TOBAJIBHOI 1 IOKAJIBHOI
MOJEJEN

B upoMy po3mini oOroBOprO€ThCs MiAXiA MIOAO0 O0’€IHAHHS TJI00aNbHOL
mozeni GLOBIOM 3 nokaiabHOIO MOJEUII0 PO3YKPYNHEHHS 3 METOIO
OTPUMaHHS OLIHOK 3MiH 3€MJICKOPHCTYBAaHHS 1 3€MHOI0 IMOKPHBY Ha
Mmicisix. GLOBIOM 1ne rnobanpHa peKypcMBHA JIWHaMiYHAa MOJEb
YacTKOBOI pIBHOBAaru, M0 00 ’€IHYy€ CEKTOp CUILCHKOTO TOCIOAAPCTBA,
OloeHEepreTUKH, 1 JICOBOro TocmojapcTBa. BoHa po3pobiieHa 3 METoro
aHaji3y TMOJITHK CTaJoOro 3€MJIEKOPUCTYBAaHHS Ha TJ00aJbHOMY 1
perioHaNbHOMY PIBHSIX, BKJIIOUAIOYU MUTAHHS KOHKYPEHIIT 1 3MIHU PI3HUX
TUMIB 3€MJICKOPUCTYBAaHHS, BUKIMKAHUX 30UIBIICHHSAM TONUTY Ha
MPOJOBOJILCTBO, KopMu 1 OlomamuBo. GLOBIOM renepye eHoreHHi
MPOTHO3U TOMUTY B PO3Pi3l PI3HUX THUIIB 3eMJICKOPUCTYBaHHA B MeXax
JOCTYIIHUX 3€MEJIbHUX PECypCiB B 3aJIEKHOCTI Bl iX NPOJYKTUBHOCTI,
NONMUTY 1 IIH Ha BIANOBIAHY TMPOJYKIiO, BPAaxXOBYIOYM MOTEHIIIAT
€KCIOPTHO-IMITOPTHOTO 00MiHy. B pesynbrari, GLOBIOM mnpoektye nonut
Ha 3eMellbHI 1 BOJAHI PecypcH 1 BIANOBiIAHI 3MIHM MO pErioHax 1 THIaMHU
3emsiekopuctyBanHs. Takum umnHoM, 3muttss GLOBIOM 1 mogmeni
PO3YKpYIHEHHS 3JaTHE aHAII3yBaTH BETUYE3HY PI3HOMAHITHICTh JTOKAJIBHO-
ri100aJIbHUX B3a€EMO3AJIEKHOCTEN. Cepen OCHOBHUX THITIB
3eMJICKOPHCTYBAaHHSI BHUJAUJICHI OpHI 3eMJIi MiJ CIIbCHKOTOCHOJAPCHKUMU
KyJIbTypaMH, TACOBHUINA, JIICOBI pecypcu (TMpHpOAHI ¥ JICOBI yTiams),
IIBUJIKO 3pOCTalOyi JICOBI pecypcH (JTiCOMOCAAKH 3 KOPOTKMM IEepiogoM
porawii - SRF?), npuposi yrizus. 3MiHH B CTPYKTYPi 3eMIICKOPHCTYBaHHS
3IACHIOIOTHCS B MEKaX HasBHUX 3eMEJbHHUX PECYPCIB, a MOXKIIUBI CIIeHapil
NEePETBOPEHHSI 3€MJIEKOPUCTYBAHHS 3 OJHOIO TUITY B 1HIIUH OOMEXYIOThCS
0a30BUMH TpaBWJIAMHU: OpHI 3eMJIi MOXYThb OyTH TpaHchopMOBaHI B
nacoBuma abo SRF, macoBuma - B opHi 3emiti a6o SRF; HekepoBani JricoBi
3eMJIl - B KEepOBaHi JICOBI yriijs, nMpuponHi (He3aliMaHi) 3eMii - B OpHI
3emuti, SRF a6o macosumia. [1pu 1ipomy, oriHka I0IIILHOCTI TpaHchopMartii
3eMJICKOPHCTYBaHHS € JOJATKOBUM OOMexXyrouuM QaxTopoM. OOHIBI
mozem (GLOBIOM i monens po3yKpyImHEHHS) BUKOPUCTOBYIOTh OJHI 1 Ti

2 SRF - short rotated forest
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X reorpadiyHO-AeTanizoBaHl rapMoHizoBaHi 0a3u ganux (Skalsky” et al.,
2008, Ermoliev et al., 2017). OOuaBi Mozeni BUKOPUCTOBYIOTh NaHI MU
MOJICIIIOIOTH MPOIIECH Ha PiBHI TaK 3BaHUX IMITaiiHUX oauHUIE (SimUs),
ki He OOOB'I3KOBO MalOTh T€OMETpUYHY abo reorpadiuny dopmy, 10
BIJINIOBIIa€ MeEXaM KpaiH, CHUCTEeMaM 3€MJIEKOPUCTYBaHHS, YIPaBIIIHHSA,
KJIIMaTUYHUMU  JaHUMH, BHYTPIIIHIM aJMIHICTPATUBHUM KOpAOHAMHU
(MyHIOUDANITETIB, PAOHIB 1 T.1.).

3.1. AIropuTmM KpoOC-eHTpOmii Al PO3YKPYNHEHHsSI NPOTHO3iB 3MiH
3eMmuieKopucTYBaHHs, oTpuManux 3 GLOBIOM

GLOBIOM po3paxoBye cueHapii 3MiH 3eMJIEKOPUCTYBAaHHS JJI1 OCHOBHHX
perioHiB 1 kpaiH Ha nepiox 3 2000 mo 2100, 3 necATUPIUHUM KPOKOM
(iHTepBaoM) MojemoBaHHA. Lli  arperoBaHi  OLIHKM  HEOOXiJHO

po3ykpymHuTH 10 piBHs SimUs. [Ipunyctumo, A no3Hadae perioHaabHHIA
(HaliOHANBHUIA) PIBEHb 3eMJICKOPUCTYBAHHS THUITy [ B PEriOHI 7 Yy Mepiof
qacy ¢, a AAZ,, - IIJIOII[A TIepeBe/IeHa 3 [ -T0 THUITY 3eMJICKOPUCTYBAHHS B | -i

tvan, i, j=1Ln, r=1:R, t=1:T, R=30. Ouinku A4, pO3paxoBYIOTHCS 3a
nornomororo GLOBIOM 1 3anexaTh BiJ piBHS MOIMUTY, LIH 1 €KCIIOPTHO-
IMIOOPTHUX TOTOKIB MK perioHamu, TOOTO 3MiHM 3€MJICKOPHCTYBAaHHS B
KOHKPETHOMY pErioHi MOXYTb OyTH CIPOBOKOBAaHMMH 30UIbIIEHHSIM
HOMUTY, HOPMaMM CIIOXHBaHHA OiomainuBa, YyciMa BCTAaHOBJICHUMH
OOMEXEeHHSIMH Ha BHUKHAM NApHUKOBUX Tra3iB B 1HIMX perioHax. [lmoma
t . . . .
3eMIIEKOPUCTYBaHHA A; [-ro0 TUIly B pErioHi » B Iepiog Yacy !
PO3paxoBYETHCS HA OCHOBI HACTYITHOT'O PEKYPCHUBHOTO PIBHSHHS:

AT | t t
Air _Air +ZAA1'jr _ZAAjir’
J J

t . . .
ne ZAAW - 3araJlbHa IUIOIIA 3MIHU 3€MJICKOPUCTYBAaHHS 3 TUILYy [ B |
j

THII, a ZAA;W -3 TUIY j B i, A7 BCIX THUIIB 3€MJIEKOPUCTYBAaHHS [ #1,
J

j=ln.

OOmexenHs: (6) BCTAaHOBIIOETHCSI HA OCHOBI JIOCTYMHHX 3E€METbHHX
pecypciB L, B perioHi r:

m

DA+ AL - ALl IS L. (13)

i=1 j j

t
ilr

Ha piBni SimUs owinku miomii A4;, pi3HUX THUIIIB 36MJIEKOPUCTYBaHHS i B

perioni r» ams 6azoBoro poky (2000) mocTymHI Ha OCHOBI KapT
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3emsiekopuctyBanis GLC-2000. 3amada po3yKpylnHEHHs AA,;,, [oJIsArae B
TOMY, 110 HEOOX1JHO 3HaWTH zfj,r, Zz;ﬂr =1, sKke xapakTepusye 3MiHY
i

wiomti AA, 3 i-ro Tumy 3eMIEKOPUCTYBaHHA B j-il B periomi r i

uyr

npoctopoBiit ogunumi SimUs [, [=1:m, nns Bcix i,jzl,_n, r=1:R,

t=1:T. PexypcuBHe piBHSHHS (7) OIIHKH TUIOIII 3€MJIEKOPUCTYBAHHS
BioOpaxkae IMHaMIKy 3€MJIEKOpPUCTYBaHHS i-ro tumy B SimU [, mo
HaJISKUTh PETIOHY r B Tepiog vacy ¢ > 1:

| t [N Lt ‘
A=Ay, + Z 23 Mir = 22 i M (14)
J J

ne A;, TO3HaYae IUIONY 3eMICKOPUCTYBaHHS [ -ro iy B SimU / periony

¥ B IIEpion vacy f; z,

ijlr
AA

ijr

AAj, - 4acTKa CyKyIHOI 3MiHM 3eMICKOPHCTYBAHHS
10 Ma€ MicIle MpH 3MiHi 3 [-T0 TUIY B j-W THI, A1 BCIX j#i B
SimU [ periony r, y mepiog dacy ¢. Ha piBai SimUs oOmexxeHHs
JIOCTYIIHUX 3€MEIbHUX PECYpCiB L;. 0OYMOBIIOE OOMEKEHHS W00 3MiHH

3CMJICKOPUCTYBAHHA

& t
zAilr SLlr' (15)
i=1

t

[Ilo0 owiHuTH HEBimOMI Zitr s

chopmymoeMo 3aaady, aHanoriuny (3)-(5),
t

110 TpecTaBieHa y po3aiii 2. Takum dyuHOM, HEOOX1THO 3HANTH Zijr » SIKI €

pIIEHHSMHA CUCTEMH PIBHSHB:

t _ t
27 =1 2 20, (16)
I
| ¢ ¢ ¢ ¢
A = Ay, + ZzijerAijV -2z jitrAjir > (17)
! !

L t

Z Ay s Ly (18)
i=1

1 MIHIMI3YIOTh (PYHKITIFO KPOC-€HTPOITIi:

n m

S>3 0z, /ql): (19)

j=1 i=l I=1
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t

t t o . o . ¢
A gy, >0, quﬂr =1, nmeskuil anpiopHUdl pPO3MOALT Zy,, AC Y,

MPOJAYKTUBHICTH (YpO’KalHICTh) MEBHOTO j -TO THUITY 3€MJIEKOPHCTYBaHHS B
SimU [ B mepiox vacy ¢, Pj’y - I[iHA TIPOJIYKIii, BAPOOJICHOI 3a TAHOTO ] -TO

~ . . ,1
THIy 3€MJIEKOPMCTYBaHHsS B 4ac [ W perioni r, A, - 3arampbHa Iuioma

Jlr
3eMJIeKOopUCTyBaHHA j-ro Tumy B SimU [ B mepiog wacy f¢—1, mo
po3paxoBana GLOBIOM.

4. MPUKJIAJIHI PE3YJIbTATH

3apnanHs MiHiMiZawii ¢yHkuii Tumy kpoc-entpomnii (19) npu oOMexeHHIX
(16) - (18) 3acrocoByBanacsi Jyisi PO3YKPYIMHEHHsS arperoBaHUX IMPOEKIIIN
3MIHM 3€MJIEKOPUCTYBaHHS, OTpuMaHux 3a gornomororo GLOBIOM s 30
OCHOBHHUX arperoBaHux perioHiB cBity B nepiof 3 2000 mo 2100 3 yacoBum
inTepBaiom 10 pokiB. B pe3ynbTari pO3yKpymHEHHS MM HE IparHeMo
BIITBOPHUTH peajbHy KapTHHY 3€MJICKOPHCTYBAaHHS Ha MICIIX, Ta e W HE
MOJJIMBO, OCKUIBKM peajbHI THIH 3€MJICKOPUCTYBAaHHS Ha MICISIX HeE
3aBKIU BIJIMOBIAAIOTh ONTUMAJIBHUM KpUTepisaM. Tak, 3emiis Moxe OyTu
pO3MOAIJIeHa MK CHCTEMaMH  3€MJICKOPUCTYBAaHHS HE  HaAHOLIbII
ONTUMAJIBHUM YHMHOM. Y TOH 4Yac SIK MOJEJIb PO3YKPYIHEHHSI HaJae
MOJIMBICTh ~ JOCHI/DKEHHST  30aTaHCOBAaHOTO  CTAJIOTO  PO3MIIMIEHHS
3eMJIEKOPUCTYBaHHS Ha MICIISIX BIAMOBIHO IO YMOB MPUIATHOCTI Ta Pi3HUX
obmexxenb (16) - (18). MokHa TakoX BBECTH JOJIATKOBI OOMEXKCHHS Ha
BUKOPHUCTAHHS BOJHHUX PECYpCiB, 3a0pyAHEHHS 3€MJll Ta MOBITPSl TOLIO.
Kpim 116010, pO3yKpYIHEHHS J03BOJISIE OTPUMATH JI0AaTKOBY iH(opMarliito
IIOJI0 BIATIOBIAHUX THIIIB 3EMJICKOPUCTYBAaHHS Ha piBHI, Ha SKOMY
CTaTUCTHYHI JdaHl BiACyTHi. Jlyis mojambmioro aHamizy, 3HAu€HHS B
IMITAIITHUX TIPOCTOPOBUX OJUHUIIX MOJXKHA arperyBaTd, HAMPUKIAI, 10
piBHS KpaiHu, palloHHUX PiBHIB, a00 10 piBHA OaceiiHa piukw, 1 T.A., SK 1€
O0OTOBOPIOETHCS. B HABEACHHMX HIDKYE NPHUKIAAHUX TOCHTIDKEHHSX (IUB.
takoxk Zhang et al., 2015; Borodina et al., 2016; Ermoliev et al., 2017).

4.1. JlocaigsKeHHSI CTaJOro0 PO3BUTKY 3eMJEKOPUCTYBAHHS Ta
yIpaBJiHHS BOAHMMH pecypcamu B 0acelini piuku Xaiixe, Kuraii
O6’ennanass GLOBIOM 1 moxeni po3yKpymHEHHS J03BOJISIE TMPOBOIUTH
aHaJIi3 Pi3HUX TI00aTBHO-IOKATBFHUX B3a€MOJIIN 1 TEHACHIIIN, BKIFOYAIOUN
Ti, IO 3aJeXaTh Bi COLIAJLHO-€KOHOMIYHHUX, TEXHOJIOTIYHMX, 1
nemorpadiuHuX CIeHapiiB W TeHAEHLINH pO3BUTKY, 3akiaaeHux SSPs
crieHapissMu. MeTroa pO3yKpYNMHEHHS, 3allpoOIIOHOBAHWMA Yy I CTarTi,
3aCTOCOBYBABCS B HU3III PETIOHAIBHUX JTOCIIIKEHb. PO3yKpylHEHH1 OLliHKA
MiATBEPDKYIOTh BUCOKUM PIBEHBb BIIMOBIMTHOCTI 3 (PAKTHYHUMHU NaHUMH 1
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npouecamu Ha micugx. Hanpuxmnan, B Oaceitni piuku Xaiixe (Chen et al.,
2005; Zhang et al., 2015), mpoekuii 3MiH 3eMJIEKOPUCTYBaHHS Oyiu
3monenboBani y GLOBIOM nnst pizuux cuenapiiB SSP it po3ykpymHeHi 10
1-kiTOMETpOBOi KOMIPKH, [0 OXOIUIIOIOTh JOCHIKYBaHUN pErioH.
JlocmipkeHHsT TIPOBOJMIIUCS 3 METOH) BHBUCHHS MOKJIMBHX JIOKAJIBHUX
HACJIIJIKIB MIBUKOI iHTeHCUIKaIlii CLTECHKOTO TOCIOIAPCTBA, BUKIUKAHOTO
HaI[lOHAJILHUMU 1 rI100aILHUMH COIIaJIbHO-€KOHOMIYHHMMHU,
aeMorpadiuHuMH, KIIMaTUYHUMM CcHeHapisMu SSP, 1o CTUMYIIOHOTH,
30KpeMa, IHTEHCUBHUH cnoci0 O0O0poOKM TpyHTYy 1 BHECEHHS BEJIMKOI
KUTbKOCTI  100puB. Po3ykpynmHeHHi a0 1 KM OIIHKM 3a TUIaMHu
3emiiekopucTyBaHHs BukopuctoByBanucs B mozaeni SWAT (Neitsch et al.,
2002) s BHUBYCHHA MOJKJIUBHUX HEraTUBHUX TEHAEHIIN
3eMJICKOPHCTYBAHHS, TAKUX K HaJIMipHE BUKOPUCTAHHS BOIHHUX PECYPCIB,
3a0py/HEHHs BOJAM B Pe3y/bTaTi IHTEHCUBHOI'O arporocroapioBaHHs 1 T.J.
Po3ykpynHeHH1 OIiHKKM OynM OTpUMaHl JJIsi BHU3HAUEHHS IUIOL] OPHUX
3eMenb, MacoBuIll, 3eMii Juist BupouryBanHs SRF, 3emens 3amacy, a Takox
B1JIB€JIEHOI MiJ1 JIicoBl rocnojapcrsa. Ha mificTaBl oTpuMaHuX pe3ylbTaTiB
Oyna po3paxoBaHa Tak 3BaHa Kamma craTtucTtuka, sika MiATBEpIWIIA, IO
PO3YKpYyIHEHHI OIIIHKH BIJIMTOBIIAI0Th peanbHUM 3MiHAM
3eMJICKOPHCTYBaHHS B JIOCHIJUKyBaHOMY perioni. Kamma cratuctuka
3a3BHYall BUKOPUCTOBYETHCS JUISl OIIHKM TOYHOCTI TapaMmeTpiB B reojesii,
Kaprorpadii, JOCTIUKEHHSX Ha OCHOBI pE3yNbTaTiB JIUCTAHLIHHOTO
3ouayBaHHa (Foody, 2002), nns mepeBipku pe3ynbTariB reorpagiyHo-
JeTali30BaHuX Mojened. BemuunmHy KoedilieHTa MOXHa BBaXKaTu
MMOKa3HUKOM TOYHOCTI (KOPEKTHOCT1) OLIHKHM, OTPUMAHOi 3a JOIOMOIOIO
mozeni. B pobori (Zhang et al., 2015) xamma craTucTHUKa
BHKOPHCTOBYBAJIACS JJIsi TOPIBHSHHS PE3yJbTaTiB MOJENI PO3YKPYITHEHHS 1
JaHUX, OTPUMAHUX 3 KapT 3€MJIEKOPUCTYBAHHS, HaJaHUX JOCIHITHULBKOIO
rpynoto Heihe Data Research Group.

4.2. 3acrocyBaHHsi MeTOAy PO0ACTHOIO0 PO3YKPYNHEHHSl [JIsd
AOCJTiKeHHs1  reorpadivHo-IeTa i30BaHMX  TeHAEHUid  PO3BUTKY
CiJIbCHKOro0 rocnogapcrea B YKpaiHi

Hocnimxenns B Kurtai mokasanu, mo SKICTh PO3YKPYITHEHHMX OIHOK Y
3HA4YHIM Mipi 3aJeXWUTh BiJ MOKAa3HHKIB, BKIIOYEHHUX B mpaep. Tak,
HalpuKiajl, MOoraHa sfKiCTb KapT 3€MJIEKOPUCTYBaHHsS MOXXE MPHUBECTH 10
noxuOoK B omiHkax. I xoya iHdopMmariis mpo IesKi MOKa3HUKU MOoxe OyTu
3TOZIOM JIOTIOBHEHA, 0araTo MOKa3HWKIB, HAPUKIIA/, TaKl SIK PiBEHb OMaIiB
abo TemmepaTypHi PEKHUMH, IO BU3HAYAIOTH BPOXKAWHICTH HA MICISX,
3aBXKAM OyayTh 32 CBOEK HMPUPOAOI0 XapaKTEpU3yBaTHUCS HEBU3HAYEHICTIO
(ToOTO BUMAAKOBUMHU). Y 3arajJbHOMY BUIIQJIKy MOKHA BBaXKaTH, L0 MPaEp
3QJICKUTD BiJl BUTIAIKOBUX (PAKTOPIB, SIKI HE MOXYTh OyTH BiJIOMi HarleBHO.
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Tomy, 3aMiCTh OAHOIO Mpaepa, MU MPUITYCKAEMO, IO ICHY€E O€3J114 MpaepiB.
Hanpuknan, Bi3bMeMO TpH HasiBHI KapTu 3emiekopuctyBanHs GLC2000,
MODIS2000, ## GLOBCOVER2000, sxi 4acto BUKOPHCTOBYIOTHCS B
MOJIENIAX 3eMJIEKOPUCTYBaHHSA. Tpu KapTH MaroTh ICTOTHI PO301KHOCTI B
JAHUX PO KUIbKICTh OPHUX 3€MEJIb Ta MACOBUILL. 3aB/JIaHHS MOJISTa€ B TOMY,
1100 PO3YKPYNHUTHU arperoBaHi JjaHi ¥ mpoekuii Tak, mo0 pe3yabTar OyB
MaKCHUMaJIbHO Y3TOJDKCHHU 3 yciMa MOXIUBUMH Ipaepamu. MeTomooris
pobacTHOoro po3ykpynHeHHs mnpuBefeHa B (Ermolieva et al., 2017).
Pesynbratn poOacTHOrO pPO3YKPYMHEHHS MPOLTIOCTPOBAHO HA TPHUKIAIL
JIOCIIJIKEHb CTAJIOr0 PO3MIILEHHS CUIbChKOTOCIOIapChbKOr0 BUPOOHHUIITBA B
Vkpaini. Po3ykpynHeHHs JaHMX 1 MPOEKLId IPOBOAMIUCS 3 METOIO
MOJAJIBIIION0 BUKOPUCTAHHS iX y HAIlOHAIBHUX Mojesx (auB. Zagorodny
et al., 2014; Golodnikov et al., 2013; Borodina et al., 2011; Ermolieva et al.,
2015).

2000 1800 -
y=2.01x +243.53 = 1.7963x + 424.13
1800 R*=0.6725 1600 * R¥=0.5075
1600 1400 L 3 L 4
1400 *>
* 1200 *
1200 2 ¢
* o 1000 - /
1000 - —o— *
(3
800 2 /‘,{ 800 o / A
.
600 *» hd 600 /’/" .
*
0 g 0 o *
200 L2 200
00 ‘ : : : : : ‘ 0 : : : ‘ ‘ : : )
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
a. PobGactHe po3ykpynHeHHs1 b. Po3ykpynmHeHHs ~ Ha  OCHOBI
(po3nin 2) npaepy 32 GLC2000
4000 4000
& VY=3.2444x+12433 y =3.2401x + 1036
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c. Posykpynmnenns Ha  ocHoBi d. Po3ykpynmHeHHS  Ha  OCHOBI
npaepy 32 MODIS2000 npaepy 33 GLOBCOVER2000

Puc. 1. Kopensiis Mi>k CTATUCTUYHUMU JaHUMH U pe3yJIbTaTaMHu,
OTPUMaHNMH B IPOLIEC PO3YKPYITHEHHS i HACTYMHO{ arperarii 10
paifoHHOTO PiBHS.
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[Ipumitka. Po3ykpynHEeHHs 30iHCHIOBANIOCH 3 BHKOPUCTAHHSAM anroputmy (16)-
(19), ma ocroBi GLC2000 (6), MODIS2000 (c), GLOBCOVER2000 (d), a Takox
3 BUKOPUCTaHHSIM pPOOACTHOTO QITOPUTMY PO3YKPYHHEHHS (po3min 2), 1o
BpaxoBYe€ yCi Mpaepy OAHOYACHO (a).

3arajoM, perioHajibHI MPOEKIl 3eMJIEKOPUCTYBAHHS, pO3paxoBaHl Yy
GLOBIOM, nieBHOIO Mipor0 BiAMOBIIal0Th ()aKTUYHUM JAaHUM IIOJ0 CTaHy
3eMJICKOPUCTYBaHHS B YKpaini. HasiBHI po301>KHOCTI MOKHA TIOSICHUTH THM,
110 YMCJIeHHI arpapHi pedopmu B nepioa 3 1999 mo 2010 BHecnu cyTTeBi
3MIHM Y OpMHU H SKICTh 3eMJIEKOPUCTYBaHHS, 110 i1CHYBajio A0 1999 poky
(muB. Zagorodny et al., 2014; Borodina et al., 2011; Golodnikov et al., 2013;
Borodina et al., 2016; Ermoliev et al., 2017), sxki GLOBIOM ne moxe
BpaxyBaTu y MoBHii Mipi. s Ykpainu, npoekuii 3eMJIeKOpUCTyBaHHS Ha
HallOHAJILHOMY PiBH1 OyJId pO3yKpymnHeHi 70 piBHA SimUs, a MOTIM 3HOBY
arperoBaHi J0 piBHA paloHiB 1 oOsacteil. OTpuMaHi 3HAUYEHHS
MOPIBHIOBAIHCH 3 (PaKTHUYHUMH JaHUMH IOJO CTaHy 3€MJICKOPHCTYBAaHHS
Ha  pailoHHOMy Ta  oOmacHoMmy piBHAX. Jng  po3ykpymHeHHs
BUKOPHUCTOBYBJIUCS TPH aJbTEPHATHBHI KapTH 3E€MIICKOPUCTYBaHHS
(GLC2000, MODIS2000 Ta GLOBCOVER2000) i Ha miacTaBi KOXHOI 3
KapT po3paxoByBanucs npaepu. Ha pucynky 1 moxazaHi KopensuiiHi
3aJIe)KHOCTI MDK CTaTUCTUYHUMHU ((aKTUYHMMH) 1 PO3YKpPYHHEHUMH (a
MOTIM arperoBaHMx) JaHUMH Ha piBHI paioHiB. HaiiBummii koegimieHT
KOpeJsilii CHOCTepIraeTbcsi MpU BUKOPUCTAHHI POOACTHOrO allrOPUTMY,
KOJIM PO3YKPYIHEHHS NPOBOAMIIHUCS 3 ypaXxyBaHHSAM YCIX TpPhOX KapT 1
BIIMOBITHUX TIpaepiB (puc. 1.a).

5. BUCHOBKMU TA 3AYBAKEHHS

VY cTarTi 3anmpomoHOBaHO METOA OO0’€THAHHS IBOX MOJEJCH: a) MoAeli
GLOBIOM, 110 103BoJIsi€ MPOBOAUTH aHAJII3 arperoBaHUX 3MiH B CUCTEMaX
3eMJICKOPHCTYBAHHS, a TAKOX (DaKTOpIB, IO CIIPHUIIOTH UM 3MiHAM, TaKHX
SK, COIIlaJIbHO-€KOHOMIUHI, TEXHOJOTIYHI, eKOJoriuHi, aeMorpadiusni
TEHACHIIsIMH, 3akianeHi B SSPs; 0) auHaMmiuHOI MOJeNi po3yKpyIMHEHHS,
OCHOBaHOI Ha BUKOPUCTAHHI MPHUHITUIY KPOC-CHTPOITIi, 32 JOIMOMOTOI0 SKOT
MOXXJTUBO TPOBOJIUTH  PO3YKPYITHEHHS pe3yiabTaTiB, OTPHUMAaHHUX 3
GLOBIOM, 1o piBHSI HEOOXiHOTO MPOCTOPOBOTO PO3IIMPEHHSI, 30KpeMa,
MPOCTOPOBUX OJUHMIIL a00 KOMIpOK, 3 METOI0 MOJANIBLINX OOIPYHTYBaHb
I00ATBHO-TIOKATBHUX 3JIEKHOCTEH 1 JIOKAJTbHUX 3MiH, CIIPOBOKOBAaHUX
rmo0aNbHUMHU  TpolecaMu. ATMpIOpHI TOKa3HUKH B  3alpOINOHOBaHIN
JTUHAMIYHIA MOJEN PO3YKPYIHEHHS 3aJIeKaTh BiJ MapaMeTpiB 1 pillleHb
mozeni GLOBIOM, mio 3a6e3neuye y3roKeHICTh IBOX MOJIENel B YaCcTHHI
SK BUKOPUCTOBYBAHUX JAHUX, TaK 1 MOJITUYHHUX 3aXO/[I1B, 1[0 BIUIMBAIOTH Ha
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CHCTEMH 3E€MJICKOPHUCTYBAaHHS, 30KpEMa, IO CTOCYETHCS IPOJOBOJIBYOI,
€HEepreTU4HOI Oe3MeKH.

Ha xoHkpeTHuX nmpukiagax 00’e€aHaHHS IPOMOHOBAHUX MOJIEJEH MmoKa3aHa
BaYUIMBICTh TaKOl 1HTErpallii MoJenel A aHalizy roOalbHO-IOKaTbHUX
3JIEKHOCTEH, MOJICITIOBAHHS Ta TapMOHI3alliil JaHUX. 30Kpema, el Mmiaxifg
OyB 3acTOCOBaHMH AJIs perioHy B OaceliHi piuku Xeiixe B Kurai s ananizy
TpaHchopMaIlii IION] OPHUX 3E€MENb, MACOBUI] 1 TPHUPOIHUX 3E€MEIb,
BUKJIMKaHUX 301JbIIEHHSIM MOMUTY B KpaiHi, FOJJOBHUM YMHOM, 32 MEXaMHU
JIOCJIIJDKYBAHOTO perioHy. O4YiKyeTbCs, IO 3MIHU 3EMJICKOPHUCTYBAHHS
NPUBEAYTh 70 30UIBIIEHHS €KCTEHCHBHOI'O CIOKMBAHHS BOJHHUX PECYpCiB
JUisl ipurauili B CLIbCBKOMY TOCHOJApCTBI B JIOCIHIIKYBAHOMY PpETiOHI.
PesynpTatn  gocmipkeHb OynM  MEpeBIpeHI 3a  JIOMOMOIOK0  Kara
Koe(iIieHTIB, MO MATBEP/UKYIOTh iX BIAMOBIIHICTH JIOKAJIBHUM JIAaHUM 1
TEHJEHIIIM Ha PpiBHI MPOCTOPOBUX OAMHUIL 3  |-KIJIOMETPOBUM
posmpeHHsM (auB. Zhang et al., 2015). Ilpoekuii 1-kiomMeTpoBUX
KoMipok, otpumanux 3 GLOBIOM, 6ynu Bukopucrani B moaeni SWAT s
aHaJli3y CILIEHapiiB CTaJOro BUKOPHUCTAHHS BOJHHUX pecypciB B perioni. Ha
pOMY TPHUKIAAl MTIATBEPPKEHO, IO MiAXing 3abe3nedye 3aJ0BiIbHI
3HAYCHHSl JJIsl CTBOPEHHs 0a3 MaHUX 3EMIICKOPHCTYBAaHHS 3 BHCOKHUM
OPOCTOPOBUM  PO3IMIMPEHHSM.  3ampONOHOBAHWUW  MIAXiZ — JTO3BOJISIE
1IeHTU(IKYBaTH BiACYTHI a00 HEMPABUIIbHI JIaH1 B INI00ABHUX 1 JIOKAJTBHUX
0azax JaHUX.

Hocnimxenns B Kurai mokazanu, 1mo SKICTb PO3YKPYNHEHUX OI[IHOK Y
3HAUHIA Mipi 3aJIe)KUTh BiJl TOKa3HUKIB, BKIIFOUEHUX B Mpaep. Yacto mpaep
3aJIOKUTh BiJl BHIIQJKOBHX BEJIMYWH, TAKUX K, HATPUKIIAJ, BPOXKAIHICTS,
KUIBKICTh TOTO YM IHIIOTO TUIY 3eMIi, 1 T.J., SIK IIe¢ OOrOBOPIOETHCS B
po3aini 4 Ha TPUKIAAl JIOCTIDKEHb CTajJoro PO3BHTKY Ta PO3MIIICHHS
3eMJICKOPUCTYBaHHA B YKpaiHi. Tak, 3aMiCTh €IWHOrO IMpaepa, K L€
NPUUHATO B TPATUIIHHOMY TPHHIIUI KpPOC-€HTPOIIi, MOXXE ICHYBaTH
Oe3niy mpaepiB. 3aBJaHHA PO3YKPYNHEHHS B I[bOMY BHUIAJKY IOJSATA€ B
TOMY, 1100 3HANUTH POOACTHI JIOKAJIbHI OIIHKH, SIKI BPaXOBYIOTh BC1 MPAEPH.
B crari (Ermolieva et al., 2017) 3anpomoHoBaHWii MeTOA POOACTHOTO
PO3YKPYITHEHHS 3 YpaxXyBaHHIM 0€3J1iul MOKJIMBUX alpiOpHUX MapaMeTpiB.
BukopucranHs ~ gaHOro  MiAXOAY  MPOUTIOCTPOBAHO  HAa  MPUKIAAI
PO3YKPYIMHEHHsSI JaHMX I0JI0 BHUKOPUCTAHHS CLIBCHKOTOCHOJIAPCHKUX
3eMenb B YKpaiHi. PesynbraT miaTBepaKyIOTh, 10 pOOACTHUI METOJ Jae
OLTBII TOCTOBIPHI OIIHKH, KOJH MOYATKOBUH PO3MOJLT 3a/1aHO HE €IUHUM
OpeEPOM  TOOTO XapaKTEpU3YETHCS, 3a CBOEID MPHUPOJOI0, MEBHUMHU
BUIMAIKOBOCTSIMH. B VkpaiHi OCHOBHI HEBHU3HAYE€HOCTI OOYMOBJIEHI
HETOYHOCTSAMHU  TJO00aNbHUX  KapT  3€MJIGKOPUCTYBaHHS 1  piBHSA
MPOIYKTUBHOCTI CiIBCHKOTOCTIONAPChKUX KyJIbTyp. Ilimxig pobacTtHOrO
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PO3YKpPYIHEHHS BUKOPUCTOBYBABCS JUII OTPMMaHHsS KOMOIHOBaHMX 0a3
JAHUX LIOJ0 CLIbCHKOIOCIOAAPCHKUX 3€MelNb 3 reorpadiuHo0 MPHUB'SI3KOK0
70 TPOCTOPOBHUX OAMHMIL SimUS, BUKOPHUCTOBYIOUM BCl HasiBHI KapTH 1
6a3u naHuX 3 1HQOpMali€r0 100 CTaHy CLICHKOTOCHOJAPChKOTO
BUKOPUCTaHHSI 3€MJII Ta IHIOUX T[IOKAa3HHUKIB COIIaJIbHO-€KOHOMIYHOTO
PO3BUTKY B YKpaiHi.
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Po3ain 4

METOAOJIOI'TA I IEPAPXIYHA CUCTEMA
MATEMATUYHUX MOJIEJEN TPOTHO3YBAHHS
JJOBIOCTPOKOBOI'O PO3BUTKY HALIIOHAJIBHOI
EHEPITETUKHAU B YMOBAX HEBU3HAYEHOCTI

M.M. Kymuk, C.B. lllynexenko, T.I1. Hewaea, M.I. Kamnin, LY. Jlemenko
Incruryt 3aransHoi enepretuku HAH Ykpainu

st 3a0e3meueHHs] 3araliIbHOCBITOBOTO CTalOro PO3BUTKY COIiaIbHO-
eKoHOMIuHOi cdepu Oyna chopmoBana i1 miaTpumana Ha piBHi OOH B
Apyrii 1mosioBUHI XX-ro CTOpivYsl 3ajaya pamioHAIBHOTO BHUKOPUCTAHHS
MPUPOJTHOTO  PECYPCHOTO  MOTEHIaly  IUIAHETH 13 OJHOYACHHUM
3a0€3MEUeHHSIM CYTTEBOTO 3MEHIIEHHS TEXHOTCHHOTO HABaHTAXXCHHS Ha
eKoJoriyHl cucteMu. O3Ha4yeH1 BUMOTH OynH 4iTKO chopmyinboBaHi y 2015
poui Ha piBHi OOH sk «Llini po3Butky tucsuonittst OOH Ha nepiog micins
2015 poky», B SKMX BIEpIIE SBHO BU3HAYEHl LIl 1 MPUHUIUIHN CTaJOro
PO3BHUTKY €HEPreTHKH, SIKi 30KpeMa, nepeadadaroTh 3a0e3MeYeHHs 10CTYILY
10 (piHAHCOBO-IOCTYMMHUX Ta YWUCTUX BHUIIB C€HEPrii g BCIX JIIOJACH
(Sustainable Development Goal 7: Affordable and Clean Energy) [1]. Ha
Hal[lOHAJIbLHOMY pIBHI 1l€ 3aBJaHHA MOXJIUBO BUPIIIMTH, JIKIIE
3a0€3MEeUnBIIM CTAINN JOBIOCTPOKOBUN PO3BUTOK EHEPreTHKH, SKa Mae
HaJIHHO 3 TEXHIYHOI Ta €(pEeKTHBHO 3 €KOHOMIYHOI Ta MPHUPOIO0OXOPOHHOL
TOYOK 30py (DYHKIIIOHYBAaTH B CKJIaJli COIiaJIbHO-eKOHOMIYHO1 cuctemu. [lo
HaWOIIBII CyJYaCHUX BHJIIB €HEPTIi CJIIJI BIAHECTH, HacaMIIepe/l, eIeKTPUIHY
EHeprilo, sIKa BHPOOISETHCS €KOJIOTIYHO «UUCTHMM» TEXHOJIOTISIMH, MEpII
3a BCE 13 BIJIHOBIIOBAaHUX JDKEpENI EHeprii, aje Ha ChOTOJAHI Ta B
HaOmKIOoMy MailOyTHbOMY I1i TEXHOJIOTI] HE € CaMOJIOCTaTHIMH, 30KpeMa,
4yepe3 MIHJIUBICTh TeHepallii HUMU €JeKTPUIHOT MOTYKHOCTI.

HeoOXimHICTh Y3roIKEHOTO BHYTPIITHBO-HECYIIEPEWINBOTO PO3BUTKY
HaI[IOHAJILHOT COIiaIbBHO-€KOHOMIYHOI cepH K «3aMKHEHOI» CHUCTEMHU, a
TaKOXX HEOOXIJHOCTI BpaxyBaHHS KOMIUJIEKCHHX 3B’S3KIB 13 30BHIIIHIM
CBITOM, sIKi OO’€KTMBHO 3yMOBIIEHI TOTYXHHMH TryioOami3aitHuMu
mporecaMy, BHMarae IIOHAWMEHIIe  BIOCKOHAJCHHS  BiIIOBITHHX
METOJIOJIOTIYHUX OCHOB JIOBIOCTPOKOBOTO MTPOTHO3YBAHHS BETUKUX CHCTEM,
70 SIKUX, 30KpeMa, BITHOCATHCS HAIliOHAJIbHA €KOHOMIKA 1 €HEpreTHKa SIK
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OKpeMa caMOCTIHa CHCTeMa, sika € 0a30BOI0 raly33l0 €KOHOMIKH, a TaKOX
OCHOBOIO  cyyacHOi  couianbHOoi  cepu. DopmyBaHHS  HampsMiB
B3aEMOY3TO/PKEHOTO  PO3BHTKY €KOHOMIKH, COLIaIbHOI cdepu  Ta
€HEepPreTUKU € CKJIQJHOK HAayKOBO-IPAKTUYHOIO MPOOJIEeMOI0, MPHUKIAAOM
YOTr0 € CYNEPEUYHICTh MK TOCTIHHUM 3pOCTaHHS 3araJibHOCBITOBOTO
NUTOMOIO CHOXKMBaHHA €Heprii Ha Jymy HaceneHHs (puc. 1) [2] Ta
OJIHOYACHOTO TiJIBUIICHHS €()EeKTUBHOCTI CIIO)XHUBAHHA CEHEPTreTUYHUX
pecypciB ekoHOMiKo (puc. 2) [3].
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1600 N~
1500 l
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1300 T T T T T T T T 1
1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

Puc. 1. Tlurome CTIOXKMBaHHS €HEPTIi B CBITI, KT HAQTOBOTO EKBIBAJICHTY Ha
IyUly HaceleHHS
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Puc.2. Ilutome CIIOKMBAHHS €HEPTii B CBiTi, KT HA()TOBOTO CKBIBAICHTY Ha
onunuio 1000 nonapie CHIA BBII B minax 2011 p. 3rizHo 3 maputeTom
KYITiBEJIBHOI CITPOMOYKHOCTI

Ax BugHo, mpotsaroM mepiogy 1991 — 2015 pp. nmuTomMe CHOKMBaHHS
eHeprii 3pocno Ha 25%, B TOM camuii yac MUTOME CIIOKMBaHHS €HEprii Ha
omuamio BBIT (1000 mon. CIHA B minax 2011 p. 3rigHO 3 MapuTeTOM
KYMiBEIbHOI CIPOMOKHOCTI) 3MEHIIMIOCH Ha 42%, 110 CBIAYUTH PO TE, 110
E€HepPTeTUYHI MOTPEeOU JIIOIMHU 3POCTAIOTh OLIBII BUCOKUMH TEMITAMH, HIXK
BiZIOYBA€THCS MiIBUIIICHHS €HEPTOe(PEKTHBHOCTI.
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Y3romkeHHs IpoIeciB BUI00YTKY, IIEPETBOPEHHS, TPAHCIIOPTYBAaHHS Ta
CMOXHMBAHHS EHEPreTMYHHX PECYpPCiB COILabHO-EKOHOMIYHOK Cc(heporo
notpedye ypaxyBaHHS BEJIMKOI KIJIBKOCTI  pI3HOPIAHOT  iH(opMalii
(asymmetric information), sika BUKOPHCTOBYETbCSA B PI3HUX 32 METOAUKOIO
nmoOynoBu (PO3paxyHKOBI, ONTUMI3AIliiHI, CTOXAaCTHYHI) Ta CHEHHU(IKOIO
BUKOPUCTaHHA (MPOTHO3YBaHHsS IOMMTY HA EHEPreTHYHI pecypcu Ta
MPOJAYKTH, 3abe3leueHHs Oe3MeYHOro OMNepaTUBHOTO (YHKI[IOHYBaHHS
CHEPreTUYHUX CUCTEM, (POPMYBAaHHS HANpPSIMIB JOBIOCTPOKOBOIO CTajoro
PO3BHUTKY €EKOHOMIUYHUX Ta CHEPTETHYHUX CHCTEM) MaTEMATUYHUX MOJECTISX.
VY3ro/pkeHHsT TakKuX MoOjeNeld MiX o000 JJs MOLIYKY poOAcTHUX pillleHb
II0JI0 Y3TOJDKEHOTO PO3BUTKY BCIX MIJCHCTEM COILIAIbHO-€KOHOMIYHOT
cepu, TOOTO MOIIYKY XOPOLIOrO pillIEHHs, SIKe HE BeAe /A0 CTarHarii
PO3BHUTKY OYIb-SKOI OKpeMOi MiJACUCTEMH B MEXaX CHCTEMH B IIJIOMY,
3YMOBJIIOE aKTYaJIbHICTh PO3POOKM TAaKMX KOMILUIEKCHHX METOAOJIOTIH,
METOAMYHMX T4 MAaTeMaTHUYHUX MOJEJIeH, SKl MpEeJCTaBieHl B Il CTaTTI.
JIns MiIBUIIEHHS SIKOCTI MPOLIECY MOJENIOBAHHSA, 30KpeMa, OTPUMAaHHs
poOacTHUX pillieHb, MOJEINI PIBHS CEKTOPIB €HEPreTUYHOI0 KOMIUIEKCY, a
TaKOXX PIBHA OKpPEMOro IMiJIPUEMCTBA EHEPreTUKU IependadaroTh
3aCTOCYBaHHS CTOXAaCTHYHUX 3MIHHHX, SIKI BUKOPHUCTOBYIOTHCS JISi OIHUCY
3MiH 30BHIIIHIX YMOB. /[ TOCTiIPKEHHS B3a€MO3B’SI3KIB MIJK €HEPreTHKOIO
Ta COLIAJIbHO-€KOHOMIYHOIO c(heporo Ta MNPUPOJHUM CEPEJOBHILEM
MPONOHYETHCSI BUKOPUCTOBYBATH MOAENI, MOOyIOBaHI 3a NPHUHIUAIIOM
MOJIeJIe MIDKrajy3eBOro anaiizy, 3amporioHoBaHl JleontieBum. Cucrema
MaTeMaTUYHUX MOJIEJEH, 110 TMPOIMOHYETHCS, YMOBHO pO3JiIeHAa HAa TpHU
lepapXiyHUX PIBHS: MOJENI MakpOpiBHS, MOJEINI PIBHS OKPEMOTO CEKTOpPY
€KOHOMIKM, MOJETl piBHA MIANPHEMCTBA EHEPreTHKH, HANPUKIAL,
€JIeKTPOCTAHIIIS.

PO3BUTOK TEOPIi MI’KT AJTY3EBOI'O BAJIAHCY

Mopeni, Merogu Ta iHdOpMaIliiiHI 3aco0M Teopii MIKrary3eBoro
OayaHcy pO3BUBAIKCS HA MPOTS31 Maike CTOPIUYHOrO MEpioAy i OTpuMau
Hapasl HaWmupIe PO3MOBCIOKCHHS B YCIX PO3BUHEHHMX KpaiHax CBITY,
MDKHAPOJHUX  €KOHOMIYHHMX, (iHaHCOBHMX, OI3HECOBUX, HAYKOBHX
oprasizarisx i CTpykrypax. Taka BeiauKka HMOMYJISPHICTE 1 yBara 7o anapary
MDKranay3eBoro OajJaHCy 3YMOBJEHa THUM, IO BiH B MeXaxX OJHI€l
MaTeMaTHUYHOI MOJIeJi HaJae 3MOTY ITPOTHO3YBAHHS PO3BUTKY YCiX ramy3ei
peanbHOi €KOHOMIKH, CEKTOpY IOCIYr 1 COIiaJbHOI cdepu K OKpemoi
KpaiHW, Tak y MDKIEpKaBHUX 00’eqHaHb. [lpu mpoMy 3a0e3MeuyroThes
MO>KJIMBOCT] aHaJli3y IIMPOKOIO CIEKTPY YMOB 1 (DaKTOpiB PO3BUTKY 3
ypaxyBaHHSM B3a€MO3B’SI3KiB 1 BIUIMBY MK CEKTOpaMHU 1 Tally3sMH, IO
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3a0e3neuye ri00agbHICTh, MIJIBULIEHY TOYHICTh 1 CTIMKICTh OTPUMYBaHHUX
pillieHb.

B ocranni m’sate pokiB B IHcTtuTyTi 3aranbHoi enepretukn HAH
Vkpainu Oyau yTOYHEH1 1 PO3BUHYTI LIEHTPaJIbHI MOJEN MIKTaly3eBOro
Oanmancy (Mozeni input-output, JIeoHThEBa), IIO0 HAgaIO 3MOTY 3HAYHO
PO3IIMPHUTH MOXKIIMBOCTI MPOTHO3YBAHHS CKOHOMIYHHMX Ta CHEPTETUYHUX
NpPOIIECIB 3arajibHOJICPKABHUX 1 IJIAHETApHUX pIBHIB Ha CEpeAHI0 Ta
BiiIaieHy nepcrekTuBy. [HhopmariiitHoro 6a30t0, 10 3aCTOCOBYETHCS MPU
(opMyBaHHI YMCIEHHUX MaTeMaTHYHUX MoOJeNel, BAKOPUCTOBYBAHUX IMPH
JOCTIPKEHHI IIMPOKOro 3araidy 3ajad MDKraiay3eBoro OanaHcy, €
CTaTUCTHYHI  TabiaMIl  «BUTpAaTH-BHIyCK»  (input-output), cyd4acHa
KOH(]ITyparlist SKMX Ma€ BUTIIS

L c X
X11 | X1i | X1 | X1 C1 X1
Xi1 Xii Xij Xin | » G | LA
Xp | Xio | Xj | Xpn Cj Xi
Xn1 Xni an Xnn Cn Xn (1)

d1 d,' d/ dn dl:

Z1 Z; Z; Z, | z'=x".

Tyr i,j=1,n — HyMepalid CEKTOpiB, X; — €IEMEHTH MaTpuIlli
MIPOMIKHOTO CHOKMBaHHS L; ¢, X, d, z — BEKTOpH KIHIIEBOTO CIIO)KWBAHHSI,
BUITYCKY, TOJAHO1 BapTOCTI 1 CyMapHUX BUTPAT BiAMOBIAHO. OcCOOIMBICTIO
Ta0IHIh «BUTPATU-BHUITYCK» € T€, 110 B HUX 3a0e3MeueH] 3aJIeKHOCTI

Zdi = Z Ci» (2)
i=1 i=1

a TaKoX OaJlaHC BUITYCKY

zx,-; TG =X 4)
J=1



Ta O6ajaHC BUTpAT

le.j+dj =x;, (5)
i=1

TYT i, j = Ln, 1 — KiTBKICTB CEKTOpIB B CUCTEMI.

3 BUKOPUCTAaHHSAM 3a3HAYEHUX 3aJieKHOCTeW mux Tadnus B.B.
JleoHTb€BUM Ta MOro MOCHiOBHUKAMH Oyau po3poOJieHi LEeHTpalibHi
CUCTEMH PIBHSHB Ul KIIOUOBUX 3aJlady MIKrajay3eBoro danaHcy, a came: 1)
BHU3HAYCHHS BUITYCKY 3@ JaHMMHU KiHIIEBOTO CIIO’KMBAHHS; 2) BCTAHOBJICHHS
B3a€EMO3B’S3Ky MDK pIBHOBOXHMMH IIHAMH Ta O00CSraMd BUIYCKY B
OJIMHULSX BUITYCKY.

Amnpobartisi Ta meperisl 3a3HaueHUX MaTeMaTHYHUX MOJIeNieil CTOCOBHO
MIPOrHO31B BUPOOHUIITBA Ta CIIOKUBAHHS €EHEPreTUUHUX PECypCiB, BUKOHAH1
B IHcTuTyTI 3aranbHoi enepreruk HAH Ykpainu, Hananu Taki pe3yabTaTy.

MarematnuHa Mojenb 3anayi 1) IpyHTyeTbCs Ha OaylaHCi BHITYCKY.
Bona Oyna po3poGiena ocobucto B.B. JleoHThEBUM 1 XPOHOJIOTIYHO €
MEPUIOI0 Cepeli LIMPOKOro 3arajly Pi3HOBHJIIB MOJENEH MIKIraly3eBOro
Oaytancy. BinmoBiiHa cucteMa piBHSAHb Ma€ BUTIIAT [4]

(E-A)x=c, (6)
ne E — onuHn4Ha MaTpuus, a MaTpuls A Mae elNeMeHTH a; = X;lx;, I, j =1,n
. Marpuus (E — A) oTpumaina B JliTeparypi Ha3By «Mmatpulls JIeOHTbeBay.
Amnpobaris mozaeni 3aaa4i 1) npogemMoHcTpyBana ii 6e310raHHICTb.

MaremaTnyHa MOJeNb 3a/1a4i 2) IpyHTYEThca Ha Oananci Butpar (5) 1y
MMOTOYHOMY CTaH1 MaCOBO BHKOPHUCTOBYETKCS [5—7] y BUTIISAIL

(E-A)P=v, o

ne P — BeKTOp ramxy3eBUX ILiH, V — BEKTOP BEJIMYMH JOAAHOI BapTOCTI Ha
OJIMHHMIIIO TalTy3€BO1 MPOIYKIIii

j=1n,

’ ®)

ne M; — BUITycK NpOIyKLii B il OXMHHULAX AJIS j-i Tarysi.
[Toxaxkemo, 110 111 MOJIETh € HEOOTpyHTOBaHOK (Oe3miacTaBHO). s
I[LOTO aHaJi3y Oy/ie BUKOPUCTaHA OYEBH IHA 3aJICKHICTh
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x[:I)iMi’ i:l,}’l. (9)

Martpuusg A’ 3rigHo 3 (6) Mae BUTIISA

oo X N X
X1 X X1 X1
4 Xioo X X X . (10)
Xjo X Xy X
xl_n xﬂ xj” Xnn
| xn xn xn n |

[Mincrasnsrouu (10) B (7), orpumyemo (11)

x X; X X d
a-2Lhp - Zlp _ LP] - mlp - "L
X1 X1 X1 X1 Ml

. . x.. . .
_&P]"‘(l_i)[; _ lPJ _ hpn:i’

i X; X; X; M; (11)

X1 Xis X :: X, d
g - Lp+a-=yyp, - Lp=—L,
X J Xj Xj M,
_Mpl _ xﬂpl - xjnPj+(1—xﬂ)Pn= d .
Xn n Xn n M”

[TepeMHOXKYIOUM KOXeH i3 psaakiB i=1,n cucremu (11) ma M; i
BUKOPHUCTOBYIOUH PiBHSHHSA (9), OTprMaeMo cucteMy piBHSHB (12)

P PP
X+ xl-l—l+xj1—]+xnl—”+d1=xl,

RR TR

P P, P
xll'Fl +xl'l' + in—]+xni?n+dl':xi,

i i i (12)

A 5 b
xljF—i_xijF—i_xjj + anF'i‘dj Xj,

J J J

A i Pj

xln—+xl- —Z+Xjn_+xnn + dn:xn,



sAKa IMPEACTABIISIETHCA Yy BI/IFJ'ISI,Z[i

"+dj=xj, j=1Ln, (13)

J

> |oo

n
Z"ij
i=1

Cucrema piBHsAHb (13) Oyne anekBaTHOI cucTeMi OanmaHCy BUTpaT (5)
JMILE Y TOMY BUIAJIKY, SKILO LIHU YCiX CEKTOPIB Oy1yTh OJJHAKOBUMHU

F=P,. ij=Ln. (14)

3po3yminio, mo Bunagok (14) e Bupomxenum. PiBHicTh (14) KoqHUM
YMHOM HE MOTO/KYEThCA 13 IPEeAMETHUM 3MicToM 3aaa4i. Hikonu He OyBae,
100 LIHU B YCIX CEKTOpax €KOHOMIKHM OYy/iIH OJTHAKOBUMH. Y 3arajlbHOMY K
BUIAJKY cucTeMa piBHSAHB (13) BiApi3HIETbCA Bl CUCTEMH OalaHCy BUTpAT.
Tomy wmarematnuna wmoxaens (7) HE € MareMaTUYHOK  MOJCIUIIO
PIBHOBOXHHMX I[iH Yy CHCTEMI MaTeMaTHYHUX MoOJeJIell MIKrary3eBoro
Oaytancy.

B Inctutyti 3aransHoi eHepretukn HAH VYkpainu Oyma pospobGiena
HOBa MaTeMaTH4YHa MOJeJb PIBHOBAXHMX LiH 1 BUITycKiB. [Ipu 1ibomy Oynu
BUKOpHUCTaHl Tabmuus L Ta BekTopu d, x 13 cTpykTypu Tabmuus (1)
«BUTPATU-BUMYCK», a Takox Oamanc sutpar (5) Ta 3amexHicTh (9).
Posnpinsroun yci croOumi Tabmumi L, d’, x' Ha M; 1 CKOpHCTaBIIMCH
piBHSHHM (5), OTpUMaEMO cxemy Ui OOYJ0BU MOJEIi PIBHOBXKHUX I[1H

(15)
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1 i i n
1| X1 X1q X1/ X1n
M, | M, | M, | M,
Z Xi1 Xii xif Xin
M, | M, | M, | M,
J X Jj1 X Jji /i X jn
M, | M, | M, | M,
Xnl Xni xnj Xnn
n\ M, | M, | M; | M,
+
dl dl dj dn
M, | M, | M, | M,
Il
X1 Xi xj Xn
M, | M, | M; | M,

(15)

3A1iCHIOIYH TCYyMOBYBAaHHsI IO CTOBOIISIX, K TOKa3aHO Ha CXeMmi
(15), orpumyemo cucremy piBHSHB (16)

x X; X ; x d X

10 ) Jl )| 1 1’

M, My My My M; M
i i i ' i i

xl. X:: X o X, d X ;

MJ+MU +ij+Mnj+MJ Mj
J J J J J J

Xln + Xin + xjn + Xnn + dn — Xn )

Cucrema piBasiHb  (16)

13 3aCTOCYBaHHSIM

(16)

3ase)xkHocTi  (9)

MEePETBOPIOETHCS B cucTemy (17), sika B pO3rOpHYTOMY BUTJISIAL € MOJIEIUITIO

PIBHOB)KHHX IIiH
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x X; d
Upifilp  pifnlp 4 %l _p,
Xy Xy X 1 M,
x X X ji x d;
ipl y+dip Sp yTnip oy Tl p
Xj X Xj i M;
; a7
x . x x.. x . .
iP] +2Lp+Lp+Vp L =p,
X; x; 7 ox; 7 x;, ) M, /
J J J J J
x X; X x d
dnp yZinp  Mpmmp n_p.
x}’l xl’l xi’l 'xl’l n
B marpuuniit popmi cuctema (17) mae Burnsg
(E-S)P =v, (18)
1e S — niaroHaabHa MaTPUIL 3 €IIEMEHTaAMU
n
inj
= o —
Sjj:l ) jzlana (19)
X
J
P — BexTOp 11iH, V — BEKTOD 3 €JIeMEHTaMH
d; L —
Vj:V, ]:1,71, (20)
J

KOKHMH 13 AKHX € YacTKOIO JI0JaHOI BapTOCTI j-i Taiy3i d; Ha OJUHUIIIO
npoayKuii M;, o BUITyCKA€ThCS HEIO.

[Insgx0oM MPOCTHX MEPETBOPEHB JOBOJUTHCS, IO CHCTEMa PiBHSHB (19),
(20) 3amoBomnbHsIE piBHIHHS Oanancy BUTpaT (5).

B cucremi moneneit «input-output» BUMYCK BU3HAYAETHCS B IOTOYHOMY
CTaHl 3 BHUKOPHCTaHHSIM OJIHI€E] MOJem, a caMme, KJIaCHMYHOI Mojeli
JleoHTh€Ba, B SKi BHXITHUMH (IIOYaTKOBUMHU) JaHUMU € TIOKa3HUKU
KIHIIEBOTO CHOXHBaHHA. [IpH 1IbOMY y 3BITHHUX CTPYKTYPax CHUCTEMH ITHX
MoJiesiell MPUCYTHIA BEKTOp JOAAHOI BAapTOCTIi, KU MOXXHA BUKOPUCTATH
JUTSl  YCTAHOBJICHHS B3a€MO3AJICKHOCTEH MIDK PIBHOBLXHUMHU I[IHAMH 1
BUITYCKOM B OJMHHUISX BHITYCKY Ta IHIIMX BaXKIUBUX [UISI TMPAKTUKA
3anexxHocteil. lle BaxMBe Ui €KOHOMIYHOI TPAaKTUKHU 3aCTOCYBAHHS.
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Pa3zoM 3 TMM He MeHI BaxJIUBUM OyJi0 O po3pOoOUTH MaTeMaTUYHy MOJIEIb,
sKa po3paxoByBajla O MEPCHEKTUBHI BUITYCKM NPOAYKII HE Ha OCHOBI
JAHUX KIHIIEBOTO CIIOXXHMBAHHS, a 3 BUKOPUCTAHHSM TIPOTHO3HHX JTAHUX
nojanoi Baprocti. IlomiOHuil iHTepec 3yMOBJIEHHMH THUM, IO NPOTHO3U
BUPOOHUIITBA BaJOBOIO BHYTPIIIHBOIO MPOAYKTY 1 J0JaHOI BapTOCTI
JOCUTh YacTO, JAaBHO 1 IIUPOKO pO3pOOJISIOThCS  PI3HOMAHITHUMHU
HAI[IOHAJIbHUMH 1 CBITOBUMU €KOHOMIUYHUMHU 1 (PIHAHCOBUMHU CTPYKTypaMmH,
METO/M 1 TOYHICTb IX MPOTHO31B JOCUTh BUCOKOI'O PIiBH, Y 3B’SI3KY 3 UMM 1
TOYHICTh MPOTHO3IB 32 MOJENSIMH «input-output» moria 6 OyTH BIJUYTHO
Bumoo. KpiM TOro, cymicHe BHKOPHUCTaHHS NPOTHO3iB, BUKOHAHHUX Ha
OCHOBI JIJaHUX SIK KIHIIEBOI'O CIIO)KMBaHHSI, TaK 1 JI0AaHOI BapTOCTI MOXKYTh
3a0€3MeUYNTH CHUHEHEPreTUYHU e(ekr, MOoB’A3aHUi 13 CIPOILICHHAM
IrOpUTMIB OaJlaHCyBaHHS MPOTHO3HUX MaTpHIlb Y CTPYKTYpi (1).

B Inucruryri 3aranbHoi enepretuku HAH VYkpainu, Buxonsum i3
3a3HayeHUX (PaKTOpiB 1 MipKyBaHb, Oyna po3pobieHa Taka mojaenb. Bona
noOynoBaHa Ha 0a3l piBHSHb OajaHCy BUTpaT 1 y MaTpuuHid (opmi Mae
BUTJISI

(E-0O)x=d, (21)
e
0=L0, (22)
(. — niaroHanpHa MATPUIS 3 €IEeMEHTAaMU
1 . o
qzjjzx—, j=Ln, (23)

J

[Ipu po3poOsieHHI KOHKPETHUX IIPOEKTIB PO3BUTKY EKOHOMIKH, ii
raiy3ei, coriaiibHoi cepH 1 iH. 13 BUKOPUCTAHHIM 3ac00iB CHCTEMH «input-
output» JIOIIJILHO OJTHOYACHO BUKOPUCTOBYBATH OOUIBI MOJIEIII BU3HAUYCHHS
MPOTHO3HUX O0CATIB BUIYCKY, a caMe, KJIaCUYHY MoJieNb JICOHThEBA 1 HOBY
mozaenb (21) — (23), ssika BUKOPUCTOBYE TIOKA3HWKH JTOAAHOI BapTOCTI SIK
noyaTkoBi (BuxinHi) naxi. Takuii miaxig Hagae MOKIUBICTH JTOAATKOBOTO
aHaJi3y Ta KOHTPOJIO OTPUMYBAaHUX PE3YJbTATiB, a TAKOX CIPOIIYE, SK
3a3Hayalioch, MPOLEAypH MPOTHO3YBAaHHS MOKA3HHMKIB JOAAHOI BapTOCTI 1
OaylaHCyBaHHS MPOTHO3HUX MATPHUIlh Y CUCTEMI «input-outputy.

Buxopucranas wmoxpemi (7), (8) Sk 1HCTPYMEHTY 3B’SI3Ky MK
pPIBHOBOXHMMHU IIIHAMU 1 O0CSraMH BHUIYCKY B OJUHHISAX BHITYCKY €
0e3IMiICTaBHUM, OCKUJIBKH BOHA € HEOOIPYHTOBAHOIO 3TiJHO HABEJIECHOTO
anamizy (9) — (14). 3aMicTh Hel HOIUTPHO BUKOPUCTOBYBATH Moenb (18) —
(20).
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MATEMATHUYHA MOJEJIb TIPOI'HO3YBAHHSA
JOBI'OCTPOKOBOTI'O PO3BUTKY EJIEKTPOEHEPI'ETUKH

AHati3 1CHYIOUMX METOIIB JIOBIOCTPOKOBOT'O NMPOTHO3YBaHHS PO3BUTKY
€JIEKTPOEHEPreTUKN CBIIYUTh, L0 Hapas3l Yy CBITI BIACYTHIH HE TUIbKU
YHIBEpCAJIbHUI METOJ, aje HaBiTh 1 YCTaJeHI HayKOBI METOAOJIOTiYHI
OCHOBH U1 Horo (meroxay) ¢popmyBanHs [9]. [Ipo nie cBiguuTh, HaNIpUKIAL,
3HaYHA KUIbKICTh MAaTeMaTHYHHX MOJeNel Ta 3aco0iB iX peaunisarlii, 110
BUKOPHUCTOBYIOThCS HAIlIOHAJBHUMHU OIEpaTopaMu CHCTEMH Tiepemadi
enektpoeneprii kpaiH, mo € wieHamu ENTSO-E [10]. OcranHiM yacowm,
MourHarouu npubiau3Ho 3  mepmoro aecartupiuus XXI  cropivus,
CIIOCTEPIraeThCs MOCTYTOBHH nepexin BiJ| BUKOPUCTaHHS
JETePMiHICTUYHUX MaTeMaTHYHUX MOJEJICH PO3BUTKY EIIEKTPOSCHEPTeTUKU
70 MMOBIpHICHMX, MPUYOMY OCTaHHI MOOyAOBaHI Ha 0a3l MOINEPEeIHHOrO
MOKOJIIHHSA ~ JIETEPMIHICTUYHUX  Mojeneld. BnpoBaakeHHS MOBHICTIO
HMOBIpHICHUX  MOJAENeH  CTPUMYETbCA, 30KpPEMa,  HEMOXJIMBICTIO,
MpUHAMMHI 3a CyYaCHUX HAyKOBMX 3HaHb, OIMCAaTH TMOBEIIHKY BCIX
€JIEMEHTIB €HEPrOCUCTEMH, [0 MOJETIOIOTHCS 3 BHUKOPHCTAHHSIM IEBHUX
GbyHKIIN po3noaity HMOBIpHICHOI BeIMYMHU. HaBiTh SKILO 1€ BIACTHCS, TO
JUIs 33724 JIOBFOCTPOKOBOTO TPOTHO3YBaHHS JOBEAETHCS BHKOHYBATH
3HAa4YHI PO3PAaXyHKH YMOBHUX HMOBIPHOCTEH CTaHy E€JIEKTPOCHEPTeTUYHOT
CHCTEMH, B 3aJISKHOCTI BiJl «IOAii», 110 MEPEeAyIOTh MOTOYHOMY CTaHY.
ToMy 3aranbHONPHUIHATOIO  METOAOJOTI€I0, MpUHANMHI  3apa3, €
BUKOPHUCTaHHA SIK OCHOBHM JETEPMIHICTUYHUX MOJEICH MaTeMaTHUYHOIOo
MporpaMyBaHHsl Ta/ab0 IMITalIMHUX MoOJENeH, pO3paxyHKH 3a SKUMU
BUKOHYIOTBCSI JUISI BEIMKOI KITBKOCTI CIleHapiiB, 10 (OPMYIOThCS 3
BUKOPUCTAHHSIM TE€BHUX BUMaAkoBUX BenuuuH [10]. Hanpuknan, taka
METOOJIOTisI BUKOPUCTOBYETHCSI B JOCHIJKCHHSX IIOJ0 OLIHKU BILIUBY
BIIPOBA’KEHHSI MOTY)KHOCTEH 3 HErapaHTOBaHMM XapaKTepoM TIeHeparlil
€JIEKTPUYHOI MOTYKHOCTI, 30KpeMa, BITPOBHX Ta COHSYHUX €JEKTPOCTAHIIIH
(BEC Ta CEC). Kpim TOrO, HasiBHICT B MaTE€MaTUYHOI MOJENl 3HAYHOL
KUIBKOCTI €NIEMEHTIB, MOBEAIHKA SKHUX € CYTO HWMOBIPHICHA, CYTTEBO
YCKJIQIHIOE aHaji3 OTPUMaHUX pe3yJbTaTiB, II0 BHUMAarac po3poOKH
OKpeMHUX METOJIB BJIaCHE JUI1 aHAJTITHUYHOI 0OpoOKM pe3ynbraTiB. OTXe,
HE3BAXKAUU Ha Tpanchopmarrito METOMO0JIOT1] IIOCI1KEHD
JIOBFOCTPOKOBOTO PO3BUTKY €JIEKTPOCHEPTEeTHKHU BiJl IETEPMiHICTHYHOI /10
WMOBIpHICHOI, caMe€ JEeTePMIHICTHYHI, OINTHUMI3alliifHl Ta iMITaliiHI
MaTeMaTH4HI METOIU JIOCHi/KEHb JIMIIAIOThCS 0a30BUMH 1  TaKoX
IPOAOBXKYIOTh PO3BUBATHCh, 30KpEMa, pa3oM 3 IPOrpecoM 3aco0iB
00YHCITIOBAJILHOT TEXHIKH, 110 3yMOBIIIOE iX OYiKyBaHE IIMPOKE CaMOCTiiiHe
BHKOPHCTAHHS 1 B MAaHOyTHHOMY.
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Y crarTi  3anpornoHOBaHa  JIETEPMIHICTMYHA  METOZOJOris  Ta
MaTeMaTU4Ha MOJENIb JOBIOCTPOKOBOIO PO3BUTKY €JIEKTPOECHEPreTUKU
HanioHanpHOI O0’eqHanoi eHeprocuctemu (OEC), B sikiid, Ha BIAMIHY BiJ
HEepeBaXHOT OUIBIIOCTI MAaTeMaTUYHUX MOJEINeH, 110 BUKOPHUCTOBYIOTHCS,
BpaxoBaHI OOMEKEHHS Ha I1HBECTHIIMHI pecypcu, a TaKoX 3aMICTh
HE3MIHHMX 32 MepiojJlaMH 3HAa4€Hb YMOBHO-IOCTIIHOI Ta YMOBHO-3MiHHOT
CKJIQJIOBUX BUTpAT Ha BHUPOOHUIITBO €JIEKTPOECHEPIii BUKOPUCTOBYIOTHCS
3HAYEeHHS, 110 PO3PaxOBYIOThCS BIJMOBITHO /0 CLEHAPIIO 3MIHM MUTOMHX
KamTaJIbHUX BKJIQJCHH B TEXHOJOTII TeHeparii eJIeKTPOCHeprii, IIo
0COOJMBO  aKTyaJlbHO s  KOPEKTHOTO  BpaxyBaHHS  IOTEHLIANLy
BrpoBapkeHHs: BEC ta CEC. Meroaonoris peanizoBaHa SIK IHTETpOBaHA
MaTeMaTHYHa MOJIE]b PO3BUTKY I€HEPYIOUMX IMOTYKHOCTEH HalllOHAJIbHOT
OEC 13 imiTamiitHOI MOAENI BU3HAYEHHS TEXHIKO-€KOHOMIYHUX ITOKA3HUKIB
TEXHOJIOTI reHepamii Ta MaTeMaTWyHOI ONTHMI3allifHOI  Momeni
dopMyBaHHS CTPYKTYpH TEHEPYIOUMX TMOTY)KHOCTEH, B SKIiH UIs
BpaxyBaHHS BIIPOBA/DKCHHS HOBUX IIOTY)KHOCTEH Ta IX BMBEICHHSA 3
eKCIuTyaTallii BUKOPUCTOBYIOThCS IIUIOYMCENIbHI 3MiHHI, IO BiMOBIAAIOTH
OJIMHUYHIN BCTAHOBJICHIN MOTYXHOCTI €IEKTPOTEHEPYIOUOT0 00’ €KTY.

YMOBH HaliHHOTO (DYHKI[IOHYBAHHS Ta CTAJIOTO PO3BUTKY T'€HEPYIOUHX
noryxHocteit enexkrpoeHepretuku OEC kpainum ¢QopmanizoBaHo 13
BUKOPUCTaHHSAM JIBOX MHOXHMH: K — MHOXHHAa BCIX BHPOOHHKIB
eJleKTpoeHeprii, / — MHOXHHa BCIX CHOKKMBayiB enekTpoeHeprii. [llupoke
BIpOBaKeHHs B HamioHanbHi OEC enekrpocTaHiiii, 1110 BUKOPUCTOBYIOTh
BIJTHOBIIIOBaH1 JiKepeia eHeprii, Beae 10 HEOOXIAHOCTI BpaxyBaHHS
cnenudiyanX (i3UKO-TEXHIYHUX OCOONMBOCTEH mMX TexHomorid. Jlms ix
KOPEKTHOT'O BpaxyBaHHsI BC1 TEXHOJIOTIi BUPOOHMIITBA €IEKTPOCHEPTii, sKi
BXOJIATh 0 MHOKUHU K, pO3/iJIeHI HA TPH MiIMHOXUHU. J{0 MMiIMHOXHHA
KT BXOJSITh BCl TPAUIlIHI €JIEKTPOCTAHIII], 0 BUKOPUCTOBYIOTh BHKOITHE
NAJIUBO SK TIEPBUHHHMA eHeproHocii. TexHomorii, mo BXOAATH IO IIi€l
MIIMHOXUHU, OyAeMO Ha3uBaTH TpaauIiiHUMU. [0 TIMHOXHHHU KB
BITHOCSTBCSL €NEKTPOCTaHIl, 110 BUKOPUCTOBYIOTH BJIE sk mepBUHHMIA
E€HEPTOHOCIH, 1 MOTYXHICTh SKMX BHU3HAYAETHCS MHUTTEBUM IOTEHITIAJIOM
BJIE - mBuakictio Bitpy it BEC, DOTyXHICTIO COHSYHOTO
BunpomintoBanHs 11 CEC, Hamopom teuii s 0e3mnotunaux ['EC. Taki
TexHoJorii OymeMo Ha3WBaTH TeXHoJorisMu mepmoi rpynu. o
[T IMHOXXUHHA K2 BXOJISITh TEXHOJIOTIi, TMOTYXHICTh SIKHX € KEPOBAHOIO, a
o0csT BUPOOHMIITBA E€IEKTPUYHOI €Heprii 3aJeKUTh BiJl 30BHIIIHIX YMOB,
30Kpema, BU3HAUAETHCSI ~ OOCSITOM  HAKOMHYEHOTO MEPBUHHOTO
€HEepreTUYHOro pecypcy (Hampukiazg, TBepaa OioMaca «EHEPreTHYHUX)
ypo>kaiB, BIIXOIU POCIMHHUIITBA Ta XapuoBoi npomucioBocti, mani 'EC 3
BOJIOCXOBHIIIAMH ) 200 30BHIIIHIMUA OOMEXYHOUUMH (PaKTOpamMu, HAIIPUKIA/,

130



CE30HHOI0 TMOTpPe0OI0 B TEIUIOBIM €Heprii, L0 3yMOBIIOE PEKUMU
¢yukionyBanus TELl. Taki TexHonorii OyaeMo Ha3WBaTH TEXHOJOTISIMHU
apyroi rpynu. Jnsi TEXHOJIOTIH TMepmioi Tpymud B 3arajlbHOMY BHUIAIKY
HEMOXIJIMBUM € HaBiTh KOPOTKOCTPOKOBHM MNPOrHO3 iX MHOTyxHOCTI. st
TEXHOJIOTIN JIpyroi rpymu OOCSITU JOCTYIMHOTO PECypCy MOXKYTh CYTTEBO
konuBaTucs. Tak, s pocnuHHOI OloMach MOXyTb OYTH 3HAYHUMU
KOJIUBaHHS «ypokaiHOCTI» 3a pokamu, mnsi [EC 3 BomocxoBumem —
«BOJIHICTB» POKY.

Ockinbku 110 ckiaay reHepyrouux mnoryxkHocreii OEC  BxonsaTsb
TEXHOJIOT1i, MOTYXHICTh SIKHX MOX€ HENPOTHO30BAHO 3MIHIOBATHUCH, TO
BUHHUKA€ HEOOXiNHICTh 3a0€3MeYuTH HE JHIIE PiBHI CHOKUBAHHS
€JIEKTPUYHOI MOTYXHOCTI, @ TaKoX 1 JAUHAMIKY 3MIHM CIOKHBAaHHS
MOTY)KHOCTI BIANOBIAHO 10 3MiHM m1oTpedbu mnotyxkHocTi B OEC, mio
(hopmaiti3yeThCsi BUpa3aMu:

D Y Omet Y Xon Y mi©=0+£)D D, (1)

kekT UK B2 kek P! leL iel

D Higelte) +t=1) V)2 (14 ) D (D () =D, ()
keK iel » (2)
VieF;Vr=1+T

1€ t — MOMEHT 4acy y BIANOBITHUI Mepiol MOJCNIOBAaHHS T (f) “MOMEHT
yacy, mo Oe3rnocepenHbO Tepeaye MOMEHTY 4Yacy t); F — MHOXHHA
MOJIMBHX PEKUMIB BHKOPHCTAaHHS TEHEPYIOUHMX IOTY)KHOCTEH, sKa,
HaNpUKJIIaJl, BiAMOBIIa€ PIBHIO HABAaHTAXXEHHS TEXHOJIOT1{; L— MHOXHMHA BCIX
JOCTYIHUX TEPBUHHUX €HEPreTHUHHUX pecypciB (B Tomy uucii 1 BJE); B,
— KOe(IIIEHT BTPAT €JIEKTPOSHEPTii MpH ii TpaHCIOPTYBaHHI Ta PO3MOILIL
mepeskamn OEC; Y, (f) — BenmuunHa reHepauii eJIeKTPHYHOI MOTYXKHOCTI;
D, (t) — HeoOXiHe eNeKTpUYHE HaBAaHTAKEHHS MEBHOTO CIIOXKHMBa4a; X,

— HasBHA BCTaHOBJIEHA €JIEKTPOr€HEpyoda MOTYXKHICTb; 7, — KOeQillieHT
TOTOBHOCTI eJIeKTporeHepyrouoi mnoryxHocti (0<n,, <1), nl”,lc (ty -

KOe(IIlieHT JOCTYMHOCTI MEPBUHHOTO JDKEpena eHeprii (OSnf,lC <1), sxe

BHUKOPHUCTOBYETHCSI TEXHOJIOTIEI0 TEeHepalii eleKTpoeHeprii (Hampukia,
s BEC mpuiiHATO BUKOPHUCTOBYBATH PidHi, CE30HHI 1 1HII KOEQIIieHTH
BUKOPHCTAHHS BCTAHOBJIEHOI MOTYXHOCTI, II0 XapaKTEpU3ye IOCTYIHICTH
BITPOBOrO IOTCHLaNy NPOTArOM BIANOBIAHOrO Imepiody 4acy); Vi -—

MIBUAKICTE, 3 SIKOK TEXHOJIOTIS, M0 MPAIfO€ B MEBHOMY PEXKHUMIi, 3MIHIOE
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(3011b1IYE 200 3MEHIIYE) MOTYKHICTh TeHEepallii, IpuIoMy sl TEXHOJIOT1H
HepuIOi TPYNH MIBUAKICTD € BETUYUHOIO BUIAKOBOIO.

JUiss  KOXHOrO THUIYy TEXHOJOIIH TeHepauii eJIeKTpoeHeprii Mae
BUKOHYBATHCh YMOBA, 3I'/IHO 3 SIKOIO HasBHA BCTAHOBJIEHA MOTYKHICTb X,

Mae 6yTI/I HC MCHIIIOKO HOTY)I(HOCTi, 10 € JOCTYIIHOIO IJII BUKOPUCTAHHA.

JIns TEXHOJOTIM 3 MiJIMHOXHHHU KT ta K% HEOOX1IHO BpaxoByBaTH
3MIHHICTh Ta 0OMEXKEHICTh MOTEHITIaTy MIEPBUHHOTO JpKepena eneprii (3) Ta
oOMexeHHsI Ha OOCST BUKHJIB 3a0pyTHIOIOUMX PEYOBHH 1 Tas3iB, a TaKOK
MapHUKOBUX T'a3iB (MHOkHHA M) B moBiTps (4):

e hye Yo S1jp O iVl e LV T=1+T, 3)
kekTUKE?

D b Y €O, Yme MV T =1+T, (4)
kek™

J€ ay, — NUTOME CIOXHMBAHHS IEPBUHHOIO E€HEPreTUYHOIo pecypey (B

tomy umcii BJIE, nanpuxmnan 6iomacu) A BUPOOHULITBA €JIEKTPOEHEPTii;
h,, — dYac BUKOPHCTaHHS EJIEKTPOTCHEPYIUYOi IOTYKHOCTI MPOTATOM

PO3pPaxyHKOBOT'O Mepioay (Ui eNeKTPOCTAHIIH APYroi rpynu sl BeJIMYKUHA
€ BUIAJKOBOIO); nl”i — KoeQIUIEHT 3MIHHOCTI MOTEHIlaJly MEPBUHHOTO
€HEpProHoCis, AKUH TEOPETHYHO MOXE NpUHMAaTH 3HA4YEHHS BiA HyNIs 10
omannui  (0=n'-™" <n! <1), O, —makcumanpHuii OCTYNMHHMIT 0GCST

IEPBUHHOIO €HEPreTHYHOro pecypey, b,,, — MUTOMUIl BUKHJ IIKIJUIMBUX

kt

pEeUOBMH 1 Ta3iB, a TaKOX IApHUKOBMX Ta3iB B mnoBitpa, O, —

MaKCHUMAaJIbHUM MPHUITYCTUMUI 00CST BUKUIIB IIKIUIMBUX PEUYOBHH 1 rasis, a
TaKOXX MapHUKOBHX Ta3iB B MOBITPS.

JlonaTkoBO BpaxoBaHO, IO AJIsi TEXHOJIOTIN MEepIIoi IPyNu, NOTYXHICTb
SKUX HEMOXJIMBO HAIIHHO CIPOTHO3YBAaTH, HEOOXITHO 3a0e3mednTH
NOCTIHY MOJJIMBICTD KOMIIEHCAlii KOJMBaHb I1X MOTYXHOCTI 1HIIUMH
TUTIAMH E€JIEKTPOCTAHIIIN a00 CHUCTEMaMU aKyMYJIOBaHHS €JICKTPOSHEpTii.
Ile 3ymOBIIO€ HEOOXIIHICTH MAaTH «Tapsydil» pe3epB MOTYXKHOCTI, SKUH
BU3HAYAETHCS K CYKYITHUN MaHEBPEHUI J11alla30H CUCTEMH.

Y 3araibHOMY BUIAQAKy 3aCTOCYBaHHS HaBEJICHUX 3aJICKHOCTEH
3IHCHIOETHCS BIAMOBIAHO 10 TAKOI IMOCIITOBHOCTI JiiA:
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— po3poOKa ClieHapil0 30BHILIHIX YMOB PO3BUTKY Ta ()yHKI[IOHYBaHHS
JDKEpeN eJeKTpornocTayaHHsd 1 (OopMyBaHHS BXIiJHOI iHpopmamii aus
MIPOBEJIEHHS PO3PaXyHKIB;

— BU3HAYEHHS BaplaHTIB BXIAHOI 1H(popMalii B MeXax po3poOIeHOro
CIICHapIIo;

— GopmyBaHHS MHOKUHU BapiaHTIB PO3BUTKY JUKepen
€JIEKTPONOCTAaYaHHd JJI1 KOXKHOTO BaplaHTy BXIgHOI 1Hdopmaii, 1110
nependayvae:

— pO3paxyHOK  BCIX  HEOOXITHMX  (PI3UKO—TEXHIYHUX, TEXHIKO—
€KOHOMIYHUX Ta €KOJIOIIYHUX MOKA3HHUKIB JUIsl KO)KHOTO BaplaHTy BXI1JHOT
iHpopMmaii;

— opMyBaHHS ONTUMI3ALIHHOT MOJIEII;

— po3paxyHoK c(hopMOBaHOT MOAETI;

—aHaji3  OTPUMaHUX  pE3yJNbTaTiB:  TOKAa3HUKIB  €(EeKTUBHOCTI
(GYHKIIOHYBaHHSI ~ €JEKTPOCTAHIIM, M0 pPO3MISIAIOThCS, a  TaKOXK
e(pEeKTUBHOCTI  BIPOBA/PKEHHS Ta PO3BUTKY TMEBHOI ab0 MEBHHUX
enekTpocraniiii B mexax OEC.

BukopucrtanHs Takoro miaxomy 3a0e3leuye KOPEKTHE BU3HAYCHHS
IPAaHUYHUX KUIBKICHUX BHMOT JI0 HEOOXITHUX «TapsSuux» pe3epBiB s
KOMIICHCAI[ll MOJJIMBUX KOJIUBaHb TIOTYKHOCTI  €JIEKTPOCTaHIN 3
MIMHOXUHA K2,

NEPCIHEKTUBU PO3BUTKY HAIIIOHAJILHOI ATOMHOI
EHEPI'ETHUKMU 3A YMOB 3POCTAHHSA BUMOTI" 10
HAJIIMHOCTI TA EKOJIOTTYHOCTI ®YHKIIIOHYBAHHS
EHEPTOCHUCTEMM YKPATHH

Tpanchopmallisi €HEPreTUYHUX CHCTEM CBIiTy, IO BigOYBa€eThCS B
YMOBaxX CTPIMKOTO 3pOCTaHHS YaCTKH T€Hepallii 3 BIHOBIIOBAaHUX JIKEPEI 3
HETrapaHTOBAHOIO 3MIHHOIO MOTYKHICTIO, OOYMOBIIIO€ 3pOCTaHHS BUMOT JI0
3a0e3medYeHHs] CTIMKOCTI Ta HAJIMHOCTI €JIEKTPOEHEPTeTUYHOI CHUCTEeMHU 1
30UIBIIEHHS THYYKOCTI pPOOOTH TpaauliMHUX JpKEped BHUPOOHMIITBA
€JICKTPOCHEPTi.

AToMHa eHepreTMka B YKpaiHi Mocijiae TPOBIJAHE MicCIe Y TMOKPHUTTI
noTped B eNEKTPOCHEPril KpaiHu, 3a0e3Meuyr0dr MPOTATOM OCTaHHIX POKIB
OLTBII HIXK TMOJOBUHY BiJ ii 3araibHOTO BUPOOHUIITBA. ToMmy ii cTabiibHE
(YHKIIOHYBAaHHS Ta pPO3BHUTOK € BAXKJIMBOIO IIEPEIYMOBOIO CTaJlOro
PO3BUTKY HAI[IOHAJIbHOI €EKOHOMIKH.

Hapasi miarpumMka GyHKIIIOHYBaHHS BITYM3HSIHOI aTOMHOI €HEPTeTHKH B
icHyrounx oOcsrax 0a3yeTbcs Ha MPOAOBKEHHI TEpMiHY eKCILTyaTarlil
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JII0YUX EHEeproOJIOKiB, a IUIaHW II0A0 OyAIBHUIITBA HOBUX aTOMHHUX
HOTY)KHOCTeH IMOKM mnepeadadaroTh juile J100yIoBY ABOX €HEpProOJOKiB
XmenbHuipkoi AEC. Ane Xxoua BKe ICHYIOTH IMEBHI IpOrpamu MO0
MOJJIMBOCTI ~ TPOJIOBXKEHHSI ~ eKCIUTyaTallii  BITYM3HSHUX  aTOMHHX
eHepro00KiB 10 60-TH POKIB, MPHU BIPOTiTHOMY clieHapito 20-Tu piyHOTO
MOHAANPOEKTHOTO MPOJIOBKEHHS eKCIuTyaTaliiiHoro pecypcy 10 2040 poky
3anumuThes quiie 3 ['BT icHyrouox aromHoi reHepartii. ToMmy, BpaxoByrouu
HIOHaMMeHIIe 5-TH PiYHUE MepioJ] MPOEKTYBAHHS Ta MOTOJUKEHHS MPOEKTY
HoBOoi AEC Ta He MeHH TpuBaJuil TepMiH OyAIBHHUIITBA, aKTyaJbHOIO €
3aJa4ya OLIHKM JOLUIBHOCTI BIPOBA/DKEHHS 3aMIIIYIOYMX ATOMHHUX
E€HEepro0JIOKIB.

BaxmBe 3Ha4YeHHs TNMpH BHU3HAUEHHI TEPCIIEKTHB PO3BUTKY aTOMHOI
EHEepreTUKU KpaiHu Mae 3a0e3MeUeHHs BUPIIICHHS ABOX CYy4aCHUX MpoOiieM
¢yukuionyBanHss OEC Ykpainu: He1OCTaTHOCTI MaHEBPEHUX MOTYKHOCTEHN
Ta CTPIMKOTO 30IUIBIICHHS YAaCTKU TMOTYXXHOCTEH Ha BiTHOBIIOBAHHUX
JUKepenax eHeprii 3 MIHJIMBUM, CJIA0OMPOrHO30BAHUM  XapaKTepoM
BUPOOHHMIITBA  €JIEKTPOEHeprii, —Takux SK BITPOBI Ta  COHAYHI
(boToeNeKTpUYH1 €NeKTPOCTaHIIli, 110 BUMAarae J0JAaTKOBUX MaHEBPEHUX
pe3epBiB.

Ockinbku gitoui  eneprodnoku AEC cnpoekroBaHo Ha poOoTy y
0a30BOMY pEKHMMI HaBaHTA)KEHHS, TO BIPOBA/HKEHHS HOBUX E€HEProOJIOKiB
AEC B ymoBax 3pocTaHHsS TeHepallii 3 HErapaHTOBaHOIO IOTY)KHICTIO
MOCUJIIOE BUMOTH JI0 X 3JaTHOCTI MpAIlOBATH B PeXUMax 3MIHHOTO
HaBaHTAXXEHHS Ta OpaTH yyacTb y BTOPMHHOMY PETYJIIOBaHHI MOTYXHOCTI
€HEPrOCHCTEMH.

3 TexHIYHOI TOYKH 30py poOora eHeproOsokiB AEC B mMaHeBpeHOMY
pexxuMi MOKITUBA, 1 cydacHi AEC 3 JISTKOBOJHUMU SIIEPHUMH PEaKTOPaMU
po3pobieHi Tak, moOO MaTh JOCTaTHI MOXJIMBOCTI MaHEBPYBaHHS.
[Tpuknanom € atomHi enektpoctanuii y ®@pannii Ta HimeuuuHi, siki 6epyTh
y4acTh y TIEPBUHHOMY Ta BTOPHMHHOMY pETYJIIOBAaHHI YacTOTH, a JesKi
YCTAHOBKHM BHKOHYIOTH IPOTpaMy 3MIHHOTO 3aBaHTAXEHHS 3 OAHI€I0 abo
JIBOMa 3HAYHUMH 3MiHaMH MTOTY>KHOCTI Ha JICHb.

Kpim Toro, 3pocrtaroui BUMOTH JO €KOJIOTIYHO NPHHHATHOTO
(GYHKIIIOHYBaHHS ~ TEIJIOBOI ~ €HEPTeTUKH  BIMMOBIAHO  JI0  B3STHX
MDKHAapOJHHMX 3000B’s3aHb, 30KpeMa, IMIUIEMEHTAIlli EeKOJIOTIYHUX
Hupektus €C B pamkax J[loroBopy mnpo 3acHyBaHHs EHepreTnyHoro
CIIBTOBApUCTBA, SKI TMOCHJIIOIOTH BHMOTH II[OJI0 BMICTY 3a0pyIHIOIOYHX
pedoBuH y numoBHX razax TEC, 00yMOBIIIOIOTE Y MOAATBIIOMY OOMEKECHHS
poOOTH ICHYIOUMX TEIUIOBHX CTAHIIIM MpH iX HEBIAMOBIIHOCTI MPHHHATHM
€KOJIOTIYHUM OOMEXEHHSIM, a BHUYEpPIIaHHA iX TPAHUIHOTO pecypcy
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eKcIUTyaTallii 0e3 NMpoBelIeHHs MHPOKOMACIITAOHUX POOIT 3 PEKOHCTPYKIIIT
MO’KE€ TPHU3BECTH JI0 BTPaTH 3HAYHOI YACTUHM LbOTO TUIY TeHepalii y
MEepPCHEeKTHBl 31 3MEHIICHHSM peryiordoro miamazony OO0’emHanoi
eHeprocucremu. Jlo toro , patudikarmis Ilapu3zpkoi KIIMaTUYHOT yroau
BXE TpHBEJa JO0 TIEBHUX OOMEXEHb 100 PO3BUTKY BYIJIEIEBOI
SHEepPreTUKH, 30KpeMa, BiIMOBY MIXHAPOJHUX OpraHizaiil y ¢iHaHCyBaHHI
OyZIBHUIITBA HOBHUX BYTUJIbHUX CTAHI[IH Ta 3aKPUTTS BXKE ICHYIOUHX

Po3BuTOK  arOMHOi  €HepreTMKu SK  OJHOrO 3  HaWOUIbII
HU3BKOBYIJICLIEBUX JDKEpEd eHeprii copusTuMme JekapOoHizamii Ta
3HMKEHHIO BUKU/IIB TAPHUKOBUX Ta3iB BiJ EHEPreTUUHOI CUCTEMHU KpaiHu, a
TaKO 3a0€3MeUUTh JOCATHEHHs IN00aIbHUX 1Iel crajoro po3sutky OOH
1010 3a0€3MeUeHHs JOCTYIy 0 HEeJOPOTHX, HAMIMHUX, CTAINX 1 Cy4aCHUX
JDKEpes eHeprii.

BaxnuBy ponp y 3a0e3meyeHHI  HAOIMHOCTI  (YHKLIOHYBaHHS
eHeprocucTeMu YKpaiHW MOXYTh BIJIrpaBaTH IEPCHEKTHUBHI MOIYJIbHI
peakTopu Manoi notykHocti (MMP) 3 GifbIIO0 MOXKIHMBICTIO X pOOOTH B
MaHEBPEHOMY DPEKHUMi, MOPIBHIHO 3 €HEproOJIOKaMH BEJIMKOI MOTYXKHOCTI,
BPaxOBYIOYM MOXIJIMBOCTI 3yMUHKU/IMYCKY €HEProOJIOKiB MPOTIroM J00H.
Cepen nerkoBomuux MMP HaiiOUIbI BIpOTIAHUM TPETEHACHTOM Ha
MepIIoYeproBe BOpoBakeHHs € monyinb NuScale Power [11]. Bin cras
nepmuM B Cnonydenux Illtarax AMepUKM MaluM pEakTOPOM Cy4acHOL
KOHCTPYKIIii, CTOCOBHO 710 koro Komicist 3 s/IepHOro peryoBaHHs movaia
B rpyaHi 2016 poky nporeaypy ceprudikaiiii, a KOMEpIIiHHY eKCILTyaTalliro
nepmoro 6moky NuScale Power Module™ ouixyetsest posmouaru y 2026
pomi. Ille omaum mnpoektoMm MMP, sKkuii OIIHIOETBCS K HAUOUTBII
OPUAHATHUA Ha ChOTOMHI s OyIiBHUIITBA HOBHUX OO0 €KTiB aTOMHOI
reHepamii B Ykpaini, € mpoekT SMR-160 ameprKkaHCbKOT1 1HXXUHIPUHTOBOT
kommanii Holtec International [12]. Hdns copusHHS A7 BOPOBAIKCHHS
texHosorii SMR-160 B Vkpaini y uepBai 2019 poky Il «HAEK
«Eneproarom», Holtec International ta Jlep>kaBHUM HayKOBO-TEXHIYHUM
LIEHTPOM 3 SIZICPHOI Ta pajianiiHoi Oe3nmeku Oyjo MiAMUCAHO Yroay IMpo
CTBOPEHHS KOHCOPLIyMY «SIIepHUI MOTYIIB.

st TIOpIBHSUIBHOT OIIHKH JIOUIJTBHOCTI BIPOBAKCHHSI TEXHOJOTIH
reHeparii eleKTPOCHeprii 3 pI3HUMHU TEXHIKO-€KOHOMIYHUMH Ta (Hi3UKO-
TEXHIYHUMHU XapaKTEPUCTUKAMH Y CBITI IIUPOKO 3aCTOCOBYETHCS MOKA3HUK
CePEeTHBO3BAKEHOT (mpuBeaeHo ) cobiBapToCTi BUPOOHMIITBA
eIEeKTpOoeHeprii 3a >KUTTeBUM 1ukn [13], 3 BpaxyBaHHAM BCiX BHUTpAT
MPOTITOM KUTTEBOTO ITUKIIY TEXHOJOTIi, I1HQIAMIT Ta aJlbTepHATUBHOL
BapTOCTI KamiTally IUISIXOM 3aCTOCYBaHHS CTaBKM JUCKOHTY, IO
BU3HAYa€ThCs 3a (popMyIioro:
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k—’ (1)

ne CFOF — cepenmbosBakeHa cobiBapTICTh BHPOOHHIITBA €IEKTPOCHEPTii
TexHomnoriero k, non. CIIA/MBT rox; Ci*““ — cepennpo3Baxeni Butpaty Ha
BUPOOHUIITBO E€JICKTPUYHOI CHEPrii TEXHOJIOTIEI0 Kk 3a KUTTEBUU IHKJ, SKi
BUMIPIOIOTbCS B TPOLIOBUX OJMHHUISX 3 MPUBEIACHHAM HOMIHAJIBHOT
BapTOCTI KOIUTIB JO TOYaTKy KOMEpLIMHOI eKcIulyaTalii TeXHOJIOrI],
pon. CIIA; T° — TepMiH KOMEpUilHOI eKCIUTyaTamii eJIeKTpOCTaHIIl,
POKIB; T — €Tal JKUTTEBOTO IUKITY, PiK; W), — BAPOOHHUIITBO €IEKTPOCHEPTii
y erarni 7, MBT rox; r — 3HaueHHs AuCKOHTY, %/100.

CepenHbo3BaykeH1 BUTpATH Ha BUPOOHMIITBO EJIEKTPOCHEPTii MPOTATOM
KUTTEBOTO IMKIYy TEXHOJIOTIi 3 pO30MBKOI Ha eranu OyJiBHUIITBA,
KOMEPIIHHOI eKCIuTyaTallil, BUBEICHHS 3 eKCIUTyaTallii BU3HAYAIOThCS 32
dbopmyroro:

T K TEATE M | AL A
cc Cy: Cpr +Cp +C, (f )
G = e T
v Tl-T Ty —
P (1 ) r=T¢ +1 (1 ”)
A ; ()
T+ T z
+ Ckr —
Ty —
=T +TE+1 (1 + V)
ne T, — TepmiH OymiBHHLTBa €JIEKTPOCTAHI[II 3 MOMEHTY MOYaTKy

BKJIQJICHHS TMEpIIMX IHBECTHIIM 1 d0 dacy ii MmycKy B KOMEpIiiHY
eKCILTyaTaIlio, PoKiB; C,g — KaIliTaJOBKJIAJIEHHS B €ICKTPOCTAHINIO s
BIJIMOBITHOTO eTary OY/IBHHIITBA,; C,?f — YMOBHO-TIOCTIMHI BUTpaTH Ha
eKCIUTyaTallil0 Ta TEXHIYHE OOCIyroBYBaHHsS JJIA BIAMOBIIHOTO e€Tammy
KOMEPIIIHHOI eKCIuTyaTallii eJIeKTPOCTaHIIIT; C,fr — (hiHAaHCOB1 BUTpATH Ha
CILTATy BifICOTKIB 3a 3amosmueHnMu Komramu; Cj. ( f ) — YMOBHO-3MiHHI
BUPOOHWYI BUTpATH, SKI BU3HAYAOTHCA SIK (PYHKIlISA BiJ PEXHMY poOOTH
TexHoJoril f; 7,7 — TepMiH BHBOJIY €JIEKTPOCTAHII 3 eKcIuTyaraii, poKiB;
C kZT . — (hIHAaHCOBI BUTPATH HA 3HATTS 3 EKCILTyaTallii.

3 ypaxyBaHHSM €Tamy BBEJCHHS HOBOI TEXHOJIOTi, ITOYaTKOBHX
mapamMeTpiB Ta JAMHAMIKM 3MiH CKJIaJOBHX BHUTpAT y dYaci NpOTATOM
TOPU30HTY TPOTHO3YBaHHS (QOpMyda pO3pPaxXyHKY CepeIHbO3BaKEHUX

136



BUTpaT Ha BHUPOOHUITBA €JIEKTPOEHEPrii 3a MXUTTEBUM LUK HpuiiMae
HACTyIIHUU BUTJTIAL;

)= Z o N a'odo,

- T}C l+ Tk +l-7 ot (1 )‘[_ch_l (3)
N Z Clr. (f(cit, CF (1), F(CE,.CE(t)
— (1+7")T7Tk -1

LCC
ne G (f) — cepenHbO3BaXKEHI BUTPATH BUPOOHHITBA EIEKTPOCHEPTIi 3a

KUTTEBUM LIMKJI HOBOI YCTaHOBKHM, MPALIOIOUO B PEXHUMI f, IpUBEIEHA 10
eTarly ¢ BBeJICHHs ii B eKCIUTyaTallilo; T — eTall >KUTTEBOTO LIUKITY TEXHOJIOT1;

”/T(CF (1), CE(t)) — YMOBHO-3MiHHI BUTpPaTH B 3aJIe)KHOCTI BiJl PEXKHUMY

eKcnnyaTauuf: BUTpPATHU Ha IMAJIMBO Ta MaTeplaJ'II/I, €KOJIOT1YHI l'IJ'IaTe)Kl, SIK1

BH3HAYAIOTHECS B 3QIEKHOCTI BiX IIHM HA IIAJIUBO CTF: , Ta EKOJOTIYHHX

craBok C” Ha moOYaTKOBOMY eTami eKcIulyatamii TexHojorii Ta ix
NOJANBIIMMHU  3MiHAMM  TPOTATOM  MEpioAy  eKciulyaTamii — 3a
dynxuionansauMu 3anexuoctamu £ (CT (1)), f(CE ().

OniHKy TEpCHeKTHB BIPOBAKEHHS Y CTPYKTYpPY TEHEpYHOUUX
noryxxHocteii OEC VYkpaiHM HOBITHIX aTOMHHMX pEaKTOpiB, sKi 37aTHI
OpaTu y4yacTb y BTOpUHHOMY peryitoBaHHI noryxHocti OEC VYkpainu,
NPOBEACHO 3 BUKOPUCTAHHSAM PO3pOOJIEHOI MaTeMaTH4HOI Moeni
JIOBFOCTPOKOBOTO ~ PO3BUTKY CTPYKTYpH T'€HEpYIOUUX IOTYKHOCTEH
€JIEKTPOEHEPreTUYHOI cuctemH [14].

MogensHi  pO3paxyHKH TPOBOJMIM 33  KPUTEPIEM  MIHIMyMY
3aralbHOCUCTEMHHUX BUTPAT HA BHUPOOHUIITBO EJIEKTPOEHEPrii 3a JBOMa
TpaekTopisiMu 30inbIIeHHS T1iatd 3a Bukuaun CO,, mepma 3  SKUX
nependavae nmomipue 3pocranus 10 1 $/T CO,, a apyra — g0 30 $/r CO, no
2040-ro poky. Ilpu oMy B MOAEIBHUX PO3PAXYHKAX PO3TIIATATUCA
YIOCKOHAJIEH! MOTY)XKHI aTOMHI eHeprobioku mokoininHs I+, ski Hapasi
YCHINTHO OYIYIOTHCS Ta BBOASATHCSA B €KCIUTyaTallil0 y CBiTi, IEPCIEKTHUBHI
Maji MOJYJBbHI PEaKTOPH, BIPOBAKCHHS SKUX TepeadadacTbes TMicis
2030 p., a TakoXX HOB1 BYT1JIbHI €HEProOIOKH, SIKi BIAMOBIAAIOTh CyYaCHUM
€KOJIOTIYHUM BHMOTaM, 1 BHCOKOMAaHEBpPEHI YCTAaHOBKM Ha MPUPOTHOMY
raszi. 3a mTepioJ MOJENIOBaHHS Tepea0avacTbCsl 3POCTAHHS MHUTOMHX
KaliTaloBKIaJeHb HOBUX ByriibHuXx TEC, oOyMoOBIE€HE 3pOCTaHHSIM
€KOJIOTIYHUX BUMOT Ta HEOOXIJHICTIO BIPOBAIKEHHS KamiTaJOEMHOTO
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OYHMCHOTO OOJaJAHAHHS, 1 3MEHIICHHS TMMHUTOMHUX KamiTaJIOBKIAICHh Y
BIIPOBA/KCHHSI C€HEProOJIOKIB 3 MalliMH MOJYJIBHUMH peakTopamH 3a
PaxyHOK iX CepiifHOro BUITYCKY Ta 30UIbIIEHHS JIOKaji3alii BUpOOHUIITBA.

[TopiBHAHHS pe3yNbTaTIB PO3PAXyHKIB CEPEIHBLO3BAKEHOI COOIBAPTOCTI
BUPOOHUIITBA €NEKTPOCHEPTIi [l HOBUX aTOMHHUX (Tabin. 1) Ta TemmoBuX
eHeproOyokiB (Tabi. 2), mpamioluux B MAHEBPEHUX PEKUMAX 3MIHU
HNOTYXKHOCTI ~ MpU  TOKPUTTI  J1000Boro  rpagika  HaBaHTaKEHHS
€HEePTrOCHUCTEMH, TOKa3aJo, IO aTOMHI TEXHOJOTii OUIbIl EKOHOMIYHO
e(eKTUBHI MOPIBHAHO 3 T'€HEPAaIli€l0 Ha OpPraHIYHOMY HaJIMBi, 0COOIMBO TpU
3pOCTaHHI €KOJIOTTYHUX BUMOT.

Tabnuuys 1
Cepennno3BazkeHi co0iBapTOCTi HOBUX ATOMHMX TEXHOJIOTIii BiimoBinHO 10
eramy ix BnpoBa:keHHs, 10;.CILIA/MBT roa.

Pix
Texuotorist 2020 2025 2030 2035 2040
ITotyxna AEC 6a3oBuii pexxum | 65.5 66.7 67.8 68.9 70.1
SMR-160 93.7 92.2 90.7 89.21 87.7
NuScale 95.6 94.0 92.5 91.0 89.4
Tabnuys 2

Cepennbo3BaikeHi co0iBapTOCTi HOBUX TEXHOJIOTI HA OPraHIYHOMY NATUBI
BiIMOBiHO 10 eTamy iX BnpoBaxkeHHs, 10,.CILIIA/MBT roa.

— P 2020 2025 2030 2035 2040
TexHoJioris
IIpY IOMIPHOMY 3pOCTaHHI 1aTH 3a Bukuan CO2
Byrinena TEC 102.8 105.2 107.5 109.9 1123
T'asoea TEC 128.1 131.5 134.9 138.3 141.7
IIPY BHJIKOMY 3pOCTaHHi m1atyu 3a Bukuan CO2
Byrinena TEC 127.9 136.2 144.5 152.7 161.0
T'asoea TEC 135.4 142.3 149.1 156.0 162.9

3 BUKOPUCTaHHSAM PpO3pOOJEHOI onTHMi3amiiHOi Momem  OyIno
IPOBEIEHO  PO3paxXyHKH  IEPCIEKTUBHOI  CTPYKTYpU  TE€HEPYHOUMX
noryxHocteir OEC Vkpainum Ha mnepiog a0 2040 p. 3 ypaxyBaHHSIM
HEOOX1THOCTI 3aMillieHHs1 BUOYBarOunXx moTyxkHocter icHyrounx AEC micns
20-pi4HOTO TepMiHy MOHAAMPOEKTHOI eKCILTyaTallii Ta BUBEIEHHS 3 pOOOTH
nirounx enepro6sokiB TEC BHacCHiIOK BUYEpHaHHS iX TPaHUIHOTO PECYPCY
eKCIuTyaTallii Ta eKOJOT1YHMX BUMOT BiAMOBiIHO A0 HamioHambHOTO miaHy
CKOPOUYCHHSI BUKHAIB. Y po3paxyHKax TependadeHo mao0yIoBY IBOX
eHepro6iokiB XmenpHuipkoi AEC Ha 6a3i peakTOpHOI YCTaHOBKH THITY
BBEP-1000.
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[lepcriekTUBHY CTPYKTYpy reHepyrounx noryxsHocteit OEC Vkpainu y
nepioa 10 2040 p. npu noMipHOMY 3pocTaHHi miatu 3a Bukuau CO, Ta
IUHaMiKy BBOAY HOBUX eHeproosokiB AEC 3 HeoOXiIHMMH JUIsl IIbOTO
IHBECTHUIIISIMU HaBelCHO y Tabm. 3,4.

Taonuus 3

Iloxa3HHUKH NMepPCNEeKTHBHOI CTPYKTYPH reHepyrounx nory:xaocreit OEC
Yxpainn g0 2040 poxy npu nomipHomy 3pocTaHHi martu 3a sukuau CO,

Pik 2025 2030 2035 2040

Tloxa3nuk
BcraHoBieHa notyxHicTb, [ BT
Bcboro, B TOMy uwnci 41,6 50,7 55,7 53,8
AEC icuyroui 13,8 13,8 11,0 3,0
AEC HoBi 1,0 1,0 4,0 12,0
TEC ByrinbHi icHyt0Ui 16,0 14,7 11,0 2.4
TEC ByrisibHiI HOBI 0,0 6,0 12,0 17,7
T'EC 5,5 7,9 9,9 9,9
BEC, CEC 5,3 7,3 7,9 8,8
BupoOHuIITBO enekTpoeHeprii, uipa KBT ro.
Bcroro, B ToMy umcTi 183,9 203,0 224,1 2474
AEC 95,1 95,1 99,1 107,0
TEC 67,6 75,8 87,6 96,9
TI'EC 9,7 13,6 15,8 16,2
BEC, CEC 11,5 18,5 21,6 27,3
Buxugu CO,, MaH T 76,9 73,4 77,3 83,2
Tabnuus 4

JlnHaMika BBeicHHSI HOBMX AaTOMHMX NOTYKHOCTeil Ta iHBecTHILIl Ha IX

BIIPOBA/’KeHHS NPHU MOMipHOMY 3pocTaHHi miatn 3a CO,

KiabkicTh/3arajibHa NOTYyKHicTh

B e e M e

BBeJICHUX 32 nepioj

BBEP-1200 0 0 0 1/1200

BBEP-1000 1/1000 0 0 1/1000

HPR1000 0 0 2/2200 4/4400

SMR-160 0 0 4/640 6/960

NuScale 50 MBt 0 0 3/150 9/450

3aranbHa HOTY)KI'{iCTL AEC, 1000 0 2990 8010

BBeJICHUX 3a nepion, MBT

KymynsTuBHi iHBECTHINT, MIT OJ1.

ClIA HiL MIpA A 2,6 16,1 41,8 51,0
PesynpTaTi  MOJENBHUX PO3PAXyHKIB TEPCIEKTUBHOI CTPYKTYpH

rerepytounx noryxkxHocreit OEC Ykpainu mpu mBUAKOMY 3pOCTaHHI TUIaTH
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3a Bukuau CO, Ta BBeleHHS HOBUX eHeproosokiB AEC mnporsarom
MIPOTHO3HOTO MEPioy 3 HEOOX1THUMHU 1HBECTHUIIISIMU HaBEACHO y Tabm. 5, 6.

Tabnuus 5

IToxka3HUKH MepCNeKTHBHOI CTPYKTYPH reHepyrounx noryxaocreit OEC
Yxpainu 10 2040 p. npn mBHAKOMY 3pocTaHHi m1aTu 3a Bukuau CO,

Pix 2025 2030 2035 2040
IMoxa3Huk
BcraHoBieHa noTyxHicTs, [ BT
Bceboro, B ToMy ymci 41,6 50,7 57,4 53,7
AEC icuyroui 13,8 13,8 11,0 3,0
AEC HoBI 1,0 1,0 5,1 14,7
TEC ByrinbHi icHy04i 16,0 14,7 11,0 2.4
TEC ByrinbsHi HOBI 0,0 6,0 12,0 14,4
T'EC 5,5 7,9 9,9 9,9
BEC, CEC 5,3 7,3 8,4 9,3
Bupo6HHIITBO enekTpoeHeprii, uipa KBT ro.
Bcporo, B ToMy gmcii 183,9 203,0 2241 2474
AEC 95,1 95,1 108,0 127,3
TEC 67,6 75,8 77,9 75,6
T'EC 9,7 13,6 16,0 16,5
BEC, CEC 11,5 18,5 22,2 28,1
Buxugu CO,, MIIH T 76,9 73,4 67,6 64,9
Tabauuys 6

JuHamMika BBeJleHHSI HOBUX aTOMHHUX MOTYKHOCTel Ta iHBecTUILiii Ha iX

BIIPOBA/’KEHHSI NIPU IIBUAKOMY 3pocTanHi miaTu 3a CO,

KinbkicTs/ 3araibHa NMOTY:KHIiCTh 2020— 2026 2031— 2036
(MBr) eneprodaokis AEC, 2025 2030 2035 2040
BBeJI€HHX 32 mepion

BBEP-1200 0 0 1/1200 3/3600
BBEP-1000 1/1000 0 0 1/1000
HPR1000 0 0 1/1100 3/3300
SMR-160 0 0 4/640 1/160
NuScale 50 MBt 0 0 24/1200 30/1500
3aranpHa TOTYIKHICTD AEC, 1000 0 4140 9560
BBeJIeHUX 3a nepioq, MBT

KymynsaruBHi iHBeCTHIIT, MIPA 0TI

CIIIA 2,8 19,7 53,8 68,0

OtpumaHi pe3yibTaTH 3aCBITYHIIM, IO HA JOIUIBHICTE Ta OOCSTH

BIPOBA/DKCHHS HOBUX ATOMHHX EHEProOJIOKIB B €HEProCHCTeMl 3HAYHO
BIUIMBAE >KOPCTKICTh €KOJOTTYHUX BUMOT , 30KpeMa, 30UIbIICHHS TUIaTH 3a
Buku CO,, a TaKOXK PIICHHS OO MOOBXKEHHS TEPMiHY MOHAIPOCKHOT
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excruryataiii girounx AEC. Tak, Ha 3aMiHy icHyrounx eHepro6snokisB AEC
npu nomipHomy 3poctanHi minati 3a Bukuau CO; mo 1 mon. CILIA/T mo
3aKiH4eHHI iXx 20-piyHOro MOHAANPOEKTHOIO TEPMIHY eKCILTyaTarli
HeoOxigHO 10 2040 poky BBecT 12 I'BT HOBMX aTOMHHX MOTYKHOCTEH, B
tomy uuciai 2,2 'Bt MMP. Tlpu 3pocranni iatu no 30 mon. CHIA/T CO,
1o 2040 p. noryxHicte HoBux AEC 3pocte no 14,7 I'Bt, B TomMy uucmni 3,5
I'Br MMP, a kinbKicTh BBEAEHMX HOBHUX eHeprooOsiokiB ByruibHux TEC
Oyne meHma Ha 11 eHepro0iokiB 3aranbHO0 noTyxHicTio 3,3 I'BT. Lle
00yMOBJIIO€ CKOPOUEHHS BUKU/IB 3a0py/IHIOIOUHMX PEUYOBUH Ta MApPHUKOBUX
ra3iB B €HEprocucremi, aje NpU LbOMY IHBECTULI] Yy BIPOBAKEHHS
aTOMHUX MOTY>KHOCTEN 3pocTatoTh Ha 33%.

301IBIIEHHS )KOPCTKOCTI BUMOT JI0 BYIJIELIEBOEMHOCTI €JIEKTPOEHEPrii, B
ToMy u4HMchai 1 migBumeHHs twath 3a  BUkugM  CO,, 00yMOBIIIOE
MPIOPUTETHICTh 30UIBIIEHHS BCTaHOBJIEHOI moTyxHocTi AEC 3amicTh
OyniBauLTBa Yy iepion 2036—2040 pp. HoBUX ByriibHUX eHeprooiokis TEC,
B TOMY WYHCII 3a pPaxyHOK 30UIbIICHHS KIUIBKOCTI HOBHX aTOMHHX
€HeproOJIOKiB 3 MaJIMMU MOJYJIBHUMHU peakTopamMu. BripoBakeHHS Maiux
MOJYJBHUX PEAKTOpiB SK MaHEBPEHOTO HU3BKOBYIJICIIEBOTO JDKEpelia
BUPOOHUIITBA €IIEKTPOCHEPTii 3 MiJBUIIEHOK OE3MeKO eKCIUTyaTallii
JOLUUIBHO JUIsi 3a0e3NeyeHHs] CTIMKOCTI, HaIlHHOCTI Ta e(pEeKTUBHOCTI
¢ynkuionyBanHss OEC  VYkpainu, 30UIbLICHHS €KOJOTIYHUX BHUMOT
(YHKI[IOHYBaHHS /10 €JIEKTPOEHEPreTUUYHUX 00 €KTIB B YMOBAaX 3pOCTaHHS
YacTKU cToxacTuuHoi renepanii Ha B/IE.

BAJIAHCOBO-ONTUMIBAIIIHA MOJEJb
BYI'JIEBABE3NEYEHHS KPATHU 3 TU®EPEHLIALIIEIO 3A
MAPKAMM TA TEXHOJIOTTYHUM ITPU3HAUYEHHSIM I
BPAXYBAHHSIM BUMOT EHEPTETUYHOI BE3NEKH

[ToGynmoBa cCTilikux [0 pPYHHIBHUX BIUIMBIB CHUCTEM 3a0e3TeUeHHs
€KOHOMIKH KpaiHU MaIMBHO-CHEPTETUYHUMH PECYypPCaMH MA€ CIIUpaTHCS Ha
BIIIIYKAaHHS MUIICHUX CTPYKTYP €Hepro3ade3leueHHs, IO OJHOYacHO
MICTSTh JpKepesa HaJXOKEHHSI eHeproHOCiiB, 3ac00M X TpaHCIIOPTYBAaHHS
Ta TIEPETBOPEHHSI, CIIOKWBA4YiB EHEPreTHYHHX MPOJYKTIB 13 3aJaHUMH
BUMOTAMH IOJI0 OOCATIB MOTPEOH Ta MOKa3HUKIB SKOCTi. TUTBKU B Mexax
TaKOTO MiIXOTy BIAETHCS AOCIITUTH HACIIIKH MOXIJIMBUX BIJIMOB OKPEMHX
JAHOK CHCTEMH €Heproszades3neueHHs], BiIHAWTH TEXHOJOril Ta crocoou
3aMIIIeHHS] BTPAUY€HUX OOCATIB MOCTaYaHHS, OIIHUTH PiBEHb HEOOX1THOTO
pe3epByBaHHS JDKEpel BUPOOHUIITBA 1 3aco0iB  TpaHCIOPTYBAaHHS,
PO3TJISIHYTH TEPCIEKTUBHI HANpPSIMH Y3TOIKEHOTO PO3BUTKY MMaJIMBHUX
ray3ei, reHepyBaJIbHUX TOTYKHOCTEH EJIEKTPO- 1 TeIIOCHEPTreTHKH, a
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TaKOXk CEKTOPIB KIHIIEBOI'O CIOKMBAaHHSA B €KOHOMILI KpaiHu. BaxmuBum
YUHHUKOM IIUTICHOTO, TOOTO MOBHOTO 3 MOXJIMBOIO HAJUIMIIKOBICTIO,
NPEJCTAaBICHHS CHEPreTHYHOI CHCTEMH B 3ajadaxX IIONIYKY pOOacCTHHX
CTPYKTYp TIIOCTayaHHS €HEPrOHOCIiB € BHUKOPUCTAHHS  KPHUTEpIiB
eHepreTU4HOi Oe3neku Ui KepyBaHHS TOTOKAMH TMalMBa Ta €HEprii, 10
nepeadavae BiIOOpaKEHHsSI BCIX MOXJIMBUX JIKEpel Ta HampsamiB ix
HAJXO/PKEHHS B €/IMHIN CXEeMI eHepro3ade3neyeHHsl.

[Ipupomnum  miaXogoM B JOCHIIKEHHI  CHCTEM  MTOCTavyaHHS
EHEProHOCIIB € BUKOPHUCTaHHA MEPEXKHUX O0aJaHCOBO-ONTHUMIZAIIIHIX
Mojienel, skl 3a0e3neuyroTh BUMOTH IOAO0 NOJAHHS CTPYKTYPH TaKHX
cucreM. BonHouac, HEOOXiJHICTh BpaxyBaHHA O0araTronpoayKTOBOCTI, a
TaKOXX OOCSTOBMX OOMEXKEHb IMEPETBOPEHHS CHEPreTHYHHX NPOAYKTIB B
HasiBHUX BHUJIOOYBHMX, TPAaHCHOPTHUX 1 TEHEPYBAJbHUX TEXHOJIOTIAX
noTpeOyIOTh BHKOPHUCTAHHS MOJIEJIed BUPOOHMUYOTO THUITY, SKI HAJIAlOTh
MOYJIMBICTh Y3arajJbHEHOro (hOPMaIIbHOTO MPECTABICHHS IIMX TEXHOJIOT1H
iX BUpOOHMYMMH Ta BUTPATHUMH ITOKa3HUKAMHU.

Po3pobka moxeni Byrie3abe3nedeHHs] €KOHOMIKA KpaiHW, HaBEJIEHOI B
IIbOMY JIOCJIJDKEHHI, Tepeidayae CTBOPEHHsI OPIEHTOBAHOIO Tpada Mepexi
MOCTayaHHs BYTUIBHUX MPOJAYKTIB, IO BiAOOpa’ka€ MOTOKH BYTUIBHOTO
najyuBa B TEXHOJIOTiAX HOro BHIOOYTKY, NEpETBOPEHHs (30araucHHs),
CIOXKMBaHHA 1  TPaHCHOPTYBaHHS. Ctpykrypa  miel  Mepexi
BUKOPUCTOBYEThCS  JUISL  (POPMYBaHHS CHUCTEMH OOMEXKEHb MOjemi
BUPOOHMYOIO  TUIy B  MPEJICTaBICHHI  TEXHOJOTIYHUX  CIIOCOOIB
JI.B. KanTopoBr4a, $IKi ONHMCYIOTh BKa3aHi TEXHOJOIil 3a IOMOMOTOI0
Koe(ILI€HTIB BUITYCKY 1 BUTpAT.

Meroro (GyHKIIOHYBAaHHS CHCTEMHU BYIJIe3a0e3NeueHHs] KpaiHu €
3a[J0BOJICHHSI TMOTPEOM CIIOKMBAYiB BYTUIbHOI MPOAYKLIi PI3HUX THIIIB
IUISIXOM BHUJIOOYTKY, MEpepoOKH Ta 30arauyeHHs BYTULIS Ha MiAMPHEMCTBAX
KpaiHM, a TakKkoXX MWOro IMIOPTYBaHHA MOPCBKHM Ta 3aJi3HUYHUM
TpaHcnoptoM. [loTpeba Ha BYTrijuIsg, B CBOI 4Yepry, 3aJeKHTh BiJ HOTO
TEXHOJIOTIYHOTO MPHU3HAYECHHS, B SIKOMY BUIUISIOTHCS JIBI OCHOBHI I'PYyIU —
E€HepreTUyHe 1 KOKCiBHE

Cucrema Byrie3abe3nedeHHs sIBIsiE COO0I0 CYKYIMHICTh TEXHOJOTTUHUX
JAHOK TOCTa4YaHHS BCIX MapoK BYT'UUIA B €KOHOMIKY KpaiHU SIK 3 JUKepel
BJIACHOTO BUIOOYTKY, TaKk 1 3 JKepen iMmmopTyBaHHsA. Jlo mepeniky
TEXHOJIOTIYHHUX TMPOIECIB IMOCTaYaHHS 3 TOKJIAAiB MPUPOJHHUX KOIAIHH
KpaiHH HaJeXaTh MpPOIecH BHIOOYTKY, 30aradeHHsi Ta TPAHCIOPTYBAHHSI
BYTULIS Bil BUAOOYBHOTO MiANPHEMCTBA JI0 CIIOXKHBAYiB B €HEPTETUIHOMY
CEeKTOpl Ta IHIIUX Taly3siX CeKOHOMIKW. IMmopTyBaHHs mniependayae
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3aKyIIBIIO y HEOOX1IHUX oO0cArax, TPaHCHOPTYBaHHS MIKJEp>KaBHUMU
LUIAXaMH, a TAKOK IIEPEBE3EHHS B MEXKaX KpaiHU.

BpaxyBaHHsT BCiX 3a3HaUYE€HUX BHIIE TEXHOJOTIYHHX TPOIECIB B
OamaHCOBO-ONTHUMIZAIIMHI  Mozaeni  Byryie3aOe3nmeueHHs  KpaiHM 3
nudepeHIialiero 3a MapKaMy Ta TEXHOJIOTTYHUM MPU3HAYCHHSM MPUBOIUTH
0 CTPYKTYpH TEXHOJOTIYHUX 3B’SI3KIB, IO TOJAETHCA Yy BHUTIISII
opieHTOBaHOTO rpada, QparMeHT SKOro Ui MiACHCTEMH IOCTauyaHHs
BYTJUISI Ta30BO1 IpyIu 300paxkeHui Ha puc 3.
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Puc. 3. OpieaToBanwmii rpad MiACHCTEMH ITOCTAYaHHS TA30BO1 TPYITH BYT LIS

Monenb Byrie3a0e3nedeHHs: KpaiHu 3 JTudepeHIfiamielo 3a MapkaMu Ta
TEXHOJIOTIYHMM  TpHU3HAYCHHSAM Byriuigs [15], 10 BHKOpHUCTOBYE
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texHojoriunuid  cnoci6 JI.B. KantopoBuua s moJaHHS — OKpeMHUX
TEXHOJIOT1M MMOCTaYaHHs BYT1UIsA, a OalaHCH MPOAYKTIB sIKOT BU3HAYAIOTHCS
OMKMCAHOI0 BHUIIE CTPYKTYpOIO TEXHOJIOTIYHUX 3B’SI3KIB, MOXe OyTu
chopMyIbOBaHa B HACTYITHOMY BUIJISA[II.

Heo0xiHO MiHIMI3yBaTH CYKYIHI BUTPATH Ha IMOCTAYaHHS BYT1JUISA BCIX
MapoK 3 JKEpeJ IMIIOPTYBAHHS 1 BJIACHOTO BUIO0YTKY

3= ZZZ s Crs "X ZZ L ””’—)mm (D

Klle]se()l iel o=l

3a yYMOB: 3aJI0BOJICHHS NOTpeOM Ha KOXXKHY MapKy BYTUUIS, OOMEXEHOi
HPOMYCKHOI 3JaTHOCTI MOPCBKOTO HUISXY IMIIOPTYBaHHS, OOMEXEHOTO
o0cAry BJacHOro BUAOOYTKY Ha BYIJIEBUJOOYBHOMY MiJIMIPHUEMCTBI, IO
BU3HAYAETHCSI CTAHOM MOro PEeKOHCTPYKUIi (MojaepHi3alii), BUKOHAHHS
BHUMOT €HepreTU4HO1 Oe3MeKu 3a 00CATOBUMH KpUTEpisiMU «HacTka BIacCHUX
JoKepen y OanaHcl MajJuBHO-EHEPreTHYHUX PecypciB JepxaBu» Ta «HacTka
IMIIOPTY HanMBa 3 OJIHIET KpaiHM (KommaHii) y 3arajibHOMy o00cs31 Horo
iMoopTy». Lli yMOBM BU3HAYaIOTHCS CMIBBIAHOIIECHHSIMHU:
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Apin SASA,

min — max »

e =C .4, +C

! ikseuoos  LKS i,k, nepepobra > ( )

imn

0 Cl’,() imn + Ci,() mpamucn , 306H * (10)
V cniBigHomeHHsX (1) — (10):

3 - CYI(YHHI 3aTpaT Ha IMMOCTaYaHHA BCIX MapoK 3 JPKEPET BJIIACHOI'O

BUI0OYyTKY Ta immopryBanHs, C’° = — BapricTh BYriUIS BIIACHOTO

i,K,8
BUZI00YTKY MapKHM i Ha MiIIPUEMCTBI K Y BapiaHTi Horo QpyHKIIOHYBaHHS §

MPOTATOM PO3PAXYHKOBOTO TEPiony, xf,i,s

BUJO0YTKY BYT'ULISL MapKu i 3 JpKEpena BIACHOTO BUAOOYTKY K y BapiaHTi
Horo (QyHKLIOHYBaHHS S MPOTATOM pPO3paxyHKOBOTo mepioay, 6

1,K,8

— TpaHUYHUI 0OCST BIACHOTO

OiHapHa 3MiHHA, 110 BU3HAYa€ BapiaHT (PYHKLIOHYBAHHS MiANPUEMCTBA K,

0,npu s = 6e3 pexoncmpykyii’;

mo BuAoOyBae Byruuid Mapku i, 6., =

1, npu s = 3 pexoncmpyxyicio.”

imn

;o — BapTICTb IIOCTAYaHHs BYTULIA MAapKH [ 3 JDKEpEsa iMIOPTYBaHHS O,

imn

X;y — 00CAT IMIOPTYBaHHs BYTiLISA MapKu i 3 JUKEPEa iIMIOPTYBaHHs 0, [

— MHOXHHA BCiX MapOK BYI'ULIS — €HEPTEeTHYHOTO Ta KOKCIBHOTO, g

TEXHOJIOTIYHUN  KoedilieHT 30aradeHHss BYruuis Mapkd i, LIO
BUJI00YBAEThCSl HA MIANPUEMCTBI k y BapiaHTI HOro (QyHKIIOHYBaHHS §
HPOTATOM PO3PaxyHKOBOIO 1epiofy, X, ,...— CYKYIHa 1oTpeda CloK1BaviB
y Byrumi mapku i, N — KUIBKICTb JKepesl BIIACHOTO BHUIOOYTKY, M —

KUIBKICTh JUKEpeNl IMIOPTYBaHHA, X, . — IHPOIYCKHA 3/aTHICTb

MOPCBKOTO NUIAXY IMIIOPTYBaHHS (CyKymHa TIPOIyCKHA 3/aTHICTb
MOPCBKUX TOPTIiB), X;° — CYKYHNHHH 0OCSAT BIACHOTO BHIOOYTKY BYTLILIS

Mapk{ [ BCiMa MiJNPUEMCTBAMHU Taly3i, [0 PO3DISAAIOTHCS, X' —

CYKYNHHUI 00cAr IMIOPTYBaHHS BYIUUIL MapKu i 3 yCIX JKepen, e, —
BHUPIBHIOBAJIbHA 3MiHHA, 110 BU3HAYAE BEIMYMHY HeOalIaHCy, YTBOPEHOTO
MPU TIOCTaYaHHI BYT1/UIS MapKH i MPU TMOPYIIEHHI YMOBH €HEPreTUYHOI
Oe3nekn «YacTka BIAaCHHUX JDKEpEN Yy 3arajJbHOMY HAIXOJDKCHHI MaluBa B
CUCTEMY», ¥ — 3HAUYCHHS 1HAMKATOpAa EHEPreTUYHOI Oe3MeKH, 0 BU3HAYAE

YacTKy BJIACHUX J0DKepesnl y OajaHci NalMBHO-CHEPreTMYHHX pPeCypciB

b . . .
nepxaBu, X, ; — CyKyIHE HAJXOJUKEHHS BYIUIId Mapku [ B KpaiHy,
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Vmin> Ymax — BIANOBIIHO MiHIMalbHA Ta MaKCHMajbHa JOIYCTHMI YaCTKU
BIIACHUX JDKEPENl y 3arajJbHOMY HAJIXO/UKEHHI IaJMBa B CHCTEMY 3TiJHO

BUMOT CHCpFeTI/I“IHO.l. 663H6KI/I, Ai - BI/IpiBHIOBaJ'ILHa 3MiHHa, 10 BHM3Ha4Yae€

BEJIMYMHY HeOallaHCY, YTBOPEHOIO HpU MOCTayaHHI BYTUJUIS MapKu i Ipu
MOpYILIEHHI YMOBHM €HepreTnyHoi Oe3neku «YacTka IMOOpPTy nanuBa 3
onHi€l KpaiHu (KoMmaHii) y 3araqpHOMYy 00cs3i #oro immopry», A —
3HA4YEeHHS 1HAMKATOpa CHEPreTUUHOI O€3MeKH, 1110 BU3HAYA€ YACTKY IMIIOPTY
nanuBa 3 OAHIE] KpaiHM (KOMMaHii) y 3araibHoMy oOcs31 HOro iMmopry,

Ain> Amax — BIATIOBIIHO MIHIMaJIbHOTA MaKCHMAaJIbHO-JIONMYCTHMAa YacTKa

06csiry iMHOpTYBaHHﬂ 3 OJHOI'0 IKEpCiia, A0IIYCTHUMA 3Fi,ILHO 3 BUMOTI'aMH

eHepreTuyHoi 6e3neku, C — BapTICTh BUJOOYTKY BYTLUII MapKH i Ha

i,K,8 61006

K-My  TIJOPUEMCTBI y  BapiaHTax  Horo  (yHKIIOHyBaHHA S,
0 :

0 B C, > 6apmicmp 6ud0OYmKy 6€3 peKOHCMPYKYIL;

ix,eu006 1 . . e 2 i,k nepepobka
Ci,x’ eapmicmo 6”()06)/’11’11(’_)/ Niciist peKOHCmMpYyKyili,

— BapTICTh NEPEPOOKM BYTIUIS MapKd I, IO BHUAOOYBAEThCS Ha Kk-My

mianpueMctBl,  C,.n gump — BAPTICTh BHYTPINIHBOIO IIEPEBE3CHHS

Byriws, C,,;, — 3aKyliBeJbHA BapTICTh BYTUUIA MapKu [ y JOKepedi

imnopryBanua 0, C; BapTICTh 30BHIIIHBOTO MEPEBE3CHHS

,0 MPAHCH , 306H

BYTUIISL MApKU i 3 JKepena iMIOPTYBaHHS 0.

AHai3 cTany Ta MepcreKkTUB PO3BUTKY BYIJIEBHI00YBHUX MiANPHEMCTB
[16, 17], sxi Hapa3i nepe0yBalOTh Ha TUMYACOBO OKYIOBAHUX TEPUTOPILX
Jonenbkoi 1 Jlyrancekoi oOnacteid, MTO3BOJIMB HAJATH TMPOTHO3 OOCSTIB
BUJIOOYTKY BYriwisa B Ykpaini Ha nepion 10 2040 p. i po3poOUTH MOXKIIUBI
CIIeHapil PO3BUTKY BYTUIBHOI raiy3i 3 ypaxyBaHHSIM PHU3HUKIB Ta KPUTHUHUX
SBUII Y CTPYKTYpl BHPOOHUYOTO TMOTEHIiady BYTUIBHOI IPOMHCIOBOCTI
Vkpaiau. OntumicTHYHMIA —cleHapii nepexbadae poOOTy IIAaXT Ha
MIIKOHTPOJIbHIM YKpaTHCHKIN Bia/i TEPUTOPIi, MOBEPHEHHS 1 BiJHOBJICHHS
pOOOTH MEPCHEeKTUBHUX IMIAXT 3 OKYINOBaHMX TEPUTOPiH, BiTHOBJICHHS 1
PO3BHUTOK OYPOBYT1JILHOTO KOMIUIEKCY, a TaKOXK OYIIBHUIITBO HOBHX IIIaXT
JUIs 3aMiIEeHHs MTOTYKHOCTEH, 110 BUOYBaIOTh Yepe3 BUUEPIAHICTh 3araciB
Byrius. Kputnyauii cueHapiii po3BUTKY BYTUIbHOI rally3i BpaxoBY€E TUTBKU
BUPOOHMYI MOXJIMBOCTI TEPCHEKTUBHUX IMAXT Ha IMIKOHTPOJIbHIN
YKpaiHChKIA BJIagl TEpPHUTOpii, HATOMICTb BIJHOBJIEHHS 1 PO3BUTOK
OypOBYTUIBHOTO KOMIUIEKCY Ta OYAIBHHUIITBO HOBHX IaxT (KpPIM IIaxTH
«HoBoBonmHckka Ne 10») He nepenOavdaeThes.

Mogpens ByriezabesneueHHs (1) — (10) BUKopHCTaHO Ui PO3pPaxyHKY
MOXJTIBHX TEPCIIEKTUBHUX OajlaHCiB BYT'UIBHUX MPOIYKTIB 32 MapKaMu, 110
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CIMPAIOThCSI Ha JOCSKHI PIBHI PO3BUTKY BYTUIBHOI MPOMMCIIOBOCTI.
OO6csaroBuMU OOMEXEHHSIMHU BJIACHOTO BUAOOYTKY BYTULIS Y pO3paxyHKax
B35TO IPOTHO3HI 00CSIrM BUIOOYTKY WIAXT 3CIAHO 3 ONKUCAHUMHU BUILE
clieHapisiMU (YHKIIOHYBaHHS raiysi 3 ypaxyBaHHsM 30araueHHs. [Torpeba
Ha BYTULISL PI3HOTO TEXHOJOTIYHOTO MPU3HAYCHHS 3aJ]aBajlaCh BUXOMSYH 13
MPUITYLIEHb 100 MOTEHUIHHO MOXJIMBUX CYKYITHHUX OOCATIB CIIOKMBAHHS
B KpaiHl — JUIsl NEepLIOro BapiaHTy PO3BUTKY ramy3i (ONTUMICTUYHHUNA
CIIeHapiii) Ha piBHI CHOXHBaHHA B J0KpuzoBomy 2013 p. YV apyromy
BapiaHTi (KPUTHYHHUI ClIeHapid) oO0csAr HEOOXIHOTO0 TMOCTa4YaHHS
BCTaHOBJEHO Ha piBHI mnotpebu 2025 p., a Takox mnependavasoch
MPUNMHEHHS CIOKMBAaHHS BYTUUIS aHTPaUUTOBOI Ipynu. CBITOBUN PUHOK
BYIUJ/II BPaxOBYBAaBCS HUISXOM BMIIIEHHS NOTEHIIMHO-MOXIMBUX KpaiH-
EKCIIOPTEPIB /10 MEPETiKY JPKEpeN MOCTa4aHHs 13 BpaXyBaHHIM MOKa3HUKIB
BapTOCTI 1 SKOCTI BYriuLIs, SIKE MOXK€ HAAXOIUTH 3 LuX KpaiH. OO6csr
MepeBaJIKM BYTUUIL 4Yepe3 MOPChbKI TOPriBelbHI HOPTH OOMEXKEHO
MaKCHUMAaJIbHOIO BEJIMYMHOI0 IbOTO 00CATY, fKa Maja MiICIe MPOTAroM
OCTaHHIX POKiB — 5,65 MJIH T.

PesynbTaTi po3paxyHKiB BYTUIbHMX OQJIaHCIB 32 YMOB ONITHMICTHYHOTO
CIICHapil0 BKa3ylOTh Ha Te, IO OOCATM BJIACHOIO BHUJAOOYTKY BYTLLISA
ra3oBoi rpynu 3a0e3nedyyroTh NoTpedy Ha HbOTO, a TaKOX YTBOPIOETHCS
npoGiUT BYruls aHTpAaUTOBOi rpynu. HasgBHUMI 32 MX yMOB CyTT€BUI
IMIOPT BT Mapku ' KOKCIBHOT'O PU3HAUEHHS CIPUYMHEHUH HU3bKUMU
3HAYECHHSMHU MOKAa3HMKIB SKOCTI BYT'JUIS BJIACHOT'O BUIOOYTKY L€l MapKH,
K1 HE 3aJJ0BOJIbHSIIOTH BUMOTH CIOKMBAYiB METATypridHOTO CEKTopa. Y
2040 p., mpu MPOrHO30BAHOMY 3HM)KEHHI OOCSTiB BUIOOYTKY KOKCIBHOTO
BYTJIISA, Ma€ MiCIIe CYTT€EBE 301IBIICHHS 00CSTIB IMIIOPTYBAHHS BCIX MapoK
KOKCIBHOTO BYTiJIIS. 3a BiANOBITHOTO CTaHy JPKEpEN MOCTadaHHs KpUTEpin
eHepreTuyHoi Oe3neku «YacTka IMOOPTY 3 OJIHOIO JKepesla» He
BUKOHYETHCS IPH IMIIOPTYBaHHI BYTiIsl Mapku [ KOKCIBHOTO IPU3HAYEHHS
BHACIIIJIOK HAsSBHOCTI Ha CBITOBOMY PHHKY BYTIJIBHOTO TajdWBa JIUIIE
oJHOTO nocravdaabHuka — ABctpanii. Takox y 2040 p. mpu iMmopTyBaHH1
Byrumis Mapku K mopymyroTecss yMOBHM €HEpPreTHMYHoOi Oe3leku 3a
KputepieM «YacTka BIACHHX JDKEpesl y CYKYMHOMY IOCTayaHHI MajuBa B
CHCTEMY».

3a yMOB KpUTHYHOTO CIICHApif0, 3TiIHO 3 SKUM CII0)KUBaHHS
aHTPAIMTOBOI TPyNu NpunuHsieTses y 2025 p. Ta npu 30epekeHHi o0cAriB
CIO’KMBAHHS Ta30BOTO BYriuia Ha piBHI 2025 p., BUHUKAE HEOOXITHICTH
IMIOPTYBaHHSI BYTULIS Ta30BOi TPYMU EHEPreTHYHOTO MPU3HAYCHHS Y
00cs31 0,9 MITH T 13 TOAATBIITUM 30UTBIIEHHSIM 11bOTO 00csary 0 10,9 MaH T
y 2030 p. ta 12 mua 1T y 2035 p. Tomy 3a HasBHHX Hapasi CTPYKTypH
BHIOOYBHOI Tajy3i Ta MOTY)XHOCTEH NepepoOKH BYTUUIA Yy MOPCHKHX
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noprax, y 2040 p. 3a10BOJLHUTH NOTPEOU CIOKHMBAUIB y MOBHOMY 00Cs31
HEMOJKJIMBO.

IIpu po3paxyHKax 3a KpUTUYHUM CLIEHApi€M PO3BUTKY BYT1IBHOI raimysi
o0csAroBi Kputepii eHepreTuyHoi Oe3nekun «YacTka IMIOPTY 3 OJHOTO
JDKEpesiay 3HaXOAAThCs B JIOMYCTHUMOMY Jllana3oHi /Ui BCiX IMIIOPTOBAHMX
Mapok Byruuisa, kpim ['(k) Ta TIC. Jlns mux ke MapoK HE BUKOHYETHCS
TAaKO’)XK yMoOBa Oe3neku 3a Kputepiem «YacTka BIacCHUX JOKepen Yy
CYKYITHOMY ITOCTayaHH1 NaJMBa B CUCTEMY» Yepe3 BIACYTHICTb LIMX MapoK y
BJIACHUX MOKJIAAAaX BYTJUISL.

BukoHaHi OCHITKEHHS T03BOJIMJIM BU3HAUUTU HACTYIHI MPIOPUTETHI
HaIpsIMA PO3BUTKY BYT'UIBHOI IIPOMHUCIIOBOCTI YKpaiHU B YMOBaX CBITOBOTO
PUHKY:

— PO3BUTOK NAJMBHOI 0a3uW €HEPreTMYHOro BYTULIA 13 3a0e3MeYeHHIM
roro BuoOyTky B 00cs31 77,9 muu T y 2030 p., 1 76,2 muH T y 2040 p.,
KokciBHOro — 27,5 muH T y 2030 p., 1 16,2 man T y 2040 p. (IaBectumii,
HEOOX1THI JIJIs1 MOJICpHI3aIlii JIF0UMX MIaXT Ha MiIKOHTPOJIbHIN TEpUTOPIi 10
2025 p. craHoBIATH OsiM3bKO 2,3 MiipA IpH. B iHax 2015 p.);

— BBeZicHHs B /1110 10 2030 p. HOBUX IIAaXT 3 BUIOOYTKY €HEPTrEeTHYHOTO
BYTJUISL 3arajibHOI0 BHUPOOHHUYOIO MOTYXHicTio 8,5 wiH T (IaBecTumii
6mu3pko 90-100 mapx rpH.);

— BIJIHOBJIGHHSI 1 PO3BUTOK OYpOBYTUIBHOTO KOMILIEKCY YKpaiHH 3
MOCTYIIOBUM JIOBEJICHHAM 00CATY BHA0OYTKY 110 2,4 MiH Ty 2030 p. 1 2,9
MiH T —y 2040 p. (IaBectuii 61u3bko 4,5 Mipa rpH.);

—3 METOIO SIKOMOTa OUIbII MOBHOTO 33JI0BOJICHHS MOTPEOM E€KOHOMIKH
KpaiHM Ha BYTUIbHI NPOAYKTH HeoOxigHo B mepiom 2030-2040 pp.
3a0e3MeunTH 30UTBIIEHHS 3arajbHOi MPOMYCKHOI CIIPOMOKHOCTI MOPCHKUX
TOPTIBEJIBHUX MOPTIB 1 3aJT13HMIN 1O BYTULIIO 10 23-25 MITH T/piK.

MEPCIHEKTHUBHU PO3BUTKY 'A30BOI 'AJIY3I B KOHTEKCTI
TPAHC®OPMAIIIl EHEPITOKOMILJIEKCY KPATHU TA
3ABE3INEYEHHSI CTIMKOCTI EHEPTETUYHOI
IHOPACTPYKTYPU

Vkpaina BignoBimHo g0 Lime#t cramoro possutky OOH wmae
TpaHc(hOpMyBaTH €HEPTeTUKY 10 €(hEeKTUBHOI, TeKapOOHI30BaHOI Ta YMCTOL
CHCTEMH 1 3a0€e3MeUnTH CTIHKICTh eHepreTHuHol iHppacTpyKTypH. OCKIIbKU
MDK  TIATTY3IMH ~ €HEPrOKOMIUIEKCY KpaiHW ICHYE  HEpPO3PHUBHHI
B3a€MO3B’ 30K, OYJIO pO3IVIIHYTO Y KOHTEKCTI MOMJIMBOCTI TOKPUTTS
noTped y MpUpOAHOMY Ta3i B pasi 30inbiieHHs y cTpykTypi OEC Vkpainu
ra3oBoi reHepamii Ta BUKOPUCTaHHA 11 JUIS pe3epBYBAaHHS JDKEpEN YUCTOi,
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ane HecrabuibHOI reHepauii (B/IE). [Ins BpaxyBaHHS cydyacHUX YMOB Ha
PUHKAaX MPHUPOJHOTO Ta3zy 3aCTOCOBAHO METOAWYHMH MIJIXiJ, SKUH
0a3yeTbCsl HA BUKOPUCTAHHI CHUCTEMM B3a€EMOY3TO/DKEHHX MaTeMaTHYHHUX
MoJiesiell  PI3HUX THUMIB — MOJENeH IKUTTEBOTO LHUKIY OCHOBHHUX
TEXHOJIOTIYHUX OO0 €KTIB BHUJI0OYyBaHHS, TPAHCHIOPTYBAaHHsI Ta 30epiraHHs
ragy y JAeTepMiHOBaHO-CTOXACTHYHINA TIOCTAHOBI, IMITaliiHOT MoOZemni
(hopMyBaHHS TPAaH3UTHUX MOTOKIB uepe3 razorpancnoptHy cucremy (I'TC)
VYkpaiHu Ta onTuMi3aliiiHOI MoJieNni NPOrHO3YBaHHS PO3BUTKY TIa30BO1
rajry3i Ha TpuBaly nepcrekTuny [18].

[IpoBeneH1 3 BUKOPUCTAHHSAM II€] CUCTEMHM MAaT€MaTUYHUX Mojiejel
JOCHIJKEHHsT TOKa3aJd, [0 Ha ChOTOJHI HAWOLIbII KPUTUYHUM IS
EHepreTUKU Ta EKOHOMIKM YKpaiHM € cUeHapid IMOBHOTO MNPUIIMHEHHS
TPAaH3UTY POCIMCBKOrO ra3dy depe3 TEpUTOpi0 Hamoi KpaiHu. Bucoka
IMOBIPHICTh IILOI'O CIIEHApil0 3yMOBJE€Ha THM, 10 KOHTpakT Mix HAK
«Hadtoraz Ykpaiam» ta BAT «["a3npom» CTOCOBHO TPaH3UTY MPUPOJIHOTO
ragy 4epe3 TepuTopito YkpaiHnu uuHHMA g0 31.12.2019 poky, a
npencraBHukun BAT «["a3mpom» BxKe HEOJHOPAa30BO POOMIIM 3asiBU IPO
MPUIIMHEHHS TPAH3UTY Ta3y 4yepe3 yKpalHChKy ra30TPaHCHOPTHY CUCTEMY
micis 2019 poky.

Peasizanii nporo crenapito cupusie OyaiBHUIITBO HOBUX TPyOOIIPOBO/IIB
JUTSL TIOCTaYaHHsI MPUPOTHOTO Ta3y 10 KpaiH €BpOMH.

1.V naucronaai 2018 poky «Il'a3npom» 3aBepUIMB yKJIaJaHHS MOPCHKOI
YaCTUHM 2-X HUTOK Ta3onpoBony Typeubkuil NOTIK, HPOIMYCKHOIO
cripoMoxHicTio 15,75 Mipa M Ha pik koxkua [19]. OjiHa HUTKA IpH3HAYCHA
JUIs TocTadaHHs ra3zy ans norped TypeduwHu, apyra — JUis TPaH3UTY
POCIHCBKOTO ra3y A0 OalKaHChKUX KpaiH, 3aMIIylI0Yd TUM CAaMHM TPaH3UT
gepe3 Vkpainy B 06cs3i 17-20 mapa M Ha pik. Kpim toro BAT «I"azmpom»
IJIaHy€e TIOEJHATH IIed Tra3ompoBin 3 razompoBoaoM Poseidon, skuii mae
MPOXOAUTH BiJl TYpPEeUBKO-TPELKOTO KOPAOHY, 3’ €HYIOUH T'a30By CUCTEMY
I'pemii 3 iTamiiicbkor0, 60ITapCHKOI0 Ta €BPONEHCHKOIO Ta30BOI0 CHCTEMOIO.
OcrarouyHe iHBecTHULilHE pimeHHS cTOocoBHO Poseidon mie He mpHtHATO
[20].

2. Trans-Anatolian Natural Gas Pipeline (TANAP), mouarok
eKcrutyararii nepmoi HUTKM — cepeanHa 2019 poky, mata 3aBepleHHS
oymiBaunTBa — 31.07.2021. [lpu3HadyeHuit ns TpaHCHOPTYBaHHS Ta3y 3
Kacmiiicekoro periony no €spomnu, muHatoun Pocito ta Ykpainy TANAP e
YaCTUHOIO BaXKJIMBOTO €BpoOMeichkoro mnpoekry — [liBIeHHOTo ra3oBoro
KOPUIOpPY, SIKUH J03BOJIMTH AWBEPCU(DIKYBAaTH JDKepesia MOCTadyaHHS Tasy
10 KpaiH miBAeHHOro cxony €Bponu. PiuHa mpomyckHa 3AaTHICTh MEPIIOi
HUTKHU — 16 Mupg M (6 mpa — s Typeuunnn, o 1 mupa — mist perii ta
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Bonrapii, 8 mapn — mist miBans Itamii), 1Box HUTOK — 10 31 Mipn M [21].
TANAP nae YkpaiHi MOXIHUBICTb JOCTYIy 1O a3epOaipkaHCBKOTO Tazy
yepe3 bonrapito 1 Pymynito. Ane 3 mouarkom ekcruryatarii TANAP Ta
Typeupkoro moToky Ha miBaHI €Bponu Oyae HaUIMIIOK MPOMO3UIIN
IPUPOJIHOTO Ta3y, OTKe, He OyJie MOTpedH TPaHCIOPTYBATHU POCIMChKUI ra3
y uboMy Hamnpsamky uepe3 I'TC Ykpainu.

3. byniBaunTBo raszomnpoBoay IliBHIUHMI TOTIK-2 3 HPOEKTHOIO
MOTYXHICTIO 55 Mipn M ra3y Ha pik. BogHouac, pocCiChbKH Ta3, SKUI
Tpa"cnopryerbes uepe3 I'TC VYkpainu, npu3HaueHUil B OCHOBHOMY IS
CIOKMBaYiB KpaiH LEHTpaJbHOI, CX1IHOI 1 MiBAeHHOi €Bponu Ta
Typeuunnu. IloryxHocti cnomyunux razompoBoiaiB NET 1 OPAL
pO3paxoBaHO Ha MPOIYCKHY 37aTHICTh mepuioi uyepru [liBHIYHOTO MOTOKY.
Ha nanumit wac B8 €C Hemae A0CTaTHBOI KITBKOCTI TOTYKHOCTEH st
MOCTaBOK Ta3y J0 ITUX CHOXXHBaviB 3 miBHOYI HiMeuuwHu, N1 TUIaHy€eThCS
3akiHueHHs [liBHIYHOTO MOTOKY-2. OTXe, KPIM MiJIBOJHOI YACTUHU IMPOCKTY
HeoOx11HO OyIiIBHMIITBO Ha3eMHOi yacTWHU. Ha Tepurtopii €Bponu Takum
razonpoBonoM € EUGAL (European Gas Pipeline Link) 3 mpoektHOIO
MOTY)KHICTIO 55 MIpA M’ Ha PiK, BKIIOYCHHH B [UIAH PO3BHTKY HIMEIBKOI
ra3oBoi Mepexi Ha 2018-2028 poku [22]. Onepatopom MPOEKTy € KOMIaHis
Gascade Gastransport, mo Hanexutb BAT «["azmpom» 1 Wintershall uepes
CII WIGA, sixa orpumae 50,5% y npomMy IpoekTi. Y MpoeKTi Takoxk O0epyTh
yuacth Himenbki Fluxys Deutschland, Gasunie Deutschland Transport
Services 1 Ontras Gastransport, skum Hajexatb no 16,5% [23]. Xoua
eKcIUTyaTyBaTuCh Ha MoBHY mnoTyxHicTb EUGAL 3Moxxe He paHile
2021 poxy, BAT «l'a3mpom» 3aBuacHO 3a0pOHIOBAB Ha BIJKPUTOMY
ayKIIOHI MOTY)KHOCTI, SIKi 37aTHI 3aMiHHTH 1O 55 MIPA M’ 3 YKpaiHCHKOTO
Tpan3ury [24]. Sxmo [liBHiYHMIA NMOTIK-2 Oyae MoOyAOBaHO i3 3aTPUMKOIO
abo He moOyaoBaHO B3araii, To «[ a3mpomMy» Bce OHO JTOBEIETHCS TUIATUTH
MOBHY LIIHY 33 3aKOHTPAKTOBaHI 00CATH TPaHCIOPTYBaHHS.

IIpu po3pobneHHi HporHo3iB 3aBaHTaxeHHS ykpaincekoi ['TC Oymo
BpaxoBaHO KOHKYypeHIIiro Mix 3pimkerum (3I1I7) ta TpybonpoBigHIM Ta3oMm,
MDK MapuipyTaMu TpYOOIIPOBITHOTO MOCTaYaHHS Ta3y Ha €BPOINEHCHKUI
PUHOK, IPOTUPIYYSI MK IMIIOpTEpaMHU Ta TPaH3UTEPaMH, TPAH3UTEPAMH Ta
CHOXHMBayaMH TpupoaHoro raszy. Kpim Toro, Oyn0 BpaxoBaHO, IO
pecypcHiii 0a3i BUI0OYBaHHsS TPUPOJHOTO Tazy «TiOpPUIAHOIO» BIHHOIO 3
Pocieto HaHeceHo 3HayHOI MIKOAM — YKpaiHa BTpaTHJIA POJOBHILNA HA
YopHomopcbkoMy meab®i 3 TOTCHIIMHUM  PIYHUM  BHJIOOYTKOM
MPUPOIHOTO Ta3y 10 5 MIZ M°, @ HACHIIKOM 6oioBHX i Ha J[oHGaci cTamo
sroptaHHs poOiT Ha HO3iBChKiM MIONII 3 TEpPCIEeKTUBOI BHIOOYTKY
CIIaHIIEBOIO Ta3y Ta Ta3y IIUIBHUX KOJEKTOpiB. Jlyii MpOrHO3yBaHHS
3aBanTakeHHss ['TC VYkpainu Oylno BHUKOPHUCTAHO TPOTHO3M I[HCTHUTYTY
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3aranbHOi eHepretuku HAH Vkpainn [16,25] cTOCOBHO BIacHOro
BUJI00YTKY Ta CIIOKMBAaHHS MPUPOAHOTO rasy (tabdiu. 7).
Taonuus 7

IIporno3 Bu100yBaHHs Ta CIIOKUBAHHSA NPHPOIHOIO razy B YKpaiHi
(6a3oBwmii cuenapiii) [16], mapa m*

Moka3uuk 2?1)1313., 2025 p. | 2030 p. | 2035 p. | 2040 p.
Brnacae BumoOyBaHHS 20,5 24,5 27,4 32,3 37,2
CnoskuBaHHS 31,9 32,3 34,0 36,9 39,8
[otpeba B iMmmopTi 11,4* 7.8 6,6 4,6 2,6

. 3 ~
* [looamxoeuil imnopm y 2,7 Mapo m> Oy8 npusHaueHuil 0s 3aKaAy¥y8aHHs
00 RIO3eMHUX CXO8ULY 2A3).

Orxe, nume 3a YMOB MiABUINEHHS €(QEKTUBHOCTI OCBOEHHS
MOTEHIIHUX pecypciB 3 pO3pOOJIEHHSIM Ha JEep>KaBHOMY PiBHI CHeliadbHOT
MIPOrpaMu, MOKJIMBE HapOIlyBaHHs 00CATiB BUI00yBaHHS IPUPOJIHOTO ra3y
gepe3 5—7 POKiB Ha 5 M M.

Cuenapiii 1 o6cariB Tpan3uty npupogHoro razy uepe3 ['TC Ykpainu
(Tabmn. 8) Oyno po3pobieHO 3 ypaxyBaHHAM 0a30BOrO CIIEHAPI0 PO3BUTKY
ra3oBOT0 pHUHKY €BpOIH, 3aIIPONIOHOBAHOrO y MPOTrHO3ax [ pynu excrnepTiB
3 razoBux nutaHb €Bponeiicbkoi komicli «EU natural gas demand and
supply» [26]. Takox Oyno BpaxOBaHO pe3yNbTaTH AOCTIKEHHS [27], B
SKOMY pO3IJIsiiaBcs BIUIMB Ha 3aBaHTaxeHHsI ykpaiHcbkoi ['TC oOcsris
3piAKEHOr0 MPUPOJHOTO Ta3y, JOCTYMHOIO Ha €BPONEHCHKOMY I'a30BOMY
puHKY. BogHowac, y IpPOTHO3HHMX CLIEHapisX HE BPAaXOBAaHO MOKJIMBICTb
OyAiBHULITBA HOBUX MaricTpajbHUX T'a30IPOBOIIB 10 €BPOMH, HAPUKIAL,
3 I3painto, kUil Mae Taki MIaHU.

Tabnuuysn 8
Cuenapii 00csiriB TpaH3UTy NPUPOTHOTO razy
yepe3 I'TC Ykpainu, mapa m
2017, Cuenapiii 1 Cuenapiii 2

Hoxasnuk daxr | 2025 [ 2030 [ 2035 | 2040 | 2025 [ 2030 | 2035 [ 2040

553 | 506 | 485 | 494 | 518 | 482 | 414 | 435 | 412

CrnoXuBaHHSA Ta3zy
KpaiHaMu €Bponu
Bnachwuii BU100yTOK
KpaiHaMu €Bpomnu 258 | 233 | 218 | 217 | 203 | 263 | 218 | 214 | 197

Lﬁgﬁf”m’ym‘y 205 | 273 | 267 | 277 | 315 | 220 | 197 | 221 | 215

—3Mr 63 74 80 88 95 66 68 67 | 65
— icayroui MI" pazom 40 40 40 40 40 40 40 40 40
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2017, Cuenapiii 1 Cuenapiii 2
(haxr | 2025 | 2030 | 2035 | 2040 | 2025 | 2030 | 2035 | 2040

IMoxka3nuk

(6e3 BAT «I"a3mpom»)
— TANAP 0 16 | 31 31 31 16 31 31 31

— excnoprui M3 Pocti, 1195 1 a3 | 116 | 118 | 149 | 98 | 58 | 83 | 78
y TOMY YHCIIi:
— Air04i ra30mpoBOAU

BAT «"aznpom»

102 | 102 | 102 | 96 96 90 53 73 64

—uepe3 I'TC Yrpainu 90 41 14 22 53 8 5 10 14
Tpanzut 10 Monosu 3 2 2 2 0 2 2 0 0
Tpanzum 2azy uepe3 I'TC

.. 93 43 16 24 53 10 7 10 | 14
Ykpainu

TpancnopTyBaHHS 1S
BIACHUX CIOXHBAYiB

32 32 | 34 37 | 40 32 34 37 | 40

Basanmazcennn I'TC

. 125 | 75 | 50 61 93 42 41 47 | 54
Ykpainu

T"azonpoBonu «["azmpomy», Mo OyAyIOTECS

- -15 | -15 | -15 | -15 | -10 -7 -10 | -14

1 Hutka Typenpkoro
MOTOKY

Tpansum uepez I'TC _ |28 | 1 9 | 38 0 0 0 0
Yxpainu

TTiBHIYHMH TOTIK-2 — 43 | -16 | 24 | -53 | -10 -7 -10 | -14
Tpansum uepes I'TC
Ykpainu

1 Hutka Typenpkoro

MOTOKY

TTiBHIYHMH TOTIK-2 — 28 | -11 | -19 | -43 -8 -5 -8 | -14
Tpansum uepes I'TC
Ykpainu

- 0 0 0 0 0 0 0 0

OTtxe, 1 cuenHapito 1 Tpansut pociiicekoro razy uepe3 I'TC Ykpainu
nagae a0 16 mupa M n0 2030 poxy 3 mOAQJbIIUM 30UTBIICHHIM 0
53 MIpA M’, 10 TIOB’S3aHO i3 MAZiHHAM BIACHOTO BHIOOYTKY TPHPOIHOTO
ra3y B €BpOINEHCHKHX KpaiHaX. 3a yYMOB pO3LIMPEHHS albTepHATHUBHHUX
TPyOONPOBIAHUX IOCTABOK Ta3zy 0 €BPOMEUCHKUX KpaiH TpaH3UT yepes
I'TC Ykpainu Oyne 3Ha4HO HIOKYUM. AJie y pasi BBEJICHHS B €KCILTyaTarlito
HaBiTh oaHiel HUTKU Typeurskoro notoky a0 2030 poky I'TC 3anumaerbes
0e3 Tpam3uTHUX 00’emiB. [Ipu BBemeHHI B ekcruryaramito I[liBHiYHOTO
noTtoky-2 1o 2025 poky, xonu moune mparmroBaté EUGAL, 3a TpaH3uTHI
MOTOKM  TIOYWHAIOTh KOHKYPYBaTH, HaBiTh, POCIMCHKI  TpaH3WUTHI
ra3onpoBO/IH.

3rigHo 31 creHapieM 2, skuii Oyno moOynoBaHO 3 YypaxyBaHHSIM
€KOJIOTIYHOTO CIICHApII0 CHOXXKHMBaHHSA razy B €Bpomi [26], miIs sSKOTO
XapakTepHEe CYTTEBE CKOPOYCHHS CIIOKMBAaHHS ra3zy B €BpoOIli BHACITIIOK
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IIMPOKOTO BIPOBA/DKCHHS BIJHOBIIOBAHWUX JDKEPEN €Heprii, TpaH3HUT
pociiicekoro razy uepe3 I'TC Hamoi kpaiHu He mepeBUILye 25 MIIpI M y
2020 porti, a Hamami 3anmumaeTbcss Ha piBHI 10—-15 Mapn (tabm. 8). VYV
BUMNAJKY BBEJCHHS B EKCIUTyaTallil0 HaBiTh OJHI€] HUTKU TypeubKoro
notoky abo IliBHiuHOrOo mortoky-2, yxe a0 2025 poky ykpainceka ['TC
MOXK€E 3JIMLIIMTUCH ©€3 TpaH3UTy pociiicbkoro rasy. Bsaram, ans
€KOJIOTTYHOTO CLEHApil0 CIOKMBAaHHA a3y B €Bpori B3arajii BTpadae 0yJib-
SKY €eKOHOMIUHY JOLUIbHICTh OyIIBHUITBO IIUX POCIMCHKUX Ta30MPOBO/IIB.

TakuM 4YWMHOM, TOBHE MNPUNUHEHHS TpaHcnopTyBaHHs dYepes [TC
VYkpaiHu pociiicbKOro raszy € 10cTaTHbO HMOBIpHUM Iicist 2030 poky 1 BOHO
MaTUME CYTTEBI HETATUBHI HACIIIKH.

1. CyTTeBe 3MEHIIEHHS HAAXO/UKEHb N0 OIOJUKeTy YKpaiHu, MOJaTKH
HAK «Hadrora3» 3a misutbHICTh 3 TPaH3UTY POCIHCHKOTO Ta3y CKIAIal0Th
70 3 MUNbSpAIB J0JIapiB HA PIK.

2. Excrmyaraniss I'TC y HMHIIIHIA CXeMHIH CTPYKTYypi mpH oOcsrax
TpaH3UTy, MeHIuX 3a 60 mupxg M, € EeKOHOMIUHO HeedekTuBHOIO. [Ipn
3HWXKEHHI 00cAriB KopucHoi podotu ['TC Ta HE3MIHHUX YMOBHO-ITOCTIHHUX
BUTpaTax, pI3KO 3pocTae coO0IBapTICTh TpaHCIOPTyBaHHSA razy [28].
Hanpuknaz, y 2016 poui npu tpausuti 10 €sporn 82 mapam® rasy 30%
KOMITPECOPHUX CTaHLINA 3 ra30TypOIHHMMHU arperaramy MpPOCTOIOBAIU Y
pexxumi  ouikyBaHHs [29]. HesamisHi BUpOOHHMYI aKTHBH MaioTh OyTH
BuBeAeHI 3 ekcrutyatarii. 3a manumu [TAT «Ykprpancraz» Ha 1ecsTh
HACTYMHMX POKIB MOKHA BIIMOBUTHCH BiJl eKcIutyartarii npubausno 400 km
ra3o0npoBO/IIB.

Boanouac, ocobnuBicts ykpaincbkoi [ 'TC mosnsrae B Tomy, 110 TPaH3UT
ra3y JJis 1HIIUX KpaiH Ta oro TpaHCIOPTYBAHHS AJIS BIACHUX CIIOKHWBAYiB
3MIMUCHIOETHCS OJHMMH W THMH CaMHUMHM Ta3omnpoBojamMu. Hampukiazn, 3a
YMOBHU BBEJCHHS B €KCIUIyaTalilo eBpormencbkoro mpoekty TANAP Ta
razonpoBoy TypeubKuii MOTIK YKpaiHChKUM MapiipyT TPaHCOATKAHCHKOTO
HaNpsSMKY 3UIMIIATHCSA 0€3 00CSTiB TpaH3UTY. AJie MOBHICTIO BiAKIIOYHTH
MaricTpajibH1 ra3zonpoBojau I[liBIeHHOTO KOpUIIOpPY HE MOXKHA, OCKIIBKH
BOHM TIOCTAyYalOTh ra3 1 BJIACHUM CIIO)KMBauaM. BapiaHTOM BHpilIeHHS
npobiemMn € 1oOyaoBa Ta30MPOBOIIB-BIATATYKEHb BiJI MariCTpaJbHUX
ra3omnpoBO/iB 3axiJHOTO KOPUIOPY, HA CTBOPEHHS SIKUX 3a OI[IHKAMHU
Minenepro Ykpainu notpioHo 10 2 mapa gonapis [30].

3. [Ipu 36epekeHHi B YKpaiHi aTOMHO-BYT1JILHOI TeHepallii morpeda B
iMnopTi razy Oyzne 3MeHuryBaTHCh (Tabi. 7), muist 1i HOKPUTTS TOCTATHBHO
Oy/ie ICHYIOUMX MOKJIMBOCTEH 3aKyITiBIIl Tra3y B €Bpomi Ta HOro mocrayaHHs
yepe3 CrnoBayumny Ta Ilonpmy (3a ymoBH 1OOYJOBH Ta3ompoBOAY
inTepkoHektopa  [lompmia—Ykpaina). I[Ipu  30impIIeHHI  YacTKH
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BIJTHOBJIIOBAHUX JIXKEPEJ €HEPrii B CTPYKTYpl T€HEPYIOUUX MOTYXHOCTEH Ta
BIIMOBHU BiJl BYTI'UJIbHOI reHepallii Ha KOPUCTh Tra3oBoi, MoTpeda B IMIOPTI
IPUPOJIHOTO Ta3y CYTTEBO 3pOCTE. A NPUIMHEHHS TPAH3UTY POCIHCHKOTO
ra3y uepe3 ykpaiHcbky ['TC CyTT€BO yCKJIQAHMTBH 3aKyIiBIIO MPUPOJHOIO
ra3zy ais norpe0d Hamoi kpainu B €Bpomni. Ha choroasi ra3 kynyerbcs Ha
€BPONENChKUX Xabax, ajne ¢i3uyHo YKpaiHa OTpUMYyeE HOro 3a CXEMOIO
3aMIIEHHS, TTOBEPTAIOYN POCIMCHKUIN Ta3, KUl OyB TPAaHCIIOPTOBAHHM 10
CnoBayumnu. Bopnouac, CrioBauuMHa, MawpuUud BEJIUKI  TPAaH3UTHI
MOTY>KHOCTI1, HE Ma€ JPKEpes HaIXOJKEHHS JOJJaTKOBOTO MPUPOJIHOTO rasy.
['a3 st Ykpainu 13 3axiiHoro HanpsMKy A0 CiIoBaduuHU MOXKE HaIXOIUTH
yepe3 Yexito abo ABCTpito, a Il KpaiHW HE € KpaiHaMHU-TpaH3UTEpaMH, iX
ra3oBi Mepexi He po3paxoBaHI Ha TPAHCIOPTYBAHHS JIOJATKOBHX OOCSTIB
ra3y Juisl IHIIUX Kpaid (Tadmn. 9, 10).

Tabauys 9
Moxausocti I'TC CiioBayunHHM 010 TPAH3UTY ra3sy i3 3aXiqHOro HANPSAMKY

n0 Ykpainu na 01.01.2021, mapa m’ [31]

Texmiumna Binbna (H?CTyHHa)
. MOTYKHICTh Ha
MOTYKHICTh 2021 pix
Touxka Bxony JlamxkoT (3 Yexii) 55,1 15,7
Touka Bxony baymrapren (3 ABctpii) 8,7 8,7
Bnacue cnioxxuBanus CiaoBauyuuHu™ 5,0
Pazom 19,4
*V 2017 poyi 3a oanumu [32]
Tabauus 10

TexHiuHa MOKITHUBICTH PEeBEPCHOIO MOCTAYAHHS Ta3y 10 Y KpaiHu
3 €EBponu, Miipa M° [33]

Touka Bxony Kpaina, yepes siky 3ailicHIO€TBCS Texniq.ﬂa
TMOCTAYaAHHS MOTYKHICTh
Byninne CnoBayuuHa 14,6
Bbepernapon YropmiuHa 7,1
I'epmanoBu4i TTonbmia 1,6 /5,0%*
I'pebennkn PymyHist uepe3 MoiioBy 1,5
Pazom 24,8 /28,2

* 3a ymoeu Oyodignuymea nepwioi uepeu inmeprxonexmopa Ilonvuja—
Yrpaina.

Otxe, clieHapidd, MOB’sI3aHUNA 3 TMPUIUHEHHSM TPAH3UTY POCIHCHKOTO
ragy dYepe3 TEpUTOPII0 HAmOi KpaiHW, € KPUTHYHUM 1 BHMAarae
kapauHaiabHO1 3MiHM cTpykTypu ['TC. BomHouac, HaBiTh 3a HasBHOCTI
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TpaH3UTy POCilichKoro razy B obcszi 40—60 mapaM® Ha pik, HeobXimHa
mojiepHizanigs I'TC VYkpaiHu 13 3MiHOI0O 1i CTPYKTYpH, aJke TEpMiHU
peanizanii IpoeKTy MOJIepHi3alii MaricTpajJbHOTO ra3onpoBOAY CTaHOBHUTH
MOHaJX 2 POKM MIArOTOBYMX poOOIT Ta 2-3 poku 0Oe3rnocepeHbOro
OyniBHMLTBA. AJle Il pOOOTH HEMOXKJIUBI 0€3 BUPILIEHHS, y MEpIly 4epry
Ha MOJITUYHOMY piBHI, npobnemu 3anoBHeHHs ['TC HeoOXimummu mms ii
e(peKTUBHOI pOOOTH TPaH3UTHUMHU 00’ €MaMHU rasy.

JlocmipkeHHsT  MOKa3yloTh, 10  pOOACTHUM  DPIIIEHHSAM  I10J0
moaepHizauii ['TC Ykpainu e:

— MPOBEJCHHS MOJEpHI3AIil MIA36MHUX CXOBHI Ta3y 3axiJHOTO
perioHy, 110 AacTh MOXJIMBICTh HaJaBaTH MOCIYTH 31 30epiraHHs razy s
kpainu Cxianoi €Bponu;

— MoJiepHi3alisi 1 3abe3nedyeHHs poOOTH Yy PEBEPCHOMY pexUMIi
KOMIIPECOPHHUX CTaHI[ifl, $Ki CIOJy4arOTbcs 3 Ta30BUMIipIOBAIbHUMU
CTaHIIISIMU HA 3aX1JHOMY KOpJOHI, Ta THMH, 1110 pO3TalIOBaHI Ha MEPEeTUH]
OCHOBHMX  MAariCTpaJlbHUX Ta30lpoBOJIB, IO JacTb MOXIJIUBICTh
3a0e3MeyuTH YKpaiHCHbKUX CIOKMBAYiB IMIOPTHUM Tra3oM OyJb-SKOIro
MTOXOJIKEHHS;

— OyniBHUIITBO  iHTeKOHHeKTOopa I[lompma—Ykpaina, 1o  gacThb
MOXJIUBICTh OTpUMYBaTH uepe3 Teputopito [lombiii gonaTkoBi ob6csru
MPUPOJHOTO rasy, y TOMy YHCIi 3 TepMiHaiy B M. CBiHOYMChLIE.
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Po3npin 5

BUBYEHHS JUHAMIKU CEPEJHbOPITUYHUX
IMMOKA3HUKIB BAJIOBOI IEPBUHHOI
MPOAYKTUBHOCTI TEPUTOPII YKPAITHU
BIIPOJOBXK 2000-2010 PP.

B.1. JIanwko, O.1. Caxanpkuii, .M. Xoobak, O.A. AnocToJIoB,
JI.O. €nictparoBa

HaykoBuii nentp aepoxocMiuaux pociimkens 3emii II'H HAH Ykpainu

BCTYII

OnHuMu 3 e(eKTUBHUX I1HIMKATOPIB arpOBHUPOOHUIITBA Ta €KOJIOTIYHOTO
CTaHy TEPUTOPIH s OE3MEYHOT0 BUKOPHCTAHHSI TIPOIOBOIBUMX Ta BOIHHUX
pECypCiB € MOKa3HUKH BaJIOBOI MepBUHHOI npoaykTuBHOCTI (GPP) Ta yncroi
nepBUHHOI TpoAyKTUBHOCTI (NPP) pocnunHOro mnokpuBy. 3 MeTOIO
ompamoBanHs 1poro nuranHs 'y [AK/J3 II'H HAHY posnouaro
JUCTAHIIIIHI TOCIIHKSHHS TUHAMIKH Ta 3aranbHoil cymu nornuHaHHs CO; B
MeXax PI3HHUX KJIAciB POCIMHHOIO MOKPHUBY, 30KpeMa, MOCIBIB OCHOBHHX
CUIbCBKOTOCIIOAAPCHKUX KYJIbTYP B OKpeMHX obOsactsax Ykpainum [1].
JlxepernoM CymyTHUKOBUX JaHUX OyJlM 3HIMKM CTaHJIAPTHOTO MPOIYKTY
MOD17 (mpoext MODIS), sxwuii crieniaibHO po3poOIeHO i MOCTIHHOTO
BIJICTE)KYBaHHSI POCTY POCIMHHOCTI Ha BCIi Ha3eMHiN MOBEPXHI IIAHETH.
[Toxazuuku GPP ta NPP mocradatotrbest 3 60pty cymyTHUKIB Terra i Aqua
MPaKTUYHO B PEXHMI peanbHOro yacy mie 3 moyatky 2000 poky i HuUHI
3HAWIIIM [IMPOKE 3aCTOCYBaHHA B PI3HUX HaNpsSMKax JaHamadTHO-
€KOJIOTIYHOTO aHaji3y Ta MOJCIIOBaHHS JWHAMIKA CTaHy Ha3eMHOI
POCIIMHHOCTI B MIHJMBHX yMOBaX MOBKULIA [2,3]. B YkpaiHi mi npoayktu
OKpIM arpoOpi€HTOBAHOTO ACIEKTYy BUKOPUCTOBYBAJINCH TAKOXK MPHU OIIHITI
Kopensinaux 3B’s3kiB Mibk GPP 1 NPP Ta pizHMMH BereraniiHUMU
napameTpamu JicoBux Qopmanii 3aximHoro I[lomiccss 1 KIIMaTHYHUMH
yuHHUKaMd [4] Ta I OLIHKM  HEBHU3HAYEHOCTEH  PO3paxyHKIB
MPOIYKTUBHOCTI POCIMHHOTO TIOKpHBY 1 (oOpMyBaHHS BYTJIEIIEBOTO
Oamancy Ha mnpukiaaai  JIeBiBcbkoi, BonmHchkoi, PiBHeHCBKOI Ta
JKuromupcekoi obOmacreid. [5]. Ockinbku YKpaiHa 3a CBO€IO  TUIONICHO
3aiiMae apyre Mmicie B €Bpomi 1 XapaKTepU3YETbCS BUCOKHUM IPHPOJIHO-
PECYpPCHUMH TIOTCHINIAJIOM, TO, MAaK4YH B PO3MOPSAIHKEHHI CydYacHi
cynyTHUKOBI 3HIMKH MOD17 A3 3 piyanmu orinku GPP Ta NPP, BaxnuBo
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JOCTIAUTH, SIKUM YMHOM IIPOCTEXKYETHCS BIUIUB PO3MAITTSI PUPOJHUX YMOB
Ha 3arajbHy POAYKTUBHICTh POCIMHHOTO MMOKPUBY HAIIOT Iep>KaBH.

Mertoro 1i€i cTarTi € OLIHKa HPOCTOPOBO-4acOBOi BapiabesbHOCTI
cepenHbopiyHux noka3zHukiB GPP 3a cynyrHukoBumu ganumu MOD17
BrpoaoBxk 2000-2010 pp. B Mexax BCIX agMiHICTpaTHBHUX obiactei
TepUTOpii YKpaiHu.

METOJIUKA

Hani npoaykty MOD17 € y BUIbHOMY IOCTYIIl 1 HAMU OTpPUMaHI uyepe3 caiT
Numerical Terradynamic Simulation Group. /Ing ninpaxyukie GPP ta NPP
B MEXax aJMiHICTpaTUBHUX oOnactelt mikceni nmpoaykty MODI17 A3 6yno
TpaHchopMoBaHO B KoopauHaTHy cuctemy WGS 84 Ta cymimeno 3
KOHTypamu o0nacred, ski QopmMyooTb OAMH 3 IIapiB  UUGPOBOI
tororpadiunoi kaptu Ykpainu. Lle 103BoIMIO BUALTUTH U1 PO3paxyHKIB
GPP ta NPP Ttinbku 11 mikceni (po3pi3HeHHICTIO 1X1 kM), sIKi MpUypoYeHi
70 TepUTOPil KOXKHOT OKpeMoi obmacti. binbiie Toro, mikceni, Ha ki Oyna
HakJazeHa Macka npoaykty MOD17 A3 (HaceneHi MyHKTH, BOJIHI 00’ €KTH),
HE BPaxOBYBAJIKCH JJIsl BU3HAUCHHSI CYMapHO] IUIOIII POCIMHHOTO IMOKPHUBY
npu oriHkax nmutomoro 3HadeHHs1 GPP Ta NPP o6nacri. 3okpema, Ha puc. 1,
AK TMPUKIAA, PI3HUMH KOJbOPAMHU IOKA3aHO PO3MOJLT CyMapHUX PIYHHX
3HaueHb GPP 18 neHTpanbHuX, NIBASHHUX Ta CXIAHMUX oOsacTell YKpainu
3a 2010 pik 3a manumu npoayktry MOD17 A3. IlpaBopyd Ha puc. 1
HaBeleHO BuAUICHHWH ¢GparmeHT st JlHimporerpoBchkoi obmacti. bim
nikcen GakTHYHO BioOpaxaroTh MacKy npoaykty MOD17 A3 i ui mikceni
BIIKUJJAIMCH MIPU PO3PaXyHKaX.

A (b)

Puc. 1. Po3nonin cymapHux pivaux 3Ha4eHb GPP pocnmHHOTO MOKPUBY IS
LIEHTPaJbHUX, MMBJICHHUX Ta CXiAHUX oOnacTei Ykpainu 3a 2010 pik 3a naHuMuU
npoaykty MOD17 A3 (A). Buninenuii ¢parMeHT npaBopyd TepHUTOpis
Jlninpomnerposckkoi o6macti (B): piuni 3Hauenns GPP y C kr/mM°: KOpHUHeBHi
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koip — menie 0,4; pioneroswuit: 0,4-0,55; 3enenwmii: 0,55-0,7; akBaMapUHOBHIA —

0,7-0,9, xxoBTHii monay 0,9; Oinmii Konip Macka npoaykty MODI17 A3 (Bona,
HaceJIeHI TYHKTH)
Ha OoCHOBI LMX CYMyTHMKOBHX J@HHMX JJISi PO3PAXYHKOBOI IUIOIII KOXHOT
obyacti OOYHMCIIEHI CepeIHBOPIYHI TOKA3HUKU BAJIOBOi  MEPBUHHOL
HOPOAYKTHUBHOCTI, C(OPMOBAHOI BHACIIJOK IOIJIMHAHHSA BYIJIELIO BCIM
POCIMHHUM MOKPHUBOM B MEKax JIOCJIIJKYBaHO1 00JaCHOI aAMIHICTPaTUBHOL
OJTUHMIII.

PE3YJIbTATH

Jis  3py4yHOCTI aHaji3y CIOYaTKy BHUKOHAaHO CHpoOy 3iCTaBJIEHHS
reorpaiuHo OJIM3bKUX MK 0000 06sacTeil. 30kpeMa, BUKOPUCTAHO MO
VYkpainu Ha 5 perioHiB: 3axij, MiBHIY, CXiJ, MiBAE€Hb Ta LEHTp (puc.2),
3nidcHeHul (axiBUAMU YKpPaiHCHKOTO T'IPOMETEOPOJIOTTYHOIO IHCTUTYTY 3
METOI0  BUSBJICHHS Ta  BpaxyBaHHA MOXJHMBHX  TEPUTOPIaJIbHUX
BIJIMIHHOCTEH y 3MiHAaX KJIIIMAaTUYHUX XapaKTEPUCTHUK [6].

53N

Puc.2. Ilonin Teputopii YKpaiHu Ha 5 perioHiB i3 3a3HAYCHHIM O0JTaCHHX IIEHTPIB
[6].

Sk 3a3HavarOTh aBTOpH [6], MiA Yac IHOTO pallOHYBAaHHS BPaXOBYBAJIUCHh

Taki mapaMeTpu: ToaiOHICTh (i3uKo-reorpadiyHUX YMOB, OJHOTHITHICTH

NposiBY KIIMAaTOTBIPHUX YMHHMKIB, BIJTHOCHA OJHOPIAHICTH KIIMATHUYHHUX

MOJTIB TEMITepaTypy Ta OIAaJiB Ta aaMiHICTPATHUBHO-TEPUTOPIAILHUN TTOI1T

nepxkaBu. OCTaHHIH YHHHHK BpPaxoBYBaBCsS, MO0 aJanTyBaTH JdaHi
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JOCIIJKeHb JIUIS CTPATeriyHOrO TUIAHYBAaHHS BENEHHS TOCHOJApCTBa Ta
po3BUTKY perioHiB. Po3paxoBani 3a manumu MOD 17 cepenHbopiuHi
nokazuuku GPP B Mexxax koxkHOT 00acTi Oyn0 00’ €1HAHO B TPYIU 3T1IHO 3
KapTolo, MOJIaHOI0 Ha pHc.2, 1 Ui 3pYYHOCTI aHaji3y no0yq0BaHO rpadiku
iX MDKpIYHUX KOJIMBaHb (puC.3,4).

Ha puc.3 (A), sxkmii BimoOpakae MIKpIUHI KOJUBAaHHS CEPEAHBOPIYHUX
3HaueHb GPP juis 3axigHoro periony YkpaiHH, 4YiTKO MOMITHO JBI mapu
oOyacTtel, Ikl MalOTh Mal’ke TOTOKHY JuHaMiKy nutomoi BennunHu GPP 3a
piK BOPOAOBXK BcbOoro mnepiogy crnoctepexxenb (2000-2010 pp.). Lle
Tepromninbebka Ta XMenbHUIIBKA 00acTi 31 3HaueHHssMu GPP Bixg 0,81 mo
0917 xr C/m* Ta PiBHeHchbKa i BonuHcbka 3i 3HaueHHsMu GPP Big 0,926
10 1,038 kr C/v’.
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Puc.3. Cepennvopiuni 3Hauennss GPP 3axignux (A) ra miBHiuHuX (B) oOnacreii
VYkpainu

[ 9otupwm 3axigHi 00JIaCTI XapaKTepU3YIOThCS MIOPIYHOK IMMHTOMOIO
BEJIMYUHOIO GPP 6imsme 1 kr C/M° | mOpIBHAHO HE3HAYHUME
BiaMiHHOCTsIMU. 30kpema, bykoBuna, JlpBiBmuHa, [Ipukapmarrts Ta
3akapnarTs B MOPSJIKY 3POCTaHHS MapaMmeTpiB pidHOI BaJOBOI MEPBUHHOT
MPOAYKTUBHOCTI BIAPIZHSAIOTHCS MK COOOIO Tak: KOXKHA HACTYyIMHA 00JIacTh
Mae 3uadenns GPP npuGmisno Ha 0,05 kr C/mM” Buii Bix momepennboi. Sk
BUIHO 3 rpadikiB Ha puc.3 A, cepennbopiuni 3HaueHHs GPP 3aximaux
o0JIacTeil MarOTh BUIJIS 3JIETKA XBUJIACTHX JIHINA, TOOTO iM HE BIIACTHBI
3HAYHI MDKPIYHI KOJIMBAHHS.
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[TonibHa Qopma niHIN TUHAMIKK BJIACTHUBA M CEpPEeIHbOPIYHUM 3HAUEHHSIM
GPP mniBuiunux obnacreit (puc. 3, b). BapTo 3BepHyTH yBary, mo cepen
oOnacreid miBHOYI YKpaiHM HaAWBUIIMMM TOKA3HUKAMU BIAPI3HSIETHCS
XKutomupumna. B Toit xe yac KuiBcbka, UepHiriBcpka Ta CyMmcbka 001acTi
no/i0HI MIX co000 SIK 3a cepeAHbOpIUHMMHU 3HaueHHsMU GPP, Tak 1 3a
TPAEKTOPISAMHU JiHIN TX MIKPIYHUX 3MiH.

Ha BigmiHy Big WiBHIYHMX Ta 3axigHuX oOjacteld  JgUHaAMiKa
cepennpopiyHuX 3HadeHb GPP iHmmx oOnacHuUX aaMiHICTpaTUBHUX
OMHMIIL YKpaiHM Ma€ BUIJISA JIOMAHUX JIHIA 13 3amaguHaMu  Ta
OiAHATTSAMH, a 32 BEIWYMHOK TIOKa3HWKH  BajoOBOI  MEPBHUHHOI
MPOAYKTUBHOCTI B JKOIHIN o0macTi BIIPOJIOBK OJIUHALIATH
IIPOaHATi30BaHHX POKiB He mepeumrytots 0,887 kr C/m” (puc.4). Cepen
[EHTpadbHUX oOyacTedl HaWBuiuMU TmokasHukamu GPP Big3nawaerscs
BinHn44MHA, sIKa HE 3a3Haja CyTTEBOTO 3HW)KCHHS BAJIOBOI IIPOTYKTHBHOCTI
y nocyuuisomy 2002 p. Bei pemra o6mnacti 1i€i yacTMHH YKpaiHUd MaroTh
K MIHIMYM [IBl 3amaJMHU — MEpiOJud BUPA3HOTO 3MEHILIEHHS BaJlOBOL
npoayktuBHocTi — y 2002 ta y 2007 pokax. OcoOauBO YiTKO IIi 3amaJuHU
MpocTexXyloThess Ha rpadikax 3miHn GPP cximHmx oGnacteit, e Mix
OKpeMUMH 00JacTIMH TNPAKTUYHO HEMae BIAMIHHOCTEW: BCl TpHU
aJMIHICTPATUBHI OJMHUII CXOAYy YKpaiHU JIEMOHCTPYIOTh Mail’ke TOTOXHY
KOH(iryparito JiHii ITuHaMIKK cepenHbopiuHMX 3HaueHb GPP 3a mepiog
2000 — 2010 pp. (puc.4, b). Bce x 3menmenus GPP Oyno cyrreBimmuMm aiis
Bcix obnacreit y 2007 poui, Koiu npupoaa YKpaiHu norepnaia BiJ CUIbHOT
nocyxu. Toll HallHMK4l MMOKAa3HUKU cepeqHbopidyHNX 3HaueHb GPP Oynu
xapaktepHi ans  MukonaiBebkoi, XepcoHChKOi,  3amopi3pkoi  Ta
JHinponeTpoBchbKoi obactel 1 konuBaiauch B Mexxax 0,476-0,491 kr C/Mz,
TOOTO BOHM OyNnM MPAaKTUYHO BJBIYI MEHIII BiJl aHAJOTIYHUX IMOKA3HHUKIB
BOTO POKYy, OJEpXKaHWUX s 3axigHuX obOmacreir Ykpainu (0e3
TepHominpmuHu Ta XMEIbHUYYMHHU). J[7S IEHTpaNbHUX Ta MiBICHHHUX
obnacreit OyJio BHSIBICHO TEeBHE 3HMKEHHS moka3zHukiB GPP me # y 2009
potii, SKIo mopiBHOBaTH Iiei pik 3 2008 ta 2010, ane BOHO HE TOCSTANIO
TaKUX HU3BKUX 3Ha4eHb 5K y 2007 pomi (komuBanHs Mk 0,554 ta 0,668 kr
Chvd).
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Puc.4. — Cepennbopiuni 3HaueHHs1 GPP nenrpansuux (A), cxigaux (b) Ta

niBneHHux (B) obmacreit Ykpainu.
HaiiOinpmie BUpa3HUX «3UT3ariB» MOXHA MOMITUTH HA JIHISX JUHAMIKA
cepennpopiuyHuXx 3HaueHb GPP miBmenHux obnacteit (puc.4, B). ¥V poku 3
JOCTaTHIM BOJ103a0€3MEeUYEeHHAM aIMIHICTpaTUBHI OJIWHHIN i€l YaCTUHU
VYkpaian  (opMylOTh  HEMOTaHI  TMOKa3HWKW  BAJIOBOi  MEPBHHHOL
npoayKTUBHOCTI (Hampuknaa, Opemmua y 2004 1 2010 pokax csarana
3HaueHb GPP Bignmosiguo 0,821 ta 0,859 kr C/M2), ane nmpu HecTadi BOJIOTH
el mokasHUK pi3ko nagae. BnacHe came miBaeHHI 00nacTi BifpearyBaiu
samkeHHsIM GPP Ttakox 1 B 2003 pori, KoJM TaMm CIOCTEPITaIUCh
MOCYIUTHMBI SBUIIA.

Skmo x Bci obmacti YKpaiHM 3a JUHAMIKOIO iX BajoBOi NEpBUHHOI
NPOXYKTUBHOCTI 3BECTH BOEAMHO, TO OTPHUMAEMO 3BEICHUH rpadik
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MDKPIYHUX KOJIMBaHb cepeaHbopiunux 3HaueHb GPP (puc.5). Ha npomy
MO>KHA BUOKPEMHTH TaKi TPH IPyIH oOsacTeil.

[lepmia rpyna o0’enHye obnacti, JiHIT JWHAMIKM SKHX PO3TaIlyBaJUCh
Bropi MajIOHKa, 1[0 CBIJYUTH MPO JOCUTH BUCOKI 3HaueHHs GPP (monan
0,9 kxr C/m2, ToOTt0 6mu3bko 1 kr C/mM2 abo Oinblri 3a MO BEIHYUHY).
Boanouac xonuBanHg ix GPP 3 poky B pik mopiBHsiHO HeBenuki. Cronu
HaJleXaTh OUIBIIICTh 3axigHux obnacteir (3akapmarts, [Ipukapmarrs,
bykoBuna, JIpBiBmnHa,Bonuub, PiBHeHmuHA) Ta miBHIYHA JKUTOMHpCHKA
001aCTh.

/Jlpyzy epyny yTBOPIOIOTH 00JacTi 31 cepeHiMH 3HaueHHsIMU piuHoro GPP,
sIKi BapiroroTh B Mexax Bix 0,659 kr C/m” Ha Yepkammsi 2007 p. 1o 0,927
kr C/m* Ha YepwiriBmmni y 2005 p. Lle Tak 3Bana 36ipHa rpyma, 60 BoHa
OXOIUTIOE /Bl 3axigHi obmacti — TepHomiibcbky Ta XMEIbHUIIBKY, IBI
HeHTpanbHi — BinHMIBKY Ta Yepkacbky, Ta Tpu miBHIYHI — KuiBCbKY,
Yepniriebky Ta Cymcbky. 3 2000 no 2004 poky cepeAHbOPIUHI 3HAUEHHS
GPP oGnacreil miei rpynu He 3a3HaIOTh 3HAYHUX KOJHMBaHb, Xi0a 110 Ha
Cymmuni y 2002 porii cioctepiraeTbesi eBHE 3HUKEHHS OO MTOKa3HUKA.
I[Ticns 2004 poky pi3ky BapiabGenbHICTh KpiM CyMIIMHM MOXKHA 1OOAUYUTH
nie ¥ Ha JiHisx auHaMiky piaHoro GPP Kuismuau ta Binanguuan. Y 2004
p. MPaKTUYHO BCi I1i 00JIACTI IEMOHCTPYIOTh Maii’Ke OJJHAKOBHH MOKA3HUK
GPP (0,816-0,824 kr C/m” ). Tak Ha 3BegeHoMy rpadiky (opMyeTbCs
CBOEPIIHUH «BY30J1», TPOXU HUXKUE SIKOTO 3HAXOJAUThCs Yepkachka 00J1acTh
31 cBOiM TOKa3HUKOM cepenubopiuHoro GPP 3a 2004 p., mo cTraHOBUTH
0,785 kr C/M”. Jlinis nuaamiku GPP 1i€i 061acTi € CBOro poxy Mexero,
KOPAOHOM, IO BIAAUIAE JAPYyry Trpymy o0jacTedl Big  pemTu
aIMIHICTPAaTUBHUX OJMHHULB 13 TOPIBHIHO HIKYUM 3HaueHHsM GPP.

Tpemsa cpyna, tpadiku sKOi pO3TAIIOBYIOThCS Huxkue JiHii GPP
UYepkammau, wmae moMipHi 3HaueHHs GPP, ki, sk mnpaBwio, He
nepeBuiyoTh 0,8 kr C/M2 1 konmuBaroThes Big 0,487 kr C/M2 Ha 3amopixoki
y 2007 p. mo 0,808 kr C/m2 na XapkipmmHi y 2005 p. Ile naituncnenHima
3a KUIBKICTIO obnacted rpyma, A0 SIKOi HalexaTb KpiM MIBACHHHUX Ta
CXIOHUX Ime W Tpu UeHTpanbHi: JlHimpomerpoBchka, KipoBorpaaceka Ta
[TontaBchka (BChOTO JECATH AAMIHICTPATUBHUX OMUHUIG). JIiHIT quHAMIKK
GPP mwmx ob6nacteil MarTh BHpa3Hy JamMaHy (OpMy BIPOJOBXK BCHOTO
nepiofy CHOCTEPEeKEHb, IO CBIAYUTH TPO UITKY 3aJEKHICTH BaJIOBOT
MPOIYKTUBHOCTI I1i€1 YaCTUHU YKpaiHW BiJ pPiBHs 3a0€3Me4YeHHS BOJIHUMHU
pecypcamu IiJ 4ac mepioay BereTarlii pocnuHHOCTI. [lpu Hectaui Boioru
nokasaukn GPP mamarore (mocymwmmsi 2002, 2003, 2007 pp.), a y
cnpustiuBi poku (2001, 2004, 2008 pp.) — 3pocraroThb. HalOinpmit
niama3oH konuBanb GPP cniocrepiraersest st Onmecbkoi oomacti (Big 0,571
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kr C/M” y 2007 p. 10 0,859 kr C/m” y 2010 p.), npudomy Ha rpadixy 106pe
noMitHo, 1o y 2004-2006, 2008 ta 2010 pp. napamerpu GPP Opemmnun
MEPEeBUNIYIOTh 3HAYCHHS, BJIACTHBI IHIIMM OOJIACTSIM IIi€l TPYyNH, i HABITh
nepecikaroTh JiHio auHamiku GPP Yepkamunu.

4 N

= XapKiBLUNHA

% > ?ﬂyraHmMHa

e KipOBOTpPAALLMHA

e [IHINPONETPOBLLUU
Ha

OpewmHa

Pik
- J
Puc. 5. Cepennbopiuni 3Hauennsi GPP obnacreii Ykpainu ta AP Kpum

Oco6rBOi yBaru 3aciiyroBye IMOBEMIHKa cepeaHbopiuHnx 3HaueHb GPP B
mexax AP Kpum. Tinsxku y 2003 Tta 2005 pp. mnokasnuku GPP Tyt
omycKaJlMch HeHabaraTo Hk4e Big 0,9 kr C/m? (Bigmosiguo 0,897 Ta 0,898
kr C/M> ). B iamn poku 3naueHHss GPP 3HaxonsThcs B Til ke 4YacTUHI
MaJIIOHKA, JIe PO3TAIIOBaHI JIiHII AMHAMIKH MePEBaKHOT KITLKOCTI 3aX1THUX
obacrei.

IIpote, xoua 3a Oimpmrictio 3HaueHb GPP 1us tepurtopis i HaneXuTh 10
nepioi Tpynu objacTei, ajge yepe3 HasgBHICTh CTEIIOBUX €KOCHCTEM BOHA €
JOCUTH YYTJIMBOIO IO MOTOJHUX YMOB 1 JIiHISI AWMHAMIKY 11 CepeaHbOPIYHIX
sgaueHb GPP € 3ursaronoaioHoOI0.

Bumie ommcani BiaminHocTi mapamerpiB GPP mokaszano Ha kapti Ykpainu
(puc.6).

165



AYERC foiao

AKATOMMD &

J

Nopricia

Cymmn

KuTs @ ° £

RAMOANNMLNOA Noaroso Xop«<is

TepmoniAs

Assin

- Nopxocu e
lawro- S Smenn % e ~
DOORCCAR N\ Y X >
YRIOpOA ¢

JAyroncax®

KpOsOIPaA  § Asinponeplscax
Nope ey . v 2 . ¢
Aocsouax
N 3onopbeoa™.,

Y -

- Muwoaols -~ P
. XopTom

Oaeco ,

Cwoopo'\o‘(s

Puc. 6. Iloain Teputopii YKpaiHu Ha YaCTHHU 3TIAHO 3 CEPEAHBOPIUHUMHU
obmacHumu nokazHukamu GPP 3a 2000-2010 pp.

Ymosni noznauenns: 1 — BUCOKONIPOMYKTHUBHA, 2 — HOPMAJILHO TIPOAYKTHBHA, 3 —
AP Kpum, BucOKO BapiabeibHa, BUCOKOIIPOAYKTHBHA, OiJie TII0 — TOMipHO
NpOAYKTHBHA YaCTUHA TCpI/ITopﬁ pralHI/I
[Tpu 3icTaBiieHHI PUCYHKIB 2 1 6 Cii/1 B1I3HAYUTH HE301KHICTh reorpagiyHo-
aJIMIHICTPAaTUBHOTO TOJAUTY YKpaiHu 3 ii pi3HUMHM 3a MPOAYKTHUBHICTIO
YyaCcTMHaMU. 30KpeMa, BHCOKONPOAYKTHBHA uYacTMHa (GOpMyeTbcs 3a
paxyHOK 3axifHux oOmactedl (3a BHUHATKOM TepHOMUIBCHKOI  Ta
XMenpHUIBKOT) Ta miBHIYHOI JKutoMupcbkoi obiacti. [IpaktuyHo Oinbina
yactuHa [lonimns (Tepuominbebka, XMenbHUIIPKA Ta BiHHHMIIBKA 001acTi)
pa3oM 3 peITOK MIBHIYHMX oOOsiacTell Ta IEeHTpalbHOI YepKachbKOko
00J1aCTIO CKJIAZIal0Th HOPMAJIBHO MPOAYKTHUBHY YaCTHHY TepUTOpii YKpaiHu.
A iHmN anMiHicTpatuBHI oOnacti (Tpu meHTpanbHi — IlonTaBchKa,
KipoBorpanceka Ta JlHinmponeTpoBcbka, cximHi Ta miBaeHHI 6e3 APK)
HaJIeXKaTh JI0 MOMIPHO NMPOJAYKTUBHOI YaCTUHU TepuTOpii AepkaBu. OKpeMo
BuzieHo Teputopito AP Kpum, 1110 3yMoBiIeHO 0COOIMBOCTSIMH TOBEIIHKH

il cepeqabopiunux 3HaueHb GPP, mpo siki Bxke WIToCs BUIIIE.

OBI'OBOPEHHA

Otxe, HaMu OyJ10 BCTaHOBJIEHO, 1m0 3a JaHUMU MOD 17 3nauenns GPP na
TepuTopii Ykpainu BrpoaoBx 11 pokiB konmBaioThes B Aiana3zoHi Big 0,487
kr C/m2 na 3anopixoki y 2007 p. go 1,25 kr C/m2 Ha 3akapmnarti y 2001 p.
Jnist mopiBHSAHHS 11 HU(pPH 31CTaBICHO 3 OTPUMAHUMU 32 JJOTIOMOTOIO I[bOTO
XK TPOAYKTY 1 ycepemHeHumu 3a Tpu poku (2001-2003 pp.) piuHEMH
MOKa3HUKaMHM BaJIOBOI MEPBUHHOT MPOIYKTUBHOCTI JJISl PI3HUX TUIIIB 3€MHO1
noBepxHi 1maHetd [7]. B mi myOmikamii Zhao M. 31 cmiBpoO.
MOBIIOMJISIIOTh, IO CUIBCHKOTOCHOJAPCHKAM 3€MJISIM  Ta 3IMKHYTUM
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garapaukam BiactuBi 3HaueHHs GPP BigmoBimao 721 i 868 v C/m2 ,
Mimanum jgicam — 1125 r C/mM2, a mucTonagHuM MIHPOKOIUCTIHUM JicaM —
1366 T C/m2. [lisg HeymIIbHEHHX 4YarapHUKIB Ta ITaCOBHI XapakKTepHi
noka3zHukd GPP nmxue 400 r C/m2. Ockinbku Oiblila yacTUHA TEPUTOPIT
VYkpainu mae cepenabopiuni 3HaueHHs GPP mixk 0,6 — 1 kr C/M2, To 1€
CBIAYUTH MpO IMEepeBaXkaHHd TyT arpojaHamadriB Ta 3IMKHYTHX
YarapHUKOBUX Haca/pkeHb. OTpUMaHiI 3HAYEHHS  Y3TOKYIOTBCS 3
AiiicHicTIO, 00 BIIOMO, IO CUIBCBKOTOCIOAAPChKI yrinas Ykpainu
CTaHOBIIATH 69% yciei 3emenbHOT mwromi [8]. JlinsHKH, A€ cepeIHbOPiUHI
3HaueHHs GPP mepeBumytors 1 kr C/M2, BiANOBiNAIOTH JICOBKPUTUM
IUIOIIAM KpaiHH.

OTtpumana Hamu KapTa (puc.6) Mae 03HAKH CXOXOCTI 3 KapTOI PO3MOILTY
CepeHBbOI TPHUBAIIOCTI BEreTaliiHoOro mepioay 3a mepiog 1961-1990 pp.
(puc.7), cknageHow ¢axiBusMu [HCTUTYTY €KOHOMIKH Ta MPOTHO3yBaHHS
HAHY y cniBopani 3 MikHapogHuM [HCTUTYTOM  MPHUKIJIAIHOTO
cuctemHoro anamizy (ITASA) [9]. 3okpema HuUMH OyJ0 BHKOHAHO
JOCHIJUKEHHSI 3€MEJbHOTO TOTEHIIany YKpaiHM 3a METOJOJIOTIE0
arpoekosioriyHoro 3oHyBaHHA (AE3), sika 103BOJsi€ KUIBKICHO OIIHHUTH
NPOAYKTHUBHICTh PI3HUX THUMIB 3€MJI AJS PI3HUX CUIBCHKOTOCIIOAAPCHKHX
KyJIBTYp 1 CHCTEM OpraHi3ailii BUpoOHHIITBA. B paMKax 1IbOTO TOCIIIKEHHS
Ha OCHOBI CepeAHIX KJIIMAaTHYHUX JaHUX TEPUTOPIATILHOIO PO3MOILTY
OmMaaiB Ta CyMH AaKTHBHHMX Temrieparyp nepiog 1961-1990 pp. Oymo
CTBOPEHO KapTy IPOCTOPOBOTO PO3MOLTY TPUBAIOCTI IOCTYIIHOTO HEPiony
BHUPOIIIYBaHHS /IS BCi€l TepuTopii Ykpainu (puc.7).

121.150
161-180
181.210

Puc. 7. Kapra po3nofiny cepeaHboi TpUBAIOCTI BereTauiiHoro nepiogy (oHiB) 3a
niepioq 1961-1990 pp. [9].

Sk 3a3HaYarOTh aBTOPH, 3aX1AHI 1 MBHIYHO-3aX1/IHI PET1OHU, IPAKTUIHO BCSI

Kuromupcbka 1 KwuiBchbka 005acTi XapaKTepU3YIOTBCS Y CEPETHBOMY

HaWOUIbI ~TPUBAJIMM  BETETAIlfHUM MepioJoM, CHPHUSATIUBUM IS

3emiepoOctBa — 210-240 1 Ginbme auiB. BomHouac, OibImicTh TepUTOpil
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KpaiHU XapaKTepU3YEThCsl BETETAllITHUM IEepioJioM, SIKUH TpuBae OJIM3BKO
120-150 guiB. [lounnatouu 3 miBaeHHOTO cxoay Opjechkoi 00macTi, dyepes
MuxkomnaiBebKy 1 XepCOHChKY 00J1aCTi 1 Aalll Ha CX1J1 IPOCTAraeThCs IIUPOKa
CMyra TepuTOpiil 3 HalilMEHIIUM BereTaliiHUM IMEpioZoM JOBXHUHOIO 90—
120 nuiB. Ha kpaitHboMy cX0i BOHa oxOorutioe Bcro JloHenpky 1 JIyranceky
o0nacri.

Sk OauuMo, perioHM 3 TPHUBAJIUM BeEreTalifHUM MEepiogoM Maibke
BIJINOBIAI0Th BUCOKOINPOAYKTUBHIA YacTUHI TEpPUTOpPil, 3a BHUHATKOM
KuiBcbkoi Ta TepHominbcbkoi obmacteit. Lli aBi obsacti B XXI cT. 3a
JAHUMU cepeaHbopiuHnx noka3sHukiB GPP dbopmyrots nepenik obnacreit 3
HOPMAaJIbHOIO TMPOJYKTUBHICTIO, IO BIJAMOBIA€ TPUBAIOCTI BEreTaliifHoro
nepiony 120-150 nuiB. B toi#i ke yac [lonraBchka Ta XapkiBchbka 00J1acTi
Ha miacraBi GPP 3a MOD 17 neMoHCTpyIOTh OUTbIIy CXOXICTh 31
CTEMOBUMU pErioHamMH JIep’KaBH, J€ JOBKHMHA BEreTauiiHOro mepioay
ctanoBuTh 90—120 nHiB. OTXKeE, MpHU 3iICTABICHHI pUC.6 Ta 7 MPOCTEKYETHCS
K CXOXICTh MIXK 3arajlbHOI0 KOH(]Irypali€0 4acTUH YKpaiHH CTOCOBHO
NOJUTy TEepUTOpii HAa TPU YACTUHHM 3a IMOKA3HHUKAaMHM BajOBOI MEPBHUHHOI
MPOJYKTUBHOCTI Ta 3a TPHUBAIICTIO BETETAIIMHOIO MEpIoAy, Tak 1 JEsKi
BIIMIHHOCTI B pO3Mipax OKpeMHUX 3 IMX yacThH. OTpuMaHy MOAiIOHICTbH
MOKHa OOIpYHTYBaTH CIIMpalO4YMCh Ha BIJOMHUHA QakT mpo Te, UIO
OCHOBHHUMH €KOJIOTIYHUMH YHHHUKAMH, SIKI TOSCHIOIOTH PI3HUIIO MiXK
€KOCHCTEMaMHU B 3aCBO€HHI BYTJICIIO, € TPUBAIICTh Yacy, BIPOJOBK SKOIO
CKJIaJal0ThCsl YMOBHU, NMPUAATHI A7 (OTOCHHTE3Y, Ta IPYHTOBI pecypcH
(Boma, MOXHMBHI PEYOBHHH), AOCTYIHI JUIsl GOpMYyBaHHS Ta 3a0e3NeyeHHs
(YHKIIOHYBaHHS TUIOLII JMCTKOBOI MOBEPXHI POCIMHHOCTI B KOHKPETHIH
ekocuctemi [10]. BimMmiHHOCTI, B mepiry d4epry, IOB’s3aHl 3 PI3HUM
BIITUHKOM dacy, sKuil Opascs no aHamizy: Mimenko H. M., I'ymentok K.
[9] ckmamu ioro mis iepiogy 1961-1990 pp., a mamri nocnimkennas GPP 3a
MOD 17 crocytotbest HoBiTHROTO Tiepiony 2000-2010 pp. Kpim Toro, sixbu
Hamr JOCTIPKeHHS TPOBOAWINCH, HE Ha piBHI 00JacTi, a Ha piBHI
aJIMIHICTPAaTUBHHUX PaioOHIB, TO MOXKHa Oyso © OoTpuMaTH OLIbII JETATIbHY
KapTy MIHJIMBOCTI TOKa3HHUKIB MPOAYKTHBHOCTI.

BUCHOBKH

TakuMm 4YMHOM, Ha TIACTaBl aHANI3y JMHAMIKH CEPEAHBOPIYHUX 3HAYEHBb
GPP ob6nacHMX aMiHICTPaTUBHUX OIMHHUIL YKpaiHM BHpoaoBXk 11 pokis
MO>KHa 3pOOUTH TaKi BUCHOBKH.

1. 3a BeNMMYMHOI TIOKA3HHWKIB TIEPBUHHOI BaJIOBOI MPOAYKTUBHOCTI
TepUTOPis YKpaiHU PO3NIISETHCS HA TPU YACTHHHU:
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. BHUCOKONPOAYKTUBHA 31 cepeqHbopiuHuMH 3HayeHHsMu GPP Bix 0,9
1o 1,25 xr C/Mz;

. HOPMaJIbHO TPOJIYKTUBHA 31 cepeaHbopiuHuMH 3HaueHHsmu GPP
Bix 0,7 mo 0,9 kxr C/Mz;

. MOMIPHO MPOAYKTUBHA 31 cepeHbopiyHUMU 3HaueHHsMu GPP Big
0,5 10 0,85 xr C/m’.

2. BucokonpoaykTuBHiI 00JacTi Ha BIAMIHY BiJl 1HIIMX MalOTh MEHIILY
MDKpIYHY BapiaOesIbHICTh MOKa3HUKIB, 32 BUHATKOM AP Kpum. Boxnouac
MOMIPHO- T2 HOPMAaJIBbHO MPOAYKTHUBHI YaCTWHU YKpaiHU JEMOHCTPYIOTH
MOPIBHSAHO BEJIMKI MDKpPiIuHI KonmBaHHS mnoka3HukiB GPP, ocobmuBo 1e
CIpaBEUIMBO JUIS MIBJIEHHUX Ta CX1HUX o0JsacTeil.

Jmnst  toro, 100 OTpUMaHI JUCTAHIIIMHO 3HAYEHHS  TEPBUHHOL
NPOAYKTUBHOCTI PO3MNIAAATH SK TakKi, II0 XapaKTepU3ylOTh piBEHb
MOTJIMHAHHS BYTJIEKUCIIOTO Ta3y POCIWHHHM ITOKPUBOM, CJiJI aHAJIOTIYHO
BUBYMTH BapiabenbHiCTh TOKa3HUMKIB NPP, korpi ¢opmyrotecs 3
ypaxyBaHHSIM BHUTpPAT OpPraHiKM Ha JWXaHHS CaMUX THPOIYIEHTIB, IO
TUTAHY€ETHCS 311MCHUTH B HACTYITHUX pOoOOTaX.

Ilybnikayis  micmume  pe3yiomamu  00CHIONCEHb, NPOBEOCHUX  NpPU
epanmogii  niompumyi  [epacaenoco  ondy  (yHOamenmanvbHux
o0ocniddiceHb 3a KOHKYpcHumu npoekmomu N @D64/25-2015 i N D64/20-
2016, ma 3a niompumxu Innosayitinoeo yenmpy HAH Yxpainu.
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Po3aia 6

IHTETPOBAHA OIIITHKA PU3UKIB 3ABPY THEHHS
BOJU 3 BUKOPUCTAHHSIM CYNIYTHUKOBUX
JTAHUX B PAMKAX MYJbTU-MOJEJBLHOTO
MIJIXOY

B.1. JIsnbko, }O.B. Koctiouenko, M.B. FOmenko, I.I'. Apremenko,
I.M. KomaueBCchKHit

HayxkoBuii nentp aepokocmiuamx gociimkens 3emm [I'H HAH
VYkpainu

Kuro4oBi cijioBa: sKicTh BOJH, TiPOSKOJIOTIS, COIIAbHO-EKOIOTYHNN PU3HK,
CYITyTHHKOBI CITOCTEPEIKEHHS, OaraToMOASITLHUM ITi X1

BCTYII: OOHIHKA AKOCTI BOAU B KOHTEKCTI
YIIPABJIIHHA PECYPCAMHA

CyuacHHil PO3BHUTOK MPHKIAAHOI MaTEeMAaTUKH Ta OOYHMCIIOBAIBHUX
METOIB J103BOJIsiE (POPMYIIOBATH 1 pO3B’sI3yBaTH HOBI 3a7ayi, B MEpLIY
4yepry y Taiy3l KOHTPOJIO 1 Teopli NPUHHATTS pilleHb, BKIOYAIOUU
3aBJIaHHs, CHPSMOBAHI Ha YNPABIIHHA PU3MKAMU Ta KOHTPOJb Oe3INeKu.
Mo’kHa BUKOPUCTATH HOB1 TUIM JaHUX Ta HOB1 IHCTPYMEHTH MOHITOPHHTY,
MO>KHA aHai3yBaTH OLIBII MUPOKI CPEpU JIIOJCHKOI TiSUTBHOCTI Ta >KUTTHL.
OCKUIbKM 1HHOBAIIIMHI TEXHOJIOT1i TOBUHHI CIPHUATH IiJBUIICHHIO SKOCTI
KHUTTS,  BOXIMBUM  3aBJaHHAIM €  BHKOPHCTAaHHS  NPHUKIATHUX
O0OYHCITIOBAIBHUX METOIB, CHPSIMOBAaHUX Ha OIIHKY PH3HMKIB Ta 3arpos,
MIOB’SI3aHUX 3 MOTIPIIEHHSIM CTaHy JOBKIJIJIS.

3a0pyaHEHHS BOJM € OJHIEI0 3 HAHOUTBIIMX EKOJOTIYHHMX Mpo0sieM, a
TaKOX TIOB'SI3aH1 3 HEIO 3a0pyaHEHHS IPYHTY Ta MoBiTps. HiTpatu € ogHuM
13 HaOLIBII MOMIMPEHUX 3a0pyIHIOBAYIB Yy MOBEPXHEBHX Ta MiA3EMHUX
Bojax. OCHOBHMM JDKEpEJIOM IIiJIBUIEHOI KOHIIEHTpallii HITpaTiB B
IPYHTOBUX 1 TOBEpXHEBUX BOJHUX 00'€ekTax € audy3He 3a0pyAHEHHS
TPYHTIB 1 TIOBITPS BiJl CUIBCHKOTOCIIOAAPCHKUX POOIT Ta TBapuHHMITBA [1].
A30T € KHUTTE€BO BAXKIMBUM IMOXHBHUM €JIEMEHTOM [UISI POCIUH, IO
MOTUBYE  IHTEHCHBHE BUKOPUCTaHHS  JOOpWB  MJIs  ITiIBUIICHHS
MPOAYKTUBHOCTI POCITUH. AJjie 30UIbIIEHHS BUKOPUCTAHHS TOOPUB TaKOXK
Mae€ collialibHI Ta €KOJIOT1uH1 HacHiaku. JloOprBa MoripmyTh SKiCTh BOJIH,
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10 BUKJIMKA€ €KOHOMIUHI Ta €KOJIOT1YHI MpobseMu. Y MUHYJIOMY CTOJITTI
aBTOMAaTH3allis CUIBCBKOTO rocrojiapcTBa Ta BITPOBAPKEHHS
BUCOKONIPOAYKTHUBHUX  KYJIbTYp CHpPUSUIM  BHUKOPHUCTaHHIO  JIOOpUB,
3011bIIEHHIO KOHIIEHTpaLlii HITpaTiB B IPYHTOBUX BOJaX.

VY neskux BMIAJKaX, KOJM yepe3 NMPUPOJHI Ta MITy4HI OOCTaBUHU
3aCTOCYBAHHS a30Ty MEPEBUIILYE MOMUT 1 3aTHICTh JIEHITPU(IKYyBaTH IPYHT,
a30T MO’KE MPOHUKATH Y BOAY, SK IPaBHUIIO, SIK HITpAT.

B €Bpomi cepenne BUKOPUCTaHHS a30THUX JA00pUB cTaHOBUTH 70 Kr/ra
[2]. ¥V neskux pailoHax 3 IHTEHCUBHUM 3pOILIEHHSIM KOHIIEHTpallii HITpaTIB y
BOJHUX 00'ekTax KoiuBaeTbcs B Mexax 50-100 mr/m [3]. MoHITOpUHTOBI
JIOCJIIJDKEHHS B YKpaiHi cBig4arh, mo mpuomm3Ho 50% mia3eMHUX BOJ
MalOTh KOHIEHTpalliero HiTpariB Oinbmie 50 mr/m 1 70% Oinpie 25 Mr/m.
A30T 3 CUIbCHKOTOCIOAAPChKUX JpKepen ckianae Bix S0 go 80% HniTparis,
110 HAAXO0A4Th y Boau €Bponu [1].

ToMy oriHka 3a0pyAHEHHS BOJAM Ta SKOCTI BOAM € HEBIIKIAIHUM
3aBJAAHHSIM COIIAJIbHO-EKOJIOTIYHOT Oe3MeKu. Y I[bOMYy KOHTEKCTi, 3 TOYKH
30py NPUKIAAHOT MaTeMaTHKH, HAHOIbII MOIIMPEHOI € mpodiema
HEKOHTPOJIbOBAHOT HEBH3HAYCHOCTI.

Jly’ke JIerko KOHTPOJIIOBAaTH OJWH OOpaHUi IMapameTp 3 HEOOXiJTHOI0
TOYHICTIO. AJie, SKIIO HaM JIOBEIEThCS KEpyBaTH BEJIMKUM HaOOpOM
IIPOCTOPOBO PO3MOJIJICHUX MapaMeTpiB Ha TPUBAJIUX MNPOMDKKax dacy,
KPUTUYHO 3pOCTAIOTh HEBU3HAUEHOCTI - SIK aJIeTaTOPHUHI, TaK 1 €MiCTeMivHi.
Ile TumoBa cuTyarlist 1Js aHAII3y SKOCTI BOAM, J€ MOTPIOHO KOHTPOIIOBATH
IMIMPOKMNA Jiarma3oH HapameTpiB OJHOYACHO. Y Il cuTyauii NpUHHATTS
pIlIeHb Ta aHaJll3 PU3UKIB € CKJIQAHUMHU 3aBAaHHIMU [4].

€ KUIbKa METOJIIB KOHTPOJIKO HEBHU3HAYCHOCTI, BKIIOYAIOYU
HEBU3HAUYEHOCTI, 10 CTBOPIOIOTHCSA  CKIAJHUMH  MYJIbTH(I3UYHUMHU
cucreMaMu [5]. Ane Takox Moxke OyTH copmMylbOBaHE 3aBIaHHS OO0
BUKOPUCTaHHS METONYy OOYHMCICHHS IJIsi OLIHKM PHU3UKY 3 OOMEXEHUM
HabOpOM mapaMeTpiB. Y TaKUX BUIAJIKaX MU MOXEMO 3MEHIIUTH KUTbKICTh
KEepOBaHMX 3MIHHHMX, He 3a0yBarouu NpPO CUCTEMHI IpolecH, pyuri Ta
3BOPOTHI 3B'SI3KH.

Takuii miaxin Mae BKIOYATH (GOPMYITIOBAHHS KOPEKTHOI METOJIOJIOTI,
METOJI BUOOpY 3MIHHUX, METOJl BHOOpPY TMOKAa3HUKIB Ta METOJ OI[iHKH
PHU3UKY 3 00MEXEHIUM HaOOpOM MapaMeTpiB.

[ei po3ail MPUCBAYEHO OIIHII PU3WKY 3a0pYyTHEHHS BOJ Ta aHATI3y
SIKOCTI BOJIY 32 JIOMIOMOTOI0 JIAHUX CYITYyTHHKOBOTO CIIOCTEPEKECHHS BOJIHUX
00'eKTiB, TPYHTOBOT'O TTOKPUBY Ta TIEPEHECEHHS 3a0pyIHIOBAYIB Y MOBITP1 y
HMIMPOKOMY KOHTEKCTI HaJ{IHHOTO YIPaBIIiHHS pecypcamH.
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VY 1bOMY KOHTEKCTI 3alpONOHOBAaHUI MiAX1J CHPSIMOBAaHUN Ha OLIHKY
o0cATy JOCTYMHMX BOAHHX PECypciB MO BIJHOIICHHIO [0 HasBHUX.
BiaminHOCTI MK IMMH ABOMA 00CSITaMH BU3HAYAOThCA 3a0pyaHeHHsM. Ha
HACTYIHOMY €Talli JOCHIDKEHHS CJil OLIHUTH 00'€eM BUKOPHUCTOBYBAHHUX
BOAHMX pecypciB. OOciIr BHUKOPUCTAHUX PpECYpCIiB  3aJIEKUTh  BiJ
TEXHOJIOT1H#, 110 3aCTOCOBYIOTHCS AJIsl CIIO’KUBAHHS BOJM.

METOJ10J0T'Is1: MYJIbTUMOAEJbHUMN IIIXI]

OniHka pHU3MKIB Ha OCHOBI BHMKOPHCTaHHS OOMEXEHMX HabopiB
napaMmerTpiB, OTPUMaHHUX 3 PI3HUX JDKEpesl 3 PI3HUMU  PYIIISIMH,
MaciTabaMu Ta IpUPOAOI0, € HETPUBIAIBHOIO TA AKTYaAJIBHOIO 33/1a4elO.

Jns ii BupilIeHHs, Tepi 3a Bce, HEOOXIMHO PO3TISHYTH TpoOsieMy
3aCTOCYBaHHS MojeJied /10 BHOOPY ONTHUMAJIBHOTO HA0Opy TMOKA3HHKIB
JTUCTAHIIIMHOTO 30H/yBaHHS B 3a/]a4ax OLIHIOBaHHS PU3HKY [6, 7,46].

Ha mnowatkoBomy etami mnpouec (OpMyBaHHS MPOrHO3Yy IOBUHEH
OasyBaruca Ha 0e3ii4i MOYAaTKOBHMX MPUITYIIEHb, BUPAKEHUX BEKTOPOM X

(x=(x",x",..,x*)). lle Moxyrb OyTM anpiopHi  NpPUIYLIEHHS,
CIOCTEPEKYBaHI UM BUMIPSIHI 3HAYCHHSI.

HacTymHEM KpOKOM € MOJEITIOBaHHS: MOJIENb IepepaxyBaHHs IUX
3Ha4YeHb B TPYyNy OCHOBHUX TiApPOJOriyHUX, Oiodi3nyHuX Ta
KiimMarosoriyaux cepit (F(x,&,y)=0, (x,£) = »), 310paHux y BEKTOp ).
Jaumi, cnuparoduck Ha iHGOPMAIIiio 3 TTapH (X,)), MU OOUHCITIOEMO 3HAYCHHS
JUIsL TIepelliKy MapaMeTpiB, 3rPYNOBaHUX Y T€, 110 HA3UBAETbCS BEKTOPOM
Mojenell Ha OCHOBi CYNyTHHKOBUX iHAmKatopi: z=(z',z%...,z') (3
=g (%), (x,y) >2").

B pe3ysbTari 1HTErpOBaHOT O MO/IETIOBaHHs napaMmeTpu
IIJICYMOBYIOTBCSL B TPHUILIET (X,V,z). Lleit koMOIHOBaHU BEKTOP € BUX1THOIO

TOYKOIO JUI1  MOMEIIOBAHHSA  COLIAIBHO-€KOHOMIYHUX,  COLIaJbHO-
€KOJIOTIYHUX TIapaMeTpiB Ta MOKa3HUKIB pU3UKYy (puc.l).

3a3Buyail MU pO3TISLAAEMO TPYIy Mojeliel S Ha OCHOBI CYITyTHUKOBHX
JaHHX, MO3HaYCHUX MITKOIO S € {1,2,...,5}. KoxHe 3 1IuX piBHAHB Take, 10

SHJIOTeHH1 3MiHHI z® MOXHa OTPUMATH SIK SBHE BiTOOpa)XKCHHA 3MIHHHMX
sapa z° = g°(x, ).

CynyTHHKOBa MOJENb MOXXe OyTH KOHILENTYyalbHO IpeICcCTaBlIeHa
paaKaMu 4acy (X,),z), ikl BU3HAQ4aTUMYTh NOBEIIHKY z;, 13 3aJMIIKOBHM

YIICHOM [L; :
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s _ K K
Z = f(xtb'xt—l""’xth’yt’ytfl""’ylfL’thT’#t ) . (1)
ITozasik z; € €AMHOIO 3MIHHOIO B J1IBOMY OOIll PIBHSIHHS, BIJHOCUHU B

MoOJIel € OAHOCHPSIMOBAHUMH: Bij (X,)) 10 z. TakuM YUHOM, IIpOCTa cepis
CYNyTHUKOBUX JlaHMX 0a30Boi Mozeni (opMaJbHO J03BOJISE  HE
B3a€EMOMISATH 3 IHIIMMU CYNYTHUKOBHUMM 3MIHHUMH, aHI OyAb-sIKUM
3BOPOTHHUM 3B'A3KOM MIXK z; 1 OCHOBHMMH NPUITYIIEHHAMM B (X,)) [8], Tomy

MU MOKEMO BHUKOPHUCTOBYBATH MK METOJOJOTII0, BUKOPHUCTOBYIOUH SIK
OKpeMI, TaK 1 B3a€MOTIOB'sI3aH1 MTOKa3HUKH.

Satellite model

Z=g'xy
(x,y)—> 2
Core natural .
Nadr 30 Satellite model Risk model
oy " ' = g (x, ) R(x,¥)
ARSI (5.9) > 7
(x,8)>y

Satellite model

Z=g(xy)
x,y)—> 2z

Puc. 1. baratoMo/ieNnbHAN TIAX1A IO OMIHKH COIIalIbHO-€KOJIOT1YHUX PU3UKIB

Tpaguiiitni Mozeni 4acoBUX cepiid, Taki sIK aBTOPErpecuiiHi cepeniHi
MOJIeli, € TApHUMH MPUKJIaJaMH MOJIesieil Ha OCHOBI CYITyTHUKOBUX JIaHUX.
MosxHa 3acTocyBaTH psl CTaHAAPTHUX METOAONOTiM  (Hampukian,
HENHIHHY aBTOPErpeCUiiHy €K30T€HHY MOJeNb), Mo0 3HATH HAWOLIBII
3py4YHy MOJENb MPOLECY CTBOPEHHS JaHUX Ui JAHOTO MOKa3HHUKAa PU3UKY
Z .

'

N P L K
Z, =c+ ZﬁlXt—l + ZplYt—l + Zalzt—l + Zekgtfk ) 2)
=0 =0 = k=0

ne Z,€ CyIyTHHUKOBA 3MiHHA, X, I BEKTOpP NMOYAaTKOBHUX E€K30T€HHHX
3MIHHUX s7ipa, Y, - BEeKTOp cepii mapameTpiB 11apy OCHOBHUX 3MIHHHX, 1 &,

I[e 3HAYeHHs cToxacTuyHoi momwiku. [lapamerpu ¢, 8, p, O HeBigoMi 1
MalOTh OYTH OIliHEHI.

OpHak, aBTOpErpecHiiHi MOJENl 4YacTO WPU3BOIATH OO HESIBHOTO
BIUTMBY JISSKUX JIpaliBepiB Ha IILOBY 3MiHHY. TaKiM YHHOM, 3arajlbHOO Ta
PEKOMEH/IOBAHOIO TMPAKTUKOIO € BUKJIIOYCHHS aBTOPETPECHHHUX YMOB 3
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JOJATKOBUX PIBHsHB [9]. ToMy 3anekHO Bl METPUKU PU3UKY Z,Ta TUILY

JI0JJaTKOBO1 3MIHHOI MOKe OyTH 3acTocoBaHa iHIIA (opma piBHSIHHS (2).
Hanpuknan, ans aHanizy pHU3HMKy, IOB'S3aHOTO 3 KJIIMaToM, Moxe OyTu
3aCTOCOBAHMM M1X11, OCHOBAaHWH Ha BUBYCHHI 3B's3KiB [10].

KnrouoBum acnekToM po3poOKHM CYMYTHHKOBOI MOJEIl € BaplaHT
BUOOPY, CIIPSIMOBaHUi Ha Te, 100 BU3HAYUTH, IKI OCHOBHI pyIlii Halkparie
MOSICHIOIOTh IMHAMIYHY MOBEIHKY JOCTII)KYBaHOI COILIAIbHO-EKOJIOTIYHOT
3MiHHOi pu3uKky [11]. BignmoBiiHO 1O Cy4acHHX NPHHLMUIIB HayK MpO
3eMiIt0 MPOMOHOBAaHMM MIAXIA [0 BiAOOPY 3MIHHUX IPYHTYEThCS Ha
MOE€HAHHI ~ €KOJorii, KIIMaToJorii, TiAporeoyiorii, rigpojorii Ta
TEOCTATUCTHKH SIK PO3TJSIAY CTATUCTHYHUX BIACTUBOCTEH OI[IHOYHOT
Mmozemni [12, 46].

4{ Observations & Measurements } Data

Models of systems response to external impact Statistical approaches and

and extremes algorithms
Ecologieal & blophysical Data selection, filtration
models: plants, crops and ) and processing
landscapes i
Hydrological & hydro- Selection of assessment
geological models techniques & algorithms

| Climate models ‘

Geological and GIS models:

slopes and soils Decision making approaches &
models
| Models of sensors & signals ‘ | Risk Assessment |
i
l ‘ Decision Making |
Selection of variables and
parameters

Puc.2. BUkopycTaHHs JaHUX Y paMKax MiAXOAY IJIsl MOJEIIOBAHHS JJIsl OLiHKH
COLIAJIbHO-EKOJIOTTYHUX PU3HKIB

Mopeni, moOyaoBaHI 3 BHKOPUCTAHHIM YHCTHX METOJMIB OTPUMAHHS
naHuX abo0 MPUHIIMIIB, TAKUX SK MAllMHHE HaBYAaHHS, HEHPOHHA Mepexa
TOImO (X04a BOHHM MOXYTh JOOpE BIAMOBIAATH HASIBHUM JaHUM),
HaifuacTime € HeBAATUMH IPU 3MiHAX 30BHIIIHBOTO CEPEIOBHILA, OCKUTBKU
HE MarOTh TEOPETHYHOTO MATpyHTs. Halikpami aHamiTH4YHI Ta MPOTHO3HI
MOJIe]li BUKOPUCTOBYIOTH TO€EHAHHS CTATUCTUYHOI CTPOTOCTI 3 (Pi3MUHUMHU
npuniunamu [10]. OTxke, mpormoHOBaHI Mojiei 00'€THYIOTh T€0SKOJIOTTYH1
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MoJIeNl 3 CTaTUCTUYHOO onTuMizauiero (puc.2). Moaeni, noOy1oBaHi TakuM
YUHOM, MalOTh JIOJJaTKOBY IepeBary MpocTOTH 1HTEpIIpeTarlii.

[Ipottlec po3poOKM  CYymyTHHUKOBOI MOAENi Tojsrae 'y BuOOpi
ONTUMAJIBHUX €K30reHHuX pymiiB X,, Y, y piBHAHHI (2) 3 Habopy

noteHuiHux pymiiB. Koam ocratouna mojaens Oyne oOpaHa Ta OILIHEHa,
YMOBHI JUHaMiYHI HpPOTHO3U Z, OyayTh TeHEPYBATUCS 3 ypaxXyBaHHSAM

MHOKMH KIHIIEBUX OIIIHOK MapaMeTpiB Ta MPOTHO31B OCHOBHHUX 3MIHHHX 3
nepuroro erany (puc. 2). OcTaHHIl KPOK MOJSATAE B TOMY, 1100 MEPEBIpUTH
OCTaTOYHY MOJIEJb Y BUOIpIIi.

[Tponienypa BHOOpPY ONTUMANbHUX PYLIIIB MOJSAra€ B HACTYITHOMY.
[ToTenmiiini pymii BU3HAYAIOTHCS HA MIACTAaBl BIAMOBIAHOI Teopii Ta
3a0e3MmeuyroThes KaaiOpyBalbHUMU BUMIPIOBAHHAMH a00 NPHUITYIEHHSIMH.
Ile rapanTye, 0 MM OTPUMAaeMO HaWOUIbII HaAlHY Ta MPOTHO30BaHY
MOJeNlb, JIOCTYNHY 3  mepeBipeHux 3MiHHUX. [lo0  yHUKHYTH
nepeobsagHaHHs Mojeni, OakaHo BUOpaTH HE3B'I3aHI Kepyroul pymii.
Bubpani pymii maooTh OyTM 3HaYHMMHU Ha 3BUYAHOMY pIBHI Ta MaTu
BiJIoM1 mapameTpu posnojiny. [1lo6 orpumaTi HEOOXiTHUN PO3MOMALI, CIiA
3acTocyBatu mpouenypy perymspusamii [12]. Ocrtatouni mopemi, obpani
IPOIETyPOI0 TIOMIYKY, PO3TIISIIAIOTECS IS Y3TOJKEHOCTI 3 MOYaTKOBHMH
IPUITYLICHHSAMHU.

OTxe, mpoGiieMa nossirae y BUOOpi 3MiHHUX JUIS KOXKHOTO THUITY MOJIEi
(x,€) > y, moOUIyKy BiMOBiAHOTO THIY (HOpMaATBHUX B3AEMOBITHOCHH

(x,y) = z" MK (QI3UYHUM Ta CHOCTEPEKYBAaHUM 3MIHHUMH IapamMeTpamu
Ta PO3pOOIIl 3arajJbHOrO PO3MOAUTY JUISI KOKHOTO JOCIHIIPKYBAHOTO THITY
pusuKy (2). TyT TakoX CIIiJI OKpEMO PO3TISHYTH MPOOIeMy perymsipu3altii
MOYATKOBUX PO3MOJLTIB 3MiHHUX [12].

[Ticnst TOTO, SIK MM OTPUMAEMO PO3MOIUT MapaMeTpiB, 110 BU3HAYAIOThH
CTaH CHUCTEMH, HaM HEOOXIAHO OIlIHUTH PO3MOAUT PU3HUKY Ta MPUUHSITH
YIPaBJIIHCHKI PILICHHS.

MOJEJII OIHKHA PU3UKIB I IIITPUMKMU PIILIEHb

Ha ocHoBi oTpuMaHux HaOOpiB MOKa3HHWKIB MOYKHA 3alpOTIOHYBATH
METOJIOJIOTI0 OI[IHKH PU3UKY Ha OCHOBI ONTHUMAJILHUX PIIICHb [5].

B pamkax 3aBmaHHS OLIHKM PHU3UKIB Ta YIPaBIiHHSA PHU3HKaMH, Ha
BIIMIHY Bijl KJIACHYHOTO TPHUKJIAIYy YIPaBIiHHS pecypcamu, SK KUIbKICHI
XapaKTEPUCTHKH CJiJI BUKOPUCTOBYBATH 3MEHIIEHHS a00 HE3pOCTaHHs
BTpaT. 3MiHHI, SIKi BIUIMBAIOTh Ha XapaKTEPUCTHUKHU CUCTEMHU YIPaBIIHHS
(abo cucTeMH NPUHHATTS pIlIeHb), MOXYTb OYTH TakUMH, Ha SKi MH
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MO>KEMO BIUIMBAaTH (KOHTPOJIbOBaH1), a0 He3aJleXkH1 BiJ] HAIIOTO BIUIMBY
(HekepoBaHi). TakuM YMHOM, KOHTPOJIBOBAaHI 3MIHHI - II€ MapaMeTpu
NPUMHATTA pilleHb 17 BIUIMBOM 1H(popmauii (BXIAHMX JaHHUX) Ha
MOBEJIHKY HEKEPOBaHMX 3MIHHUX. AHaJli3 €(eKTUBHOCTI MOBHOI'O MPOLECY
300py, 00poOkM, iHTeprnperanii iHpopMalli HPO BUBYEHY CHUCTEMY,
OPUMHATTS pillleHb, aHalli3 BIJNOBIJHOCTI CHCTEMM pIIIEHHSIM MOXHA
po3risaaTH K yactuHy opmanizauii "iHpopManiiHoi BiANOBIAL".

Taka Qopmanizauist moxxe Oyru 3poOieHa HacTynHuUM yuHOM [13]:
BU3HAYUTU 5K /(X,),z) (IMOBIPHO CTOXaCTHuHY) iH(oOpMallilo, OTpUMaHy 3
npsiMuX (IOJIbOBHX) BUMIPIOBaHb, CIOCTEPEKEHb Ta MOJENEH MPOrHO31B;

H, (i|9)- e QyHKIIS po3noAuTly WMOBIpHOCTEH 1 e 6 - CTaH BUBYEHOI'O

MPUPOAHOro 00'ekTa abo cucTeMu. 3arajiomM, CTaH CUCTEMU HE MOKHA TOYHO
BU3HAYUTH, 1 TAKUM YUHOM MU TIOBHHHI BH3HAYUTH BIAMOBIIHUN PO3MOALT
iMoBipHOCTI p(0) 1 posnonin H, (i|0) , SKUU OIMHUCYy€E amnpiopHY HETMOBHOTY
JOCTYIHOI iH(opMaIlii TPO BUBUYEHY CUCTEMY.

CrtBOpeHHs Ta peaji3alis yNpaBIiHCHKHUX pillleHb (opMami3yeTbcs sK
BIJIMOBIAb Ha BXIJHY 1H(MOpMalio K (QYHKLIIO NPUHHATTS pimieHb d(]).
Knacuunuii miaxin npuiyckae, o y BUMaJIKy IeBHOI KOHKPETHOI cTpaTerii
MPUHHATTA PIIIEHb B YMOBaX MOCTIHHOTO CTaHy NPUPOJHUX cucTeM, & abo 3
MEBHOIO 3MIHOIO IILOTO CTaHy, BTpaTW BU3Ha4aroThes 5K [ (d (1), 6). dusa
(GYyHKIIIOHYBaHHS pIllIEHHA OYiKyBaHi BTpaTH a00 pU3MKH, TOB'A3aHI 3
po3poOKor0  HEOE3MeYyHUX  MpOIEeCiB, TMOB'SA3aHI 3  MPUAHSITTIM
YIPaBJIIHCBKUX DILIEHb HA OCHOBI OTpUMAaHOi iH(opmarii, MOXyTb OyTH
OTHCaHI SIK:

R(I,d) = R[H,(*),d),d]= [[1(d()),0)dH ({6) p(6)d6 . (3)

Leit pu3nK MiHIMI3YETBCSI ONITUMAIIBHOIO (PYHKIIEIO TPUHHSATTS PillICHb
d*, mo mae Ha3By QyHKIi pimeHHs baeca, 1 Bu3HadaeThes iHdopmartiero [

R(I(2").d*)=min [[1(d(0),0(x. y)dH, () p(6)do. 0

Takum YMHOM, PU3HK - 11€ TPOCTO (YHKLIOHATbHA (YHKIS PilICHHS.
BaxxnuBo, mo6 miHIMI3aIlisg BTpaT BUMarajga Hamipy MOBHOTH iHQopMarii
PO JOCHTIJKYBaHY CHUCTEMY, TOOTO BU3HAYEHHS CTaHIB O, IS KOXKHOTO 3
SKUX MOKHAa BU3HAYUTH PO3B'SA30K {a} (SIKI CKJIaIal0Th HAOIp MOMKIMBUX
pimeHs a0o agMiHICTPaTUBHUX Hii A).

JaBaiiTe pos3riisiHeMO pearnizanito Habopy nanux (iH(opmaris,
OTpUMaHa 3 MPSMUX BUMIPIB (TI0JI5T), CIOCTEPEKEHD Ta MOJICTBHI IPOTHO3H )
i* sgKka onTuUMi3ye (QYHKLII0 TPUHHATTS pilleHHs d* 1 MiHIMI3ye
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BIJIMOBIIHUNA PU3UK, TOMY HOMIHAJIIBHO poouTh iH(opMmaiwo (/) popmansHO
3aBepiieHo (/%)

3 odiuiitHo1 TOUKM 30pY, /* = I (iHpOpMAaLlis HOMIHAJIBHO [TOBHA), SIKIIO
icuye ¢ynkuis ¢ (i), wo komun H, (i|0) # 0, 0=¢(). [HmuMu croBamu,

NOBHOTa ()OpPMANIbHO O3HAYa€, LI0 ICHYE €IUHUA CTaH BHUBYEHOIO
MPUPOTHOTO 00'ekTa ad0 CHCTEMH, IO BIJAIMOBIIA€ BCIM HAOOPOM JaHUX -
okpema peanizauig iHopmanii /. Ile o3Hauae, 10 MU MOBMHHI PO3POOHTH
HaOip Momeneit (x,&) >y, sKi eKcilyaTyBaqu Halip mapamerpis

(x,y) >z, gkuil MOXHA KOHTPOJIOBATH TIEBHUMH TEXHOJOTIYHHUMHU

IHCTpyMEHTaMH B paMKax CTiiiKoi MeTOZ0J0rii BUMIpIOBaHHSA. Y HallOMY
BUIMAJIKy 11l BHUMOTH BIAMOBIJAIOTh J@HUM 1 METOJAaM CYIMYTHHKOBOTO

CIIOCTEPEkKEHHs NOBEPXHI 3emil z; .

VY onucanoMmy BUNAAKy (YHKIISI ONTHMAaJIbHOIO PILIEHHS MOXe OyTu
BHU3HAUEHA HACTYITHUM YHHOM:

d*(*)=0b, 1(b,¢(i*))= mini(a, §(i*)). 5)

Toxi, mpu onTuManbHOMY (YHKIIOHYBaHHI PIIIEHHS Ta HOMiIHAJIBHO
NOBHOI 1H(OpMaIIil PO AOCIIKYBaHY CUCTEMY, PU3UK OyJlie BU3HAYaTUCS
AK:

R(I*,d*)= | min/(a,0) p(6)d6. (6)

JU1s KO’KHOTO BHUITAJKY CJIiJ OMHMCYBAaTH MOJIENi, CIIPSIMOBAHI Ha aHali3
NOBEJIHKHU po3noniny H, (i|0) Ta p (6), 1 TOMy 10 BU3HAYCHHs peamizarii i *

MHOXHHHU [. Sk onTHManbHy (QYHKIIO pillIEHHS B I[bOMY MiJXOJi MOXKHA
BUKOPUCTOBYBaTH cTtoxacTu4yHuii [14 ], baieciBchkuii [15] abo HewiTki
omepatopu, [16, 17] B 3aleXHOCTI BiJ 3aBIaHHS, JOCTYITHOCTI JaHHUX Ta
BJIACTUBOCTEH 1X PO3MOILTY.

PosrnsHyTHii KOMIUIEKC aHATITUYHUX MOJeNeld CIpsSMOBaHWN Ha
PO3paxyHOK YHIKaJbHOrO HaOOpy MapameTpiB, sKi MOBHUHHI OyTH OTpHMaHi
3 BHM3HAUEHUX CHCTEM CIIOCTEpPEKEHHS, BHKOPUCTOBYIOUM BH3HAYEHI
IHCTpyMeHTH 0OpoOKM Ta iHTepmpertauii JaHuxX. PiBHAHHA (6) 103BOIIsIE
OI[IHUTH PO3MOJIIT PU3UKY CTHUXIMHUX JIUX, a TAKOXX CTBOPUTH ITiABAITY JJIsI
CHCTEMH NPUHHATTS PillIeHb 11010 YIPABIIHHS PU3HKAMU.

Sk Oyno mokazaHo B poborax [7, 17, 46, 47], MoientoBaHHS T€OCUCTEM
MOBUHHO OYTH HEBIA'€EMHOI0 YAaCTHHOI SK METOIB 1HTeprpeTarii
JUCTAHI[IHOTO 30H/IYBAaHHSA, TaK 1 CHUCTEM OIIHKM pPHU3HKY Ha OCHOBI
BUKOPHCTaHHS JaHMX JUCTaHIiWHOTO 3oHAyBaHHSA. lle BuMarae
HiABUIIEHHS piBHSA HAIIMX 3HaHb Yy Taly3l HAayK Mpo 3eMiio, a TaKoxX
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301IbIIEHHS BUMOT Yy cepl NpUUHATTSA pimeHb. HoBl BUKIMKY BU3HAYaIOTh
HOB1 METOJI0JIOT1YHI BUMOT'H.

[To-nepuie, 3anporoHOBaHa METOIMKA JIO3BOJISIE POLIMPUTH NMPOOIIEMY
BU3HAYCHHS BHKOPHCTAaHHS CYMYTHHUKOBHX CIIOCTEPEXEHb Y 3aBIaHHIX
colianbHO-eKoNoriyHoi ~ 6e3neku. Ha  pomatok 10  TpaauuiitHOTO
CTaTHUCTUYHOI'O aHalli3y, CIpPSIMOBAHOIO Ha BUSBIEHHS 3MIH IOBEPXHI,
MOKHA aHali3yBaTH Ta INPOTHO3YBAaTH CTaH JOCIII)KYBAaHUX CHCTEM,
CIIMPAIOYHCH HA MOJENI T€OCHUCTEM.

Ie, 6e3yMmoBHO, po3muproe o0csar Ta chepy 3aCTOCYBaHHS MIIXO0ay Ta
MOXK€ TO3WTHUBHO BIUIMHYTH Ha HAAIMHICTh pE3yNbTaTiB, OTPUMAHHUX
3aBJISIKU BUKOPHUCTAHHIO PI3HUX JDKEPEIl JaHHX.

[To-npyre, 3amporioHOBaHa METOJOJIOTIS BKIIFOYAE 3BOPOTHHH 3B'S30K
MK YINPaBIIHCBKMMHU PINICHHSMH Ta CTaHOM CHUCTeMH. TakuM YHHOM,
nependavaeThCsl, U0 CTaH CUCTEMH 3alIeXKHUTh BiJl CIIOCTEpirada: pU3UKU
3ajekaTh BiJ MPUUHATOrO PIIICHHS Ta BIUIMBY HA YIPABIiHHS (MHUHYJIOTO,
MOTOYHOTO Ta 3aIJIAHOBAHOTO) CHCTEMH.

Ile Moxe MO3WTHMBHO BIUIMBATH Ha €(EKTHBHICTb YIPABIIHCHKUX
pillieHb Ta Ha SKICTh OLIIHKM pU3HKIB [18].

OCHOBHI IPUPOJHI MOJAEJII: POPMYBAHHSA TA
IHEPEHECEHHS 3ABPYJITHEHb

Ha ocHoBi ommcanHoi 3arajibHOI METOMOJIOrT MOAEIIOBAHHSA  IJIs
JOCHIJKYBAHOI ~ MpOOJIeMHM  MOXHA  3alpolOHYBaTH  MPOOJIEMHO-
OpleHTOBaHMN OaraToMojeNnbHUN miaxia (puc.3).

J. Chsenvalion (monitoring & control) strategies development i
Data Risk models
—] Observations |+— Measurements | Decision making|
Core models: basins & transport | Data integration H Data reiL:Ianzatlon ;
; ]
3 - |
Water body models Satellite models - I'.
£ \ \
[Flux & transfer models K [ satellite data |+{ Field data |
- S | Spectral signal model |
[ Pollution model [ ™ |
== 4wy i Tl

_— = X_( T .
- Signal intensity transport model
| Air models - Land-Use & Crop model | = B hep

Puc. 3. [IpobneMHO-Opi€HTOBAaHUI 0AaraTOMOJCIBLHUH MiIX1]T A0 OLIHKHA PU3UKY
SIKOCTI BOJIH
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OcHOBHI MOZeJl IIOBMHHI BKJIIOYAaTH MOJENI BOAHUX OO’€KTIB 1
MOTOKIB, OPIEHTOBAaHUX Ha aHaJli3 MepeHoCy 3a0pyAHEHHS Ta MOJICJIIOBAHHS
rigpoxiMiyHOTO ©OanaHcy B BOJHHMX eKocucrtemax. Kpim Toro, cifg
pPO3MIIAHYTH ~ MoJeni  3a0pyJHEHHs  HaBKOJUIIHBOTO  CEepelOBHINA,
BKJIIOYAIOYM  BUKUIAM Y TOBITPSHUH  TpocTip Ta  3a0pyIHEHHs
CUIBCBKOTOCIIOAAPCHKUX yTiab. Halip 3MiHHUX, 110 OMMCYIOThH SIKICTh BOJIH,
€ pe3yJbTaTOM IbOr0 eTamy aHaiizy. Mojenl CynmyTHUKOBUX JaHHX
NOBHMHHI BKJIIOYaTH MOJeNi (OpMyBaHHsS CHTHAJIIB Ta aHAJi3 3B'3KIB MIXK
CYIIyTHUKOBUMHU Ta Ha3eMHMMM JaHuMU. HaOip OCHOBHHMX Mojeneil Ha
OCHOBI BHOpaHMX MOKA3HUKIB € PE3yJIbTaTOM LbOTO €TaIly MOJEIIFOBAHHS.
Mogeni pu3uKy MOBUHHI OYTH CHPSIMOBaH1 Ha MOOY/I0BY aJITOPUTMY OLIIHKU
PHU3HUKY 3 BUKOPUCTaHHSIM HaOOpy BUOpaHMX MOKA3HMKIB.

Mopenb BOAHOIO TijIa: 3arajibHa MOJeJIb POCTOPOBO PO3MOAIIEHOT
BO/IHOI €KOCHCTEMH

Hexaii Bu3Hawaemo c(x, y, z, t) SIK KOHIIEHTpAIIl0 MPOCTOPOBO

po3mojineHoi Martepii. 3araqbHe MaTeMaTU4yHE TMOJAaHHS JUHAMIKU
PEYOBHHM | Oy/ie ONMCAaHO HACTYITHUM PIBHSHHSM:

acj
E:F}(cl,cz,...,cn,x,y,z,t)Jr
o’c. o', d’c, o o 0 ’ )
+D| —+—F+—5 [-—Vic)-—V,c)-—V.c))
ox° oy’ Oz ox ooy T oz T
ne Vy, Vy, V, - KOMIIOHEHTH BEKTOPY HIBUIKOCTI.
oc.
Cucrema 8_;=Fj(cl’ Cyy s €, )3 j =1, 2, ..., n - TOYHA MOJEND 3

posnoaiieHuMH  napamerpamu; QyHKUisL  Fi (¢, ¢, ..y €, X, Y, Z, 1) MOKE
OyTu niHIHOIO a00 HENIHINHOKI 3 3MIHHUMH KOeQilliEHTaMH 3aJIeKHO BiJl
qacy f.

3aragbHa MojJeJib NMOTOKIB Ta TPAHCHOPTYBaHHSI 3a0pyJlHeHb B
eKocucTeMi

Hexaii anamizyemo 00'eMHMIT eTleMEHT BUBUEHOI cepemoBuiia Ax, Ay,
Az (puc.4)
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ﬁ‘lly

Puc. 4. Ilepenava 3a06pynHEHb Y BOJIHOMY CEPEIOBHIIII

Maca nepemilyBaHoro 3a0pyJHEHHs] pEYOBHUH 4Yepe3 OAMHUINO TUIOIII
B OJMHUIN0 MPOMIKKY dacy B3aA0BXK (Ox), (Oy) ta (Oz) cKiIanamTh
BIATIOBIZHO My, M, Ta m.. TOMy MM MOKEMO 3alICaTH HACTYIIHE PIBHAHHS:

mxz—D%,m,z—D@,mZ:—D@ (8)
6 g

X oy 0z
1€ My, My, M - LIIBHICT MOTOKY, D - koediieHT aAudysii.

SIkio Hae cepenoBullle 3MIHIOEThCA 31 mBHUIKICTIO V(Vy, V), V2), Mu
MOKEMO HaITMCATH:
oc oc oc
m.=cV.—D—,m,=cV,-D—,m,=cV,-D—, )
ox oy oz
ne Vi, Vy, V, € KOMIIOHEHTaMH BEeKTOPY IIBUIAKOCTI.
Y oO'emi dyactku AW =AxAyAz3a dacoBuii iHTepBan At Oyne

BIJIKJIAIaTUCS Maca:

om
AM =~ A ae— ™ A ac—

Ox )y 0z

LUNIN (10)

Po3nofin pe4yoBHH y CTATUYHOMY CEpPEIOBHILI Oy/e ONMCAHHM SIK:
oc o’c 0’c 0Oc
- = D —2 + —2 + —2 .
ot ox~ oy Oz

I B pi3HOMaHITHII 06CTaHOBIII HACTYITHUM YHHOM:

(11)
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“mﬁ%ycy

0 0
X ax_ﬁy%?j——( =5 (-2 (Vo). (12)

) oc )
SIKIO MM TPUPIBHIOEMO a—=0, TO CTATHYHUK PO3IOMALI PEYOBHH
t

CTATUYHUU:
2 2 2
%%%52 =0, (13)
X z2

I 17151t pi3HOMaHITHOTO CepeIOBUIIIA:

2 2 2
D a_+a_+a_(; —E(VYC)—E(VC)_Q(VZC):O' (14)
ox* oy’ oz ox 7 oy T oz

S0 B HABKOJIMIIHHOMY CEpPEAOBHINI MPEJICTaBICHO JHKEPENo
peuoBuH G abo0 ximMiuHHMX a00 0i0JOriYHUX mepeTBopeHb F(c,Xx,y,z,t), i

PIBHSHHS OyAyTh NPE/ICTaBIEH] HACTYITHUM YHHOM:

oc d0’c 0c 0dc

a——F(ny,Z t)+D(F+a_2+67j’ (15)
a——F(c,x,y,z,l‘)jLDAc V@—V @—V@. (16)
ot Yox oy oz

MopeJib BOAHOIO TA TiAPOXiMiYHOr0 0aJIaHCY BOJHUX €KOCHCTEM

Y pi3HOMaHITHOMY BOJHOMY CEpEIOBUII ICHye OaraTto crnoco0iB
TpaHCIIOpTyBaHHs pedoBuH [19]. Hexait ax D,, D, 1 D. BU3HaA4aroTh
KOMIIOHEHTH KoedilieHTa TypOyneHTHOI maudy3ii. Y mboMy BHUMAIKY
BIJIMTOB1/IHI KOMIIOHEHTH IMOTOKY 3a0PYIHIOIOYHX PEYOBHH 3 KOHIICHTPAIIIEIO
c(x, y, z, t) OyayTh BU3HAUEHI fK:

dc DinVcD@ (17)
dx dy dz

PiBHAHHS A7 TpaHCIOPTYBAaHHS  HEKOHCEPBATUBHUX  PEYOBUH
(3a0pyIHIOIOYHMX PEYOBHH) Y IMOTOIl BOIM:

@:3[1) @—Vx j a[D @—V ]+3[D ﬁ—Vc) a*c+ fx,y,2,t) (18)
ot Ox ox oy o oz Oz

ne o* - KoedilleHT MIBUIAKOCTI OCimaHHsA, f(X, y, z, t) - BHYTpIIIHI
JoKepena Ta QyHKIIS CTOKY.

['pannyHi yMOBU MOXYTh OyTH BU3HAUEHI SIK:
C(X, Vs 2, tO) = c(x, ) Z)9 (19)
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=0

c(x,y,z,tj v=x, =€ (y, z,t)? =0 oc ' (20)

X= r A

VAR on

1€ X=x; - 3a3BHYail BepXHs IUISHKAa BOJASHOIO TiNA, X=X; - HMKHS
JUISIHKA, 71 - 30BHILIHS HOpMa JI0 OBEPXHI.

¥V pa3i HasiBHOCTI HAIUIMBY 3a0pyIHIOIOYHMX PEYOBHH 3 ONA/IB!
oc
Ve—D — =c . 21
{ z z 62 }ZO prqpr ( )

Ae ¢, - BHUNAJIAHHS HA OJMHHLIO IOl  BOJOMMHUIIA, Cpp -

KOHIIEHTpaLlisl 3a0py/IHIOBauya B aTMOC(EPHHUX OIaaax.
VY pa3i HasgBHOCTI 3a0pYyIHIOIOYMX PEYOBMH Yy JOHHUX BiAKIJIAJAX,
30KpemMa QuIbTpaLii MiA3EMHUX BOJ:

c(x,y,hb,t):c/; {Vzc—Dz %} =cv,, (22)
z=h,

Jie ¢, - KOHLCHTpAIlisl 3a0pYAHIOI0YHX PEYOBHH y IDYHTOBUX BOJAX; V,

- BEpTUKaJbHA CKJaJI0Ba BEKTOPY IIBHJIKOCTI (UIbTpalli MiJ3eMHUX BOJ;
(hb ) - rmMOuHa BOJONMHUIIIA.

o6 BupimmTH 110 MPOOJIeMY, TaBalTe PO3IITUMO HAIIE CEPEIOBHIIE
Ha n KoMmipok. Jlns koxHOi komipku i = 1, 2, 3, ..., n JOCHIIKYBaHOTO
CepelloBHIA MOKHA BH3HauuTH: ¢, ¢’- Qmoc Boam 3 komipku (i) 10

xoMipku (i + ) i npuBe/ieHy KOHIIEHTpALIil0 PEYOBMHH j B KOMipHi 75 , ¢,

™. ¢moc Bomm 3 Komipku (i-I) mo komipku (i), i TpHUBeneHa
KOHLIEHTpaLlisi pe4oBUHH j B KoMmipui (i-1); , ¢, ¢/ - Groc BoaM 3 IPUTOKY
(k) no xomipku (i) 1 mpUBEACHY KOHIIEHTpAIliI0 PeUYOBHUHU j B Komipii (i),
(k=1,2,3,...,n;4); , qi, c!/- TpPOHUKHEHHS IPYHTOBUX BOJ i3
g

3a0pyHIOBaYEM (f) Ta KOHUEHTpalii pe4oBuHH (f); ¢, Cp,

- BHIIQJaHHS B
KOMipKy (i) i3 3abpyxnHioBadeM (j) Ta KOHIEHTpaLi€ (j); g.,- IONUT Ha
BOAY; q., - BUmMapoByBanHs 3 komipku (i-1); m; (c”, /) - maca peuoBunu
(/) y xomipii (i), 1110 IEPEBO3UTHCS 3 JOHHUX TOKJIAJIIB, Ta 11 KOHIICHTPAIIIS
cgs; o/, N - Koe(illieHTH CeAMMEHTallii, XiMiuHe Ta OioJoriuHe
posknananus; W' (t), W, - obcar KoMipku (i) B MOMEHT £ i OYATKOBHIi yac
t=ty; F'(c", ¢!, t) - dyHKiis MacoBoro oOMiHy peuoBUHH () y KOMipii
(7) 3 rigpo-6ioToHO; £ - UaC.
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Maca pedoBuHu (3a0pynHioBaua) (j) MH  MOXEMO  OIL[IHUTH,
BUKOPUCTOBYIOUH JU(epeHIialbHe PIBHIHHS:
dMij i-1 i-1,j < i ij i i i i ij i i i ij
dl =q ¢ +kZ:]:chk +qfcf +qprcpr+mbs(c 9cbs’t)_(q +qwd)c _, (23)
—(@" + AW~ FI(c L0,
Maca pedoBuHM (j) TakoX Moxe OyTH BHpaxkeHa uepe3 00'eM i
KOHIICHTPAIIIO BOJIU:

k=1

MY (1) =/ (W' (1) = c"f(r{W(;’ +(q"“ v g —q ~ —q;‘v]tJ , (24)

OT)KG, MM MOKEMO OOYHUCIIUTH:

i

dc’ [N ERETER < I i i P Ay
=—q ¢ +zchk iy + o T My (€76, 1) =] ¢+ G + [ (25)
e W = dt

~(@+ 7)) = (),

Takox cii qoaat piBHSHHS BOAHOTO OajmaHCy KOMipkH (i):

dW[ i— i < i i i i i
— =g G+ D 4 T 0 4 G~ - (26)
dt k=1
SIxwo ¢, g7, 44, 4y s q') g, - TOCTIiAHI, MU MOXKEMO iHTETpyBaTH:
W =W+ 7 + 4+ D e+ =4~ s — e |t - (27)
k=1

i-1,j i i i s e : [/
Asikio ¢, ¢;, ¢, €, TAKOX HENEPEpBHi 1 AndepeHiiioBati, a my, =

f7=a"=1\"=0, MU MOKEMO iHTErpyBaTH:

i
9in

VVOi qiin _q(i)ul i i1 o i
—0_ . oae qn=q"'+D.q,+q +q,, Ta
W' (t) k=1

4. =9 +q.4+q.,, ¢’ - pIBHOBaXHI KOHLEHTpALLi:

clt)y=c"" + (cg —c)

n;
i-1 i-1,j i ij i i i if
q ¢ + qfcf + quck + qprcpr + mbs
¥ _ k=1
¢ = . (28)
i-1 i i i i
47 g D+ 4

k=1

Sx1o piBeHb BOAM B JOCHIPKYBAHOMY TiJII 3MIHIOETHCSI HE3HAYHO, MU
MO>KEMO 3alpOTIOHYBATH:
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LB

0

c’(t)= cp+ (c] - cg)expl — (29)

He:
n;
g™ +qpel + Y qic] + gy +my,
¢, = s : (30)
(1+ 871 47 + 4t + D a0 + G — ey

k=1

T, = s ,BY =a +27, (31)

g7 +qi+ D g +4. —q.,

k=1

a’ =0, M #0,1a f7(c,cl,t)=0. (32)

s Moznens Mae BUCOKY €(EKTHBHICTh MPHU aHali3l FAPOXIMIYHOTO Ta
BOJHOTO OasiaHcy BogHMX 00'ekTiB [20].

MopaeJi qnucnepcii 3a0py1HeHHsI aTMOC(EpPHOro nNoBiTps

JUis OLiHKM PHU3UKIB Ta 3aBAaHb 3 YIPaBIIHHS O€3MEeKOI0 HEOOX1THO
MIPOBECTH aHANI3 TPAHCIOPTYBaHHA 3a0pYIHIOIOUHMX PEYOBUH B aTMochepy.
Icaye Oararo cmoco0iB aHami3y po3moAuLTy arMocepHHX 3a0pyIHEHb.
KntoyoBi MatemaTtuuHi Mojeni 3a0pyJHEHHS aTMOc(epHOro MoBITps Ta
nucnepcii 3a0pyAHeHHs onucadi B [21].

Posnonin  3abpynHrorounx  peyoBHH B arMocepi  MOKHA
MpoaHaJi3yBaTh 3a JOMOMOIOI0 MOJEIeH TUCHepCii YaCTUHOK Ta Mojesen
3a0pyaHEeHHS TOBITPS [22].

€ KibKa OCHOBHUX MOJIEJIEH auCTepCii:

= EiinepiBcbKa AucCHepciifHa MOJENb (YUCeIbHE PIICHHS PIBHSHHS
mudysii atmochepn);

= TaycoBa mozens aucnepcii (KOHIIEHTpaIlis 3a0pyIHIOBaYa, 1110
OTMCYETHCSA K TayCIBCHKHI PO3IOILN);

= JlarpamxeBa nucriepciiHa MOJIENb (aHaJi3 MPOIECIB Y TMHAMIYHOMY
MOBITPSTHOMY CEpeIOBUIII a00 iMiTallis Iucnepcii 3 yMOBHUMH
YaCTUHKaMM).

Mopeni  3a0pynHEHHsT TIOBITpS MOXYTh OyTH  pO3IiIeHI Ha
HamiBeMIipHyYHi (Ha OCHOBI eMIipHYHOI IapamMeTpH3allii), CTOXaCTH4Hi Ta
iMiTamiiiHi  Momeni. JIims  TpoOrHO3yBaHHSA PO3MOAUTY  3a0pyIHIOIOYHX
PEYOBHMH MOXKHA 3aCTOCYBATH DPIBHSHHS MOJIEKYJISIPHOI Ta KOHBEKTHBHOI
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mudysii. Lle piBHSHHS ONMCYe TPAHCIIOPT PEUOBHUHU B PI3HUX CEPEIOBUIIAX
3 IEBHUMH OOMEXKEHHSIMH KOPJIOHIB.

Y HalmpocTimoMy BUNAAKYy MOXe OyTH 3acTOCOBaHa OJHOMIpHA
eMITIpUYHA MOJIETIb!

. dx
O

Jie V - BHAKICTh 3a0pyTHEHHSI, ¢ - Yac BiJ] TOYaTKOBOTO MOMEHTY fy; X -
1€ KOOp/IMHATA.

(33)

Binbi TOYHI pPO3paxyHKM MOXXYTb OyTH BHUKOHaHI 3a JIOTIOMOTOIO
TpuBUMipHOro mnapabosiyHoro piBHsHHS (National Research Council,
1992):

+v(x,y,z",t)gradC(x, y,z",t) — divDgradC(x, y,z",t) » (34)

oC(x,y,z",t)
T,t) = ————2=
o(T,1) o

ne C - xoHueHTpauis, D - KoedilieHT TypOyJIeHTHOTO TPAaHCIOPTY, -
yac BiJ TIOYaTKOBOIO MOMEHTY fy, () - 1HTEHCHBHICTb JiKepeia
3a0py/HEHHS, V - MIBUJKICTh 3a0pyJHEHHS; z* - BEpTUKaIbHA KOOpAWHATA
3MEHIIEHa [0 MICLUEBOCTI Zp 3 YypaxyBaHHSAM eQEeKTUBHOI TIJIMOUHU
pociuHHOCTI, 1 - TeMmepaTypa.

Mopean 3a0pyiHeHHs: HITPaTHe 3a0pyIHEeHHA

Jns ananmizy 3a0pyaHEHHSIM a30Ty MOTpiOHA MOJIeNIb 3a0pyIHEeHHSI, sSKa
IPYHTY€ETbCS Ha PO3YMIHHI IIMKJIY a30Ty B HABKOJMIIHBOMY CEpeIOBHIII
(puc. 5) 1, HacamIiepel, Ha MOJeJli BpOXKaHOCT1 (TIPOAYKTUBHOCTI POCIIHH),
OCKUJTBKM CUTBCBKE TOCTOJIAPCTBO € OCHOBHUM JDKEpEIoM Iu(y3HOTO
3a0pyaHeHHs HiTpaTtamu [23, 46, 47, 48].

AHani3 MPOIYKTUBHOCTI POCIUH, IO € HEOOXIAHUM JJs OIIHKHU
3a0py/HEHHsS HIiTpaTaMu, MOXXe OyTH pO3paxOBaHUIl 3TiJHO 3 HACTYIIHUM
PIBHSIHHSIM:

Y, =a+b-WS,y+c-Vij+d-Nv,y+e-N§y+f-VK,yNw, (35)

me Y, - BpOJKaHHICT 3 IUIOLIi § TPOTATOM PoKy y (kr/ra), W, - Bona,

N

BUTpayeHa Ha KyJbTYpy, PO3TallloBaHy Ha miowi s (M3/ra), i N -

NoOpUBO, SIKE 3aCTOCOBYETHCS UIA KyJIbTYPH, PO3TAIIOBaHiil Ha ol s
(xr/ra) mpotsirom poky. Koeditientu a, ..., f BiakamiOpoBaHi (HanpuKiaz,
METOZI0M HalMEHIIMX KBaJpaTiB) 3a JOMOMOTOI0 IaHWX BUMIPIOBAHb Y
HOJI.
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Fixation N,

On-ground loading

Plant uptake

Land surface

Puc. 5. 3aranbHa MOJIENb LIUKITY a30TYy.

BceranoBineHo, 1m0 KUIBKICTh BWJIYTOBYBaHHS, a OTKe€, 1 KUIBKICTb
HITPaTiB B IPYHTOBHX BOJAX 3aJICKUTh BiJl TEPMiHIB 3aCTOCYBaHHS J00pUB,
POCIMHHOTO TOKPHUBY, IMOPUCTOCTI IPYHTY, CIOCOOY BHECEHHS I00pHUB,
HIBUJIKOCTI 3porieHHs [24]. SIk TUIbKM a30T 3aCTOCOBYETHCS /10 POCIIMH, BiH
3a3Ha€ JESIKUX MepeTBOpeHb. Ilicis 3aCBOEHHS Ta MEepeTBOPEHHS POCINHU
YacTUHA LIOTO a30Ty MEPETBOPIOETHCS B HITPAT, SIKUM MOXKE MPOCOYUTHUCS
JI0 BOJIOHOCHOTO TOPU30HTY. KiTbKICTh BUBEJAEHOTO a30Ty Oysa BBElICHA B
MOJIeJIb YIIPABIIiHHS SIK KBAJApaTU4HI (PYHKIIT HACTYITHUM YHHOM:

_ . 2 . 2
Lw —g+h-Ws’y +z-Ww +J -Nw +k-Nw +Z-WWNW, (36)

ae L, - BUBEICHMIA a30T (Kr/ra), a KoeiuieHTH g, ..., [ BinkanibposaHi

(HampuKJIad, 3a JIOMOMOIOI0 METOAY HaWMEHIIUX KBaJpaTiB) 3a JaHUMHU
BUMIpIOBaHb. HitpaT, 1o BuiydaeTrbess B (Kr/ra), po30aBisSIOTHCS
3POLLYBAILHOIO BOOK, TOMY KOHUEHTpALLisl HITPATIB 7, , WO HA/IXOAHUTH

Yy BOJJOHOCHUH TOPU30HT, CTAHOBUTH:!

L
Clyvy = rs’x’y ) (37)
$,X,Y
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Jc r.

85X,

, - BOZIa, sIKa HAIIOBHIOE BOJJOHOCHHIT TOPHU30HT (M3/ra) 3a nepiox

Y, 1 L, - BUKHJ 30Ty 3 KOKHOI mutomi s (kr/ra) B mepion y. Ilixinaekc y
(GopMyITIOBaHHI BITHOCUTBCS 10 POKY B MEKaxX FOPU3OHTY IUIAHYBaHHS YM
KUIBKOCT1 TIOCJIIJIOBHUX POKIB, B SIKMX 3aCTOCOBYEThCS 100puBO. Bektop n

CICMEHTIB (7, , , BIINOBIZAE€ KOHLECHTPALII IPOTSIrOM NEPIOAY YIPABIIHHS Y
Ta MiCLs PO3TAILlyBaHHS S.
A KOHUEHTpaLisl HITPAaTiB p, B MOMCHT / Ha IUIOLIl s MOXe OyTH

pO3paxoBaHa fK:

pt,x,y = aO + alpo + aZ Z(As,tcrs,x,y + 195) +& > (38)

S,X,Y

1e a,,a,,0, - KoeQilieHTH perpecii, p, - H04aTKOBAa KOHLUEHTpALs, 4,
- IUIOIIA KYJIbTMBOBAHUX POCIHUH; & - KoedimieHTOM iH(IIBTpawii, i & -
Koe(illi€eHT HEBU3HAYECHOCTI.

3 TOYKH 30py COLIAIbHO-EKOJOTIYHOIO KOHTPOJIIO, LIEeH alropuTM
NOBUHEH OyTM  YacTUHOIO  TIAPOEKOHOMIYHOIO  MiAXOAY, MOJENl
onrtumi3alii, ika MOBMHHA OyTH po3po0iieHa JJisi BU3HAYCHHS €(EeKTHUBHOTO
Ta OE3MEeYHOTO0 PO3MOJUTY IOOPUB Y CITbCbKOMY TrocmoaapcTsi. HeoOximHo
OLIIHUTH, KOJH 1 CKUIBKM 3MEHIICHHS NOOpUB HEOOXIJHO 3aCTOCOBYBATH,
mo0 BIAMOBIAATH CTaHAApTaM HABKOJUIIHBOTO CEpPEeAOBHINA (SIKICTh
MiJ3eMHUX BOJ|) Ha CIEMIalbHUX KOHTPOJBHUX UISHKAX BOJOHOCHOTO
TOPH30HTY.

Y pamkax 11i€i TiIPOCKOHOMIYHOI MOAENl TMpoOjemMa 3MEHIIECHHS
3a0py/HEHHs TOBMHHAa OyTH BHUpaXeHa SK Makcumizaiis Jo0polyTy
POCIMHHMIIPKOT ~ TIPOMHUCIIOBOCTI 3 ypaXxyBaHHSIM  OOMEXEHb,  sIKi
KOHTPOJIOIOTh ~ BIUIMB HA  HABKOJMWIIHE CEPEJOBHINE  pIlIEHb Y
JOCIDKyBaHOMY perioHi. JloOpoOyT OIiHIOBaBCS SIK MPUBATHUW YHCTHI
JI0X1/1, pO3paxoBaHUi 3a JONOMOTOI0 (PYHKIINH POCIMHHHIITBA Ta JaHUX PO
KyJIbTypH, IIIHM Ha a30T Ta BOAY. [ipoeKOHOMIYHA MOJeib 00'€qHy€E
€KOJIOT1YHUH BIUTUB IUISIXOM MOJICTIOBAHHS TUHAMIKU TPYHTOBOTO a30Ty Ta
UKy 1 TPAHCIIOPTYBAHHS HITPATIB B TPYHTOBUX BOJIaX 3 €KOHOMIYHHM
BIUTUBOM  (CLTBCHKOTOCIOIAPCHKOIO JIOXIJAHICTIO) BOJHUX pECypciB Ta
OOMEXEHHSIM JIOOpHB, IO OIHIOIOTHCS 3a JOMOMOTOI arpOHOMIYHUX
(GyHKLIN, 10 TPEACTaBIAIOTh BPOXKAHICTh. PillleHHS 3MIHHUX MOJSTaEe B
CTIMKUX KUIBKOCTSX a30Ty Ha TeKTap, IO 3aCTOCOBYIOTHCS B PI3HHUX
paiioHax (Jukepenax —audy3HOTO 3a0pyIOHEHHs) Ui 3aJ0BOJICHHS
€KOJIOTIYHUX OOMekeHb. Mojenb YIpaBIiHHA 3a0pyAHEHHSM ITiI3EMHUX
BOJI MOKe OyTH ChOpMYIIbOBaHA TAKUM YHHOM:
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As(ps},s,y_pnNs,y_pr _CS“FSS)

max{G} = = , 39
G-% oy (39)
3 OOMEXEHHAMU
px,yt
(Der ., =) <q,, Ver,y, (40)

S,X,Y s,y
ne G - MakcuMalibHa IUIbOBa (YHKIS (TMOTOYHA BapTICTh YUCTOL
BUTOAM BiJl CUIbCBKOIOCIOAAPCHKOTO BUPOOHHUITBA, BU3HAUYEHOIO SIK
JIOXOJIU B1J] CUIbCBKOTOCIOIAPCHKUX KYJIBTYp, 3a MIHYCOM 3MIHHHMX BUTpAT
Ha g00puBa Ta BOAY), A - IUIOINA, BU3HAYE€HA Uil KYJIbTUBYBaHHA,

po3TalloBaHa B paiioHi s; p, - UiHA HA KyJbTYpy (32 Kr); Y, - BUpOOHHYA

BpPOKalHICTh y pailioHi s y MIAHOBOMY poIli y (Kr/ra), mo 3aleXuTh Bijll
3aCTOCOBYBAHOTO a30THOTO J0OpWBA Ta 3pOIIYBaNbHOI BOAM; p,- IiHA

asory (3a kr); N, - 100pHBO, sKEe 3aCTOCOBYETBCS [0 BPOXKAro,

pO3TaIloBaHOMY y paiioHi s y poui y (kr/ra), p, - BapTicts Boau, i W, -

BOJA, SIKA 3aCTOCOBYETHCS JIO TOCIBY, PO3TAIlIOBAaHOMY Yy paloHi s, y
KOKHOMY POIIi TUTAaHYBaHHS ¥ (M°); C, - CyKymlHI BUTpaTH Ha rekrap; S, -
cyOcuaii Ha KyJabTypy, pO3TallOBaHy y pailoHi §; 7 - IIOpiYHA JUCKOHTHA
CTaBKa, p, - KOHLEHTpALis HITPATiB Ui KOXKHOIO paioHi s, ¢ - vac

(KibKiCTh POKIiB TPOTSTOM TOPU3OHTY IUIAHYBAHHSA V), C,, - KiIBKICTb

KOHTPOJBHHUX MICIIb JIsl KOXKHOTO PaioHy § TMOCIBHUX KYIBTYp y TEpiof y;

q,, € BEKTOPOM CTaHJApTy SKOCTI BOAM Ha KOHTPOJBHHUX AUISHKAX; C7, -

OTIMCAHUH BHINE TPUKOMIIOHEHTHUN BEKTOP, SIKUW BiJMOBIAa€ KOHIICHTPAIlil
HITpaTy, 10 JOCATAE MiI3eMHUX BOJ Y paiioHi s.

MOJAEJII CYITYTHUKOBUX TAHUX

Mopaeab BiAOUTTA 00yMOBJIEHA IepPEHECEHHSIM 3a0pPyIHIOI0YMX
PEYOBHH Y IMHAMIYHOMY cepeI0BH I

3 TOYKM 30py BHKOPHCTAHHS CYIYTHHKOBHUX JQHUX MOLIMPEHHS
3a0pyIHIOIOUMX PEYOBHMH Y BOJII Ta HABKOJMIIHHOMY CEPEIOBHIII MOXKE
MOJICJIIOBATUCS IIUISIXOM OIIIHKH Bapialiii po3MmoAily IHTEHCHBHOCTI Ha
CYIYTHUKOBHUX 3HIMKax. ToMmy i aHami3y po3mojauly 3a0pyaHIOBadiB MU
MO>KEMO BHBYATH MPOCTOPOBO-YACOBI PO3MOJUIM CIIEKTPATIbHOI peduiekcii,
BHUKOPHCTOBYIOUH YaCOBI PSIIM CYITYTHHUKIB.

Ha mizmcraBi piBHSHHS MEPEHOCY Ta HecTallioHapHOTo piBHsAHHA Hap'e-
Crokca Moxxe Oyt moOymOBaHUU MiAXiq A0 ITEPATUBHOI MiHIMAaKCHOT

189



OI[IHKM  INBHUJKOCTI  KOJWBaHb  ONTHYHOrO  MOTOKY  [25,  48].
BukopucToByroun med miJxiJl, MO’KHa BUPIIIUTH NpoOiIeMy AMCKPETHOCTI
JAHUX CIIOCTEPEKCHB/BUMIPIOBAaHb Ta KOHTPOJIIOBATH HEBU3HAYCHICTH.
Moienb IHTeHCUBHOCTI CUTHAITY, MTOB's13aHa 3 PO3IOJI1IJIOM 3a0pyIHIOBaviB B
MIHJIMBOMY CEpEIOBHUILI, MOXe OyTH 3alpolOHOBaHA HAa OCHOBI LIbOTO
MiIXOAdY.

[HTEHCUBHICTD 1 3MIHIOETBCS y oJje MIBUIKOCTI
v= (u(x, V,t),v(x, y,t ))T , 0 MOXe OYTH ONMCaHo PiBHAHHAME Hag'e-

Crokca:
Ou+ud u+vo,u+0o,p=vAu+e,,
ov+ud,v+vo,v+0,p=vAv+e,,
Ou+0,v=0, (x,y,t)eQ, (41)
v(x, y,t)=0, (x,y)edQ,

V(x9y9t0):VO(xsy)+eb(x7y)7 (X,y)EQ,

. b
ne V- MoYaTKoBe Toje IIBUIKOCTI, €, , €, , € - WIeHH J0 OIHCY

€MICTEeMHOI HeBU3HAYEHOCT1 (MOJIENi).
Posnofin ~ crocrepexxyBanux — 3HaueHb  [(Xy, V;,t;)  dyHkuii

inTencusnocti /(X, y,1) B Toukax 300paxkenHs caiity () MOKHA BUPA3UTH
Tak:

YH = J-Q gd(x, y, )1 (x, y, t)dxdydt +n. (42)

k=1,N,.I=1N,,s=1,5.

He gfl (GyHKILIS OTPUMaHHS IPOLETypH OTPUMAHHS 300paXKeHHs, 7] Sk :
- BUNIQJIKOBA HEBU3HAYEHICTH (TTOMHJIKA CTIOCTEPEKECHHS ).

SIKI10 3riHO 3 MPUITYIICHHSIM KOXKEH €JIEMEHT 300paKeHHs BiANOBIAa€e
monem meuakocti V= (u(x, y,1),v(x, ¥,t))", a ioro inTeHCHBHICTB
IOCTiMHA B3M0OBXK NOBHOI Tpaekropii ([/(x,y,f)=const), ¢yHKuisa

IHTEHCHBHOCTI BiATIOBiAaTHME OOMEXEHHSM [26]:

% I(xyt)=01 +u(x.yt)0, I +v(x.yt)0 I =e’(x.yt)- (43)
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Tyr MU mnpumyckaemo, MmO ICHYIOTh BCl YacTKOBI ToOXigHi I, 1 €

e’ el,(t,,T,L,(Q)), axi onucyioTh HEBU3HAYEHICTb.
MiHiMaKCHa OLIIHKA MOJIsl IIBUAKOCTI V OOY/J0BaHA 3 BUKOPUCTAHHAM
R ki .
4acoBOI cepii TUCKPETHUX 300pakeHb Y, , IPYHTYIOUMCh Ha MPHUITYIIEHHI,

. b
0 HeBU3HAayeHi mapamerpu €°, e, , €, , € HaleKaTh OOMEKEHOMY
. . Kl

omyknuM  MHOXHHI  L,(€27), i 7y € He3aIeKHUMH CKaISIPHUMU

. . . ki
BUITAIKOBUMHU 3HAYCHHAMU 3 HYJILOBUM CCPCAHIM Ta KOBaplallsIMn Rs .

Jlns 3amaHoi 067acTi MIBHAKOCTI V. MOXHA TNOOYIYBaTH OLIHKY
IHTEHCUBHOCTI i : , sIKa BU3HAYAETHLCS UM I10JIEM Ta oOMekeHHsIMH. OIiHKa
[ nosunna BiJNOBIZIATH JIAHUM CIIOCTEPEKEHL Y Skl, 3 BHIIQJKOBUMHU
MIOMUJIKaMU 7] ' Ta enictemiunoI0 HeBU3HAYCHICTIO V.

Ouinka rpanienty VI * 00UHMCIIOETHCS 3 BUKOPUCTAHHSAM NOOYI0BaHOT

orinku (yHkuii inrencusHocti /. BukopucroByrouu 3aminy V- i VI
3aMicTh 1IbOro V/ *, MOKHA OTPUMATU CUCTEMY JIIHIMHUX PIBHSAHB JUIs [ 1 v

JUTSI TIOJIAJTBIIIOTO TTO0YI0BU v"™ - onrumanbHOi OILIIHKY ITOJISA MIBUIKOCTI V

(st sxoro BimmosigHa [ ™ Mae ONTUMAJIBEHY KOPEISILIIO 3 JaHUMHU Y, gkl ).
Itepaniiinuii Meron ckiagaerbcss 3 ABOX eramiB. Ilo-mepie, ouLiHKY

moms mBMAKocTi V' = (ﬁi, \3i)7 CJIiJ] 3aMIHUTH Ha PIBHSAHHSI ONTUYHHUX

MOTOKIB:
01 =—u'(x,y,00 1 —V'(x,y,0)0 1 +e°(x,y,1).  (44)
Bu3HauuBIIM 1€ pIBHSHHS SK DPIBHSHHS CTaHy, MOXXHa OOYHCIUTH

MiHiMakcHy orinky [ i(pyHKui'l’ iHTeHcuBHOCTI / Ta ouinky VI * rpazaieHTta
300paxenns VI .

[To-npyre, 6epyun 1o yBaru VI * Ta V', MoxHa noOyayBaTH HACTYITHE
PIBHSIHHS CTaHy:

0.1 =-u(x,y,0)0 1 —v(x,y, t)fiyli +e’(x,y,t)
Ou+u'du+v'ou+d p=vihu+e),
OV+u'dv+v'ov+0,p=vAv+el, ) (45)
o.u+ ayv =0,(x,y,t) e Q,,

v(x,y,t)=0,(x,y) € 0Q
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[1s cucrema JiHIMHUX MapabOIIYHUX PIBHSAHb MOXE OyTH BUKOPHCTAaHA

o . o . A+l .
JIs pO3paxyHKy MiHiMakcHOi ominku V' . Takok A OLIHKH
HEBU3HAUYEHOCTI  BAXJIMBO  OTPUMATH  JIHIAHY  OIIHKY  (yHKIil
IHTEHCUBHOCTI /.

MinimakcHa orinka I QyHKIT / € pillIeHHSIM CUCTEMU PiBHSHb:

% =L.(t,v)[+BO'B"p

f(x yst0) =Io+BoyQoBs p(x, y,1o), N =0, . (46)
dp
—7 = L.(t, V)p+z Z g ROV = [ gl ldxdyds),
s=1 k,l=1

p(x,y,T)=0, Ny p=0.
He L.(t,v)=—u(t,x,y)0, —v(t,x, )0, + &’A, £>0.

o . T 2
L.(t,v) e ninifiaum nudepenniansuum oneparopom; o€ L7(Q) e
MOYaTKOBUM CTaHOM (IOYaTKOBMH 00pa3 TumuacoBoi cepii); By ta B -

e . 2 :
niHiliHi o6Mexeni oneparopu B L7 (£2), sKi € 101aTKOBUMH 0OMEXEHHAME

. b . .
I8 HeBU3HAYeHUX mapamerpis; e, e’ - peanmizalis He3aJIeKHHX
BUITQJIKOBUX TMPOIIECIB:

mO(xay) ::Eeb(x’y)s mosz(Q),
m(xayat)::Eeo(xayat)a m€L2(QT)"

Oo(x, y,x", ") = Ee’(x, y)eb(x', Y)e L*(QxQ), . (48)
O, y,t,x', ¥, t)i=Ee’(x, y,t)e’(x', ', t) e L*(Qr x Q).

PimenHs miei cucremMu piBHSIHB € HACTYITHUMH:

(Rs”)“ Y= BHIE, (49)

(47)

I=T+

Mz

s=1 k,I=1

N M
p=2 2 RO =pHpl, (50)

s=1 k,I=1

e ﬂskl (k=1,N,,I=1,N,,s=1,8) e pimennsm:
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N M
AU+ D[, & (RE) 1 dvdydr1py”
s'=1 k',I'=1 IQT 51
N M ( )
_ kT ki kKU'\N-17kT 144
= jQT g Tdxdydr +> > [jQT g (REY Y dxdydt ]y

s'=1 k',I'=1

VY pe3yabTati MH OTPUMYEMO PO3TIOILT I , III0 € MIHIMAKCHOIO OI[IHKOIO
(GyHKIIT 1HTEHCUBHOCTI 1 Ha 10 0a3y MOXXHAa OOYMCIUTH MIHIMakCHY
OLIiHKY TpajlienTa 306paxents VI'.

VY cdepi ynpaBiiHHS Ta KOHTPOJIO OE3MEKU € BaXXIJIMBUM PO3MOJLT
eKCTpeMyMiB. Y IIbOMY KJjacl 3aBJaHb JIiHIMHAa MIHIMakCHa OI[IHKa I

¢byHkuii /, sKa 103BOJIIE BU3HAYUTU KPAHHOCTI PO3MOJLTY CHEKTPAIbHOTO
B1JIOUTTSI, € ONTUMAJIBHUM PIIIEHHSM IPE/ICTaBICHOI CUCTEMH PiBHSHb.

ToMy mnepeHeceHHs 3a0pyIHIOIOUMX DPEYOBUH MOXKE OYTH OIL[IHEHO
IUIAXOM BHOIPKM pO3MOJUTY IHTEHCUBHOCTI B OKPEMHUX CIEKTPaIbHHX
JIiara3oHax.

Mopaennb BIATYKY CIIEKTPAJbHOI0 BiIOMTTS IKOCTi BOAU

Sk CBITUUTH TOCBIJ CYMyTHUKOBUX CIIOCTEpexeHsb [15, 27, 28, 47, 48],
1HAEKCH CIEKTPAJbHOTO BIAOUTTS MOXYTh BHKOPHCTOBYBAaTHCS  SK
MOKAa3HUKH  EKOJIOTIYHOTO  CTaHy BOJHUX  €KOCHCTeM. 30Kpema,
HopmanizoBanuii /Iudepenuiiinuii Bererauiinuii Ingexkc NDVI moxe
CIIYTYBaTH TIOKa3HUKOM SIKOCTI BOJM BHYTPIIIHBOI Ta MOPCHKOI BOJHU
(NDVIy). Posnoninn NDVI maroTh Xxopomr Kopemnsiii 3 KOHIICHTPAIiIMU
xyopodiny-0, MiHEpadbHOI CyCHeH3ii, 3 YITKICTIO BOAM Ta IHIIMMU
SKICHUMH XapaKTepUCTHKAMHU.

3aranpHa MojeNb (DOpMyBaHHS CUTHATY TIOBEPXHI BOJIU MOXKE OyTH
Mpe/ICTaBJIeHA K CYNEPIIO3HIlist sckpaBocTi (puc.6) [29, 30, 48]:

L(A)= Z(Lg,@ +LP+TPLY +TPLY +TPLY), (52)
A

ne L,(A) - scKpaBicTh Ha AaTumKy, L)’ 1l CMTHAI Ha TIOBEPXHi BOJM,

L ue sckpasicTs, BiamoBizHa atMochepHOMY poscitoBanHio Pemes, L]
1€ SCKpaBiCTh, BIANOBIAHA aTMOC(PEPHOMY aepO30JLHOMY PO3CIIOBAHHIO,
LY 1a [ sckpaBicTh, MOB'13aHa 3 OBEPXHEBUMH OmucKoM i minoto, 7%
€ CIEKTPAIbHUM CHPAMOBAHMM TIPOMyCKaHHsaMm, 7% € crekTpanbHuii

muQy3HUR TpoXigHiCTh. SIcKpaBicTh L MOB'A3aHa 3 IHTEHCHUBHICTIO [ uepes
MPOCKITII0 JKEPEIhbHOI 30HHM 3a JIOMOMOTOI0 IPOCTOTO CITiBBITHOIICHHS
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L=dI/dAcos@, ne A - xBagpar o6JacTi COCTEPEKYBAHOTO [KEpea, a b -
KYT MK JIIHIEIO CIIOCTEPEXKEHHS 1 HOPMOIO [TOBEPXHI.

B pamkax niei moneni ingekc NDVI,, moxe OyTH IpeICTaBIECHUH fK:
M Th 4 _ Th
NDVI,, = 2 Lt L L
W 2 A 7

L, +Lp +L) +L;

ne Ly 4 - ACKpaBiCTh CsliiBa 3 MOBEPXHI BOJAU 3 JIOBXKHHOIO XBHJI A Ta
SCKPABICTIO MOJIEKYJIIPHOTO Ta ae€pO30JbHOIO PO3CIIOBAaHHS, A, BIANOBiIAE

(53)

niana3oHy noBxkuH XBuib [0,84-0,88] MxmM, A, - 1o nianasony [0,63-0,68]
MKM.

BpaxoByroun MoseKyssipHe pO3CIIOBAHHS:
A A A A Y A
_LAl _LA2 _LAlZ+LA/11 _LAZZ_LA/; (54)
L I S S R A Sy
A A AZ M AZ M
TYyT L4z - ACKpaBICTb aepO30JILHOTO PpO3CiIOBaHHA, Ljs - SICKPaBiCTh
MOJIEKYJISIPHOTO pO3CifOBaHHs, BIJIIIOBITHO Io:

L,(A)= T (DEFy (DR(as, a0 ,60;/%[ , 1e T,p(A)- onTnyHa TOBIIMHA

Iapy MOJICKYJSIPHOTO PO3CIIOBAaHHS; 7,, - ONTHYHA TOBIIMHA O30HOBOIO

NDVI

wapy; Fy*=F,exp[—7,,(l/cosa, +1/cose,)])] - onpomiHeHHS Ha piBHI
BOJU; I - ONPOMIHEHHs Ha PIBHI BEPXHbOI aTMocdepu; g, ,QPg,P, €
3€HITHUMU Ta a3UMyTalbHUMU KyTaMu COHIISI Ta CEHCOPY.

S
Solar radiation / T

L N // /

Luminance of atmosphere / /
1 Lo
! s - / /
Reflectance from water L
surface Ly o(A) />
Ly(2) [

Puc. 6. Curnanbna monens Boguoi nosepxsi ( L(A) ue sckpasicts, C; -

KOHIIEHTpAIIisl BOJHUX CYCIEH3iH)
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Po3paxyHkoBi1 3HaYeHHS Ljy , BUMIpSIHI 3 3€HITHUM Ta a3UMYyTaJbHUM
kyTamu natamka ta Comust y mianasomi [0%; 50°] sHaxomsaTeest B inTepBani
Lj} €[0,4;0,48], Lj; e[1,81;2,15] (BT/MmZMKM'CT), 110 CTAHOBUTH MEHIIIE
10% Bia cepeHHOTO aTMOC(HEPHOTO PO3CIFOBAHHS (Li"2 €[2,6;25,1]). OTxe,
MOXHa MPUITYCTUTH, 110 B Hamii mogem L, — 0 1€ qomycTuMum.

KoMIOHEeHT aepo30JbHOTO PO3CIIOBaHHA MOXHA pPO3paxyBaTH Tak:
L, (A)= FO’ (A)-C,, - A“. Otxe, 3 ypaXyBaHHSIM MONEPEAHBOTO PIBHIHHS 1
npunyckatouu L,, — 0, MU MOXXEMO 3alpOIOHYBaTH:

NDVI,, = E):j Cuz (ﬂq):z _E):iz Cuz (ﬂz):a ) (55)
& -Cpp - (A) "+ K -Cyp - (4) ¢
1+ NDVI,,
1- NDVI,,

Tomy: ¢ =-1,56-3,5In

3nayeHHs NDVI,, nns uuctoi Boau 3MiHIOBasiocs B iHTepBaii [-0,41; -
0,6]; 1 mokasHuk Amnrcrpema 3wmiHioBaBcs B [1,8; 3,28]. Bapiamis a,
HMOBIpHO, TOB'I3aHa 3 PI3HOMAHITTAM 4YaCTUHOK: OUIBIII 3HAYEHHS O
BIATIOBIIAFOTH BEIMKUM YacTHHKaM [31].

VY BHYTpIIIHIA 1 MOPCBHKIA BOJI € JBa TUIM YAaCTUHOK, SIKI MOXYTb
po3mopoIlyBaTi  CBITIO 1 cOpMyBaTH pO3MOJUI IHTEHCHBHOCTI Ta
CHEKTpaJIbHOI KapTHHH BimOWUTOrO CBITia. Lle MiHepanbHI Ta OpraHiuHi
cycnensii. B3aemo3B's130k eHeprii, BiIOUTOI 1BOMa YaCTUHKAMH 3 Pi3HUMH
MOKa3HUKAMHU 3aJIOMJIEHHS N 1 Ny:

E
— 2 (56)
E
2
Cepenns BenmuuMHa A7 MiHepanpHOI cycmensii n; = 1,15, a s

opranigyHoro - np; = 1,02. Omxke, po3mopolieHa €Heprisi Ha MiHEepaTbHHUX
yactuHKax B 50-70 pasiB Oijblle, HiXK HA OPraHIYHUX YaCTUHKAX.

3BOpPOTHE pO3CIIOBaHHS Y BOAI 3 PI3HOMAHITHUMHU PO3MIpHUMH
YacTKaMu MOYKHA OmnucaTu K [32]:
b, (A1) =0,5b,, (1) + Bybps (A1) Py + B\by (A)P,, ne mnokasHukn w, s, [
BIJIMOBIJAIOTh YHUCTIH BOJI, MajaWM 1 BEIMKAM YaCTHHKAM; IMOBIPHICTh
PO3CiFOBaHHS MaJUMU Ta BeIUKUMH dacTkamu: Bs = 0,039 Ta B; = 0,00064;
P, Ta P, - KOHUEHTpamii MiHepaNbHHX Ta OPraH{YHMX YACTHHOK (I/M°);
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koe(ilieHTn po3citoBanus s unctoi Boau b, (1) = 5,826-107 (400/ 1)

4,322

, Apibuux wactunok b, (4)=1151 3(400/1)"7 i BenMKMX 4YAaCTHHOK
b, (4)=0,341 11400/ 2)**; X - moBxuHA XBUII, HM.

Luminance on [0,84-0,88] mkm, Wt/m2mkmesr

55

3BUYaHUM

CIoco0OM  OTpUMAaTH

3B'SI30K  MDK KOHIIGHTpALIEIO
YaCTMHOK 1 PO3IMOJLJIOM CIEKTPAJIbHUX MOKA3HUKIB € aHalll3 eMITPUYHHUX
JTAaHMX B paMKaX ONMCaHMX MOJAEIbHUX NMPHUMYILEHb (puc. 7, 8).

55

50~

454

40

35+

30 o

Luminance on [0,63-0,68] mkm, Wt/m2mkm-sr

50 <

45 |

40

354

20~

Puc. 7. SIckpasicts oBepxHi Boau 3 NDVI aiist pi3HUX TOBXKUH XBUIIb.

Cancentration of suspensions Cs, g/m3

55

T
-06 0.5 04 0.3

NDVI

50 -
45
40
35 -
30 -
25 4

20

INDVI|

Puc. 8. 3aranpHa KOHIICHTpAITIS CYCIIeH31H Y BOJHOMY CEPEIOBHIII 10
criekrpanbHoro ingexcy NDVI,, (emmipudHe BiIHOIICHHS 3a JaHUMH

CYIYTHHUKOBHX JaHUX, IO KaJIIOPYIOTHCS 32 HA3eMHUMH JaHUMU, TIEPEBIPCHUMH
nabopaToOpHUMH BUMipaMHu)
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JUisa xamiOpyBaHHST OTPUMAaHUX PErpecHUBHUX CHIBBIIHOIIEHb Oyin
BUKOPUCTaHI JjaHl HA3€MHUX CIIEKTPOMETPHUUYHUX BUMIPIOBaHb HAa TECTOBHX
ninsiakax 3 Spectoradiometer FieldSpec [33, 48]. V mepiox 2010-2015 pp.
Ha 6 TecroBux Maiinanumkax Oyno 3i0paHo 263 chekTpajbHI CUTHATypu
BOJAHMX OO'€KTIB, SIKI BUKOPHUCTOBYBAJIUCH JJIsi KaJliOpyBaHHS MoJienei Ta
CYNyTHUKOBUX JaHMX. /Jlias mnepeBipku perpecii Oyiau BUKOPHUCTaH1
nabopaToOpHi BUMIPIOBaHHS, IO HAAAIOThCA [HCTUTyTamm Triapo0iosorii,
rizpomereopouiorii Ta konoiaHoi ximii HAH VYkpainu [34, 35] Ha oOpanux
TecToBUX MaigaHuukax y 2009-2014 pokax.

Posmonin L" i > mosxe GyTu mpoaHamizoBaHuii K MiHiMyM (byHKIi
L(A), 1 Tak BH3HAYAETHCH, SIK L'~ 45, Lﬁz ~16,3 (BT/MZMKM'CT).
Buxoasun 3 EMITIPUYHUX BITHOCHH L, = f(NDVI)Ta
NDVI =—0,605(P. + P)™"**°, Mu MOKX€eMO 3amporoHyBaTH:

P, +0,01P =11,43(P, + P) *** —21,46(P, + B) " +10,06.  (57)

BinmoBigHi perpecii s AOCHII)KYBaHMX BOJHUX O0'€KTIB MOXYTb
OyTH IIpeICTaBICHI HACTYITHUM YHHOM:

" =113, 4(NDVI )’ +133,5NDVI + 43,67,

(58)
R*=0,91
L* =96,85(NDVI)* +109,9NDVI +47,5; (59)
R* =086

BuMiptoBaHHS ~ MOKa3ylTh, [0  €MIIIpUYHE  CIiBBIJHOLICHHS
xjaopodiny-0. Il KOHIIGHTpAIii MEHIUX 3a 3 MI/a1 Moxe OyTu
MIPEJICTABJICHO SIK CIIBBIIHOIICHHS YaCTHHOK y (hopmi:

P.=0,059P"".

CynyTHUKOBI CIIOCTEpEKEHHS, BIIKamiOpoBaHI 3a JaHUMHU TIOJIHOBOI
CHEKTPOMETPIl, MATBEP/KEHI JAa0OPaTOPHUMHU BHUMIpaMH, JO3BOJISIOTH
BHU3HAYUTHU EMITIpUYHE BiTHOIIEHHS I CyMU KOHLIEHTPAIli CYCIIeH311:

Cy =021 |NDVI, | . (60)

Ckutan cycrnieHsiil nyke 3MIHIOETBCS 1 3JICKUTH BiJl CE30HHOTO BILUIHBY
monauHA. Y OUTBIIOCTI BUBYEHWUX BHMAAKIB Onm3pko 80% cycneHsii
CKJIaJalluCcsl 3 OpPTraHIiYHMX PEYOBUH (IUIAHKTOH, ICTPHUT, 1HIII OpraHiyHi
pedyoBHHHU), a MiHepanbHl pedoBHMHH MeHme 20%. Benuki opraHiuzi
YaCTUHKU CTATUCTUYHO JOMIHYIOTH SIK Y NMPICHUX BOJAX, TaK i y MOPCHKOMY
CEPEIOBHIIII.
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TakuM YMHOM, MU OTPUMYEMO MOKJIMBICTH BHU3HAUUTU PO3MOALI

KOHIIGHTpAlllli  OKpeMHX KOMIIOHEHTIB CYCHEH3ili 3a J0HOMOroo
criekTpanbHoi  BimOutTa. lle wMeTomwuHmii MIATPYHTS IS OIIHKH
€KOJIOTIYHOTO CTaHy BOJHOIO CepeloBHINAa Ta SKOCTI BOAM 34

CYINYTHHKOBUMMU CIICKTPAaJIbHUMHU ITOKa3HUKAMMU.

MOJEJIb PUBUKY

Lleit pozain chnpsMoBaHMM Ha Ppo3poOKy QopMmanbHOI Mojeni
IHTETPYBAaHHS PI3HOPIAHUX HAOOPIB TaHUX TSI OIIIHKU SIKOCTI BOJHU 3 TOUKH
30py PHU3HUKIB, TOOTO SIK MMOBIPHICTh Aerpajallii SKOoCTi BOAW 3 HASBHICTIO
3a0pyJHIOIOUUX PEUOBHUH.

3riHO 3 HOPMATHMBHUMHM JOKYMEHTAMHM, SIKICTb BOJIM OLIHIOETHCS 3a
knacamu (Bix I go IV) Ta xareropismu (Big I mo VII) (puc. 9). JIns koxHOTO
KJIacy 1 Kareropii SKICTh BOJM BHU3HAYAETHCS HE TOTOKHUMU HaOOpamu
noka3HuKiB (auB. puc. 10), ski 00'eIHYIOTBCS B TPHU KJIAcTEPU: COIbOBUI
ckian (3 mapameTpH), €KOJIOTI4HI Ta caHiTapHl Kputepii (20 mapamerpis) Ta
cneuniuyHe TOoKcH4He 3abpyaHeHHs (no 15 mapamerpi). Lli mokazHuku
B3a€MOITOB'SI3aHI 1 MOB'SI3aHI 3 KjacaMd SKOCTI OUTBII METOJMYHO, HIXK
reHeTuyHo [36].

Class of water

quality

v

Water quality
categories

1 2

7

Name of classes and
categories by state
of water bodies

Excellent

Good

Satisfactory

Very bad

Excellent Very good

Good Satisfactory

Mean

Very bad

Name of classes and
categories by purity /

Trophic types
(preferential)

Verny clear

Clear

Pollutsd

Polluted

Very Polluted

contamination rate

Very clear Clear

dl gol‘ra‘ph\‘c" o

I

Mesotrophic

Quite clear Ml contaminatec

Eutrophic

Maderate polluted

Foluted

=u\y[’c.)m%i: -

Very Polluted

] i—‘{yp‘em‘o‘uhiz‘: -

Qligotraphic -

Oligomesotraphic Mesgiepn's

Mesoeulrophic Europhic

Eupolytrophic

Paolytrophic

Oligotraphic -
Oligomesotrophic

Saprophytes

Oligo- Saprobic
£- Qligo- Saprodic ‘ 1i- Dligo- Saprobic

B-meso- Saprobic

- meso- Saprobic

B- meso- Saprobic ‘ ["- meso- Saprobic

4= Maso- Saprobic | o mess- Saprobic

Poly- Saprobic
Paoly- Saprabic

Puc. 9. Knacu Ta kateropii SKocTi Boau: cxema Kiacudikaii mpicHoBOAHOL

eKoJIoriuHOi Kiacugikarii.

VY pealbHUX CUTYyaIlisX Ha BEJIMKUX TEPUTOPISX HA JIOBTUX 1HTEpBaJIax
gacy MH MOXXE€MO KOHTPOJIOBAaTH (BHMIpIOBATH, CIIOCTEpiraTd ado
pO3paxoByBaTH) JIHIIE OOMEXKEHY KUIBKICTh TapaMeTpiB, SKi HE TOB'S3aHi
Oe3mocepelHO 3 BKa3aHUMH TOKa3HWKaMu. Hampukian, CymyTHUKOBI
CIIOCTEPEKEHHS BOJIHUX CHEKTPaIbHUX IMOKA3HUKIB MOXYTh BIAMOBIIATH
MOKa3HUKAM SIKOCTI BOIH.

Ile o3Hauae, MO0 B HAWOULIBII MOUMIMPEHUX BHIMAJKAX, KOJIU OOMEXKEHi
Ha0OpH HENPSIMUX JaHUX, TpoOsIeMa IMOBHOI Ta TOYHOI OIIHKK SKOCTI BOJIU
METOANYHO ayXe ckiaaHa. OQHaK MH MOXEMO OLIHUTH WMOBIPHICTH 3MiHH
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kiacy (abo karteropii) SKOCTI BOAM BIJIMOBITHO JO0 3MIH CIOCTEPEKYBAHUX
MOKa3HUKIB, SIKi CITIBBITHOCATHLCS 3 MOKa3HUKaMU SKocTi [37].

Tomy mnpobnema monsirae B TOMY, 1100 CTBOpPUTH (OpMabHUMA
QITOPUTM  JJIi  OTpUMaHHSA  O€3MIpHHUX  IHTEpBaJbHUX  OI[IHOK 3
BUKOPHUCTaHHAM HaOOpiB KpUTEpiiB Aiana3ony [38, 47, 48].

OriHKa pU3MKIB, OB'A3aHUX 13 3a0pyIHEHHSIM BOJM, 3 BUKOPHCTAHHIM
oOMexeHoro Habopy JaHuX 3 BH3HAUYEHUMHU KpPUTEPISIMH Ta CXeMaMu
knacudikanii, Moxxe OyTu chopMyabOBaHa SIK CKJaJHa HeuiTKa mpoliema.
BinnoBigHuil migxiag y HalIpOCTIIOMY BHUIIAKYy MOXe OyTH 1oOyaoBaHUN
Ha OCHOBI Teopii HeWITKUX MHOXUH [39, 48].

Salt Specific toxic
Indexes composition Ecological and sanitarian criteria index contaminants
index content index
fmuspgfa“d Pollutants Hydro- Hydro- Hydro- i Bio- Pollutants
ype content physical chemical biclogical 9 indicators content
lons sum, Badterial plankton, | 3
mg/dm3 bin.cliom® P-B Index Hg, mg/dm
Chiorides, :\lmgen of Self—punﬁcatmn Sapmphyc an
mgldrrF mmumgm, /Contamination | Bacteria, G-W Index Ka, mg/dm
mgN/dm Index bln.cl/em3
Nitrogen of
imjg::?‘ Nitrites . Cu, mg/dm:‘
9 mgN/dm®
Nitrogen of
Nitrates, Zn, mg/dm®
mgN/dm®
Phosphorus of
Phosphates, Pb, mg/dm?
mgP/dm*®
Oxygen
dissolved, ggﬁgigeral) %
mgO;/dm3
Oxygen : 3
saturation, % Dok
Parameters, Permanganate
units oxidation, Ar, mgnfdm3
mgO/dm?®
Bio-chromatic
oxidation, :1& !(g::geral)’
mgO/dm’ ¢
Biochemical
Oxygen 3
Demand BODs, Mnjmodm
mgO-/dm®
Fluorides,
mg/dm
Cyanides,
mg/dm?®

Phenals,
3

Calculated and

Types of indicators:

parameters

Puc. 10. Kpurepii Ta TOKa3HUKH SIKOCT1 BOJIA

ANTOPUTM OILIIHKHM PU3UKY MOKHA PO3JAUIUTH Ha KUIbKa CTalii, 1 HOro
MOXHa TIPEJICTABUTH Y BiJIHOCHO MPOCTOMY BUTJISII.

CyKyIHICTh 1HAEKCIB OIIHKU PU3UKY Oy/ie BU3HAYATHCS SIK:
M = (%,,%yp0r X,) = {x, Ji = 1,2,.m (61)
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J€ 1 - KUIbKICTh BUOPAHMX OL[IHOYHUX IApaMeTpiB, Xx,- MapameTp 13

Habopy i”" mapamerpiB pu3uKy/3a6pymHeHHS (B OCHOBHiil dYacTHHI

peabHUX BHMAJKIB 11€ OOMEXEHa KUIbKICTh BIJOMHUX 3a0pyJIHIOBayiB,
HaNpUKiIad, BHUMIpPIOBaHI a00 CIOCTEpEe)XyBaHI IapaMeTpu: SCHICTb,
KOHIEHTpalisd  cycrneHsii, Olomaca  (ITOIUIAHKTOHY,  TPOQIYHICTD,
MOBEPXHEBO-aKTUBHI PEYOBUHU, TOOTO 1 = 6).

Crnigyroun KpuTepisiM SKOCTI BOJU, BCTAHOBJIEHUM E€BpPOINEHCHKOIO
JIMpeKTUBOIO MPO BOJAM Ta HALIOHAJBHUM PpETyJIIOBaHHSIM, CYKYIHICTh
KpUTEPIiB OIIHKKA PU3UKY TOBMHHA BIJMOBIATH KUIBKOCTI BBEJICHUX KJIaciB
(abo xareropii):

D=(d,dy....d,)=1{d},j=12,..m, (62)

e m - KUIBKICTh KJaciB abo KaTeropiii skocti Bogu d i SIK1

. . . th o . .
BiJIOBIIAIOTH OLIHIOBAHUM 3a0pyIHEHHAM i, 3a3BMYail m =5 (KUIbKiCTH
KJIaciB).

Hexaii pusuku 3a0pyaHeHHS BoAM OyayTh MOJAUIEHI Ha OOMEXKeHY
KUIBKICTh 1HTEpBAIIB: MalUil PU3MK, NPUHHATHUN PU3MK, HETIPUITYCTUMUI
PHU3UK, BUCOKUI PU3MK Ta KaTacTpO(PiuHUN PU3HK.

Toni matpuils wieHiB Z 3B'sbKe 1HAEKCH pU3UMKy M Ta KpUTepiiB SKOCTI
Bogu D sk:

Z]]...W...len
Z=\A4---C---T , (63)
z,-E-Z

. . . «th .
Jie z,- CTyMiHb OL[IHKM PU3MKY OKPEMHX TIapaMeTpiB i 3a KpuTepismu
sxocTi Boau .

Jlns BU3HAYCHHS BarW IHAGKCIB F, MOXe BHKOPHCTOBYBATHCS
koedimienT Bapiarii [40]:

(64)

e 0<V, <1.

Y 1npoMy BUDAAKy Marpuus F OLIHKA pPU3MKY MOXe OyTH
Ipe/ICTaBIeHA SK:

F=VeZ=(f...f,-=..[,). (65)
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I KinbKiCHI TMOKa3HWUKM OLIHKA PH3WKY RI MOXXHa OOYMCIHTH 3a
BiJIHOCHO TIPOCTOTO anroputmy [41, 47]:

D fixj
j=1

>

Takum yuHOM MO>Ke OyTH MOOYIOBaHUN MOPIBHSHO MPOCTUH aITOPUTM
OOYMCIICHHS IHTEPBAIPHUX OIIHOK pHU3UKY 3a0pyAHEHHS BOIH ¥y
BIJMIOBITHOCTI [0 KpPUTEpIiiB SKOCTI BOJM Ta BUKOPUCTaHHA HaOOpIB
CIIOCTEPEIKYBAHUX Ta BUMIPSIHUX JaHHUX. 3aIIPOMIOHOBAHUM CIIOCIO BUMAarae
J0J1aTKOBOT KaJiOpOBKM Ha IIMPOKOMY Jiana3oHi OaceifHiB 3a JOMOMOIor
Ha3eMHOI CIICKTPOMETPIi.

RI (66)

Risk of Water Quality Degradation
01 02 03 04 05 06 07

2.9-3.0 3.0-3.2 3.3-3.5 3.6-3.8 3.9-4.1 4.2-43 4449
Most Probable Water Quality Class

Puc. 11. Puzux aerpananii sikocti Boau [47]

BukopucToByloun  3ampoNOHOBaHMHA  QJITOPUTM, MOXe  OyTH
pO3paxoBaHUil PO3MOMAUT PU3HMKY JAerpadallii sIKOCTI BOIW 3 TOYKH 30Dy
HaOIIBII IMOBIPHUX KJIACiB SIKOCTI, 0 BHHUKAIOTH B PE3YNbTaTi BIUIMBY
HEBU3HauUeHUX 3a0pyaHeHs (puc.11).

€ I1Ba MHUTaHHSA, SKi BaXJIMBI 3 TOYKU 30pY BIUIMBY SIKOCTI BOJIU Ha
COIIIaTbHO-EKOJIOTIUHY 0€3MeKy: MKPIUHY Ta BHYTPIITHBO-PIYHY JTUHAMIKY
MOKa3HUKIB pu3uKy. OCKUTLKH HE CepellHI 3HAUEHHS BU3HAYAIOThH BIUIMB, a
Bapialii Ta piI3HOMaHITHICTb.

3a kputepisimMu 6aratroBuMipHOro OaraTomipHoro tecty Koamoroposa-
CwmipHoBa 6e3 po3noniny [42] po3paxoBaHi PO3MOAUIN MAapaMETPIB PU3UKY
BIJIMOBIAAIOTH PO3MOILTY TOYKOBUX BUMIPIOBaHb Ha MEPEXKI TiIPOJIOTTUHHUX
Ta T1IPOXIMIYHUX AUISHOK [36, 43] 3 piBHEM o kpartie 5%.
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3anponoHOBaHUM MiAX1J J03BOJISIE BUpaxyBaTH MapaMeTpU pPUBHKY 3
TUMYAaCOBOIO PpO3AUIBHOIO 3JaTHICTIO, M0 0a3yeTbcs Ha TOYKOBHUX
NPOCTOPOBO PO3MOJUICHUX JaHWUX, OJM3BKUX JIO 4YacoBOTO JO3BOIY
criocTepexxeHb. B Toif ke yac, 3 ypaxyBaHHSIM MOXJIMBOCTI Kiacuikarii
MOKPUTTIB, TApaMETPH PU3UKY MOXKYTh OYTH PO3paxoBaHi JUIsl pI3HUX THIIB
BOJIHUX O0'€KTIB MPOTATOM BUOpaHOTO mepioay (puc. 12).

080

0754
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u
=
2  os04
o
=l
@ .
B o045/’
L 0454/
E / |
2 o] y. A
o ~ \
B ga weses 1 water bodies under technogenic impact Y
g B 2 big water bodies
gi54 000 == 3 water bodies under mixed impact

=== 4 gmall ponds and rivers
-—— 5 water bodies in protected areas

0.00 : :

(=]
(%3
.
o
o
-~
o
w
e
L

month of year

Puc. 12. lopiuHa quHamiKa pu3UKy 3a0pyaHeHHs Boau [48]

[TopiBHsBHUI TecT OYB HaJlaHHWK BIAMOBITHO 10 [44]. Akimio napameTp
p(x) < a (me o - piBeHb CTATHCTHYHOT 3HAYYIIOCTi), MK BBOKATUMEMO, 1110
i posnoginu ( F,(x),F,(x),....F, (X)) € OIHAKOBHUMHU ILIOJIO CEPEIHHOTIO
PETiOHAIBHOTO PO3MOUTY, MPEACTABICHOTO CTAJIOHHHM 3pa3skoM F(x).
F (x) ue emmipuyHi (yHKIIi po3mojiny BUMIpIOBaHOTo mapamerpa & Ha
Bubipui X =(X,,...,X,). LinboBuii mnapaMeTp MOXHa 3HAUTH sK:
p(x)=sup| F, (x)-F(x)]|, 1 PO3PaxOBYETHCS SIK

x
p(x) :ﬁ < e—(2k—1)27r2/(8x2).
X k=l

3B's13aHi 3 Jerpajami€ro SKOCTi BOJAM COLIATbHO-EKOJIOTIYHI PU3HMKH
MOXXYTb OYTH OLliHEH]1 okpemMo. Hexail HMOBIpHICTh Jerpanalii SKOCTi BOAH
y Toumi (x,y) Bu3Hauaetbcs sk P 1s iiMOBipHiCT MoOxe O6yTH
po3paxoBaHa B KOXKHIM TOYI[l TIOBEPXHI 3a JOTMOMOIOK Habopy
pO3paxoBaHUX 3HAYEHB 3a IOTIOMOTOIO TIpaBmiia baeca:
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Pey) TR, 1 Ou)

Pdeg(er|Qeg)_ ) )
: j Py(Q,, | Q)P (x,y) (67)

P(.X J/) P(Qxy|Qdeg
P, 1 0B () + B(Q, | Q)R (x.y)

He Q. ,- po3noAul BHABICHOro 3a0pyJHEHHsS BOAM, 3MEHIIEHE 3a
nepiosi cnocrepekeHHs, Qg - 11€ AUISHKU 3 JErpaJOBaHOI0 AKICTIO BOJH,
MIATBEPKEH1 BUMIPIOBaHHIMH Ha MICISIX Ta jjaboparopi€ro, Oy - AUISHKH,
SK1 HE MalOTh Jerpajalii sKocTi BOJH.

Posnmogin €, ,, 10 po3paxoByeTbCs 3 BMKOPUCTaHHAM JaHUX A(X,y)
MPOIICAYPH peryJIsIpU3aIlii:

Z y(h (x, Y)h,, (x,¥) (68)

e w,, (hm) - Koe(imieHT 3Ba)KyBaHHsS, PO3PAaXOBAHHK BiAMOBIIHO:

n
: ~ h
mln{z zwx,y(hm)(l——i" )’} e m - 4HCIO TOYOK CIIOCTEPEXKEHHS; 71 -
m=1 f,eF m

HOMeEp cepii CoCTePEKEeHb; /1, - PO3MOIUT BUMIPIOBaHb; F 3arajibHUi HaO1p

BUMIPIOBaHb; /1, - CepelHiil po3Mo/Iiyl BAMiIPIOBAHUX ITapaMeTpiB.
HmosipHicTs P (x,y) po3paxoByeTbcs HamiBeMIIpUYHO. BinHomEeHHS

mik Py (x,y) i Py(x,y) BusHawaetbcs ax lim(P(x,y), + F(x,y),)=1
x,y,l'

(sa TpuBami mepiomm  cmocrepexenns P (x,y)=1-F,(x,)).

MoBIpHICTB P, < (xa y) MOXXe OyTHM BU3HA4YeHa 3a JOMOMOror (yHKIii
3BaxxyBaHHs ['ayca:

Py(x,) = Py + (P, — Py ) €77 (69)

ne Pg(x,y) - ¥MOBIipHICTb 3a6py;[HeHH;1 NPOTSArOM  TMepioay

CIIOCTEPEXKEHHS, pO3paxoBaHa 3a 3aMPONOHOBAHMM MIAXOAOM; P,y -
MakCUMajbHa HWMOBIPHICTh 3a0pyIHEHHs, poO3paxoBaHa OCHOBHHMH
MOJIETIIMU Ta perioHaNbHOIO cTaTucTukolo (Bernardo and Smith, 2001)
(Pax VTSI BAKOPUCTOBYBAHUX JATUYHUKIB MOXeE OyTH OlliHeHHH Ha piBHi 0,75-
0,78); Ppin - MiHIMabHa HWMOBIPHICTH 3a0pyAHEHHS, pO3paxoBaHa 3
BUKOPUCTAHHSIM PETIOHAIBHOT CTATUCTHKU (P, MOXe OyTH BHU3HAYCHO

203



npubimzHo 0,02-0,04); ds (x, y) - BiACTaHb BiA JKepena 3a0pyIHEHHS 0
OL[IHOYHOI TOYKH; 0, - EMIIPUYHMH HapaMeTp 3aJIeKHO BiJ| JaT4uKa Ta
JIOKaJIbHUX 0COOJIMBOCTEN (0, MOXke OyTH OLIHEHHUH Ha piBHI Oim3pko 0,6
KM).

Jlst OI[iHKY BIUIMBY Ha COLIIaTbHO-€KOJIOTIYHY Oe3meKy, 3rigHo 3 [45],
KoeQILIeHT CTIMKOCTI £ Moxe OyTH 3amporoOHOBaHHUM 3a JIOIOMOTOIO
¢yHKLIi MIBHOCTI  IMOBIPHOCTI K TrayccoBOi MIpH  MOXJIMBOTO
TIOIITKOKCHHSI:

Psub
sub
o.,(F)

ne k - CTpyKTypHUH Koe(ilieHT nomyssuii, eMIipUuYHO OINUCYIOYU
ypa3iMBICTh PI3HUX TPYH HACEICHHS 10 3MiH B sikocTi Boau. CepenHi
3HA4YCHHs KoedilieHTa £ I JOCHIKyBaHOT 001acTi JiexaTh B 1HTEpBaI
[0,5; 3,5], mro BigmoBigae 3a0pyIHEHHIO CepeHbOI IHTEHCUBHOCTI (CepeHi
MOKAa3HUKH pU3UKY 3a0pyaHeHHs Boau 0,35-0,45). Lleit mapamerp Mae ceHe
IHTErpOBAaHOI'O BIUIMBY 3MIHM SKOCTI BOJM Ha HACEJCHHS Ta MOXe OyTH
BUKOPUCTAaHWH SK BIUIMBOBUH (DaKTOp Ui PO3MOAUTY Ta CTPYKTypH
HaceJleHHA. 31 30UIbIICHHSIM pPO3PAaxXyHKOBOI'O pPIiBHS PH3UKY 3HAUYEHHS
KoeQiLieHTa CTINKOCTI £ 3MEHILIYEThCA.

p=- () k= ( )k, (70)

Ile MeTon BHU3HAUEHHS PET1OHAIILHUX PU3MKIB Jlerpajalii SKOCTi BOAU
Ta COLIAJbHO-€KOJIOTIYHOTO BIUIMBY UUIAXOM BHUKOPUCTAHHS JaHUX
CYIYTHUKOBHUX CIIOCTEpEKEeHb Ta KaliOpyBaHHs 3eMil. Lleit MmeTton no3Boise
OTPUMATH PETYJSPU30BaHI MPOCTOPOBO-YACOBI PO3MOAIIM MapameTpiB
PHU3HUKY 31 3T1aJKEHOI0 HAA1MHICTIO.

Takuii THII POCTOPOBOTO Ta YACOBOT'O PO3IMOJILITY TApAMETPIB PUHKY €
OB aJeKBAaTHOIO 0a3010 Al MPHUHSATTSA pIlIeHb Yy cdepi coliaabHO-
€KOJIOT1YHO1 O€3MeKH, HiXK CYKYITHICTh TOYKOBUX BUMIPIOBAHb.

BUCHOBKH

Inest bOTrO MOCHIMKEHHS TOJISITAa€ Y CTBOPEHHI TIMOTE3U 3aCTOCOBHOCTI
Ta KOPUCHOCTI aJITOPUTMIB OOYHCIICHb B YIIPABIiHHI 0€3MEKO0I0: SKIIO iICHYE
ampiopHa iH(opMarlis Mpo MOYaTKOBUW CTaH CHUCTEMH, JOCTITHUK MOXKE
MOJICNIIOBATH  KJIIOUOBI MpolecH B Lid  cucreMi, ki (QOpPMYIOTh
B3a€EMOIIOB'SI3aHI  TTapaMEeTPH  COIIaJIbHO-EKOJIOTIYHOI  Oe3MeKku, MOKHA
BUJIUTATH 1 KOHTPOJIOBATH 0OMEeXeHHI Ha0ip MOKa3HUKIB, HA MiJICTaBl SKHX
MO)XHa TIIpaxyBaTH HAWOUIBII 1MOBIPHY €BOJIIOIIIO CHCTEeMH. Takum
YUHOM, MOXKHA 3MEHIIMTH KIUIBKICTh KEpOBAaHUX 3MIHHHX, OTPHMATH
MOJJIMBICTh BUKOPUCTOBYBATH JaHi 3 0aratboX JDKEpel, CIPOCTHTH
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npo0ieMy KOHTPOJIIO HEBU3HAYCHOCTI Ta OTPUMYBATH IPOCTOPOBO-YACOBI
PO3MOALIEH] OIIHKM 3a IIKal0l0, OJIM3BKOIO JI0 PO3MOAUIBHOI 3JaTHOCTI
CTIOCTEPE)KEHHSL.

VYV curyarii 0OMEXEHOro IOCTYyIy A0 JTaHUX, Il aITOPUTMH CTAarOTh
0cOo0JIMBO KOPHUCHMMHU: HE Tak Oararo mnapaMeTpiB 0Oe3rnocepeHbo
BUMIPIOIOTHCSI 3 HEOOX1THUMHU MPOCTOPOBUMH, YACOBUMH, CHEKTPAIbHUMU
Ta pajiOMETPUYHUMH IOKa3HUKAaMHM PO3PI3HEHHS, B TOH XK€ yac MOXKHA
criocrepiratu 6araTo mapaMmerpiB 1 Maifke BCe MU MOXEMO MOJEIIOBATH.
OTxe, 19 TeXHIKa OCOOJIMBO BaXJMBAa B Taiy3i COLaJIbHO-€KOJIOTIYHOT
Oe3neKH.

KommuiekcHe ympaBiiHHsS O€3ME€KOI0 BUMAarae 1HTErpoOBaHOIrO MiJIXOTy
70 OILIHKHM COL1aJbHO-€KOJIOTIYHOTO PHU3HMKY, BKIIIOYAIOUYM MOJIEIIOBAHHS
BOJIHOTO, TPYHTOBOTO Ta MOBITPSHOTO cepenoBumia. s po3B'si3aHHs i€l
CKJIaJHOI 3aJadi CJiJ BUKOPHCTOBYBAaTH BeChb Hallp ICHYIOUMX JIaHHX,
METOJIIB Ta IHCTPYMEHTIB. 3alporoHOBaHa METOAOJOris CHpsIMOBaHa Ha
po3mupeHHs Habopy MTOCTYIHHUX JJIS aHaJli3y AaHUX cepell 00CATY HasBHUX
TaHUX.

Byno mpomeMoHCTpOBaHO, 110, CIUPAKYHCh Ha TOYKOBI MPOCTOPOBO
pO3MOJIIJICHI BUMIPIOBAIBHI JIaHi, 3alpOIMOHOBAHMNA MiJIXiJ JIO3BOJISE
po3paxyBaTH MapaMeTpyd PU3UKY 3 YaCOBUM PO3PI3HECHHSIM, OJM3BKUM J10
YacoOBOI'O PO3PI3HEHHA CHOCTepekeHb. KpiM TOro, BHUKOPUCTOBYIOUH
ICHYIOUy KJacu]ikallilo Ha3eMHHUX IOKPOBIB, MapaMeTPU PU3UKY MOXKYThb
OyTH po3paxoBaHi JJIsi PI3HUX THIIIB BOJAHUX OO'€KTIB MPOTATOM OOpaHUX
MDKpIYHUX mepioAiB. Ll Momens MpoCcTOPOBOro Ta 4YacOBOTO PO3MOJLITY
napaMmeTpiB pU3MKY € OUIbII KOPHUCHOK 1 aJeKBaTHOK 0a3010 s
NPUUHATTA pimeHb Yy cdepi ColiaTbHO-EKONOTIYHOT Oe3MmeKku, HIK
reTeporeHHuil Habip TOUKOBUX BUMIpIOBaHb. TOMY 3alporOHOBAHHMH MiXi/
€ KOPUCHUM MPUKIIATHUM 1IHCTPYMEHTOM.

3anpornoHOBAaHUK TMIAXiA Ta OTPUMAHI pPe3yabTaTH MOXKYTh OyTH
3aCTOCOBAaHI B ACPOKOCMIYHIM MPOMHCIOBOCTI Ui PO3POOKM CEHCOpPIB 1
CHUCTEM JIJII a€POKOCMIYHOTO MOHITOPHHTY 3€MJIi, a TaKOX MJisi PO3POOKH
aBTOMATHMYHHUX CHCTEM MPOEKTYBAHHS IHTETPOBAHUX CHCTEM YIPABIIiHHS.

BonHouac, OCHOBHOIO mpoOieMor0, sika Mae OyTH BHpillleHa Ha
HaCTYITHOMY €Talli JOCII/DKeHHsI, € aHaJli3 HEeBU3HAYCHOCTEH, TTOB'I3aHUX 13
KiIacu@ikamier0 3eMHUX TOKPOBIB, a TakKoX po3poOka MpoOiIeMHO-
OpPIEHTOBAHOTO  KJacH(IKAIIHHOTO  MIAXOTy, MPUCTOCOBAHOTO IS
3aMpOMOHOBAHOTO0 ANropuT™My. KpiM TOro, mojmanbiii JOCTIKEHHS MaloTh
OyTH CIIpsSIMOBaHI Ha aHaJIi3 SIKOCTI BOAM B JIOKAJIbBHOMY MacIiTaoi.
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Po3nin 7

HIIXII IO AHAJII3Y COUIAJIBHOI BPA3JIMBOCTI
1O BIJHOEHHIO 1O KATACTPO® PI3HOI'O
MNOXO/’KEHHS 3 BUKOPUCTAHHAM JAHHUX 3

PI3HUX JKEPEJI

10.B. Koctrouenko, B.1. JIsnpko, M.B. FOmenko, JI.M Mopuan., .M.
KomaueBcbkuii

HayxkoBwuii nentp aepoxocmiuaux pociimkens 3emini [I'H HAH Ykpaiau

Kniouogi cnosa: cipuiiHATTS pU3UKY, 36MJIEKOPUCTYBaHHS, arpoeKoJIOTriyHi YMOBH,
colliaJIbHa BPa3JIUBICTh, aHATI3 PUBUKY

BCTYII

I'ymaniTapHi mpoOJeMu CTalOTh OCHOBHUMHM CKJIQJJOBUMH CY4acHOT
koHuenuii 6e3neku [1, 2]. CyyacHe po3yMiHHS KOMIUIEKCHOI O€3leKH Ta
KOMIUIEKCHOTO YIPaBIiHHS PU3MKAMU BUMAarae aHajidy BCIX MPUPOIHHUX 1
COLIANIbHUX SIBUII, 3aJyYCHHs BCIX HAsBHUX JaHUX, MOOYAOBH MEPEIOBHX
QHAIITUYHUX 1HCTPYMEHTIB Ta BJIOCKOHAJEHHS HAIIOTO PO3YMIHHS
ypa3iaMBOCTi, CHPUHHATTA puU3MKY Ta Oe3neku [2]. Y meBHOMY CceHCi
YIPaBJIiHHS PU3UKAMU NEPEXOAUTD B MPOOJIEMHU 1HKEHEPHOTO 3aXUCTY 0
peaIMeTHOT 00JIaCTi COIIabHOTO yIpaBiiHHA [3, 4].

TpaguuiiHO  BUKOPUCTOBYBaHI  JETEPMIHOBaHI  MoJeNmi, IO
3aCTOCOBYIOTBCS, SIK TPABHJIO, JUIS aHAJI3y PU3HKIB, BAKKO 3aCTOCOBYBATH
JI0 aHaJli3y COIlaJIbHUX MpoOJeM, a TakoX MpHU aHaji3y OaraToBHMIpHHUX
KOMIUIEKCHUX ~SIBUIN. IX BA&XKO BH3HAYNTH KUIBKICHO, TOMY IO
0araTOBUMIpHUIN PO3MOILT AOCIIIKYBAHUX MapaMeTpPiB COPUUYHHSIE BUCOKY
HEBHM3HAYECHICTh, a CUCTEMa HE € epProAUYHOI0 B CyBOpOMY ceHcl [5, 6].
ToMy cToXacTH4YHI MOJENi aHaNi3y PHU3UKY € KpalluMU IS KUTbKICHOTO
aHaJizy CoIllalbHUX TUTaHb, TAaKWX SK ITOBEIIHKA JIOJACH, ColliaJibHa
BPa3JIMBICTh Ta CHOPUNHATTS pPU3MKY. BrumB couianbHuX (akTopiB Ta
napameTpiB 30UTKIB BiJ] KatacTpod Mae OyTH KiJIbKICHO OIlIHEHHM 4Yepes
aHaJi3 Oe3MeKH Ta BPa3JIHBOCTI.

ToMy muTaHHS PU3UKY Ta CHOPUUHSATTS 3arpo3 MalOTh OyTH OMHUCaHI B
paMKax MojeNied aHalli3y pPHU3UKIB, 3 BUKOPUCTAHHSM BiJIOBIIHUX
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IHCTPYMEHTIB Ta MiJXO/IB, MOB'I3aHUX 3 JIOJACHKUM BUMIPOM Bpa3iIHBOCTI

[7].

OCHOBU TNPUHUHATTA PINIEHL 3A YMOB
HEBU3HAYEHOCTI 3 BPAXYBAHHAM MOJAEJIEU
IHHOBEJATHKHA

JUis BKJIIOYEHHS JIIOJICBKOTO BUMIPY B aHajli3 PU3MKIB MU TOBHMHHI
BU3HAYUTU PHU3UK YE€pe3 COLiabHI, KYJIbTYpHI Ta MOBEIIHKOBI (aKTOPH.
30kpema, 711 BUBUCHHS CIIPUUHATTSI PH3UKIB MOXKHA BU3HAYUTH KYJIbTYPY
SK CUCTEMY IIIHHOCTEH, 1110 TOMIHY€ Yy MEBHIM rpymi Jtojeil y NeBHUH yac 1
BH3HAYa€ TEBHUN THIN COIIaJbHOI TOBEIIHKKM Ta HaOIp BIIMOBITHUX
OpakTUK. Pi3HI KynpTypu BHpOOJSIOTH pi3HI THUIM KOMYHIKaTUBHHX
IHCTPYMEHTIB, COIIaJIbHOTO JKHUTTSI Ta TPYMOBOTO MOAUTY, BIAMOBIAHO 10
teopii Jyrnac [8]. MoTuBalis KOXKHOT TPYIH JIOJIEH Y paMKax BiJMOBITHUX
KyIbTYp pI3HOMaHITHa 1 TIPYHTYETbCA Ha CYKYIHOCTI LIHHOCTEH.
BinmoBigHo gm0 Teopii IlIBapma, MoTHBaIis I, BiIA3epKaleHa B
miHHOCTAX [9]: B3aemomis 1WMx MmiHHOCTEH BHW3HAYa€ IHTCHCHUBHICTH
PO3BHUTKY, MOBEIIHKM Ta COIPUXHATTS 3arpo3.

Mu TakoX BU3HAEMO CTaOlLIbHI HAOOPH IHCTPYMEHTIB KOMYHIKaIlii,
MpUTaMaHHI TEBHIM Tpymi JiIoJed y MEeBHHHM 4Yac K OCHOBHI COIliaJibHI
YUHHHUKY, SIKI BIUIMBAIOTh HA CHOPUHAHATTS pPHU3UKY. TakuMm YWHOM,
COIIOKYJIBTYPHI (haKTOpH - 11 MMapaMeTpH, IO XapaKTePU3YIOTh CTaOUTbHUIMA
TUT JIFOJICBKUX BIJHOCHH, peali3oBaHl y BUTIIAMAI cHenU(piYHOro Habopy
3ac001B KOMYHIKallii.

BrumB comiokyasTypHHX (DaKTOpiB HA CHOPUUHATTS PU3UKY MOXKHA
ONKCATH Y3arajJbHEHOI MOJEIUII0 30UIbIICHHS TMpeMii pH3UKY SK
TOTOBHOCTI "TUIATUTH 3a PU3UK". Y IIbOMY BHUIIAJIKy MiJBUIIEHA TOTOBHICThH
IUTATUTH 32 PU3UK, MiJBUILEHHS CTPaXxOBUX NpeMiil Oyae Bupaxarucs B
MaKcUMIi3aIii CTpaxoBOoi TpeMil NUIAXOM YHUKHEHHS HEBH3HAYEHOCTI,
MaKcHMi3allii TOBepHEHUX I[iH 1 MiHIMi3allii 30UTKIB.

Take ¢opmanizoBaHe CHPUMHATTS PU3HKY B OLIBIIOCTI 3arajbHUX
BHIAJIKIB MOXe OyTH mipeacTaBiieHo sk [10]:

F (X)) = f(V(X),R(X)) (1)
He - F,(X,) ue "¢yHKIis TOTOBHOCTI MJIATHTHU 32 PU3KK" - OUiIKyBaHa

BiJ1aya BiJICOTKIB, MpEMisl 3a PU3HK, AKY MOXHA TIYMAuuTH SIK CTYIiHb
CHOPUMHATTA pU3MKy; V(X) - NOBEpHEHHS PU3MKOBAaHMX 3Ha4eHb X=(X,

X2, ... XieenyXp), i -akTUBH; R(X) - QYHKIISI PU3UKY, f-4ac. Y HAHIPOCTIIIOMY
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BUIAJKy PUHKOBOI TMOBEIIHKM MPEACTABIEHE pIBHAHHA MOXe OyTu
npezcTaBieHe y hopmi:

T
Fz(Xi)OCZ [I/t(Xi)_biRt(X[)]a (2)
i,t=0
ne b - Koe]ilieHT YyTIMBOCTI, BIAOMHM sIK "OUIKyBaHI aKTHUBH, IO
MOBEPTAIOTHCA 710 HAJIUIIIKOBUX JJOXO/IIB PUHKY".
OT1Xe, POJIb COLIOKYJIBTYPHUX Ta KOTHITUBHUX E€BPUCTUUHUX (UILTPIB
b
[oJIATa€ B MaKCHMI3allili OYIKYBAaHOTO IIOBEpHEHHS iHTepecy (IOIIyKY
Argmax{V,(X,)}), yHUKHEHHS HEBH3HAYCHICTb, MaKCHMi3alis (HOIIyK
it

Argmax{V,(X,)}) i minimizauis Brpar (3Haxinka Argmin{X;}).

15 3anaua Oyna cpopMmysiboBaHa Ta pO3B’s3aHa Ul OKPEMUX BHUIIAJIKIB
[11] sk Mmozieni "301abIIeHHS TPUOYTKY".

OnuTtyBaHHS Ta PO3PaxXyHKH MOKA3YIOTh, IO JIJIST OLIBIIOCTI CHIJIBHOT
ICHYIOTh JIesIKi BO)XKJIMBI TIMIOTE3H, TaKi SK: 1) colliajJbHa CIPaBEeAIUBICTH Ta,
30KpeMa, CHpaBeIMBUI PO3MOAUT JOXOJIB, IO MiABUILYE CTAaOUIbHICTH
cycminbcTBa [12]; 11) 1HAMBIAYaNiCTUYHI TpyMu € OUIbII CTaOITBHUMU 1
MaroTh Mpemii 3 MiABUILIEHUM PU3UKOM uepe3 HaJMIPHICTh BIEBHEHOCTI Ta
NPUXWIBHICTh J0 BHCOKOI camoominku [13]; iii) BuIia MacKyliHHICTh
NPU3BOAUTH /10 30UIbLICHHS BpasznuBocTi [14]; 1v) yXuieHHS BiJ
HEBU3HAYEHOCTI 3/1e0UIBIIOr0, ajie He 3aBXKAU MPU3BOAUTH 10 MiABUIICHHS
CTIAKOCTI, OCKUJIBKH TIparHe 70 0e3neuHux iHBecTuiii [15].

O6unBa KOMIIOHEHTa MpPaBOi CTOPOHU PIBHSIHHS (2) MarOTh 3HAYHI
nmoBeiHKOB1 HaBaHTaXeHHs. KommnonernTa "puHok" V' (X) Oiblle 3a1eXuTh
B1Jl KyJBTYPH, COIIaJIbHOT MTOBEIHKH Ta KOMYHIKaIlii, KOMIIOHEHTa "pu3uK"
- Ha KOTHITMBHY €BPHUCTHKY Ta OCOOMCTY MOBEIIHKY ITiJ] YaC CTUXIMHOTO
muxa. CTpyKTypa BIUIMBY Ha Halle OPUMHSTTA pillleHb CKJIagHa Ta
YCKIIQJHEHa, 1 Moke OyTH MpencTaBieHa SK pPO3MOAIT OCOOMCTHX Ta
KOJIEKTUBHUX yIEepeKeHb (puc.l).
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/,,»"'/C'ultural blas: values, boundarles &
f prescriptions :

" Social bias: communications

Cognitive bias:
physiological & safety
needs

Risk J
perception /

Puc. 1. KOMIIOHEHT CIIPUHHATTS pUBHKY

VY 1npoMy AOCHIKEHHI MU 30cepeaniucs Ha ¢opmaiizailii KOrHITUBHOL
eBPUCTUYHOI CKJIaZO0BOi (KoMmmoHeHTa "pu3uk" Ha puc.l Ta 2) mopao
CIPUHHATTS PU3HMKY, BPAXOBYIOUM COLIOKYJIbTYPHUN KOMIIOHEHT (PUHKOBA
ckJagoBa Ha puc.l i 2) sk GuIbTp CpuiHATTA [16] - KOMIUIEKC cTablIbHUX
KOMYHIKaTUBHMX 1HCTPYMEHTIB, $IKi € arpuOyTamMH MEBHOI CoLiaIbHOT
rpynu [2, 8].

VY curyarmii, KOJW JaHI COINIOJIOTIYHMX ONUTYBaHb IIIHHOCTEH B
YKpaiHCbKOMY CYCHUIBCTBI ICTOTHO T€TEPOreHHi, 1 JHIiIe BUOIPKOBO
00pOOJISIFOTBCS B paMKaX METOMIB, OPIEHTOBAHMX HA OLIHKY PHU3UKY, MU
30CepeIMMO yBary Ha OKpeMHX KOMIIOHEHTaX CHPUHHSATTS 3arpo3.

[ToOynoBa 3ampONOHOBAHUX MIAXOMIB A0 OIIHKU CIPHUHATTS PHU3UKY
TPYHTYETHCS Ha TEOPIii KOTHITUBHUX €BPUCTHK [21, 22].

IHCTPYMEHTHN AHAJII3Y JAHHUX 3 BAI'ATBOX JIZKEPEJI
JJ1s1 OHNTHIOBAHHS PU3UKIB TA BPA3JIMBOCTI

[Ipobnema KOpPEKTHOI CTaTUCTHKH - Il 3BHYaiiHa npolbiiema aHaizy
PU3HUKY Ta BpPa3IMBOCTI. B paMkax HaWIOMIMPEHINIOrO Ta HAWMOBHIIIOTO
BUMAJAKYy PpHU3UK MOXXKe OyTM TpeACTaBICHMHA K  CYNEpro3uIlis
B3aeMOMOB's13aH01 PyHKIIT po3noainy ( /(x,y)) Ta QyHKIIT MOMIKOHKEHHS (

p(x,y)):
Roc ) f(x,3)p(x,y) 3)

X,y
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@yHKIIA po3noalny f (X, y) ONUCY€e BIUIMB PO3IIMPEHHS KatacTpodu;
(GyHKILIS MOIKOMXKEHHS p (X, ¥) OMHCYE PO3MOIUT MOLIKOKEHUX AKTHUBIB:
iH}pacTpykTypH, JroaeH, Tomo. s aHamizy posi comianbHuX (PakTopiB y
Bapiallisix OIIHKM PHU3MKIB BeJIMKa BHBYAJIach KITbKICTh HaJ3BUUYATHHX
CUTYaIH.

Jns ananizy pusuky Oyno BiaiOpaHo Ta mnpoaHanizoBaHo 894
Ha/3BUUaiiHuX cutyauii B Ykpaini B nepiox 1960 - 2012 pp. bynu BusiBneni
3arajbH1 TEHACHIIT; a 1Js JeTaJbHOro aHamiizy Oyno oOpano nepioa 1991 -
2010 pp., OCKUIBKM II€ YAaCOBMH MPOMDKOK 3 HaHOLIbII HaZiHHUMU
CTaTUCTUYHUMHU  naHumMu [17], TIATBEPIKCHUMH  CYNyTHHUKOBHUMHU
cnoctepexxeHHsMH [18]. CowianbHO-eKOHOMIYHI JjaHl OyJiM MpoaHali30BaH1
Ha BuUOipul 3 42 HaA3BMYAWHUX cUTyalii, mo BkiIodae 11 HaWOLIbII
pyiHiBHUX monii. Ilepenik OCHOBHUX KaracTpod BKJIOYae 6 MOBEHEH, 3
Oypi, 1 TemnepaTypHy xBuJIto Ta 1 emigemito. 3araibHi 30UTKH BiJl BETMKUAX
HAJA3BUYANHHUX CHUTYaIH cKianu O1u3bko 1,67 MIpa. €éBpo, mocTpaxkaanu 2
721 918 ocib, a 1,173 monunu 3arunynu (tabnuus 1). AHamiz HalOUIbLI
pyHHIBHUX moxii (Tabmuns 2) OyB CHpSAMOBaHMH Ha OLIHKY BIUIMBY
CHPUMHATTS PU3UKY Ha (QYHKIIIIO YIIKOJKEHHS.

AHnamiz 1 kaprorpadgyBaHHS TMPOCTOPOBUX 1 YaCOBUX PO3IMOJLIIB
KatacTpod Ta HOro mapamerTpiB € JyXe CKIAJHOI MPoOJIEeMOI0, a TaKOX
npsiMe TOPIBHSHHSA PO3MOJUIIB HE € KOPEKTHHM CIOCOOOM aHallizy
OararodakTopHux pymiiB karactpod. Ilo-mepiie, pi3HI TUNM CTHUXIHHUX
JUX MaloTh Pi3HI JOBroCTpokoBl TeHaeHuli. [lo-mpyre, pymii pi3Hux
CTUXIHHMX JIMX MalOTh Ppi3HI TNPOCTOPOBI Ta YacoBi MacmTabu Ta
MIHJIUBICTb.

[TpobGnema moOyA0BH KOPEKTHUX IHCTPYMEHTIB CKJIAJIHOI PEeTiOHATBHOT
OLIIHKM PHU3UKIB BHMAarae OIIIHIOBaHHS BCIX pYILIIiB Ta MapaMeTpiB ycix
karactpod y gochipkyBaHiii obOmacti. lle Bumarae BW3HAauYeHHS MipH
CTaTUCTHUYHUX PO3MOIUTIB CIOCTEPEkKEHb, sKa Oyae I1HBapiaHTHOIO IO
BITHOIIICHHIO JI0 BIACTUBOCTEH JTaHHX.

[TpoGnema aHamizy JaHUX y KOHTEKCTI COI1aTbHO-EKOJIOTTYHHX PU3HKIB
YacTO TOB'A3aHAa 3 BIJCYTHICTIO HaJIWHUX JOBIOCTPOKOBUX CIIOCTEPEKEHb
KatacTpodivyHUX MOAIHN, HATIHHUX COIIaTbHO-EKOHOMIYHHUX Ta €KOJOTIYHUX
JaHuX. 3TiHO 3 3aralbHUMH OIiHKamu [19] Ha OCHOBiI CYIMyTHUKOBUX
CIIOCTEPEIKEHb Ta CTATUCTHYHOI OILIHKH, JOCTOBIPHICTh OMIIIHHUX TaHUX B
OKpPEeMHX Tally3sX CTaHOBUTh Onm3bKO 65-88% (Ha CcyOperioHanpbHUX Ta
nokanbHUX MacmrTabax 88-92%). ILli piBHI, 1 ocoOnuBO Bapiaii
JIOCTOBIPHOCTI, € HEAOCTaTHIMH Jii KOPEKTHOI KOMIUIEKCHOI OIlIHKH
Oe3neky. TakuM YHMHOM, KOPEKTHA Ta PEryJsipHA CTATUCTHKA € BaXKIHBOIO
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Ui TOOYIOBM aJleKBaTHOI (yHKIII PHU3MKY, a TaKoX Ui pO3poOKU
cTpateriil ynpasiiHHa pusukamu [19].

Taonuus 1.
OcHoBHi Hag3BMYaliHi cuTyanii B Ykpaini B 1991 - 2010 pp
OuikyBani
Tun auxa Karacrpoda KK,'M L83 185 30uTkn (USD,
noxiii | 3armOsmx NOCTPAKAATHX
2001)
Eminemii Indexuiitai xBopobu 3 275 6771 n/a
Cepeone 3a nodiio 91,7 2257 n/a
Exerpenabii Xostoui xpusi 1 - 21 850.000
TeMIepaTypu
Tapsyi xBui 2 - 34 1.860.000
Cepeone 3a nodiio -- 18,3 903.333,3
3uMOBI
TEMIIEPaTypHi 1 <Lon Y 78.750
EKCTPUMHU
JliTHi TemnepatypHi 3 11 416 120.500.000
EKCTPUMHU
Cepeone 3a nodiio 203 15.004 30.144.687,5
IMoBeni PiukoBi moBeHi 12 76 2.589.895 1.236.114.000
C , 6,3 215.824,58 108.009.500
epednc 3a nodiio
Topmu Hesusnauenuii tun > 10 64.184 120.000.000
Cepedne 3a nodio 2 12836,4 24.000.000
Excrpa-Tporiuni 2 - - 190.000.000
LUKJIOHN
Cepeone 3a nodiio - - Bl
Tponiusi wHKIOHH 2 11 1.000 35.600.000
Cepedne 3a nodiro 55 500 17.800.000
Bei 9 21 65.184 345.600.000
ci Tunu
Cepedne 3a nodio 2,3 7242,7 38.400.000
Bci karactpodu 31 1.173 2.721.918 1.675.002.750
. 37,52 87.803,8 54.032.346,78
Cepeone 3a nodiio

[IIo6 oOIiHUTH perioHaJlbHUA TIOKAa3HWK pPHU3MKY, HaM TOTpiOeH
cneunpiyHUNA MiAXiJ 10 PO3YMIHHS CKJIaJHUX CHCTEMHHUX B3a€MO3B'S3KIB
MDK pO3IMOITAMH YacTOTH Ta IHTEHCHUBHOCTI HAJI3BHYAMHUX CHUTYalllld Ta
COLllaIbHUMH TapaMeTpamMu. ToMy po3poOka albTepHATUBHHUX CIIOCOOIB
aHaiizy  OaraTOBUMIpHUX  PO3MOJAUIIB €  OCHOBHHUM  €IIEMEHTOM
pETiOHATIBPHOTO aHaJi3y Ta YNPaBIIHHSA PU3UKOM HA/J3BHYAHHUX CHTYyalii
[19].
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3anponoHoBaHUM MeToJ| 0a3yeThCs HAa HETIHIMHOMY KEpHEIIBCHKOMY
anroput™mi  rojoBuux kKomnoHeHT (KPCA), wmonudikoBanomy 3a
cnenu@ikoro JJaHUX: COL1aTbHO-€eKOHOMIUYHUX, CTATUCTUKOIO HaJ3BUYATHUX
CUTYallli, KJIIMaTUYHUX, €KOJOTIYHUX PO3MOALIOM 1HPPACTPYKTYPHU TOLIO
[19]. BuxopuctoByrouun 1ed MeToJ, OyB IpoaHani30BaHUM HaOIp
JIOBFOCTPOKOBHX ~PETiOHAJbHUX CTAaTHUCTUYHUX JAaHUX MpO PO3MOAILI
HACJIKIB HAJI3BUUAWHUX CUTYaIIiH.
Tabauys 2.
Haii0insm BiummBoBi noaii B Ykpaini B 1990 - 2010 pokax - ocHOBHi
KaTacTpo(u, BKJIIOUYEHi 10 aHATi3y

Karacrpoda Hdara 3aruéui MocTpaxaai
Temneparypni Ciuens 2006 801 59.600
EKCTPEMYMH
. Ciuens 1995 204 1.380
Emigemii
. Yepsenb 1995 2 1.700.000
TloBiHb
. JInunens 2008 38 224.725
TloBiHb
. JInctomaz 1998 18 24.570
TloBiab
. UYepsenb 1997 11 12.870
TloBiab
. bepesens 2001 9 342.000
TloBiab
. I'pynens 1993 5 25.000
TloBiHb
. JIunens 1993 4 300.000
TloBiHb
Junens 2000 4 39.010
VYparan
JIucromanx 2000 4 7.552
Yparan
BukopucroByroun aJITOPUTM KPCA, MOYKHA OTpUMAaTH

PEryIIpU30BaHUN  MPOCTOPOBO-YACOBHM  PO3MOALT  JOCTIIKYBAaHUX
napaMeTpiB MPOTSATOM BCHOTO TIEPIOTY CIIOCTEPEIKEHHS 3 BHUIIPABICHOO
JIOCTOBIPHICTIO Ta KOHTPOJILOBAHOI HeBU3HAaYeHICTIO [19, 20], sk moka3aHo
Ha pUCYHKax 2, 3.

KinpkicHmii anHami3z crmocTepekeHb [6] Tokaszye, MO KUIBKICTh YCiX
BUJIB HaJ3BHUYallHMX cuUTyamliid 3poctae. KpiMm Toro, mpeacraBieHui
pO3MOALT JAEMOHCTPYE ICTOTHE 30UIBIICHHS BTpaAT, IO IOB'SI3aHO 3
3apEECTPOBAHUM 3POCTAHHSM YaCTOTH Ta IHTEHCHUBHOCTI HaJ3BHYAHHUX
CUTyaliii, a TakoX 13 30UIbIIEHHSM  BapTOCTI  IMOUIKOHKEHOT

1HPPACTPYKTYPH.
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[IpeacraBnenuii po3moain JEMOHCTPYE, IO BIAHOCHI 30UTKH Bif
Ha/I3BUYAHHKUX CUTyalil B mepiox 3 moyatky 1990-x nmemo 301IbIIyIOTHCS,
1110, IMOBIPHO, MOB'A3aHE 3 BIUIMBOM 3MIHU KJIIMaTy Ta 3MIHAMH CTPYTypHU
yIpaBJliHHS. 3arajibHi TEHACHLIT B CBITI Ta €BpOIi IEMOHCTPYIOTh 3arajibHe
3MEHIICHHS 1HJIEKCY BITHOCHUX 30MTKIB /oD, 110 MOB'A3aHO 3 €KOHOMIYHUM
3pocTaHHsIM (IIJABMILEHHS EKOHOMIYHOI CTIMKOCTI 40 KaracTpodiuHHX
MOJI1i) Ta YCHIIIHOIO peajizalli€lo cTpaTeriii ynpaBiliHHS pu3ukaMmu. B Toi
camuii yac Ha tepuropii Ykpainu 3 1980-x pp. i, ocobunuso 3 1990-x pp.,
IoD 3nauHo 3poctae. lle mMOB'I3aHO 3 EKOHOMIYHOIO JETpajalli€lo Ta
BIJICYTHICTIO HAJIEXXHUX CUCTEMHUX CTPATErii yrpaBlliHHS PU3HKAMHU.
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% landscape fires (4) /
> 010 climatic & meteorological disasters (5) d
z y
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Puc. 2. Po3nopin yacrotu Han3Bu4aiiHux B Ykpaini 1960-2010 [18] Ta [2]
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Puc.3. loD (Ianexc BTpat Bif CTUXIHHUX JTUX, TIOB'SI3aHAX 13 30MTKaMH JJO PIYHOTO
BBII) B Ykpaini 1960-2010 [18] Ta [2]
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[IpencraBieni po3noauiu OUIBII OYEBUIHO BioOpaxaroTh TOW (akT,
10 CTaje eKOHOMIYHE 3POCTaHHS Ta BIPOBA/KEHHS aJ€KBaTHUX CTpaTerii
OLIIHKM Ta YNPaBIiHHSA PHU3UKAMU JI03BOJISIIOTH 3MEHILIUTH YpasJIUBICTh
CYCIITIBCTBA JO MPHPOAHUX KaTacTpod HAaBITh 13 30UIBLICHHSIM iXHBOI
YacTOTH, IHTEHCHUBHOCTI Ta mpsmux BrTpar. llpencrasieni po3noauu
Ha/3BUYAlHUX cHUTyauid i YKpaiHM JEMOHCTPYIOTh HEOOXiJAHICTh
3aMpoBa/PKEHHSI CUCTEMHUX CTpaTeriii OIIHKW Ta YIpPaBIiHHS PU3UKAMU,
BKJIIOYAIOUH COLIIOKYJIBTYPHY CKJIaJIOBY.

®YHKIIIS CIPUHHATTS PU3UKIB: BPAXYBAHHSA
COLIAJBHUX ®AKTOPIB TA PYIIIiB PU3HUKIB TA 3BUTKIB

Buxonsun 3 Teopli NPUUHATTA pIlIeHh 3 HEBU3HAYCHOCTIO IIOJIO
KOTHITUBHOI yNEpeKeHOCTI Ta TOBOKEHHA 3 pusukoMm [21], mu
MPOIMOHYEMO 3anmucaTé (YHKIIO BTPAT HACTYMHUM YHUHOM: p(x,y|a(t)).
Taka ¢ynkuis MoaudikoBaHOro 30UTKY BKJIO4ae B cebe (yHKIO
yCBiIOMIIEHHS (), SIKa € B TaKOMYy BHUIAJKY CYNEPHO3ULiI0 (QYHKIT
CHPUHHSTTS PU3HKY (7, ) Ta QYHKIIT OCBITH Ta PalliOHAJIBHOTO OCBiaY (¢ ):

a(t) — (c+r,) BiamoBixHo 10 [22].

| ! l l

| [ Land-Use & Infrastructure Resources Environment
Land-Use Availability & Quality, Quality,
Dynamics Accessibility | | Availability, Ecosystem
Accessibility Services
| Accessibility
7z 777
1 l Population Dynamics «————
| Population Density & Structure |
I :
. ! o
] Income \ | Age \ | Social Structure & Dynamics

— ‘\

\

\
//‘

tnformatlon l: , Educatlon }- > Commumcatlon -

_—

‘ Cognmve Heuristics ‘—-| Risk Perception H Losses

Puc. 4. Pywii cnpuiiHATTS pU3UKY
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OyHKIIIS OCBITH ¢(f) B JaHOMY BHUIMAJKY OMUCYE MOETHAHHS OCBITU Ta
nocBify. DYHKIIIS CHPUAHSTTS PU3HKY 7, BiI0Opa)ka€ KOHLCILI0 Oe3MeKu

B TMOBEAIHII JIOAEH, 1 € OCHOBOK JJsi TPOTHO3YBAaHHS COILiabHO-
€KOHOMIYHUX Ta COI[laJIbHO-€KOJIOTIUHUX mporeciB. Ciil 3a3HAYUTH, IO
CIPUMHATTS PU3UKY CYTTEBO 3aJICKUTH BiJl OCTAHHIX MOJIM.

OyHKIIS yCBIIOMIIGHHS MOXeE OYTH MpEJCTaBiIeHAa B y3arajlbHEHOMY
BUTJISII TAKAM YHHOM [2]:

a(l‘)=Z(C[ +(rp)i) 4)

Takum unHOM, MOXHa Oysio © MpoaHadi3yBaTH /1Bl KOMIIOHEHTH L€l
¢byHKuii: pymii, siki (GOpMYIOTh JOBIOCTPOKOBY BIMOBI/Ib; 1 HapaMeTpH, sKi
(bOpMYIOTh CEepeHbO-1 KOPOTKOCTPOKOBI MapaMeTpu CIPUNHATTS PUUKY

(puc. 4).
Ile pi3HI KOMIIOHEHTH, SIKi MOKHA PO3IJIIATH OKPEMO.

OCBITA TA BIKOBA CTPYKTYPA, JIK
BEJIMKOMACIITABHI COLIOKYJbTYPHI PYLIIT PO3HOJILTY
PU3UKY

3a  gmomoMoror  mpeAacTaBieHoi  gopmamizamii MU MOXEMO
MPEACTABIATH OKpPEMi pO3MOAUIM mapaMmeTpiB. Jlns oOIiHKM  BTpar,
NOB'SI3aHMUX 13 piBHEM 0a30BOi OCBITH JIIOJEH, MPOMOHYETHCS perpecid [2,
23]:

p(@), =a,+ p,(x, )Y (B + A57)+ ()5 (5)
it it

Tyt ay - nocrilinuii koedilieHT; py - 6a30BUil piBeHb (PI3UYHUX BTpAT
Ha finsHi (x, v); E ; ;- piBEHb OCBITH JIFOJICH TPYIH B Yaci ¢ Ha TUISHIN (X,
v); A ; (- BIK TpYyIH JIOJCH B yaci ¢ Ha JUISHII (X, V).

BuxopuctoBytoun anroput™ (5) 3 HasBHOK CTaTHCTUKOIO, MHU HE
MaeMO I1HCTPYMEHTIB JUIsl TIPSAMOi1 OIIHKK (PYHKIT CHOPUHHATTS PHU3HKY.
OTxe, U1 OLIIHKH BapTO 3aCTOCOBYBATH HETPSMi allTOPUTMH.

Y rtakomy BurIsAi  KommoHenta Y ()" Moxe Oyt
it

iHTEpIpeToBaHa SK KoedilieHT HeBu3HaueHocTi [24]. Tox skmo mis
CIOCTEepEeXKEeHb Ha AUIIHIN M(x, V) 3 ABOX JKepes/3amuciB JOCTYIHI KiJbKa
JIOCUTh HAJIHHUX IHTEPBAJIB T MPOTITOM TPUBAJIOTO MEPIOAY f, MU MOKEMO
3alpONOHYBATH TaKy OLIHKY HEBU3HAYEHOCTI [2]:
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()5 = (@) =|p (@) = py(e) "]/

| P — (@) | e
0. (T = pi(@),
/ T,m 2 6
( CoVar, ) (©)

Ile piBHAHHS MOKHa BUKOpUCTaTH [2] ik mpocTy GopMy UIsl OL[IHKU
GyHKLIi CIPUIHATTA PU3MKY I'PYNH HAceJeHHs i 3 piBHEM OCBiTHM E Ta
BIKOBMM /11a1Ta30HOM A Ha AUIAHLI (X, ) 32 YaCOBUM IHTEPBAJIOM 7 B Me&Xax
reorpadiuHoro periony M ta nepioj CloCTEPEKEHHS £.

Komb6inaris piBHsHB (5) - (6) onucye po3noain GyHKIINA OCBITH cepen
JOCIIJKYBAaHUX TPy HACEJICHHS 3a YacOBHM IHTEPBAJIOM T B MeXax
reorpagiuHoro periony M Ta mepiogy crnocTepexeHHs ¢ (puc. 5, 6).
[IpencraBieni  po3mOAUIM  JEMOHCTPYIOTh, IO TMpU  BCIX BUAAX
HAJ3BUYAHUX CHUTyallli MEHII OCBIYEHI JIOAM CTPAXAaloTh Oiblie
(mopaHeHHs, 3HUKHEHHSI Ta CMEPTHICTB ).

0,35

personal injuries
E= personal missing
[ITT] personal death

0,30

0,25 4

0,20 +
0,15 4

0,10 +

Probability of effect
N
N\

0,05 ) 77

no education or secondary education higher education
primary school

Education level

Puc. 5. Po3nozin iMOBipHOCTI BIULTUBY Ha 0c00y (CMEpTh, IOPaHEHHS Y1
3HMKHCHHS) B 3QJIEKHOCTI BiJl OCBITH [2]
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[[TT1 property destroy
= property damage

5 0251 |z property affect
5
o
D 020
Gy
1S)
>
= 015
—
e
<
£
© 0,10
St
o
0,05
0,00 I

no educationor secondary education ' higher education
primary school
Education level

Puc. 6. Po3nionin iMoBipHOCTI MaifHOBOTO 30MTKY (OyAMHOK Ta Oi3Hec, 3pyiHHOBaHi,
MOIIKO/HKEH] Ta OCTpasKAaii) B 3aJIe)KHOCTI Bif OCBITH [2]

COLJAJIBHO-EKOHOMIYHI PYIIIi PU3BUKY I BTPAT HA
KOPOTKHUX TA CEPEJHIX MACIITABAX

Hani npo karactpodu [17] Oynu mpoaHami3oBaHi, BUKOPHCTOBYIOUH
MO (IKOBAaHUM HENIHIMHUNA aJrOPUTM KEPHENIBCHKOT0 aHalli3y TrOJIOBHUX
komroHeHT (KPCA). B pesynbrari Oynum OTpHMaHi peryiasipu3oBaHi B
MPOCTOPI 1 4aci PO3MOIiIH 3 HOPMOBAHOIO JOCTOBIPHICTIO.

Ha pucynkax 5 ta 6 mpenctaBieHO pO3MOJiT HMOBIPHOCTI BpaskeHHS
JIIOJICH, 110 3aJICKUTh BiJl OCBITH, pO3paXxOBaHUH 32 CTATHCTHKOI HAMOUTBII
3HAYHMX HaJ3BHYAMHUX cUTyauid B Ykpaini B mepiog 1991 - 2012 [17, 25].
Leii po3moia BiAMOBIAAE CEpeIHIM CBITOBUM TeHAeHIIsM [25]. Kpim Toro,
po3noain BinoOpaskae HEBIANMOBIAHICTH PO3NOALTY MaliHa B YKpaiHi Ta
BKJIMBUM 3B'S30K 3 MOJICIISIMH COIIIAJIBHOI CITPaBETMBOCTI.

KommoneHT pu3uky, oOyMOBIEHUN OCBITOIO (I OMOCEPEIKOBAHO 3a
BIKOM), TICHO ITOB'sI3aHUI 3 €eKOHOMIYHUMH ITOKa3HUKAMHU, TAKUMH 5K JTOX1]I
Ha aymry HaceleHHs. ONHMTYBaHHS TOKa3yOTh, MO IIi B3a€MOBITHOCHHU
Pi3HOMaHITHI, 1 BOHM 3HAYHO F€TEPOreHHI B IPOCTOPI 1 Yaci.

Ha pucynkax 7 i 8 HaBeZleHI pO3MOATN HIMOBIPHOCTI Bpa)XeHHS JIIO/IEH,
B 3aJEKHOCTI Big ocobucroro mgoxomy. Ili posmominu BUTIAIAIOTH
nepen0adyBaHUMH,  OCKUTBKM  BIIMOBIAAIOTH  CEPENHIM  CBITOBUM
TEeHJEeHIIIM [25]: 30KkpeMa, 30UIBIICHHS JOXOJIB BelAe 10 301IbIICHHS
3aXUCTY.
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0,20

= (1) injured
— =—(2) missed

———(3) killed

0,15

0,10

0,05

Probability of effect (max expected 0.84)

0,00

Personal income, of GDP per capita

Puc. 7. Po3noain iMOBIpHOCTI BIUIUBY Ha iHAMBIyyMa B 3aJIE)KHOCTI Bij
ocobuctoro noxoxy. BBIIL: BanoBuii BHyTpimHii npoaykr [2]

[Tiku ¥WMOBIPHOCTI 1HAMBIAYaJTBHOTO TOIIKO/PKCHHSI Ta MaWHOBOTO
30UTKy 3 HHM3BKMM pIBHEM JOXOAY Ta 30UIbIICHHSM IMOBIPHOCTI
pyHHYBaHHSI MaiiHa 3 BUCOKHMM pIBHEM JOXO]ly, MOKa3aHI Ha MAaJIIOHKY &,
JIEMOHCTPYIOTh I[iKaBI OCOOJIMBOCTI YKPaiHCHKOTO CYCHIJIBCTBA: HAHOLIBIN
OigHi Ta HaWOINBII OaraTi JIOAWM HAWOUTHII Bpa3IHMBI 7O KaTacTpod.
Haiibignimi € BpaznuBuMH uepe3 Opak iHQpacTpyKTypH Ta AOCTYIHOCTI
pecypciB; HaibaraTii 4epe3 HEXTyBaHHS mpaBuiiamMu Oesneku. Lle pizHi
ACIeKTH TOBEJIHKM COIIATbHUX TPYH, 1 iX MOYKHA Ha3BaTU MPOOIEMOIO
NPUMHSTTA PilIEHb B YMOBaX HEBU3HAYEHOCTI [26].

0,20

=== (1) property destroy
= = (2) property damage
- (3) property affect

0,15

0,10 4 3

0,05 ~ 2

Probability of effect (max expected 0.99)

o o ]

0,00 . :

Personal income, of GDP per capita

Puc. 8. Po3nontin iMOBIPHOCTI MaliHOBOTO 30MTKY B 3aJIC)KHOCTI BiJl 0COOMCTOTrO
noxoxny. BBII: BanoBuii BHYTpilHii npoaykT [2]
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Y zarasbHOMY BHUIAJKy JiiHeapu3oBaHa (opma Moxe OyTu
3alporoHOBaHa TaKUM YMHOM [19, 27]:

ln(pi,t (x,»), = allji,t + azFii +

ta,Ini,, +a, (ln[i,t)z +asP +ag(Inl, P)+ f(x )

(7)

Tyt a, - perpeciitui emmipuuni koedimientn; F*; , - yacToTa KatacTpod
Ha misHI (X, y); 1 ;- J0X11 HA AYITy HaCENIeHHS TPYIN JIF0/IeH  y Jaci ¢ Ha
ninsiHI (X, y); P ;¢ - CYKYHIHICT 32 4acoM ¢ Ha AUIAHIN (X, ); PUR it
MIChKE HacCeJIeHHs/ColllaJibHa IMUIBHICTh y 4acl ¢ Ha miasHil (x, y); 1 & -
Koe(illi€eHT HEBU3HAYEHOCTI.

3anponoHOBaHe PIBHSHHS, IO ONUCYE BTPATH, BUMarae JIOKJIAJHUX
JaHUX TPO BUKOPUCTOBYBAaHI MMapaMeTpd, 30Kpema, Mpo  PO3MOIiI
IIILHOCTI HAcENEeHHS a00 JOX1/.

CTOXACTHUYHE MOJAEJIIOBAHHA PO3IIOALTY
HACEJIEHHSA

3a3BU4aili MM HE MAEMO TOYHHUX JIaHUX PO PO3MOAUI Ta JUHAMIKY
HaCeJIeHHsd, TOMY JAeMorpadiuHa CTaTHCTUKAa € O0'€KTOM CTaTUCTHMYHHX
OIIIHOK. MU MO>XeMO OIlIHUTH 3HAYCHHS P;, - HaceJIeHHs 3a Jac ¢ Ha JUISHII
(x, ) fIK cTOXaCTUYHE 3HAYCHHSI.

SAxmo pinsHKa (XY, y) € 4YacTHHOK 3MimaHoi TepuTopii 3
ypOaHi30BaHUMHU Ta CLILCHKUMHU TEPUTOPISIMHU, TO KIJIbKICTh HACEJICHHS Ha
JOCIHIJKYBaHIM TUISHII MOXe OyTH MpeIcTaBleHa sK:

RURPRUR URPUR

P (x,») lLll i ILII i (8)

N Zﬂ(}foyR) Zﬂ(w)
x,y

He P*Y%- cinbcbke HaceneHHs,

PY® - wmicbke HacemeHHs, 4" " -

cinbchknii KoedinieHT miinpHOCTI #iMoBipHOCTI, 1" - Mickkuil koedimieHT
ITITBHOCTI KMOBIPHOCTI JIsI IEBHOTO MICIISA.

HlinbHicT CUIbCBKOTO HaceJIeHHA AK byukuis
3eMJIEKOPMCTYBAHHA Ta  YPOXKANWHOCTI  CilIbCbKOIOCHOAAPCHKUX

KYJbTYpP
CinbchbKe  HACENICHHS  BU3HAYAETHCS  KOe(DIIIEHTOM  NIUIBHOCTI

MIMOBIPHOCTI CiIbCHKOTO HACENEHHS £ " , sIKE MOYKHA BU3HAYHMTH SIK:

RUR
ity = D Ui Seon o )

n,(x,y)
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I[e U, vy ~ KOC(I)II_IleHT ArpOCKOJIOTTYHOI0 30HYBAHHA IJIsI THUITY

3eMJICKOPUCTYBaHHA n Ha JuiHm  (x, p); S WIoia THUITY

()~
3eMIIEKOpPUCTYBaHHS Ha JUISHIN (x,y). KoedilieHT arpoekoaoriyHoro
30HYBaHHS BKJIIOYA€ KUIBKICTH mapamMeTpiB [28]:

u, —>h,(4,;0)y,(x,), (10)

e h, - 3eMenbHUN 1HAEKC, PO3PAXOBAHUM JJIsl KOXKHOTO DETIOHY 3
ypaxyBaHHsIM  3a0pyiHeHb Ta  jerpajauii  IpyHTiB, A, - TUI
3eMJICKOPUCTYBaHHA, O - MapaMeTp MaclTa0yBaHHA, y, - MaKCHUMajbHa

JOCSAXKHa BpO)KElfIHiCTB, 3aJIC)KHa BiI[ X, - anOeKOJ'IOl"i‘IHOFO CTaHy, SIKUAM

BKJIIOYa€ B ceOe mapamMeTpH MiCLeBOCTi, IPYHTY, BOJIU: BOJIOTICTh Ta OMAJH,
KJIIMaT 1 TemnepaTypa. MakcUMalnbHO JOCSHKHA BPOKaWHICTH MOe OyTH
OlliHEeHa K (YHKI[IOHaTbHA MaKCUMaJIbHA PiuHA CTATUCTUYHA JOX1THICTb:

v, > y-(1=u)- f(k)-S(T,W,R)+A (11)

e u -inaekc nerpanaiii Bpoxaro; f (k) - GyHKIlIS MUTBHOCTI BpoXKaro; S
(T, W, R) — dyHKUiOHANT TPOAYKTUBHOCTI, IO 3aJIEKHUTHh BiJ PO3MOJLIIB
TEMIIepaTypu, BOJHOIO HABAHTAXKEHHS Ta COHAYHOTO BUIIPOMIHIOBAHHS; A -
koe(dirieHT HeBU3HAYEHOCTI [29].

BpaznuBicTh CIIIBCHKUX KUTEIIB BUBHAYAETHCS MPUPOJHUMH YMOBAMH,
AKICTIO 3eMellb, ©€(EeKTUBHICTIO 3eMJIEKOPHCTYBAaHHS, IHTECHCHBHICTIO
3a0pyIHEHHS, KOJMBAHHAMHU YpPOKaWHOCTI 3epHa B mepion ciBosminu [30,
31] Ta pUHKOBOIO KOH'FOHKTYPOIO.

Kpim ToOro, icHye JOKaJbHHHM Napamerp, SKUH MOEIHYE PO3IMOJLT
HaceJeHHs Ta JIOXOJIB dYepe3 Bapiamii CHOKWMBYUMX I[IH Ha
CLTBCHKOTOCTIONAPChKE BUPOOHUIITBO. Y paMKaxX 3arajibHOl CTOXaCTHYHOL
corfianbHO-eKOHOMIUHOI perioHanbHOl Mogmeni (Fischer et al., 1996)
BUpoOHMYa ¢yHKLIA "cyKymHOro Qepmepa" MOBHHHA BKIIOYATH 1HJIEKC
BUPOOHMITBA 3 HAsBHUMHU I[IHAMHM KOHKPETHOIO PErioHy p,. Ha ypoxail

V,.,» HAlIOHAIBHUMH LIHAMH P, BKJIIOYAIOYM KOEQILIEHT 3BaXKyBaHHI W,

[32]:
) zprc’yrc

c

(12)

Jle w, € KoedilleHT TOCTYMHOCTI 1H(QPACTPYKTypH, L0 BiLOOpakae
AKICTb JOPOXHBOI 1HOPACTPYKTYpH [, BiAcTaHb [' MK JaHOIO TUISHKOIO
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Ta yciMa IHIIMMH MICTaMH Ta UISHKAMH, a TaKOX IIIJIBHICTb MICBKOTO
HaceneHHs P, sk

PUR
7
w, = .
! Z exp(0.01- B, - distance, )

(13)

et TMm CTOXaCTMYHOTO MIAXOAY 3 HEOOXITHUMHU OOMEKEHHSMHU Ta
3MiHHUMH 00TOBOproeThcst B [31]. Takoxx 3ampomoHOBaHO METOAN
KOHTPOJIIO TOTOYHOI MPOJYKTUBHOCTI y,., a Takox ii Bapiauii [30]. Tomy,
gk BumuBae 3 (12)-(13), BpasznuBiCTh CITBCHKOTO HAacCeNeHHS Oyze
3aJIe’KATH TaKOXX BiJl PO3MOJIITY MICBKOTO HaceJIeHHs, 30KpeMa, BIJCTaH1 10
MICBKMX IEHTpiB / Ta BiJ HallOHAIBHOTO PO3MOALTY BHUPOIIYBaHHS
CLITBCHKOTOCIIOAPCHKHUX KYIBTYP.

Po3nmogin  micbkoro HaceleHHs SIK  (yHKUis  JOCTYNHOCTI
IHPpACTPYKTYpPH Ta COMiaIbLHO-eKOHOMIYHOI CUTYaIil

Hacenennss Ha ypOaHi30BaHUX TEPUTOPISAX PO3MOAUISETHCS 1HIIMM
YUHOM, 1 HWOro Bpa3iuBICTh Ma€ OyTH ONUCaHa IHIIMMH BiJIHOCMHAMH.

3arasbHa MOJENb HIUIBHOCTI MICBKOTO HACEJIEHHS p, B PErioHi n MOXe

OyTu mpejcTaBlieHa BiAMoBiAHO 10 [33, 34] sk:

)7 (14)

rn

pn (V) o« Z pn(o) .exp(_

n(x,y) n(o)

e Do, LIUIBHICTb HACENCHHS Y MICBKOMY LEHTpL, 7,- BLICTaHb

n

AUISHKA 7 3 JIOKaJl3ali€ero (x,y) A0 UeHTpy ypOaHi3oBaHOi 30HH, 7,

(dbyHKIIIOHATBHUNA pajaiyc ypOaHi3oBaHOi 0051acTi, o - MmapaMeTp cTaii
PO3BHUTKY MicTa.

[Ilo6 3MEHHIMTH pI3HUIIO0 MDK THUNAMH 3E€MJIEKOPHCTYBAaHHS Ta
MICBKUMH JaHAmadTaMu BcepeauHi MiIcT Ta ypOaHI30BaHUX 30H,
CKOopHUCcTaiiMocs KoedilieHToM ApiOHEeHHS BiAnoBiaHo 1o [35, 36]:

Zdim
m Dim
He d,, - po3Mip 3eMJIEKOPUCTYBaHHS THUIY i B JIOKawii m, D, - po3mip
MICBKHX JIOKAIii /71, 110 BKJIIOYA€ Pi3HI BUIU 3€MJIEKOPUCTYBaHHS d,,, 7, -

BiJICTaHb BiJ JIOKAIil 7 JO MICBKOTO IIEHTPY.
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UR 7 7 -
W= X A exp ) (16)
(x,») n’(;}) /11- (x,y) (A(x Y )1/2

e A, -myHinunagbHa TEpUTOpis, A - IJIOIIA MicTa, 7, - BIACTaHb 10

(x.)
MICBKOT'O LIEHTPY, O - MapaMeTpu cTajii po3BUTKY MicTa. [Tlapamerp cramii
MICTOOYTyBaHHS MOXe OyTH TIPEICTaBICHHH Y (hopmi:

b(x,y) l(x,y)
n(x,y) z ( A +ﬂl lm) (17)
n(x,y) (x,y) n

He 4, - 3abynoBana Tepuropis micra, A,

oy T MMpoOMHCJIOBAa 30HA,

[, - MIUIBHICTb JOpPIT, [ - KOEPILIEHT AOCTYMHOCTI 1H(pacTpykTypu (110
BIJJOOpaxae SKICTb JIOPOXKHBOI'O IIOKPUTTHA), ¢, - MICLEBUH pIBEHb
3al{HATOCTI.

OTxe, MU MOXXEMO 3pOOMTH BHMCHOBOK, IO Bpa3JMBICTb MICHKOI'O
HACEJICHHS 3aJIeXKHUTh BiJ PO3MOALTY IpiOHEHHS MICTa Ta SKOCTI MICBKOTO
CepEe/IOBHUINA; MIUIBbHICTD, IKICTh Ta HASABHICTH IHPPACTPYKTYpH, OaJTaHC MIXK
BUPOOHUYMMH, S>KUTJIOBUMH Ta pEKpealiiHUMH 30HaMH, €(PEKTUBHOCTI
BUKOPUCTAHHS MICHKOTO 3€MJICKOPUCTYBAHHS Ta YIPAaBIIHHS JaHIIIa(TOM,
COIliaIbHOT MOJIITUKH, 30KpeMa, 3aifHATOCTI.

0,26
0,24
0,22
0,20
0,18
0,16
0,14 =T
0,12
0,10
0,08 -1
0,06
004 education
0,02
0,00

all events

risk perception function

Probability of effect
|

(€D}

i ' 2 3
Education level: 1- no education,or primary school;
- secondary education; 3- higher education

Puc. 9. Po3paxyHKOBHI pO3MOALT CIIPUAHSATTS pU3UKY Ta OCBITHS CKJIaZ0Ba
(hyHKIIT YCBITOMIICHHS JUISI BCIX JIOCII/PKEHUX MOAiN [2]

3anporonoBaHi piBHsIHHS (7) 3 107aTKOBUMH KoMTIoHeHTamH (8) - (17),
II0 ONHUCYIOTh 30MTKHA BiJ HAA3BUYAWHHUX CHUTYyalliid, BiAMOBIIAIOTH
CIIOCTEPEKYBaHUM posnofaiinam. Lls perpecis goOpe CHiBBIZHOCHTBCS 3
pe3yNbTaTaMu 1HIIHUX JOCHTIKEeHb [37].
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HasBHa crartMcTuka Haa3BUYaWHUX CHUTyallii Oyna mpoaHalli30BaHa,
BUKOPHUCTOBYIOUH 3arporoHoBanuid minxia (8) - (10) ta anroputm KPCA.
Pe3ynbrar 1eMoHCTpye B3a€MO3B'sI3aHUI BIUIMB (YHKIIIT OCBITH Ta (YHKIIIT
CIPUHHATTS PU3UKY HAa (YHKLIIO YIIKO/DKEHHS SK MIpH BPas3JIMBOCTI 10
Haa3BUyailHux cutyaui (puc. 9-10). OTxe, MH MOXKEMO OKpPEMO
aHalli3yBaTU BIUTUB OCBITH, OaraTOpPiYHMI JOCBIA Ta KOPOTKOCTPOKOBY
1H(pOopMalLlil0 Ha AUHAMIKY BTPAT K (YHKI[IIO COL1aJIbHOI MOBEIIHKY.

0,30
0,28
0,26 ST
0,24 ]
0,22
0,20 risk
0,18
0,164
0,14 3
0,12
0,10 e
0,08 T THFFH
0,06 4 HHEH
0,04 ] : educa { t
0,02 ]
0,00 T

1 2 3

Education level: 1- no education or primary school;
2- secondary education; 3- highér education

major disasters

Probability of effect

Puc. 10. OuiHOYHUIA PO3MOiN CIPUHHATTS PU3UKY Ta OCBITHIM KOMIIOHEHT
¢byHkuii yeBigomienns "mBuakux karactpod" (11 Benukux karactpod) [2]

Jlani mokasyrooTb, 110 He MeHie 7-11% npsiMux BTpaT 3aiexaTb Bif
KOPOTKOCTPOKOBOi ~MOBeAIHKM "iH(opMaliiiHux areHTiB": colianbHa
AKTUBHICTh €KCIIEPTIB, BUCHUX, MPABWIIbHI TUCKYCIi B Me/ia Tomo. [Hmr 8-
10% BTpar moB's3aHi 3 piBHEM JepkaBHOI Ta mpodeciitHoi ocBiTH. Takum
YUHOM, BapTICTh CUCTEMATUYHOI OCBITH Ta TPUBAJIOI MiATOTOBIEHOCTI - 1€
He ™eHme 10-15% 3aranbHUX BTpar, a BHUTpPATH HA BiANOBIAATIBHY
iH(dopmarrito, coriaapHy MOBEIIHKY Ta (OpPMYyBaHHS TOJITHKU CKJIAAIOTh
10 8-20% (y Bumaaxy BeIMKuX kKatactpod) [ 2].

3AKJ/IIOYHI 3AYBAXKEHHS

CyuacHuii CBIT 3aCHOBaHMHU pajilie Ha BiAHOCHHAX, HIXK HA MPHUYUHHO-
HACJIKOBUX 3B'SI3KaX, TOMY KOMYHIKATHBHI, COIIaJIbHO-€KOHOMIYHI Ta
COLIIOKYJIbTYPHI MUTAHHSA BAaXJIMBI JUIS PO3YMIHHS NPUPOAU PH3HKIB Ta
NPUAHATTS NMPaBUIBHUX pimieHb. ChOro/IHI OUIBIIICTh AHATITHKIB 3 MMUTaHb
0e3MmeKkn OroJOCHWJIM IMPO HOBHM XapakTep Cy4acHUX pusukiB [38]. Mu
3ITKHYJIUCS 3 Y3TOKEHMMH a00 CUCTEMHUMM PU3MKaMH, peasizailis sKHX
NpU3BOIUTH 10 edekTy nomino [39], HecroxiBaHUM 3POCTAHHSIM BTpaT i

227



cmepTenbHuX Bunaakis [40]. Lleit Tun pu3uKiB BUHUK BHACIIIOK CKJIAIHOTO
XapakTepy  TIeTepOreHHOr0  CEpeldOoBMINA,  TICHOTO  B3a€MO3B'SI3KY
IHKEHEpPHUX Mepex Ta 3MIHM CTPYKTypu cycrnuibcTrBa. ['ereporeHHe
OaraToareHTHE CEpe/lOBHILE CTBOPIOE CHCTEMHI PHU3MKM, LI0 BHMAarae
aHajizy JaHux 3 OaraTbOX JDKEped, 3 3aCTOCYBaHHSM CKJIAIHUX
iHCTpyMeHTiB. dopMmasibHa OCHOBa [yl aHali3y IbOrO THILY PHU3HKIB
po3pobsieThess MPOTATOM OcTaHHIX 5-7 pokiB [40]. Ane mpoOnemu
COLIaIbHOT CHpaBEeIJIMBOCTI, €TUKU Ta OCBITH MOTPEOYIOTh MOAAIBIIOTO
po3BuTKy. OJIMH 3 acHeKTIB aHali3y COLIaJbHUX MHUTaHb YIPaBIIHHS
PHU3UKaMHU IIPEJICTABICHO B 1aH1i poOOTi.

PesynbpTaty aHanmizy JaHUX HaJ3BUYaWHUX CHUTyalld CBIIYaTh PO Te,
110 OJIM3BKO MOJIOBUHU MPSIMUX BTPAT BiJ Ha/J3BUYAWHUX CUTYalll MOXYThb
OyTH CHOPUYMHEHI COLIaJbHUMH YHHHMKAMH: OCBITOIO, JOCBIIOM Ta
COLIIAJIbHOIO TMOBEAIHKOI. BUKOpHCTOBYIOUM MNpeAcTaBlieHl JaHi, MOXKHa
OLIIHUTH KIJBbKICHI mapamerpu posnoniury Brpar. PiBusuusa (5) Tta (7)
BU3HAYAIOTh CIIBBIJHOIIEHHS MIXK OCBITOIO, BIKOM, JIOCBIJIOM Ta BTpaTaMH.
PiBustans (7) 3 kommoneHnTam# (8) - (17) 103BoJIsiE€ OIIHUTH BPa3IUBICTS (3
TOYKH 30pYy WMOBIPHOTO 30MTKY) MO BIJHOLIEHHIO /10 (DIHAHCOBOTO CTaHy B
NOTOYHIM COIiaJbHINA INIIBHOCTI 3aJIEKHO BiJ CTaHy HABKOJIUIIHBOTO
cepeloBMINa, 3eMJIEKOpUCTyBaHHS Ta iH(QpacTpykTypu. Otxe, B
3araJlbHOMY KOHTEKCT1 OCBiTa BU3HAYa€ CIPUUHATTS PU3UKY Ta ypas3IUBiCTh
rpomas.

AJte Ha MiCLIEBOMY PiBHI ICHYIOTh BaXXJIUB1 HEoTHOP1AHOCTI. CTpyKTYpa
3eMJICKOPUCTYBaHHA Ta ypOaHi3allis BIUIMBAIOTb Ha BpPA3JIUBICTh Y
KOPOTKOCTPOKOBOMY MacIITabi MeHIIe, HiX 3 poku (perioHajabHHUM mepioj
CIBO3MIHM), a TaKOXX Ha MPOCTOpoBOMYy MacmTadi MmeHme 20 kM (po3mip
JaHAIaGTHOTO PI3HOMAHITTS).

Mopenb mokasye, 1m0 BPa3JIUBICTh CUIBCHKOT TPOMaan 3aJeKHUTh Bij
HasBHOCTI 1 JIOCTYNIHOCTI  BOJIHM, SKOCTI IPYHTIB, €()eKTUBHOCTI
3eMJICKOPUCTYBAaHHSA  (BKJIIOYAIOYM  aJamnTarilo 10 3MIH  KIIMary),
IHTEHCUBHOCTI 3a0pyAHEHHS, KOJMBAaHHS BPOXKAMHOCTI POCIUH HPOTITOM
nepiofy CiBO3MIHHM, PIYHOTO HAaIllOHAJIBHOTO PO3IMOILTY BHUPOIYBAaHHS
CLIBCHKOTOCTIOAAPCHKUX KYJIBTYpP Ta BIJICTaHI 10 MIiChKHX IeHTpiB. Tyt cmin
3a3HAYUTH, IO "BIICTaHb JIO MICBKUX IIEHTPIB" HE € BCEOCSHKHUM
MOKAa3HUKOM JIOCTYITHOCTI PHUHKY B 3arajJbHOMY BHIAJKY: SKICTh Ta
HAasBHICTh TPAHCIIOPTHOI 1HOPACTPYKTYPH CJiJ OMUCYBATH OLIBII JETATHHO
Ha HAaCTYIHHX eTarax aHajizy.

Bpa3nuBicTh  MICBKOIO  HACeNEHHS  BH3HAYAETHCA  PO3MOILIOM
JpiOHEHHS MiChKOI 3a0yIOBH Ta SIKICTIO MICBKOTO CEepPEIOBHINA: IIUIBHICTIO,
SKICTIO Ta HAasBHICTIO 1H()PACTPYKTypH, PIBHOBArO MiX NMPOMHUCIOBHUMH,
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KHUTJIOBUMU Ta pPEKpealiiHUMU 30HAMH, €QEKTUBHICTIO MICHKOIO
3eMJICKOPHCTYBAaHHS Ta YIPaBIiHHsA JaHAmAadTaMu, a TaKOX COLIATbHOIO
MOJIITUKOIO, 30KpEMa, B rajry3i 3aiHATOCTI.

Ha ocHOB1 3ampomnoHOBaHOro MiAXOAY, 30KpeMa, BUKOPUCTOBYKOUH
piBHsaHHA (5), (7), (8) Ta (14), MoXHA pO3paxyBaTH PO3MOALT BPa3IUBOCTI 3
TOYKM 30py HaAWOUIbII IMOBIPHMX BTpaT JJs pPI3HUX CIUIBHOT,
BUKOpUCTOBYtouH Aani [17], [41] ta [42]. Ha puc.11 npeacraBnenuii Takuit
posnonin. Sk Mu GaunMo, poO3paxyHKOBa BpAa3MBICTh BIANOBIJIAE
PO3MOIiTY HAA3BUYAMHHUX CHUTYaIlil, HIUIBHOCTI HACEJICHHS Ta COIIabHO-
€KOHOMIYHUM IapameTpaM. AHali3 IHUX JaHUX NOTpedye OUIbII JeTalbHUX
PO3PaxyHKIB 3 KpallOl CITKOI, a TAaKOX IHTEpHpeTaiii OUIbII JeTalbHUX
JaHUX.

o
aﬁp\‘

<01 0.1-0.2 0.2-0.3 0.3-04 >04 ‘
N .

Vulnerability of local communities

Puc. 11. Po3paxyHKOBHI pO3IOALT BPa3IUBOCTI MICIIEBUX TPOMAJ 3 TOUKH
30py HaWOIIBI IMOBIPHHAX OCOOMCTHX HACIIIKIB Ta MAaifHOBOTO 30HUTKY,
3aroIiTHOTO 0araTOCTOPOHHIM BIUTHBOM

II{ibHICTh HACEJICHHS TICHO IOB'S3aHa 3 COIIAIbHOIO IIUIBHICTIO, 3
SKICTIO 1H(QOPMYBaHHS Ta MPUUHATTAM pimeHs [43]. CormianbHe HaBYaHHS,
K (DYHKIIS COLIaTbHUX KOMYHIKAI, TaKkoX € CrocoOOM IiIBUIICHHS
CTIHKOCTI.

MoskHa cka3aTu, IO COIliajibHa CTIHKICTh € (DYHKIII€0 IHTEHCHUBHOCTI
Ta €(QEeKTUBHOCTI 3B'SI3KYy MK B3a€MOIOB'S3aHUMHU Ta B3a€MOJIIOUUMHU
MEpeKaMHU B T€TEPOreHHOMY CEpPEIOBHIII.

229



OTmxe, pe3yapTaTH JOCHIKEHHS TOKa3aJIy, 10 YIPaBIiHHSA pU3UKaMU
NOBUHHO BKJIIOYAaTH MUTAHHS CIPUHMHATTS PU3MKIB Ta 3arpo3, sKi CIif
ONMMCYBaTH 13 3aCTOCYBaHHSM BIANOBIIHUX I1HCTPYMEHTIB Ta MIAXOJIB,
NOB'A3aHUX 3 JIOJCBKMM BHMipoM BpasnuBocTi. Hampukiazn, npobiemu
JOCTYIIHOCTI Ta HAsABHOCTI PECYpCiB 3 ypaxyBaHHSM COLIaJbHOI
CHPaBEJIMBOCTI Ta COLIAJbHO-CKOHOMIUHOI JHWHAMIKKM IOBHHHI OyTH
BKJIFOUEHUMU B MallOyTHI1 TOCIII/PKEHHSI B rajly31 aHali3y PU3UKIB.
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This book summarizes the on-going research contributing to the joint
project between the National Academy of Sciences of Ukraine (NASU) and
International Institute for Applied Systems Analysis (IIASA) addressing
challenging problems of integrated robust management of interdependent
food, energy, water, environment, social, demographic systems for
sustainable developments (Zagorodny, Ermoliev, 2013; Zagorodny et al.,
2012; 2013; 2014). The project creates a partnership of IIASA and seven
leading institutes of NASU collaborating also with networks of national and
international organizations, advisors, and policy makers. The project aims at
science-based support of policies providing coherent strategic coordination
and regulations among food, energy, water sectors, accounting for complex
linkages and differences in spatial and temporal scales between agriculture,
energy and water security, potential systemic risks and new feasible policies
at a country level taking into account interregional and international trades,
global-local pollution, related risks, direct and indirect exchange of
resources, etc. The main methodological goal of the projects is to develop
further and implement novel systems analysis approaches addressing
problems of common interest for Ukraine, IIASA and globally, emerging in
designing  solutions for robust sustainable Food-Energy-Water-
Environmental (FEWE) nexus management, which cannot be solved by
existing traditional approaches.

Often, detailed sectorial and regional models have been used to
independently plan desirable developments of respective sectors and
regions. However, solutions that are optimal for a sub-system may turn out
to be infeasible for the entire system. The project develops new approaches
based on the linkage of detailed distributed models of subsystems (e.g.,
sectorial and regional models) under joint resource constraints thus enabling
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truly integrative decision support for optimal and robust solutions across
sectors and regions. Based on novel ideas of systems’ linkage under
asymmetric information and other uncertainties, nested strategic-operational
and local-global models are being used in combination with, in general,
non-Bayesian probabilistic downscaling procedures for analyzing and
managing global systemic interdependencies and risks having local
implications, and vice versa. Quantile-based indicators are used to cope with
new type of risks and extreme events generated by decisions of various
stakeholders. For long-term sustainable functioning of FEWE systems,
robust policies comprise both interdependent strategic long-term
(anticipative, ex-ante) decisions and short-term (adaptive, ex-post) decisions
(adjustments).

As a result, the project develops a multimodel strategic-adaptive
Decision Support System (DSS), which integrates not only national FEWE
models, but also those operating at the global scale, in some cases
‘downscaling’ the results of the latter to a national level. This allows models
developed at different resolutions for individual issues to be integrated,
showing policymakers exactly where the trade-offs, synergies or discords of
different policies may lie, enabling a dialogue among national and
international stakeholders. The DSS includes a Data Base to serve as
models’ inputs. Data harmonization procedures utilize new type non-smooth
stochastic optimization and stochastic quasigradient (SQG) methods for
robust of-line and on-line decisions involving large-scale machine learning
and Artificial Intelligence (Al) problems in particular, Deep Learning (DL)
including deep neural learning or deep artificial neural network (ANN).

Increasing global-local inter- and intra-regional and sectorial
interdependencies may significantly affect systemic instabilities even under
insignificant at the first glance peripheral changes, e.g. due to introduction
of new technologies, policies, or weather variability and natural disasters.
Detailed sectorial models have been traditionally used to anticipate and plan
desirable developments of the respective sectors. However, independent
analysis and policies supported by these models ignore joint goals and
constraints, which can lead to wrong policy implications. The absence of
joint monitoring of available resources under increasing interdependencies
among countries and their sectors can cause “unexpected” shortages,
systemic instabilities and insecurity. For example, during extensive droughts
and high water demand for agriculture, several power reactors in US had to
shut-down in August 2007.

The increasing interdependencies among FEWE sectors require
coordinated secure policies. Security is understood as an ability to fulfill the
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needs of the society for food, energy, water, environment, etc., under
standard requirements for their qualities, quantities, and risks. At the same
time, on regional and local levels, especially in energy and agriculture, we
can observe inconsistent decentralization and deregulation processes
creating heterogeneous independent producers and distributors deciding
their production plans and other activities according to risky instantaneous
market conditions. In this case, the lack of proper coherent long-term
policies may easily induce global systemic risks and failures, preventing
sustainable developments. This requires new systemic regulations which can
be designed by developing linkage methods enabling to analyze coordinated
solutions without exact sectorial information.

In particular, the book presents contributions on the following issues:

= Methodological challenges related to modeling and robust
management of FEWE nexus under systemic risks, uncertainties,
asymmetric information. Secure coherent sustainable FEWE
nexus management requires proper governance equipped with
adequate decision support systems and methodologies for linking
distributed sectorial and regional models. Robustness of policies
can be achieved by using appropriate non-smooth systemic risk
indicators enabling to properly represent ‘“hit-or-miss” type
decision situations regarding sustainability targets. The use of
standard mean values, least square and variance-covariance
approaches is not robust under asymmetric variability and
uncertainty with non-normal distributions;

* Advanced approaches to modeling and analysis of FEWE
systemic risks due to exogenous and endogenous shocks in
interdependent socio-economic and environmental systems when
a small disturbance in one system/location may cause essential
spillovers and divergences of systems’ development trajectories,
unpredictable in their consequences, leading to increase of future
uncertainty. Agriculture, energy, and water systems are
vulnerable to climate changes and weather-related extreme
events. Coherent integrated new policies for land use,
agriculture, water and energy security can play a central role in
mitigation and adaptation to climate change and increasing
weather variability;

= Linkage of distributed sectorial and regional models under
asymmetric information. The distributed sectorial and regional
models identify solutions that are optimal for the considered
sectors and regions. When competition for resources becomes
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binding, an independent analysis of sectors and regions that do
not take their interconnectedness into account can become highly
misleading. The approach for linking distributed models is based
on an iterative “learning” process utilizing principles of SQG
method of non-smooth stochastic optimization converging to the
socially optimal solution. It does not require models to exchange
full information about their specifications. In this way, we avoid
a “hard linking” of the models in a single code that saves
programming time and enables parallel distributed computations
of sectorial/regional models instead of a large-scale integrated
model;

Dynamic robust cross-entropy-based downscaling model enables
data harmonization across spatio-temporal scales and facilitates a
fusion of global and local models. In particular, it allows to
project future aggregate land use changes in Ukraine from a
global land use model (GLOBIOM) to finer resolutions. The
approach derives consistent results between large scale land use
change and agricultural development processes and local
dynamics. Proposed approach was used at [IASA and Institute of
Economics and Forecasting, NASU, for downscaling projections
derived by GLOBIOM for different socio-economic,
technological, demographic and climatic scenarios (SSPs).

Planning long-term energy sector development in Ukraine
provides a coordinated internally consistent development outlook
on the national socio-economic, technological and environmental
trends, as well as it takes into account complex relationships with
the outside world emerging due to globalization processes.
Methodologies for developing long-term forecasts for large
systems, which, in particular, include interdependent energy and
water systems, focus on optimal and robust management of
limited natural resources while fulfilling energy-water-
environmental security goals.

Landscape ecological analysis and modeling of the dynamics of
vegetation state based on indicators of gross primary productivity
(GPP) and net primary productivity (NPP) of vegetation cover
taking account of changing environmental conditions. Dynamics
and the overall amount of CO2 absorption within the different
classes of vegetation, including major crops in some regions of
Ukraine, have been studied using satellite data. With the annual
estimates of GPP and NPP, it is important to examine how the
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observed effect of a variety of environmental conditions
influence the overall vegetation productivity of the country;

Analysis of water quality and water pollution risks based on
using data from satellite observation of water bodies, soil cover
and air pollutant transfer in wide context of robust resource
management. Complex security management requires an
integrated approach to socio-ecological risk assessment,
including modeling of water, land and air environment. In
situation of limited access to data, indirect estimation and
process modeling become especially useful: not so many
parameters are directly measurable with required spatial,
temporal, spectral and radiometric resolutions, at the same time
many parameters are observable incompletely and with
uncertainty. One of the main problems is the analysis of
uncertainties related to satellite data, connected with land-cover
classification, as well as the development of problem-oriented
land-cover classification approach;

Multi-disaster ~ risk  analysis  using  multisource  data
(Kostyuchenko et al, 2020) addresses the issues of risk and threat
perception using approaches related to the human dimension of
vulnerability. Human issues are among the main components of
modern security concept. Modern understanding of complex
security and complex risk management requires analysis of all
natural and anthropogenic factors, the involvement of all
available data, the construction of advanced risk-adjusted
analytical tools, and the transformation of our understanding
about vulnerability, perception of risk and security. The safety,
security and risk management problems now entail not only
engineering but to a major extent also socio-economic and
environmental concepts;

Integrated long-term approaches to risk management and
economic development under (endogenous and exogenous)
uncertainties and risks demonstrate that strengthening linkages
between ex-ante long-term decisions (such as floods and
droughts risk mitigations, building storages and reservoirs,
irrigation systems) with other short-term ex-post adaptive multi-
stakeholders decisions significantly improves the robustness,
efficiency and environmental safety of solutions with respect to
inherent uncertainty and extreme events. Intensification of ex-
ante measures—combined with a more intelligent method for
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setting aside resources to build adaptive capacities for ex-post
compensations, contingent credits, catastrophic  bonds,
monitoring, trade and regulation—can significantly reduce the
overall burden on national economies and enable a balance
between economic growth and security. Integrated long-term
approaches to risk management and economic development, with
an explicit emphasis on the possibility of rare high-consequence
catastrophes, enables effective decisions in this context.

In Ukraine, the lack of coherent integrated governmental policies in
Ukraine caused the dualization of agriculture (Zagorodny et al., 2014;
Keyzer et al., 2013, 2017; Acs et al., 2013) between small domestic market-
oriented household farms, playing a central role in domestic food supply
and national food security, and large market-oriented agricultural enterprises
with strong priority for producing highly demanded on international markets
crops such as '"bioenergy" crops. This created strong exposure to
(international) market risks and led to uncontrolled agricultural production
intensification, imbalanced land utilization, soil, water, air pollution by
heavy metals and other components of wastes and residues of fertilizers and
pesticides. Land concentration with focus on profits leads large enterprises
to reducing investment in humans capital resulting in migration,
destructions of rural settlements, income polarization, loss of welfare,
depopulation, increase of unemployment and poverty.

The importance of coherent integrated modeling approaches for
analyzing secure access to food, energy, and water became especially
evident for NASU researchers after the Chernobyl disaster. Institutes of
NASU accumulated significant experience in this area. The Bonn
Conference on the Water, Energy, Food Security Nexus emphasizing that
“the interdependency between water, energy and food security is explicitly
identified in decision-making within and across all levels to realize the
potential for mutually beneficial action and avoid conflicting policy
objectives and unintended consequences (Bonn Conference, 2011; OECD,
2012).

The new methodological challenge of the current research concerns
proper systems analysis of controversies, which are characterized not only
by increasing interdependencies among countries and their sectors, but at
the same time - increasing decentralization and deregulation of sectors
generating potential global risks shaped by intentional or unintentional
actions of various agents, including agricultural, water, energy and
environmental, stakeholders. These endogenous risks can harm sustainable
developments, e.g., causing cascading black-outs and power shortages in
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California, price surges in Norway, floods from hurricane Katrina, events in
Japan, and world-wide financial and economic crises.

Therefore, in this research a Decision Support System for the integrated
robust management of FEWES is based on developing non-Bayesian
stochastic simulation and optimization models with “artificial learning”
(learning from simulation) of strategic long-term anticipative decisions
linked to the adaptive responses. Apart from linkage in time by strategic and
adaptive decisions aiming to make optimal robust short-term decisions from
long-term perspectives, the project develops and implements methods for
linkages of distributed sectorial and regional global-local models. This
allows for proper representation of interdependent collective systemic risks
and robust sustainable policies. Simple approaches using aggregate
treatment of the risks leads to wrong policy implications as e.g. in
agriculture average seasonal temperature or average precipitation, cannot
reveal potential critical variability of crop yields and crop production. The
average treatment would negatively affect the composition of technological
portfolios; underestimate the role of grain storages, water retention areas or
reservoirs, advanced irrigation technologies for buffering food production
and price surges; overestimate the role of markets for risk-reduction and
sharing; provide misleading view on insurance and risk pricing mechanisms;
which as a result will affect sustainable developments.

The main methodological goal of the “Integrated robust management of
food-energy-water-land use nexus for sustainable development” study is to
develop and implement integrated modeling approaches allowing joint
planning of FEWE sectors under asymmetric information about the sectorial
models, e.g. when a sector does not have information about models of other
sectors. The standard approach for integrated modeling by linking
submodels in one place requires full access to sectorial models for recoding,
rescaling and reparametrization of them. Often this is an infeasible task
unless the sectorial models have a very simple structure. The project
develops new methods enabling linkage of distributed sectorial models
under asymmetric information and systemic risks in interdependent FEWE
systems.

The long-term concept of sustainable developments calls for proper
spatially explicit treatment of uncertainties because the linkage in
combination with on-going deregulation processes may create
interdependent collective systemic risks of high consequences. For example,
increasing demand for biofuels magnifies weather-related risks affecting
energy sector. At the same time, the extensive biofuels production affects
food security, intensifies land use, causes pollution of land and water,
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increases health risks. Therefore, the project develops models and methods
enabling systems analysis of FEWE nexus affected (intentionally and
unintentionally) by decisions of various agents.

The standard risk management approaches are based on evaluations of
probability distributions using repetitive observations of the same system
and solving then decision making problems with found probabilities (see
discussion in Ermoliev, von Winterfeldt, 2012). The focus of this project is
on designing new more secure and efficient systems never observed in
reality, hence real observations are not available or/and incomplete because
they may be expensive or simply impossible. Therefore, exact predictions
are practically impossible. Hence, this project uses a concept of robust
solutions which are in a sense optimal for any scenario of potential
uncertainties. The following simple example illustrates this concept.

Example. Assume that the next agricultural season may be dry (scenario
1) or wet (scenario 2). A crop A is the best solution (for sustainable
developments) in scenario 1, whereas a crop B is the best solution in
scenario 2. Because exact prediction is impossible, the best robust solution
would be a crop C, which is good for both scenarios although it is not as
good as crop A in scenario 1 and crop B in scenario 2. A robust solution
may also be a mixture of crops and grain storages, and an access to
markets.

This example illustrates fundamental differences between analyzing
FEWES systems governed by humans and natural systems governed by
laws. Traditional approaches used for natural systems use rich sets of
observations of the same system, identify the governing law and build a
model predicting state of the system. FEWES systems, affected by unknown
in advance decisions and threats induced by these decisions. Therefore,
instead of prediction, the main role of the systems analysis is shifted to
designing a robust policy that is better-off for all potential uncertainties. The
concept of robust solutions equally optimal (in a sense) for all potential
scenarios incorporates ideas of nested non-smooth stochastic maxi-min type
optimization models in (Ermoliev, Norkin, 2013; Ermolieva, et al, 2013;
Ermoliev, Ermolieva, 2013; Ermoliev et al., 2013). Designing sustainable
development paths under risks and feasibility constraints is achieved by
solving stochastic dynamic optimization model having non-additive and
non-smooth structure restricting the use of standard optimal control
methods, e.g. the Bellman equations and the Pontrjagin maximin principle.

Production of food essentially depends on balances of water resources
and extreme events generated not only by natural disasters but also by
failures of policies and regulations. Proper integrated modeling results will
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be achieved by developing new adequate decision-theoretic approaches in
principal agent (PA)- (see motivating discussions in Ermoliev, von
Winterfeldt, 2012) or “public-private”-partnership type situations under
inherent uncertainty and "intelligent" risks generated by various agents. This
framework will allow to achieve robust short-term solutions from long-term
perspectives using distributional details with explicit treatment of variability
and uncertainty rather than aggregate (average) performance indicators.

Decision support for integrated robust FEWES systems management
demonstrates the importance of new type quantile-based robust indicators,
non-smooth stochastic optimization and stochastic quasigradient (SQGQG)
procedures for robust of-line and on-line decisions involving large-scale
machine learning and Artificial Intelligence (AI) problems in particular,
Deep Learning (DL) including deep neural learning or deep artificial neural
network (ANN) (Ermolieva et al., 2016; Ermoliev et al., 2018; Gorbachuk et
al., 2019; Ermolieva et al., 2019; Ermoliev et al., 2019). These models and
methods enable to apply probabilistic and non-probabilistic (explicitly given
or simulated) distributions combining simulations, observations, measures
of chances, experts believes and similarity measures (for example,
compressed form of the kernel estimators). The involvement of expert
opinions and indirect measurements are vitally important for integrated
sustainable developments modeling and decision support when the required
data is scarce or missing and when historical data is affected by past policies
and events. For highly nonconvex models such as the deep ANN network,
the SQGs allow to avoid local solutions. In cases of nonstationary data, the
SQGs allow for sequential revisions and adaptation of parameters to the
changing environment, possibly, based on of-line adaptive simulations. The
non-smooth STO approaches and SQG-based procedures were used in
robust probabilistic iterative downscaling of aggregate values to finer
resolutions based on historical and newly arriving local information from
various sources, with possible errors and uncertainties (e.g. different land
use maps, different climatic models scenarios); in strategic decision support
system framework for sustainable developments; food-water-energy-
environmental security NEXUS.

The following methodological issues are in the focus of the project:

1. Developing methods for linking distributed models under
asymmetric information and feasibility constraints, i.e. when a
sector doesn’t reveal information about its model. Specific
attention is paid to spatio-temporal models with endogenously
generated systemic risks, strategic long-term decisions combined
with adaptive corrections (operational decisions) after obtaining
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new information by using both standard passive learning and
active learning-by-doing methods. This approach requires
developing new methods of stochastic optimization because
traditional optimal control theory is not applicable (see e.g.
discussions in Ermoliev, von Winterfeldt, 2012) due to non-
additive and non-smooth (hit-or-miss) type of decision making.

Developing procedures for robust data harmonization and scaling
utilizing new type non-smooth stochastic optimization and
stochastic quasigradient methods for robust of-line and on-line
decisions involving large-scale machine learning and Artificial
Intelligence (AI) problems in particular, Deep Learning (DL)
including deep neural learning or deep artificial neural network
(ANN).

Designing optimal robust trajectories of integrated systems
incorporating random stopping time moments enabling
adjustments of solutions to new information and shocks via a
dialogue of stakeholders with models.

Analyzing driving forces of threats (the lack of needed quality
and quantity of food, decreasing quality of water and land,
decreasing stability of energy supply, decreasing energy use
efficiency, conflicting policies, etc.) and robust in particular
quantile-based indicators of FEWES security characterizing
coherent sustainable policies.

Collecting and properly representing relevant spatio-temporal
data on agricultural activities, natural resources, demographic,
socio-economic and environmental indicators at the national
level and at the level of districts and regions in Ukraine from real
observations and experts opinions by using appropriate data
harmonizing methods, e.g., probabilistic downscaling and
upscaling methods, non- parametric estimation, uncertain
distributions.

Build integrated nested model(s) for evaluating robust solutions
ensuring secure and sustainable FEWES nexus under diverse
uncertain threats and corresponding stopping time moments.

Because sustainability cannot be achieved only in a single sector or
country due to increasing interdependencies among sectors and countries,
the project aims to develop approaches enabling to design (robust and
secure) sustainable solutions from the perspective of all sectors and
countries. Central methodological issues are connected with developing new
multimodel linkage methods and further developing stochastic version of
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global model GLOBIOM and probabilistic downscaling methods. It is
essential that the linkage methods can be applied in cases with asymmetric
information about submodels, applicable in various current and future
studies and cross-cutting activities of such IITASA Programs as Advanced
Systems Analysis (ASA); Ecosystems Modeling and Management (ESM),
Risk and Vulnerability (RAV), Energy, Water, and other IIASA’s programs
and initiatives. The methodology being developed within NASU-IIASA
project has common character and it is applicable to other case studies
having global, regional, local scales, e.g. downscaling GLOBIOM SSP
scenarios (Fricko et al., 2016; Ermoliev, et al, 2012), new approaches to
GLOBIOM, BeWhere, MESSAGE linkage, sustainability studies in China
(Xu et al., 2015; Ren et al., 2018). With this, the project contributes to the
ITASA scientific priorities on developing advanced system analysis
methods, models, tools, and applications. The linkage methodology enables
to bridge regions, sectors and actors, as well as temporal, social, and spatial
scales from global to regional, national and sub-national, and facilitate the
task of policy and decision makers to address global, regional and national
challenges. Advanced Data estimation and harmonization procedures utilize
new quantile-based performance indicators and non-smooth stochastic
optimization and SQG methods for robust of-line and on-line decisions
involving large-scale machine learning and Al problems including DL and
deep ANN.
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Chapter 1

FOOD, ENERGY AND WATER NEXUS:
METHODOLOGY OF MODELING AND RISK
MANAGEMENT

K.L. Atoyevl, A.N. Golodnikov', V.M. Gorbachuk', T.Yu. Ermolieva,
Yu.M. Ermoliev?, V.S. Kiriljuk', P.S. Knopov', T.V. Pepeljacva'

'V .M.Glushkov Institute of Cybernetics of National Academy of Sciences
of Ukraine, “International Institute for Applied Systems Analysis,
Laxenburg, Austria

INTRODUCTION

The superposition of Climate Changes and Fourth Industrial Revolution
(FIR) becomes the main challenge for Global Society. Advances in
technology (bio- and nano-technologies, robotics, self-driving cars, the
internet of things, 3D printing, new environmental management, etc.) and
rapid digitization create fundamentally new opportunities for sustainable
development [1]. At the same time, changing social inequality, rising
vulnerability of critical infrastructure, expansion of dangerous technologies,
constantly growing load on the economy as a result of population aging,
environmental pollution create specific synergic effects and bring additional
systemic risks.

Extreme weather events (e.g. floods, storms, etc.), failure of climate-
change mitigation and adaptation, major biodiversity loss and ecosystem
collapse (land or ocean), major natural catastrophes (e.g. earthquake,
tsunami, volcanic eruption, geomagnetic storms, man-made environmental
catastrophes (e.g. oil spill, radioactive contamination, etc.) are the main
consequences of climate change. Climate change provoked several threats
for sustainable development: 1) the food crisis (climate change will slow
global yield growth because higher average temperatures result in shorter
growing seasons and lower yields); 2) the water crisis (deficiency of
freshwater can destabilize safety space, so future water market may be
similar to fuel market with its adverse competition and struggle in “hotspot”
of global world); 3) the energy crisis [2].
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The energy crisis is connected not only with deficit of fuel, but also
with the results of FIR. Advances in technologies of shale oil and shale gas
production essentially transform the balance of energy supply and demand
in the world. The energy price shock is one of manifestation of such
misbalance. Moreover, FIR will make economics less fuel intensive as a
consequence of new technologies and energy-efficiency measures. That is
why our regulatory focus moves to investigation of food, energy, and water
(FEW) nexus.

A complex network of global economics strengthens the fields of
technogenic, economic, social and environmental risks. It is explained by
such features of modern society as the increased density of linkages among
network nodes and the increased speed of circulations of tangible and
intangible assets throughout the network. The network nodes can play the
role of special acupunctural points of society vulnerability, in which small
disturbances may lead to essential divergences of system development
trajectories, unpredictable in their scale consequences, increases of future
uncertainty. The strong linkages between the global network nodes
underline the notion that vulnerability of each node will be critical for

vulnerability of others.
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Fig.1 Nexus transformation under impacts, generating by Global change
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The cumulative effects of various stressors emanating from multiple
sources become important dangerous generators of uncertainty and
instability in modern society. In the case of cumulative stressors, takes place
the nonlinear increasing of system’s vulnerability and decreasing of its
adaptive possibilities. These nonlinearities lead to arising of areas of system
parameters values that often are characterized by unpredictable behaviors,
when small impacts cause essential transformation of system’s security
(Fig.1).

So, the climate change and FIR create the constellation of food, water
and energy crises. These crises multiply each other. The integrated policies
are needed to minimize their consequences. All this requires the elaboration
of new methods for integrated modeling and risk management, allowing
investigation of synergistic interactions between risks of various origins.
The strengthening of capacity in such field as impact of Global Change on
FEW nexus under increased uncertainty is the main goal of this paper.

The following tasks will be examine: 1) to develop mathematical models
to forecast FEW nexus dynamics and investigate possible mechanisms of
instability arising; 2) to develop the mathematical model for risk analysis in
plant production; 3) to develop the methodology for effective decision-
making under risk and partial uncertaity; 4) to develop two-stage and two-
level models of ecological-economic decisions.

1. FEW NEXUS MODELING

The analysis done in previous works [3, 4] allows determination of the
main requirements to a mathematical model for FEW nexus investigation.
The efficiency of modelling largely depends on finding a balance between
model particularity and simplicity. The more detailed model, the larger its
scale and difficulty of input data collection, parameters identification, the
more error of calculation, the less horizon of prediction. Moreover, a
complex system is not simply a sum of its subsystems. However, without
models detailed enough, it is hard to understand how the disturbances are
spreading throughout the subsystems, how adaptations of some subsystems
are influencing on activities of other subsystems, how self organization
mechanisms are forming complex social-economic system as a whole.
Without such models, finding the actual scenarios of development and
evaluating the efficiency of particular management decisions are not
feasible.

The large-scale problems often may be solved due to non-homogeneity
of the model phase space. For some parts of the phase space, the state of
system can be characterised satisfactory enough by a small group of
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variables comprising a small-scale projection. Other variables can be
subordinated to the variables of projection (order parameters). Those other
variables are not important from the viewpoint of system description within
the given area of parameters. In general, the small-scale projections can be
used in the bounded areas of phase space, while those projections are
different for different areas. The system behaviour is unpredictable,
complicated and sophisticated in the areas of phase space, where such
small-scale projections and the corresponding methods of nonlinear
dynamics are not plausible; then the methods of probability theory are used
[5]. Therefore, the combination of dynamic [6, 7] and stochastic [8, 9]
models is applied to research of complex systems. The system behaviour is
investigated with support of the methods smooth and multi-valued
mappings [6, 7] in the cases when the probability methods become
inefficient due to a unique character of the event.

The integrated models which combine the various control loops of
ecological- economic system are used for FEW nexus investigation. One of
them was proposed by J. Forrester for investigation of global dynamics [10].
Some modifications of Forrester’s model were used for various tasks of
optimal control of global development [7, 11, 12].

However, the most of the models of economic development have been
developed before the era globalization and do not allow the investigation of
social and economic system in the neighborhood of bifurcation points when
the systemic laws that control the behavior of economic systems could
sharply change. The behavior of such system becomes very sensitive to
small changes of system parameters and initial data. These behaviors
become spasmodic, when small smooth changes of system parameters lead
to an abrupt change of system trajectory.

The theory of regimes with peaking was proposed to study these
systems. It had previously been used successfully for investigation of gas
dynamics, plasma physics, chemical kinetics, laser fusion. A feature of these
regimes is that they functions can increases indefinitely for a limited time.
These modes can lead to the emergence of space localized dissipative
structures. In such structures, there is possibility of the appearance of
deterministic chaos - strange attractors [13, 14].

The global economics can be considered as an open, non-linear,
dissipative, potential, self-reproducing, self-organizing system with
networking elements, near an unstable steady state [15]. Indeed, dynamics
of the stock and financial markets, monetary circulation and credit illustrate
that economic system can remain non-equilibrium for a long time. It has
been observed that the oscillation dynamics of a number of key indicators of
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the world economy (Dow Jones, gold price, crude oil and wheat prices, etc.)
in certain periods resembles the chaotic dynamics typical for strange
attractors [16].

The annual growth of indicators that characterize the dynamics of FEW
in Ukraine (food production index, energy use, removed water from natural
water bodies) has been oscillating essentially during 1993-2013 years, as
demonstrate The World Bank Data (Fig.2).

The trajectories of phase curves in certain periods can be treated as a
motion to limit cycle, which indicates the possible existence of stable cyclic
attractor. So we have reasonable grounds to utilize the mathematical models
of deterministic chaos - "strange attractors" to investigate the mechanisms of
FEW nexus instability.

The distributed model of the market economy was proposed in [17],
which allows investigation of the chaotic solutions arising in the space of
variables characterizing the financial and economic indicators. The change
and intensity of capital (K) and demand (D) movements under the influence
of the rate of profit (U) have been chosen as variables of this model. One of
the properties of this system is the presence of bifurcation cascade, which
forming space homogeneous, but time chaotic attractor.

—a— Changes of removed water from natural water bodies (%)
—s— Changes of food production index (%)
Changes of energy use (96

i N
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Fig 2. The dynamics of annual growth of FEW indicators in Ukraine
(http://wdi.worldbank.org/table/).

The projections of FEW phase curves are shown in Fig. 3.
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Consider the task of constructing a model that would allow getting
chaotic regimes in the field of socio-economic variables. Based on
investigation of global economics, the following postulates can be proposed
[18]:

The global economics has some demand on activities of various
manufacturing systems, responsible for sustainable development of society
in a variety of dimensions of its functioning (energetic, informative,
material, ecological, biomedical, etc.).

Some part of the resources produced by these systems is getting
consumed for the maintenance of their internal structures; another part is
used for external functions, determined by the global economics demand.

The demand depends on various factors: current states of manufacturing
systems, loads, environmental impacts, efficacy of control mechanisms, etc/

Let b;;(t) denote a current demand on activity of i-th manufacturing
system normalized to the material production system, which will be
considered as the workplace in the i-th branch of manufacturing - V..
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The current state of i-th manufacturing system is characterized by a level of
its external function which determines its supply to the global economics
demand. The supply may correspond to the demand or may not.

Let by(t) denote a level of supply normalized to the unit of i-th
manufacturing system’s function (production of goods, services,
information, etc) X;.

According to the proposed designations, b;;(2)Y; and b,;(¢)X; characterize
the total demand on activity of i-th system and total supply on fulfillment of
external function determined by possibilities of  workplaces,
correspondingly.

Let the rate of supply change be proportional to the prevalence of global
economics demand over supply. Then we have the following equation for a
dynamics of i-th manufacturing system’s function.

dX,/dt=a,0)[b, ()Y, — b, () X,], (1.1)

where ay;(t) is a parameter characterizing adaptive possibilities.

Some control mechanisms exist that modify manufacturing system and
involve new workplaces under prevalence of demand. Let us assume that the
higher X; is the greater is a number of workplaces Y; involved in the process.
Let c;;(f) be a demand on an increasing of number of workplaces normalized
to X; unit, and c,(?) be a share of Y; involved in X; maintenance. Thus,
cii()X; and cj2(t)Y; characterize total demand and supply on workplaces
correspondingly.

Let the rate of workplaces change be proportional to a prevalence of
demand over supply. Then we have the following equation for a dynamics
of workplaces involved in manufacturing

dY, /dt=a,,(D[c, ()X, —cy (D)Y,], (1.2)

where ay;(?) is similar to ay;(2).

The fact that an increase of Y; is limited by various economic, material
and information factors is not taken into account in (1.2). Moreover, some
part of Y; is involved in fulfillment of manufacturing internal functions. This
part is proportional to X; (which adds to an existing demand to 7 -th system
structures). It is also proportional to the level of structural disturbances Z;
developing in manufacturing system structures and demanding additional
resources for their elimination. Consequently, the equation (1.2) is to be
transformed into

dY;/dt = a,,(Dlc,, (DX, —c,, (DY, —¢;,(DX,Z,],  (1.3)
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where c3i(t) 1s a demand on Y; caused by a maintenance of manufacturing
internal functions and normalized to units of external function and
disturbances that are being developed in the structure of manufacturing
system.

The rise of disturbances is proportional to the load level on the
structures maintaining external function X;. It depends on X;, and the number
of Y; involved in the manufacturing process. We also propose the existence
of some control (adaptive) mechanisms, which eliminate some part of
disturbances under some restrictions. These mechanisms are getting
activated under appearance and accumulation of disturbances. Let d;;(¢) and
d»i(t) be the constants of proportionality. Thus, the rate of disturbances will
be described by the equation

dZ,/dt=[d, ()XY, —d,t)Z], (1.4)

Let us examine one isolated manufacturing system that has one external
function. Let all model coefficients be constant. Introduce the following
designations

t=t*/(a,c,), 0=(a;b,)/(a,c,), r=(bc,)/(b,c,),b=d, /(a,c,),
X=d1X(c3/d1)l/2/(a202 )»y:dlblY(Cz/d1)1/2/(bzazcz)a z=(b,c;Z)/ (b,a,c,)

In this case equations (1.9), (1.11) and (1.12) become
dx/dt =0(y—x), dy/dt =rx—y—xz, dz/dt =xy—bz, (1.5)

According to Lorenz [19], sustained chaotic behavior arises in this
model. Thus, relationships between external function of manufacturing
system, number of workplaces, and structural disturbances may be described
by the Lorenz model of metastable chaos. A transition, from stability (low
level of vulnerability) to instability (high level of vulnerability) could be
analogous to the transition from a laminar to turbulent flow.

The rise of demand leads to increasing of parameter ». The rise of supply
leads to its decreasing. There are intervals of demand/supply ratio
corresponding to different regimes of metastable chaos. Small fluctuations
of parameter » may lead to the essential transformation of system dynamics.
At the upper boundary of above mentioned intervals of demand/supply ratio
such fluctuations may lead to catastrophic consequences connected with
transition from stability to instability, from a state with a low level of
vulnerability to a state with high one.

Investigation of deterministic chaos in physics, biology and economics
lead to a significant revision of its role in the self-organization of complex
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dynamical systems [20]. It has been shown that it is possible to transfer the
system from the neighborhood of one unstable limit cycle to neighborhood
of another one, due to chaotic regimes with their increased sensitivity to
small parameters deviation. In other words, becomes possible qualitative
changing of socio-economic system behavior, due to small changes in
control parameters, and hence with considerable recourses saving. Based on
this understanding, the task of chaos managing has transformed: from the
determination of controls, which allow the chaos stoppage, to determination
the controls, which allow the stabilization of certain unstable periodic
trajectories [17].

Reducing of resource base as a result of climate change reduces the
possibility of sustainable development. In the case of Ukraine, existing
resources can only slightly change the parameters of economy, so there is
the problem of finding paths of development that would be allowed by small
changes in parameters, to "jump" from one path to another development.
Model of strange attractors just be used to study the conditions under which
such phase transition from one limit cycle to another can be possible.

The analysis of the dynamics of indicators of the consumption of fresh
water and energy during 1993 - 2013 years was carried out, using World
Bank data. During the 1995-1998 the curve of phase trajectory of these
indicators remained in an area of limit cycle 1 attraction, as shown in Figure
4.
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Fig. 4 The phase trajectory of energy use and freshwater consumption changes in
Ukraine during 1993-2013 (http://wdi.worldbank.org/table/)
Transformation of Ukraine's economy in 1999 and 2000 led to the
transfer path of the phase curve in the zone of attraction of another attractor
- limit cycle 2 (2000 - 2004). The curve of phase trajectory during 2005 -
2013 years can be interpreted as a motion to a new limit cycle 3

Based on this understanding, the problem of chaos control has been
transformed. Instead of chaotic regimes suppression, to the choice of
controls, allowing certain stabilization of unstable periodic trajectories [17].
The system (1.5) can be written in complex form relatively two complex
variables x and y, one real variable z. It has two real parameters, ¢ and b and
complex parameters r =rl + ir2, a = 1- ei. As shown in [17], in the complex
system of Lorentz equations the scenario of transition to chaos throw
subharmonic cascade of bifurcations of two-dimensional rotors has been
realized. The limit cycle with frequency ® =120 / (¢ + 1) is arising in this
system.

Let us now return to the system of equations (1.1-1.4). In this case we
have n oscillators, which generate vibrations with frequencies o,
respectively. If we specify a set of communication functions between the
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oscillators, we obtain a system of coupled oscillators. Collective
synchronization of these oscillators can be investigated with the help of
Kuramoto model [21]:

N
06, /ddt = w, +K/NZsin(l9k -6,), i=I1.N,

j=1
where 6; € [0,2n] - the phases of each oscillator, ;— the natural frequency of
each oscillator, K > 0 — coupling constant. Thus, the task of managing the
socio-economic development in terms of occurrence of chaotic regimes is
reduced to control the frequency of the non-zero average field produced by
coupled oscillators.

2. RISK ANALYSIS IN PLANT PRODUCTION

At the present stage of development of agrarian sector of Ukraine
agricultural producers independently determine the structure of sown areas,
mainly focusing only on the current situation on the food market. Weather
risks, if considered, only on an intuitive level. Lack of attention to this
aspect leads to great yield losses under adverse weather conditions. In this
connection, development of mathematical methods for risk assessment of
crop losses and its consideration when planning the crop pattern at the
country level.

To solve this problem the mathematical model was developed to
optimize the structure of sown areas of crops at the national level, taking
into account the risk of crop losses. It is based on the approach adopted in
the theory of portfolio optimization, proposed by Markowitz [22]. Under
this approach, the limited financial resources are allocated between financial
instruments so as to maximize the average profit under constraints on risk
losses. In [23-27] this approach was modified and used for solving of
applied problems not only in risk management and financial engineering,
but also in such areas as modern statistics, stochastic programming,
logistics, medicine, mechanics and agriculture.

In terms of structure optimization acreage task is to find the distribution
of the total cultivated area between the regions of Ukraine, which
maximizes the average annual yield while limiting the risk of a shortfall in
the harvest.

2.1 Problem statement

The task of risk analysis in plant production is to assess potential crop
losses caused by various reasons as well as their probabilistic

characteristics. Consider K regions of Ukraine. Let &, be the crop yield of

260



some agricultural crop average for the k -th region, k=1,...,K , and & be

its country mean crop yield. Since these values randomly vary from year to
year, we will consider them as random variables. We will estimate the crop
shortage in the £ -th region relative to the average perennial level of crop

yield of the given culture throughout the country & = E[£] by the formula
w,=E-&,k=12,...K. 2.1)

Positive values of the random variable @, correspond to undesirable

outcomes (a crop shortage relative to the reference level), and negative -
favorable ones (yield that exceeds the average). In this regard, there is the
problem of choosing a suitable risk measure for undesirable outcomes.

The standard deviation, which characterizes the width of the probability
distribution, has been used as a measure of risk in the theory of portfolio
optimization during after several decades [22].

Thus, large deviations from the mean in the positive side, and in the
negative side regarded as risky. At the same time, in practice, only one-
sided deviations toward positive side, corresponding to crop losses, are
subject to minimization. Therefore, VaR (Value at Risk) risk measure,
which accounts for deviations only in one (unfavorable) side, is currently
very popular.

Let us consider the probability distribution of a random variable @ of
crop losses

F(z)=Plw<z}. (2.2)

Then VaR for the significance level @ (0<a <1) of the distribution
function @ is defined by the formula [23-25]:

VaR,(w)=min{z | F(z)>a}. (2.3)

For @ = 0.95 this definition means that out of hundred cases only in five

crop shortage will exceed VaR, (@) . If the distribution function F(z) is

continuous and strictly monotone, then VaR,(w) is a quantile of level @

for this function. This measure of risk has a simple intuitive meaning.
However, it does not reflect the possibility of realization of large losses
outside of VaR,(w) with small probabilities.

To account for "heavy tails" in the losses distribution function, we use
CVaR  (conditional VaR ) for risk measures. This measure of risk
determines average losses that exceed the corresponding VaR . If the
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distribution function F(z) is continuous at the point VaR,(w), CVaR is
defined by the formula [25]
CVaR,(w)=E{w|w=VaR,}, 2.4)
where £ denotes mathematical expectation.

Let us consider the discrete case where @ takes a finite number of
values, which are arranged as follows: z, <z, <...<z,, and the probability
of realization of value z,is equalto p, >0, n=1,...,N . Let in this case
index n, satisfy the condition

Ng Ng—.

an >a >an °

Then CVaR,(w) is calculated by the formula [25]

CVaR,(w) = Hipn Jzna + ipnzn} (2.5)

n=ng+1

Since the distribution of the random variable @ is not known in
practice, then to calculate CVaR,(w) we use the scenario approach based

on historical data. Using this approach, let us consider that the random
variable &, takes with equal probabilities the values (scenarios) u,,...u,, ,

where u, is historical (statistical) crop yield of an agricultural crop in year
j (for the j-th scenario) in the % -th region, k=1,...,K, j=1,...,J; J is

period (the number of scenarios) in which limits the statistical information
on crop yield of the given culture for the past years is used.

The next section represents the results of the estimate of crop shortage
risk of winter wheat in all regions of Ukraine using CVaR,(w) calculated

by formula (2.5) as the risk measure. Using relations "crop shortage risk -
average annual crop yield" we will determine the regions both favorable and
unfavorable for the given agricultural crop. The region in which average
annual crop yield is high at a low risk level, is considered favorable for
cultivation of the given culture. This relation is used in the paper as a basis
for the optimal distribution of sown areas of an agricultural crop in regions.
Using a wide scatter of the average annual crop yield and crop shortage risk
over regions, it is possible to select such distribution of sown areas in
regions at which the maximum value of average annual crop yield of the
given culture countrywide is reached and the crop shortage risk does not
exceed a prescribed critical level.
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To formulate the problem of optimal distribution of sown areas of a
single culture in regions accounting for crop losses risk, we will introduce
the following notations. Let S be the total harvestable area planned to be
allocated to the given agricultural crop; x, be the share of the total area for

the & -th region, k=1,...,K ; Uy be the crop yield of the given culture in
the k -th region for the j-th scenario, k=1,....,.K, j=1,...,J; s, be the

free harvestable area that can be allocated for the given culture in the % - th
region.

For a fixed distribution of sown areas x =(x,,...,X; ), countrywide
average crop yield of the culture for the j-th scenario is

K
u;(x)= Zujkxk (2.6)
k=1
The countrywide annual crop yield is

u(x)=— Zu (x)=— ZZu]kxk. (2.7)

The countryw1de crop shortage for the j-th scenario as compared with
the standard level & is

_ _ K

W(x, /) =& -u,(x)=§ =D u,x, . (2.8)
k=1

The crop shortage risk as compared with the standard level, measured by

1
CVaR,(@w(x)), is calculated by formula (2.5), where p; = E j=L...,J.

The problem of optimization of the distribution of sown areas under
single culture in regions accounting for risk is to determine a distribution of

harvestable area x = (x,,...,x, ) such that its countrywide average annual
crop yield is maximized

u(x") = ma){ ZZu kxk} (2.9)
Jj=1 k=1
and the following constraints are satisfied:

e for the crop shortage risk,
CVaR,(w(x))<R, (2.10)

o for the total sown areas allocated for the culture in all the regions,

263



K
D x =1, (2.11)
k=1
e for sown areas that can be selected in separate regions
0<x, <=+, k=1...,K. (2.12)

The value of R in constraint (2.10) reflects the level of crop shortage
per 1 hectare acceptable from the point of view the country food security.
We assume that it is possible to compensate crop losses at the expense of
other sources, for example, available inventory or reduced export of the
corresponding agricultural production. The risk estimate in the left-hand
side of constraint (2.10) should be used as a basis to elaborate a strategy for
formation of required inventory levels.

Multiplying both sides of constraint (2.11) by S yields a balance
constraint, which guarantees that the sum of the sown areas allocated for the
given culture in all regions is equal to its total harvestable area S
countrywide.

2.2 Results of calculations

We will use the mathematical methods and the model presented in the
previous section to perform the risk analysis of the production efficiency of
winter wheat in each region of Ukraine, and also to solve the problem of
optimal distribution of sown areas in regions accounting for risk.

Taking into account that the period during which statistical data about
crop yield are used, J = 13, while choosing the significance level @ = 0.77,
the value of CVaR,,,(w) equals approximately the average value of crop
shortage for three most lean years from the 13 years under study.

According to technique used in Ukraine, and some other CIS countries,
crop yield of agricultural cultures is defined per 1 hectare of harvested area.
To perform the risk analysis, we used the values of winter wheat crop yield
per 1 hectare of sown area both in regions and countrywide and defined the
countrywide yield over 13 years & . The obtained value (& = 27.28 centner
per one hectare of sown area) was then used as a standard reference to
calculate the crop losses by formula (2.1). After that, annual average values
of crop yield of winter wheat have been defined for each region and the
values of crop shortage risk were calculated by formula (2.5).

Random variance of crop yield of an agricultural culture in a certain
region is characterized by two indices: average annual crop yield and crop

264



shortage risk in relation to a standard value. These indices characterize the
efficiency of its production in this region. It is convenient to compare the
regions with respect to these two indices by using a graph, where the values
of risk are plotted on the X axis, CVaR,,,, and average annual crop yield,
centner/ha of sown area, on the Y axis. The point with coordinates (x, y) on
such a graph is associated with the region with average annual crop yield y,

and crop shortage risk x . Figure 5 presents a graph of the corresponding
crop yield of winter wheat

The upper left corner contains the points corresponding to regions with
the most favorable conditions for the production of winter wheat since they
are characterized by comparatively high average annual crop yield and low
crop shortage risk. This group includes Cherkas’ka, Kyivs’ka, Vinnyts’ka,
and Volyns’ka regions. The least crop shortage risk of winter wheat
characterizes Volyns’ka region, which has the risk value of CVaR,,,= 4.45
centner/ha.

Thus, on the average for three leanest years out of 13 in this region, crop
shortage of winter wheat in relation to the standard (27.28 centner/ha)
amounts to 4.45 centner/ha. However, average annual crop yield of this
culture in Volyns’ka region (28.05 centner/ha) is much less than the
corresponding indicator in Cherkas’ka region (33.87 centner/ha). Kyivs’ka
region shows good enough relation "crop shortage risk - average annual
crop yield", where average annual crop yield of winter wheat is 4.76
centner/ha higher than in Volyns’ka region but the risk is higher only by
0.41 centner/ha.
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Fig. 5 Scatter of the relations "crop shortage risk - average annual crop yield"
in regions of Ukraine for winter wheat.
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The worst relation "crop shortage risk - average annual crop yield" is
shown by regions to which points in the right lower corner on the graph
correspond, as they have low levels of average annual crop yield and high
values of crop shortage risk. This group includes Mykolajivéka and
Khersons’ka regions. Mykolajiv§ka region is characterized by the greatest
value of risk, CVaR,,,= 16.93 centner/ha, relative to rather low value of
average annual crop yield of winter wheat, 23.76 centner/ha of the sown
area.

The Autonomous Republic of Crimea demonstrated the minimum level
of average annual crop yield of winter wheat, 21.98 centner/ha, with rather
high level of risk, CVaR, ., = 11.44 centner/ha.

Let us analyze how the total sown area S and its distribution among
regions influence the countrywide winter wheat production efficiency. We
conducted four computing sessions using the values of S equal to 2356.5,
5089.2, 5533.8, and 6499.4 thousand hectares, which correspond to the total
sown areas allocated in Ukraine to winter wheat in 2003, 2006, 2012 and

2011 respectively. For the value of s, used in the right-hand side of

constraint (2.12), we take the maximum, over 13 years, sown area allocated
to winter wheat in the k -th region, k=1,...,K . In each series of

calculations, problem (2.9)-(2.12) was solved for different values of the
right-hand side of constraint (2.10), R,,...,R, , to which there correspond
optimal solutions x;,...,x;N. The optimal solution x;n of problem (2.9) -

(2.12) for the fixed value of the right-hand side R, in constraint (2.10) is
characterized by the relation "crop shortage risk - average annual crop
yield":

(CVaR, (@(x; )i (x; ), n=1,...,N .

If we plot points with such coordinates on a graph with values of risk
plotted along the X axis, CVaR,,, and countrywide average annual crop

yield along the Y axis, we will get a curve similar to the Markowitz
efficient frontier, widely used in the portfolio optimization theory. Figure 6
presents four such curves marked by numbers 1-4.
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Fig. 6.Correspondence of the actual efficiency measures of the distribution of
sown areas of winter wheat in regions of Ukraine in different years and efficient
frontier.

Moreover, it presents points with numbers 5-11, characterizing the
actual values of the efficiency indices of winter wheat sown areas
distribution in regions of Ukraine in different years.

Curve 1 on the graph represents the efficient frontier of the distribution
of the total sown area of winter wheat S = 2356.5 thousand hectares among
regions for fixed values of s5,, k=1,...,K . It is on such area winter wheat
was sowed in Ukraine in 2003. This value of S is minimum for 2000 -
2012. Curve 2 corresponds to the area of S = 5089.2 thousand hectares,
curve 3 to S= 5533.8 thousand hectares, curve 4 to S= 6499.4 thousand
hectares.

For each point on curve 1, its Y -coordinate equals to maximum possible
value of the average annual crop yield of winter wheat countrywide
provided that the crop shortage risk CVaR, ., does not exceed the value
corresponding to its X -coordinate. The leftmost point on curve
Icorresponds to the minimum value of risk that can be reached for the
optimal distribution of sown area S = 2356.5 thousand hectares.

For any value of R on the right-hand side of constraint (2.10) smaller
than this minimal risk, problem (2.9)-(2.12) has no feasible solutions. The
rightmost point on this curve corresponds to the optimal solution of problem
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(2.9)-(2.12) with the maximum possible risk. For the value of R exceeding
this maximum risk, constraint (2.10) is inactive, i.e., the original problem
(2.9)-(2.12) 1s equivalent to the problem of maximizing function (2.9) under
constraints (2.11) and (2.12). The value of the maximum risk for non-
optimal distribution of sown area among regions can considerably exceed
the maximum risk computed for problem (2.9)-(2.12).

Thus for a preset risk value, the value of average crop yield can be
increased only to the level defined by the corresponding point, located on
the efficient frontier. Further increase of average crop yield can be attained
only by increasing admissible risk and searching for optimal solution of
problem (2.9)-(2.12) to which a point on the efficient frontier located to the
upper right of the starting point will correspond. This iterative procedure
can be continued while constraint (2.10) remains active. To the rightmost
point located at the efficient frontier, there corresponds the maximum level
of average crop yield that cannot be exceeded for fixed size of the total
sown area S and free sown area s, in the & -th region, k =1,...,K , which
can be allocated to the given culture.

Variations in S change the form and location of the efficient frontier.
Figure 2 demonstrates that as the size of the total sown area S to be
allocated among the regions increases, the corresponding efficient frontier
shifts towards the right lower corner. And their leftmost and rightmost
points are shifted in the same direction. Such regularity in the location of the
efficient frontier suggests that as S increases, the optimal solutions of
problem (2.9)-(2.12) are characterized by worsening relations "crop
shortage risk - average annual crop yield".

In the right lower corner, there are points 5 - 11 characterizing the
efficiency indices of the actual distribution of sown areas of winter wheat of
different sizes S for 2000-2012. To show how much the solution of
problem (2.9)-(2.12) improves the efficiency indices of the distribution of
sown areas of winter wheat as compared with the actual values, some points
are marked by the same markers as the corresponding efficient frontiers.

For example, point 7 located below and denoted by a diamond, reflects
the relation "crop shortage risk - average annual crop yield" characterizing
the actual distribution of the total sown area of winter wheat of size S=
2356.5 thousand hectares among regions in 2003. The same marker denotes
the efficient frontier 1 plotted as a result of the solution of several problems
using different values of R on the right-hand side of constraint (2.10) and
fixed value of the same area S =2356.5 thousand hectares.

Similarly, one value 5089.2 thousand hectares corresponds to point 8
and the efficient frontier 2, denoted by hollow square; value S = 5533.8
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thousand hectares to point 10 and efficient frontier 3; and value S = 6499.4
thousand hectares to point 9 and efficient frontier 4. The distance between
each pair of such graphic objects characterizes the efficiency of the
optimization of distribution of the total sown area S among regions. Figure
6 shows that the greatest efficiency is attained for the minimum value of S .
As the size of total sown area grows, the optimization efficiency decreases.

For points 5 and 6, the corresponding efficient frontier is not presented
on the graph. The first of them corresponds to the most efficient actual
distribution of the total sown area in 2000, and the second to the most non-
efficient distribution in 2002.

Table 2.1 presents the optimal variants of the  distribution of the total
sown area of winter wheat among the regions, characterized by the
minimum crop shortage risk (CVaR, ;).

These distributions resulted from the solution of problem (2.9)-(2.12) for
S equal to 2356.5 thousand hectares, 5089.2 thousand hectares, and 5533.8
thousand hectares are compared in the table with the distributions of the
same total areas implemented in 2003, 2006, and 2012. The regions are
arranged in the table in the winter wheat crop shortage risk ascending order.
The analysis shows that for the distribution of the comparatively small total
sown area (.S =2356.5 thousand hectares and S = 5089.2 thousand hectares)
with the minimum value of crop shortage risk (CVaR,,,,) free sown areas in

regions with favorable production conditions (table top rows) are mainly
selected for winter wheat.

Because of limited size of free sown area s, in the regions, as S

increases, it becomes necessary to involve free sown areas in regions with
less favorable conditions, which worsens the relation "crop shortage risk -
average annual crop yield" countrywide. According to the order of regions
in the table, the lower part contains the regions characterized by large crop
shortage risk. Southern and eastern regions of Ukraine are among them.

The table clearly demonstrates a considerable decrease of their share in
the winter wheat total sown area in the optimal variants of distribution as
compared with the variants of distribution implemented in different years in
practice. In the optimal variants, the share of Mikolayvska region
characterized by the maximum risk is equal to zero. From comparing the
actual distribution with optimal one it follows that the large crop shortage
risk countrywide is due to the significant increase in the share of regions
unfavorable for winter wheat cultivation, in the total sown areas, practiced
in different years.
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The relation "crop shortage risk - average annual crop yield" can be
improved by increasing the sown areas of winter wheat in the regions
located at the top of the table, at the expense of cultures secondary from the
point of view of food security.

Table 2.1.

Comparing of the actual distribution of the total sown areas of winter
wheat in regions with optimal ones for S = 2356.5, 5089.2, and 5533.8
thousand hectares

Distribution of wheat sown areas among regions (%)
S =2356.5 S =5089.2 thousand | .S =5533.8 thousand
Region thousand hectares hectares hectares
Optimal é;t(;;a; Optimal 1?2c (t)l(l)zlr) Optimal 1?2c (t)l;;lr)
Volyns’ka 5.42 3.90 2.51 2.37 2.31 2.19
Kyivs’ka 11.43 0.98 5.29 4.13 4.87 3.23
Zakarpats’ka 1.46 1.09 0.67 0.57 0.62 0.62
L’vivs’ka 5.92 4.43 2.74 2.36 2.52 2.48
Cherkas’ka 11.25 1.56 5.21 3.83 4.79 3.90
Rivnenska 5.17 2.40 2.40 1.78 2.20 1.75
Vinnyts’ka 15.90 5.08 7.36 4.38 6.77 6.28
Ivano-Frankivs’ka 2.62 1.08 1.21 0.81 1.12 0.91
Ternopilska 8.78 3.90 4.07 3.09 3.74 3.74
Khmel’nyts’ka 12.50 5.20 5.79 3.30 5.32 3.90
Zhytomyrs’ka 0.65 2.18 3.15 1.75 2.90 1.73
Chernivets’ka 0.00 1.36 1.21 0.64 1.11 0.79
Sums’ka 0.00 2.84 4.47 1.85 4.11 3.38
Rﬁg;‘l’)‘;i"cn;‘;“&mea 7.94 1093|778 | 5.99 716 | 5.72
Chernihivs’ka 0.00 2.91 3.16 2.40 2.90 2.58
Poltavs’ka 0.00 1.59 7.10 4.98 6.53 3.58
Donets'ka 0.00 6.42 4.69 6.66 7.54 7.21
Kirovohrads’ka 10.97 2.60 7.54 5.51 6.93 3.91
Zaporiz'ka 0.00 6.72 10.07 5.84 9.26 7.52
Charkivska 0.00 7.40 9.33 7.06 8.58 6.35
Odes’ka 0.00 7.30 1.80 8.09 5.18 8.03
Luhanska 0.00 7.87 0.00 4.40 3.51 5.34
Khersons’ka 0.00 7.89 2.45 5.35 0.00 4.39
Dnipropetrovs'ka 0.00 0.86 0.00 6.86 0.03 5.99
Mykolajivska 0.00 1.54 0.00 5.99 0.00 4.47
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According to the statistical data [28] for 1990-2011, the area from which
sunflower crop is harvested has increased 17.9 times in Kyivs’ka region
(from 4.8 thousand hectares in 1990 to 86.0 thousand hectares in 2011), 4.2
times in Cherkas’ka region (from 37.9 thousand hectares in 1990 to157.8
thousand hectares in 2011), 4.3 times in

Vinnyts’ka region (from 34.3 thousand hectares in 1990 to 148.0
thousand hectares in 2011); the area from which the rape crop is harvested
has increased 3.8 times in Kyivs’ka region (from 9.2 thousand hectares in
1990 to 35.4 thousand hectares in 2011), 46.8 times in Cherkas’ka region
(from 1.5 thousand hectares in 1990 to 70.2 thousand hectares in 2011), and
12.3 times in Vinnyts’ka region (from 11.6 thousand hectares in 1990 to
143.0 thousand hectares in 2011).

If sunflower and rape would have been allocated the same areas in 2011
as in 1990, excesses of free sown areas would occur in all the regions. The
scale of this is represented by the following numbers: in Kirovohrads’ka
region, these excesses would compound to 124% of the sown areas
allocated to winter wheat in this region in 2011; 62% in Cherkas’ka region;
56% in Zhytomyrs’ka region; 55% in Poltavs’ka region; 49% in Vinnyts’ka
region; and 48% in Kyivs’ka region.

Increasing in each region the size of sown areas allocated to winter
wheat in 2011 by the value of the surplus, we obtain new values of free

sown areas s, , k=1,...,K . For these data, we solved a series of problems

(2.9)-(2.12) on the distribution of the total sown area of S = 6499.4
thousand hectares among regions for different values of the right-hand side
of constraint (10). An analysis of the results has shown that with new values
of 5, , k=1,....,K , the efficient frontier corresponding to S = 6499.4

thousand hectares (curve 4 in Fig.6) has moved upwards and to the left. The
range of crop shortage risk, corresponding to the recalculated efficient
frontier, improved from [9.8551, 10.5] to [8.872, 9.492], i.e., the new
maximum risk value 9.492 became smaller than the old minimum risk value
9.8551. The range of the average annual values of crop yield also improved
from [27.08, 27.51] to [28.11, 28.59], i.e., the new minimum value of winter
wheat average annual crop yield became larger than the old maximum
value.

3. METHODOLOGY OF DECISION-MAKING UNDER
UNCERTAINTY

The section is devoted to description of the apparatus of risk measures,
designed to estimate the risks in problems of decision making under
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uncertainty. Under these conditions we mean the indeterminacy of processes
studied and which results essentially depend on some random (uncertain)
parameters.

We distinguish two cases: when the probability distributions of
parameters are known to the decision-maker (DM), and are not known. In
[29] such cases were called as conditions of risk and conditions of
uncertainty appropriately. Clearly, some information on these parameters
DM should have. Typically, in various practical applications only partial
information on distributions of random parameters is available. The
presence of even a large set of statistical (historical) data does not guarantee
complete information about probability distributions. Modeling of future
developments always brings uncertainty as knowledge of the past does not
mean knowledge of the future.

Typically, the process risks due to uncertainties with potentially possible
adverse (even the worst) results. In fact, they reflect the assessments of the
realization of pessimistic scenarios as appropriate damages, losses, and so
on. Clearly, the methods of designing such estimates may be different. For
example, they can be described by the average loss, the maximum loss
(worst case), or some other values [24, 30]. Typically, these estimates are
based on using some measures (functions) of risk reflecting DM conception
of how to assess risk.

This paper describes the mathematical apparatus of polyhedral coherent
risk measures (PCRM), which was introduced for the known probability
distributions of random variables (r.v.) [31] and then distributed for the case
of imprecise scenario probabilities [32]. He has been effective in finding
optimal portfolio decisions for reward-risk ratio under uncertainty [32—34].

Here this apparatus is developed for case of imprecise scenario values of
random (uncertain) values, for which can be known only it’s upper and
lower assessments. Besides, on the base of PCRM use a unified approach to
solving problems of stochastic programming and robust optimization is
proposed.

3.1. Elements of PCRM apparatus
Let on probability space (Q,%,F) ar.v. X(.):Q— R is given. In [30] for

risk assessment of r.v. of financial flow X the notion of coherent risk
measure (CRM) was introduced. It is represented as follows:

p(X) =sup{E,[-X]: Pe (O}, (3.1)
where Ep[.] is the expectation on probability measure P, O is some convex

closed set of probability measures. The measure interprets potential loss of
flow X, which is described by (—X).
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When r.v. X describes expenses, losses, costs, etc., which are
characterized by order of preference "less is better", in appropriate CRM a
construction similar to (3.1) is used, but no sign "minus" at r.v.:

PX) =sup{Ep[X]: Pe 0. (3.2)

The measure (3.2) is used in decision-making problems, when as the

criteria and restrictions from above using minimum functions because it

means just such preference order. Otherwise, as a risk measures the
representation (3.1) should be used.

Consider now a finite discretely distributed r.v. X, which is described by
a set of its scenario values x=(x,,...,x,) with corresponding scenario
probabilities p, = (p,.,..., p,). For such r.v. in [31] the notion of polyhedral

CRM (PCRM), in which -construction (3.2) (respectively (3.1))
supplemented by polyhedral property of O, is introduced. Therefore, the set
is described as

O={p:Bp<c,p=20j, 3.3)
where B and c are a matrix and a vector of appropriate dimensions.

Following [33], split description of set O in (3.3) into standard and
substantial parts. Present matrix B and vector ¢ as

B=|%0) e[ 3.4
_Bljc_c,’ S

where B and ¢, from (3.4) are standard:

o (1), (1 i
U ST A W 3:3)

as described condition Z; p; =1, and B; and c) represent the substantial

part of (3.4), which actually determines the risk measure in the form of
relations (3.2)—(3.5).

PCRM examples [33]:
El) average value E,[X]: O = {po};

E2) maximum loss (the worst case): in description Q by (3.2)—(3.5) By and
] are missing.

E3) conditional value-at-risk (CVaR ) [24]: in description Q by (3.2)—(3.5)

1
B1 :I,Cl :Epo;
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E4) spectral coherent risk measure (SCRM) [35]: in description Q by (3.2)—

n

(3.5 BIZI’CIZ(ZILJPO , where 2, and «, are defined from
i=1 —0([

appropriate relations [33];
E5) Kusuoka representation of invariant for distribution CRM (KRRM)

g - "
[36]: in description Q by (3.2)~(3.5) B, =1,¢, = ((11?%61\;1——04]% [37].

The case of imprecise scenario probabilities. Sometimes we can
simulate scenarios of future events with distributions on them values of r.v.,
but it is difficult to identify the vector of scenario probabilities py, which
only assessed evaluated above and below. For such situations, called cases
of imprecise probabilities PCRM apparatus proposes the so-called robust
constructions of risk measures.

The construction is the following. In the case of the known distributions
of discrete r.v., the risk measure is defined by construction (3.1), (3.3) (or
respectively (3.2), (3.3)), in which the right side of relation (3.3) depends on
po. This means that the set O for a risk measure is described by some set-
valued map (s.v.m.) O(p,).

In case of uncertainty about p¢ in the form p, €U, the measure should

take into account the increase of risk of potential losses due to this
uncertainty. Then on an initial risk measure p (-) the following its robust

construction is designed:
Py, (X) =supiE,[X]: PeQU,)j, (3.6)

where QO() iss.v.m. of p,(.), Q(UP):E{ U Q(pO)J, co is closed
OEUP
convex hull. '

Design p, ., in form (3.6) on an initial measure p, in form (3.2) is not
in general a trivial task [33]. However, it is much easier for a simple
structure of set U,, in particular for the case of imprecise probabilities
when a vector of scenario probabilities py is described by its lower and
upper bounds p; and p, respectively. Then set U, is:

Up={p:p20,2pi=1,plSpépu}- (3.7)

i=1
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In this case, robust constructions of measures for examples E1)-E5) are
PCRM, which are described by relations (3.2)—(3.5) with the following
attributes [33]:

. -1 .
El') average value: B, = 7 ,C = ;
Py

E2'") maximum loss: B; and ¢; are missing;

E3') CVaR ,: B, =1,c, = 2x;
l-«a

n

E4') SCRM: B =1,c, :(Zli] p,» Where 1 and ¢, are defined from
-1 1= Q;

appropriate relations;

n A
E5') KRRM: B = = i ip .
) B =1 (u}?%@; —a jpu
The case of imprecise scenario values of r.v. Suppose that we cannot
identify scenario values of r.v., but have only their upper and lower bounds.
In such cases, we can use already developed PCRM apparatus in the
following way. Let values of r.v. X are evaluated by its random (scenario)

upper and lower estimates X, X, , so how X e U, , where

U, (0)={X(0): X,(0) < X(0) < X,(0)},0cQea.

Then we can enter lower and upper variants of PCRM. In the case when
construction (3.2) is used, denote as upper and lower PCRM of r.v. X
respectively:

o' (X)=supinf E,[Y]=sup{E,[X,]: PO}, (3.8)
PO YeUy
P (X)=supsupY =sup{E,[X, ]:PeQ}. (3.9)
PeQ YeUy

In the case of construction (3.1) according the change of the sign at r.v.
X, the corresponding PCRM variants are defined as follows:

P! (X) =sup{E,[-X,]: P O}, p" (X) = sup{E,[~X,]: P O}.
It is clear that both variants of PCRM coincide if scenario values of r.v.
are famous. So, in the case of imprecise estimates we obtain upper and

lower variants of risk measures, which then can be used depending on the
problem statements.

The combination of the imprecise scenario probabilities and the
imprecise scenario values. For combination of the previous two
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uncertainties, we can use already developed mathematical tools. If under the
imprecise scenario values ( X €U, ) we have the imprecise scenario

probabilities ( p, € U, ), then it is easy to present robust constructions for
p'() and p“(.) by relations (3.6), (3.8)~(3.9):

P, (X) =sup{E,[X']: P e Q(U,)} :
Py, (X) =Sup{E,[X"]: PeO(U,)s}.
3.2. Reducing stochastic programming and robust optimization

problems to problems with PCRM

In [37] the reducing a broad class of stochastic programming (SP) and
robust optimization (RO) problems to deterministic optimization problems
with use of PCRM technique is described. Recall some facts from there.

Consider the optimization problem in which there is uncertainty in the
form of a random parameter:

Jfo(x,Y) —>"min",
f,(x,Y)<0,i=1,...m
xeM c R

where set M has simple structure and meaning of the symbol "min" and
inequalities in constraints due to uncertainty of parameter Y specify
hereinafter.

So, let us have a probability space (Q2,%,P), on which the probability

distribution of parameter Y is given, i.e. Y(.): Q — R’ , where s is the
dimension of parameter Y . Then for every elementary event (scenario)
weQ the value of f(x,Y(®)),i=0,..,m is described. Thus, under

measurability of f(x,Y(®)),i=0,..,m their distributions are given.
Because the value of Y =Y (w) is completely determined by the scenario @
, for reducing signs we write f,(x,®) instead of f,(x,Y(w)).
In such notations the previously described optimization problem has the
form:
fo(x,w) >"min",
f.(x,w)<0,i=1,..,m (3.10)
xeM c R

Now problem (3.10) can be specified according to the conception of
DM, which can choose those or other stochastic criteria to take into account
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the values of functions f;(x,®),i =0,L...,m. In SP symbols "min" f,(x,®)
and f;(x,w)<0,i=1,..,m can be understood in sense of, for instance, the

average, the worst or other values of r.v., or constraints can be guaranteed
with some probabilities [38]. In statements of RO problems as similar
criteria usually the worst values of r.v. are used, although and other variants
are possible.

In [37] showed that a wide class of SP and RO problems is reduced to
the following problems of deterministic optimization with PCRM:

P, (fo(x,®)) = min,
p.(fi(x,0)<0,,i=1...m (3.11)
xeM

where p.(.),i =0,..,m are PCRM of form (3.2)~3.5), which are

constructed onr.v. f;(x,®), i=0,..,m.

Note that the transition from one setting problem to another one in
problem (3.11) is performed through the use of appropriate PCRM.
Technically, this is realized by choice of matrix B, and vector of ¢; in (3.4),
see Examples E1)-E5).

In the case of imprecise scenario probabilities for risk assessment, we
use robust variants of these measures from Examples E1')-E5'). Then
measures p,(.),i =0,..., m in (3.11) are understood in this sense.

Problem (3.11) is not a simple; it is a minimax problem where the
internal maximum is generated by the construction of risk measure. If
functions f;(x,w) , i=0,.,m are convex on x, it is the convex

programming problem which can be solved by appropriate numerical
methods, see, for instance, [39]. But search for solutions is greatly
simplified when these functions are linear, i.e. for linear optimization
problems.

3.3. Linear optimization and portfolio optimization problems under
uncertainty

Suppose that in the problem (3.11) functions f;(x,®),i =0,...,m are linear
on x, i.e. f,(x,0)=<I[(®),x>—-a,(®),i =0,..,m, and set M has a simple

structure, e.g. a convex polyhedron. In this case the problem takes the
following form:
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po (< (@), x >—a,(®)) — min.
pi(<l(w),x>-a,(®)<0,i=1,.,m (3.12)
xeM cR*
If a space of elementary events of € describing finite discrete
distribution, vectors /,(w) and values a,(w) for i =0,...,m are distributed

on n scenarios, and this distribution can be represented by appropriate
matrices and vectors. Introducing designation:

L) .. (@) a,(a,)
L= .. ,a, = .. |,i=0,.m,
(o) .. (@, a,(®,)
where /,(@,) is j-th component of vector /; in scenario @, , and taking into
account the construction of PCRM, rewrite problem (3.12) as
max {< Lyx—a,, p> peQ} > min,,
max {<Lx—a,p>peQ}<0,i=1,..,m (3.13)
xeM cR*

Let polyhedral sets Q,,i =0,..., m be represented as
O ={p:Bp<c,p=20},i=0,.,m
with the appropriate standard and substantial parts for B,,c,, i =0,..,m in
the form of B’,c] and B],c, respectively.
In such notations problem (3.13) has the following form
max {< Lyx—a,, p > Byp <c,, p=0} —> min_,
max {<Lx—a,p>Bp<c,p>20}<0,i=1,..,m (3.14)
xeM c R

As shown in [37], the search for a solution (3.14) is reduced to solving
the appropriate linear programming (LP) problem.

Theorem 3.1. If problem (3.14) has a solution, its optimal solution is the
component x of the solution (v,,...,v,,x) of the following LP problem:
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min(VO’nym’x) < Cy,Vy >,
—Blv,+Lyx<a,
<¢,v, ><6,,i=1,..,m (3.15)
-B'v,+Lx<a,i=1,.,m
xeM,v,20,i=0,..,m
and values in solutions with respect to functions of these problems coincide.

Substituting (3.15) different versions of the substantial parts of the
matrices and vectors representing the respective PCRM we can
technologically solve problems of form (3.12) as appropriate LP problems
for the whole class of PCRM.

Portfolio optimization for reward-risk ratio. From theorem 3.1 the
earlier results regarding the portfolio optimization for the reward-risk ratio
follow. Here are some of them. Note that the content reasoning for
designing PCRM uses the construction (3.1), (3.3)—(3.5).

Let we have k financial instruments that are called the portfolio
components. Their return distributions are described by matrix H of the
dimension nxk, where the j-th column describes the distribution of the j-th
component. Vector u = (uy, ..., ux) describing the portfolio structure is
considered as a variable under constraint 2f u,=1,u;20,i=1,....k It is
necessary to find a structure portfolio u that optimizes its cumulative result
of the return-risk ratio.

In the known distributions, in addition to the matrix H of return
distributions of portfolio components on scenarios we know the vector of
scenario probabilities p, . In such conditions there are two related
optimization problems: the portfolio PCRM minimization under guaranteed

average portfolio return and the average portfolio return maximization under
constraints on the portfolio PRCM level.

Denote by o a feasible value of the average portfolio return £, [ Hu],

by po(Hu)the chosen PCRM, and by p a feasible value of the portfolio

PCRM level. Then these problems are formulated respectively in the
following form:

min p(Hu). max E, [Hul].
u,=1u, 20 (3.16) D u,=Lu, 20 (3.17)
E, [Hul= p, p(Hu) < p,

Reducing these problems to LP ones can be formulated as the following
theorem.
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Theorem 3.2 [31]. If problems (3.16), (3.1), (3.3)—(3.5) and (3.17),
(3.1), (3.3)(3.5) have solutions, then their optimal solutions are
respectively the components u of solutions (v, u#) of the following LP
problems:

: T
min,, <c,v>, max ., <H p,,u>,
—-B'v—Hu<0 ~B'v—Hu<0
— poHu < —u <c,v>< p,
2= U =1
v20,u=>0 v>20,u=>0

and values in the solutions with respect to the functions of these problems
coincide.

Note that the similar result can be formulated for problem (3.17) under
constraints on levels of some different risk measures.

The case of imprecise scenario probabilities. In this case, according
(3.6) the robust variant of risk measure is constructed on a primary measure
p(.) and an uncertainty set Up. As a robust variant of the expected return the
following reward function is used:

r(X)=min{E,[X]: PeU,},

where for the case of imprecise probabilities Up is presented in form of a
simple polyhedral set (3.7). Then we have

r(X)=min{£,[X]: P e 0},

where Q is described in form (3.3) with the following attributes:

)(7)

Let us introduce denotations for appropriate matrix B and vectors ¢ from
the description of polyhedral sets: B, and c, for reward function 7(.); B, and
¢, for robust variants of risk measures p_, (.). In these denotations robust

variants of the PCRM portfolio minimization problem under guaranteed
reward 7y and the portfolio reward maximization problem under constraint
on PCRM level py have respectively the following form:

min P,u, (Hu) max r(Hu)
fu;=1u,20 (3.18) Dou,=lu, >0 (3.19)
r(Hu) 2, Pou, (Hu) < py
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Theorem 3.3 [33]. If problems (3.18) and (3.19) have solutions, then
their optimal portfolios are respectively the components u of solutions
(v, u, w) of the following LP problems:

ITnin(V,u,W) <c,,v>, max.,. <-c,,w>,
—B, w-Hu<0 —B'w—Hu <0
—-<c,,w>< -7, —-Blv—-Hu<0
—Blv—-Hu<0 <c,,v>< p,

D u,=1Lu=0 u,=Lu=0
v>20,w>0 v>0,w>0

and values in the solutions with respect to the functions of these problems
respectively coincide.

The similar result can be formulated for problem (3.19) under
constraints on levels of some different risk measures. This increases the
dimension of the appropriate LP problem which should to take into account
all these constraints.

3.4. Optimization problems under imprecise scenario values
In conditions of imprecise scenario estimates of r.v. we can use the
constructions of the upper and the lower variants of PCRM described in
section 1.

Consider the problem (3.11), where some parameters 0, instead of 0 are
used in the right sides of the constraints:

Po (/o (x, ®)) — min,

pi(fi(x,w)<0,,i=1,...m (3.20)
xeM

Clearly, using here the upper PCRM p*“(X) instead of po(X) allow to

receive guaranteed results for constraints and the optimization criterion
value. The solution of such problem is robust relatively to imprecise
scenario evaluating of r.v., and adequate choices of PCRM in form (3.2)—
(3.5) ensures the robustness of its solution relatively to uncertainty caused
by stochastic behavior of r.v.

However, using only the upper PRCM estimates p"“(X) instead of
PCRM lead to overly conservative decisions. For obtaining more balanced
decisions we should to take into account the lower estimates p’(X) as well.

However, in this case it is necessary to compare the effectiveness of
decisions on two PCRM estimates, therefore following the multi-criteria
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approach to search a set of Pareto-optimal solutions and to choose the good
ones. This process is not trivial.

Consider using both estimates p’'(X) and p"(X) in problem (3.20). Of
course, now it looks as the following two-criterion problem:

[pg (. w))} _ min,
Po(fo(x, @)
ol (fi(x,w) <8/ i=1,..,m

pl(fi(x,0)<6!i=1,.,m
xeM

and solutions should be chosen from its Pareto-optimal set. Note that in such
setting the following conditions for its parameters are evident:

) . .
0<0, <9/,i=1..,m.

Multi-objective optimization methods provide a sufficient set of choice-
making from the Pareto-optimal set, starting with the criteria convolution.
Consider here only the approach optimizing a one criterion with constraints
on the others. Then, on the basis of (3.21) we can formulate the following
two problems:

(3.21)

pi (fo (x, ®)) — min, Pr(fo(x, w)) — min.
“(f. . Sé‘.u,'zl,..., iu ; (X, Sé}“”:oj___’
,0,1 (f; (x, ®)) ; ‘l m (322) Pl (f.(x, ®)) [ .l m 323)
o (fi(x,0))<6,,i=0,....m pl(f(x,0) <68 i=1,.,m
xeM xeM

Under linearity of functions f,(x,®),i=0,...,m on x these problems are

reduced to appropriate LP problems in the form of similar to theorem 3.1.
Turn to problem (3.12):

po (< (®),x > —a,(®w)) — min.
o<l (@), x>—a(w)<0,,i=1,..m
xeM cR*

When r.v. [(®) and a,(®) at i =0,...,m are distributed on n scenarios
(®,,...,,), we can evaluate them by upper /“(w), a'(®) and lower [/ (w),
a!(w) bounds respectively, such evaluating can be presented by appropriate
matrix and vectors:
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(o) .. (@) a; (@)

L'=| .. e |ha'= ,1=0,.,m,
L(@,) ... (o) a/(w,)
L(w) .. L(o) a(w)

L= . .. . |l,a=| .. |, i=0.,m.
(@) . Li(,) a;(,)

Taking into account the PCRM construction, rewrite problems (3.22), (3.23)
respectively as

max{< Lyx —ay, p > p € Q,} — min,
max{< Lix—a',p>peQ}<6',i=1..m

1 l . (3.24)
max{< Lx—a,p>peQ}<0,,i=0,.,m
xeM c R*
max{< Lyx—ay, p > p € Q,} — min,
max{< L'x—a',p>peQ}<d.,i=1,.m
<Lix—a,p>peQ;<q (3.25)

max{< L'x—a/,p>peQ,}<6/,i=0,.,m
xeM c R*
where &' >0,i=1,..,m,5" >0,i =0,...,m are some fixed values.

Similar to the previous, these problems can be reduced to the
corresponding LP problems. Suppose, as before, each of polyhedral sets

.,i =0,...,m 1s presented in accordance with their matrix B, and vector c;:

Qi ={p;BipSCi,pZO},i=0,...,m.

Theorem 3.4. If problems (3.24) and (3.25) have solutions, then their
optimal solutions are respectively the components x of solutions

(Vhpers Vi Vs v, x) Of the following LP problems:

m?
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min D < CosVy >y

(Vo VY x)

—Bvi + Lix<a}
<c,v, ><0/,i=1..,m
—BI.TVI.M +Lx<a/,i=1..,m

< ci,v,.’ >< 5},1’ =0,...,m
—Biva + Lix < af,i =0,..,m
xeM,vil >0,v 20,i=0,..,m

min ! Iou

(Vg see Vi sV 5o Vi 5X)

Tl ! l
- Byv, +Lyx<a,

<cp,Vh >,

<c,vi ><8i=1,.,m
-BV +L'x<al,i=1,.,m
<¢,vi ><0/,i=0,.,m
-BV'+L'x<a',i=0,.,m
xeM,v>0,v'>0,i=0,.,m

and values in the solutions with respect to the functions of these problems
respectively coincide.

It is not difficult to formulate results similar to Theorem 3.3 for the
portfolio optimization on the risk-reward ratio, using respectively upper and
lower bounds of component return distribution matrix, risk measures and
reward functions.

Thus, PCRM apparatus are extended to a wide class of uncertainties, it
can be used for: 1) the known probability distributions of r.v.; 2) imprecise
scenario probabilities; 3) imprecise scenario values of r.v.; 4) combination
of imprecise scenario probabilities and imprecise scenario values.

The development of the mathematical technique of risk measures
focuses on the risk assessment for searching effective (optimal) decisions
under uncertainty and makes it possible to offer a unified approach to
solving SP and RO problems. In the case of imprecise scenario probabilities,
so-called robust variants of risk measures and reward functions, the ratio of
which defines optimal solutions, are used. In the case of imprecise scenario
estimates, upper and lower variants of risk measures and reward functions
that require finding appropriate Pareto-optimal solutions are used. For
combination of imprecise probabilities and imprecise estimates we should to
search similar Pareto-optimal solutions, but for robust variants of risk
measures and reward functions.
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PCRM apparatus development allows us to generalize previously
known theorem on reducing linear optimization problems under uncertainty
and the portfolio optimization problems on risk-reward ratio to appropriate
LP problems. This makes it possible to solve these problems even for large-
scale applications by means of the standard LP technique.

4. TWO-STAGE AND TWO-LEVEL MODELS OF ECOLOGICAL-
ECONOMIC DECISIONS

Development and substantiation of insurance programs taking into
account the catastrophe risks remain to be the topical problems for
ecological-economic decision making. A properly designed program of
flood insurance and risk management involving different interested
stakeholders (sides, agents) becomes the urgent task in a view of the climate
change and the increase of flood risks around the world. The major
challenge is whether the standard approaches are applicable to computation
of insurance premiums under rare catastrophic losses [40, 41]. The goal is to
build a flood-loss sharing program including private insurance based on the
geographically specific vulnerabilities [42]. The analysis is based on the
developed catastrophe risk management (ICRM) model consisting of the
flood GIS-model and the stochastic optimization procedure for location-
specific exposures. In order to achieve sustainability and robustness of a
flood insurance program with various recurrences, the [CRM model uses the
stochastic optimization procedure based upon quantile-related risk functions
of systemic unsolvency accounting for overpayments and underpayments by
stakeholders. The two alternative ways of computing insurance premiums,
the ICRM-based robust approach and the traditional approach of average
annual loss (AAL), are compared.

Flood insurance is viewed as a vital part of Flood Risk Management
(FRM) policy. A well designed flood insurance program should: spread
risks across stakeholders, locations, and time periods, ensuring availability
of funds to cover losses [43]; increase public awareness of flood risks [44];
often announce price discounts; promote loss mitigation measures [45];
improve efficiency of scarce land use [46].

A multi-layer disaster insurance program (MLDIP) in a form of public-
private partnership (PPP) [47, 48] may include a layer of private insurance,
a layer of risk transfer via reinsurance and/or catastrophic bonds (cats) and
loans, a layer of government contribution. A MLDIP requires the analysis of
mutually dependent risk sensitivities of the stakeholders involved. For
instance, if an insurer (insurance company, IC) is willing to decrease the
probability of own bankruptcy, the IC may introduce higher premiums or
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narrow coverages, take reinsurance or buy cats. Then the loss burden will
shift from the IC to other interested agents (individuals, reinsurance
companies, government organizations) and can lead to instability or
insolvency of those agents, under high inequality of loss-sharing. Thus, the
success of loss-sharing programs depends on the mutual (systemic) stability
of heterogeneous stakeholders involved. Such stability needs the analysis of
complex joint probability distributions of losses dependent on various
agents and hazards specific for a given region.

The catastrophe models consist of several modules — a hazard generator,
a vulnerability module and a financing module. The rich spatial data are
used for developing instruments of models included catastrophic in specific
regions floods, and the insurance premiums are evaluated based upon not
only historical observations but also various socio-economic and climatic
scenarios [44]. However, pricing of catastrophe risk in many such models is
based on AAL without explicit accounting for goals and constraints of the
stakeholders involved. A risk weight is often expressed through standard
deviation and load of administrative costs or simply via AAL giving
misleading outcomes due to skewedness of catastrophic risks and spatial
dependence of costs on strategies. A standard deviation and a mean only
cannot serve as relevant indicators of catastrophe risk pricing because they
characterize normal risks and do not cover the feature of heavy-tailed
distributions for catastrophic losses. In contrast, such quantile-related
indicators as Value-at-Risk (VaR) and Conditional Value-at-Risk (CVaR)
[24] find applications in determining catastrophe insurance policies [49].
Based on the general model of ICRM [49-51] developed by the
International Institute for Applied Systems Analysis (IIASA) and
incorporated the quantile-related risk functions and stochastic optimization
(StO) procedures [47, 49, 52], the geographically-detailed model of ICRM
has been constructed allowing coverage of spatio-temporal profiles of
catastrophe risks for designing robust insurance and accounting for goals of
the stakeholders (participants).

The goal of work [42] is to develop an ICRM-based approach to evaluate
location-dependent robust insurance strategies and compare the strategies
found with a traditional AAL pricing in the Rijnmond-Drechtsteden (RiD)
region around Rotterdam (Netherlands) outside dikes. Incorporating the
Highwater Information System — Damage and Casualties Module (HIS-
SSM) and the StO procedure, the model of ICRM for a specific region of
flood-prone locations outside main flood defense system (outside dike rings)
is constructed to generate scenarios of flood losses and to measure
premiums of robust insurance. In the Netherlands insurance from river and
coastal floods did not exist by recent times leaving a post-disaster relief
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program as the only financial instrument of FRM. Such insurance was
viewed unfeasible by some experts and at the same time was considered
feasible under various reinsurance schemes by other specialists. At the end
of 2012 the first flood insurance contracts appeared for areas protected by
dikes. Research of flood insurance system in the Netherlands mainly dealt
with flood risks inside dikes.

The simple case may show misleading outcomes of using an AAL
strategy for estimating collective losses. The alternative strategy is based on
quantiles. That strategy is applied in the explicit spatial model of ICRM for
the region given. This model includes nonsmooth stochastic risk functions
allowing achievement of a robust systemic solvency in a form probabilistic
equilibrium between insurance demand and supply. In the case of a single
aggregated IC (fund for catastrophes) and a single aggregated insurance
buyer (IB), or a given region, this equilibrium is reduced to quantile-related
constraints of the VaR type. Indeed, detailed data about a given region are
needed. The numerical experiments show how the model of ICRM allows
designing a robust flood-loss sharing program in the RiD region by
evaluating risks in flood insurance, based upon location-dependent
premiums, accounted for potential risk transfers via contingent loans of risk
aversion and partial government compensations. In comparison with AAL,
robust location-dependent compensations increase the stability of insurance
and decrease the demand on other risk transfer measures. Participation of
government and introduction of loans increase demand on insurance, assist
to fulfill liabilities and avoid insolvency of the stakeholders.

Catastrophic losses challenge the relevance of standard approaches using
fair actuarial premiums (expected losses). If catastrophes occur as spikes in
time and space, then their robust indicators of collective independent losses
are not given by mean values and standard deviations because means do not
recognize a case of catastrophic collective losses.

The analysis of insurance solvency under mutually dependent local
catastrophic losses requires developing a model of ICRM and StO
techniques enabling simulation of collective damages for designing a robust
portfolio of coverages and premiums. That portfolio creates a systemic
solvency preventing, in a probabilistic sense, shortfalls of insurers and
overpayments by local communities.

Within a stochastic geographically explicit model of ICRM [47, 50, 51],
the region considered in the Netherlands is divided into subregions or
locations j=1,...,m . A location may correspond to a dike-protected area, a

set of households, a municipality, a flood-protected zone, etc. Let the value
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of property (houses, lands, factories, etc.) or wealth in location ] at the
time period ¢ is estimated by th :

Assume 7 agents (insurers, government bodies, funds) are involved into
the loss-sharing program, and they can negotiate contracts with local
communities to cover their potential damages. Each agent i =1,...,n has an

initial fund (a risk reserve) Rl.0 generally dependent on a scope of

catastrophic events. Let the planning horizon spans the time periods
t=0,1,... The risk reserve at each time period (¢ +1) equals to

t+1 T’ t (ot < 7t t
R =R "‘Z[”z’j_Cij(Qij)]_ZLj(a)t)Qij, 4.1)
j=1 j=1
where: c]f ; 1s the portion of coverage by an agent (IC) [ in location / at
time period 7 ; Zqi’j <l1; 7Zl.t j is the premium of an agent (IC) I in location
i=1
J attime period ¢; c| ; (q; ;) are transaction, operation, and other costs of an
agent (IC) i in location / at time period ¢ ; Ltj (@,) is the loss (damage) in
location J caused by a catastrophe @, at time period ? ;

w=(w,®,,...,0,_) are random catastrophic events which may happen
in a random number of different locations. In general, a catastrophic event
@, at time period ¢ is modeled by a random subset of locations as well as
by magnitudes of impact from this event on each such location. The losses

Ltj (@,) depend on the event o, , the mitigation measures (say, anti-flood
dams), and the vulnerability of property value to such event in the location
] .

Decision variables ¢ f ; and ﬂf ; allow characterization of risk

differences across various locations. Suppose all agents can cover various
fractions of catastrophic losses in a location given. In the case of a

catastrophe, a location / experiences loss ij (®@,) . Individuals in this
location receive compensation Ltj (w,) x ql.t j from a company I when such

. . t .
loss occurs and pay insurance premiums 7T; IE The property value in

location J at time period (¢ +1) is defined recurrently:
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4l ot esp ot ¢ ¢ ¢
W =w, +]_Z_1[Lij(a)z)qu'j_”ij]_Lij(a)z)- (4.2)

Note random variables R/ = R/ (x,w) , VV; = th (x,w) in formulas
(4.1), (4.2) implicitly depend on the history — random event @, and

decision variables x* =", " , where:
¢ =lgk i=1.2,mj=12,...,m}
2t ={rt i =12 =12 mfs k=0, =1,

ijo
The robustness of insurance program is dependent on whether the

accumulated risk reserve R;(x,®) at a random time period ¢ = 7(®) of

the first catastrophic event (wherefrom Ltj (w,)=0at t < 7(®)) avoids, in
a probabilistic sense, the insolvency of all agents, or the event

e, ={w: R (x,w)<0,i=1,...,n}. (4.3)

The interest of every individual (each location) j =1,...,m is to avoid

depreciation of her or his (its) property, or the event

e, ={w: W;(a)) (x,w) <0} . The robustness of insurance program

presumes avoidance of the events incorporated
82 == 621 U€22 U"'Uezm - {0): VV]T(Q))(X,CU) S 0}, j = 1,...,7’1’1.(4.4)

The stability (resilience) of insurance program, in a sense of systemic
solvency, depends on the events (4.3), (4.4). The program goal is to avoid
such events as much as possible. This goal can be achieved, for example, by
minimization of the expected uncovered losses

EY (1-q,)L7 (4.5)
j=1
under the probability constraint
P(e,ve,)<p, (4.6)

where p is a critical probability threshold for systemic insolvency (failure

or default) of the insurance program which may happen, say, once in a
century. The notation P(e, Vv e, ) is used for a probability of insolvency as

some function of events ¢, e,.
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The general approach can be specified to capture the features of data
available simulated by the modules of regional stochastic model of ICRM
via scenarios of floods and damages in the RiD region. The major goal of
the case study is to compare impacts of location-specific premiums
determined by the regional model of ICRM versus premiums determined by
a traditional AAL approach. In the case study we assume the only
aggregated insurer (catastrophe fund) operates in the region, i.e. n=1. We

also assume c¢; ; (q: ;) =0, and the premiums accumulated to a first flood are

(@) _

proportional to the time 7(@) of that flood arrival: 7 ; 7T x7(w),

where 7 ; is the insurance premium paid by a location J.

The program of insurance from floods is systemically solvent of it allows
avoidance of the events (4.3), (4.4) as much as possible, in a probabilistic
sense. Taking into account the assumptions and the formula (4.1), the event
(4.3) is rewritten as

e = {a): C(r,q,w)= Zl[ﬁjr(a)) —quj.(“’)]s O}; 4.7)
=

taking also into account the formula (4.2), the event (4.4) is rewritten as

e =10 D,(7,.q,,0) = ¢, —7,2(@) <0}, j=1,...,m; 48)

here g; is the insurance coverage to location J , and Lj.(w) are the
stochastic losses of location j, caused by the arrival of random floods,

T=(myy 7)) §=(qy5--->q,,)-

Based on the general structure in model of ICRM, formulate it as a
version for convex stochastic optimization of penalty function —
minimization of the function (4.5) plus the weighted risk functions of
violating constraints (4.7), (4.8)

F(x)= EX(1-¢,) L' +a Emax{0,~C(x,q,®)}+
j=1

+ ilﬂjEmax{O,—D/(ﬂj,qj,a))}, (4.9)
J=

where x = (7,q) is a decision vector, 0 < « is the penalty for violating

constraint (4.7), 0 < S ; 1s the penalty parameter for violating constraint

j=1,...,m of the group (4.8), aEmaX{O,—C(ﬂ,q, a))} is the weighted
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m
shortfall of insurance program, > 3 E rnaX{O,—Dj (7,9 j,a))} is the
j=1

sum of weighted overpayments by insured persons.

Accounting for the constraints (4.7), (4.8) in the objective function (4.9)
through risk functions generates forces diminishing the absolute values of
C(r,q,m), Dj (7,q9,w), j=1,...,m, to 0. Thus, minimization of the

sum (4.9) allows aggregation of insurance system or catastrophe fund to
some nonsmooth objective function [53].

Minimization of the function F(X) over x is equivalent to
minimization of the function

~F(x)= E Jfl (q,~) [ —a Emax{0,~C(7,q, )} -
- %@E max {O’_Dj (7.4 a))}
over x . Hence, taking into account independence £ iLj.(w) on x and
j=1
ES(-g )L\ =ESq, L1 ~EXL.
=1 =1
we come to the ;naximization problemjof function

G(x) = ELq, L ~a Emax{0.-C(m,,0)} -
j=1
— Z:]ﬂ]E max {0,_1)]' (7Z-j s qj 9 a))}
J=

m

over X, where increase of £) ¢ ].L;.(w) stands for increase of profits for
j=1

insurers, and  increase = of —qa Emax {O,—C (7,q, a))} and

m
— 2. B, E max {0,—D (7.9 j,a))} stands for decrease of shortfalls for
j=1
insurers and overpayments by individuals, promoting demand on insurance,
insurance coverages, incomes and compensations of insured persons. Thus,

increase of G/(x) can be interpreted as growth of regional welfare for all
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stakeholders at risks. Value of x in a flood-loss sharing program can be
choosen by the government.

The penalty coefficients @ and S ; regulate a trade-off between the

level of premiums and the total coverages. The coefficient & can be also
viewed as the price of loan to be bought by the insurance program
(catastrophe fund) if its reserve decreases below some critical level. In a
multi-layer insurance program, the choice of & determines the degree of
government participation in PPP, or the value of government contribution to
this insurance program. The coefficients [ ; ensure the desirable upper

bounds for overpayments by individuals on the demand side of this
program.

Minimization of the function (4.9) permits achievement of a robust
probabilistic equilibrium between insurance demand and supply
characterized by quantile systemic insolvency constraints of the type (4.6).
Let us show this important fact assuming the convex function (4.9) has
continuous derivatives (say, the distribution function considered has a
continuous density function) and avoiding complications related with
nonsmooth analysis. Then, assuming also the positivity of 7(®) , the

optimality condition grad F(x)=0 for minimization of the function
(4.9), at a given vector g of coverages, for positive components of the risk

premium 7 ;(q) has the form of systemic risk equilibrium [54]:
0= ij = _aP{_ C(ﬂ',q, 6{)) < O}+ﬂjp{_ Dj (ﬂj,q‘j,a) < O)}-(4-10)

If g =G0, T, =Ty, M= 1, then the relationship (4.7) implies

m

e = {w :02C(n,q,0) = Zl[ﬂjr(w) -4, = 7y7(@) —qoL?”)}
Jj=

and the relationship (4.8) implies

e, = {a) :02D(x;,q;,0)= quj.(“’) —7,7(®) = qOLj.(“’) —72'02'(60)}

j=1.
Then the constraint (4.6) is satisfied only if p =1 (is degenerate), i.e.
P(e;) =1-P(e,),
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and the equation (4.10) defines equilibrium price 77(g) for a given
coverage ¢ :

OZ—QP(el)+ﬁj[1—P(€1)]; (a+,8j)P(el)::B';
i
a+f;

Thus, the parameters &, [3; and coverages affect the probability P(e;)

Plrr(w)<q L@ }=P(e)) =

for insolvency of insured persons. In order to investigate this effect, the
unconstrained StO problem with nonsmooth penalty functions for risk is
rewritten as the constrained linear programming problem. In order to rewrite
the problem, the strategic variables i 4 of ex ante decision are

complemented by the new adaptive variables & JS and &° of ex post

decision (their values are chosen after observation of stochastic losses Lj.(w)

) — (non-negative) values of loans and government aids, correspondingly,
where s =1,...,S — random scenarios [55]. The new variables would allow

elimination of overpayments by insured persons and underpayments for
insurers promoting systemic solvency of the flood insurance program.

Let the scenario s includes the losses L', = L' (@) at t = 7(") = 7*

in locations j =1,...,m with probability p - Then the problem (4.9) is
equivalent to the problem minimization of function

S m S m S
F(y)= les _Zl(l—q,-)Lf} +a21ps .2147 +ﬂ21ps85
s= Jj= s= Jj= s=
over Y =(7rj, q;, ¢, &) under constraints
é’j >0,&">0,s=1....8,
—d; =77 —q;L; 285,

>d; =&
j=1

There are efficient tools to solve the problem obtained.

The problem of a central planner does not take into account an option of
decentralized decision making [56] or effects of moral hazard [57] when
behavior of an insured person (IB) change after he or she gets the
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information on insurance coverage according to the contract with insurance
seller (IC). Moral hazard stands for the IC, after signing such a contract,
should account for a higher probability of loss as well as a higher insurance
assistance (payment) if the loss has occurred. It causes not only expected
losses but also higher administrative costs and risk loads undermining the
competitiveness of IC. Then, under imperfect risk classification, the IC
charges a higher insurance price for customers, characterized by lower
moral hazard, and induces their migration to a competitor — another IC.

The abovementioned considerations create an incentive for the IC to
manage effects of moral hazard from the viewpoint of a leader at signing
contract [58]. The management goal is to determine the optimal (from the
viewpoint of IC) payment function in order to ensure the actions of a
follower (IB) in the interests of IC as much as possible, within the available
distribution channels of gains. The payment function indicates how an
insurance benefit depends on a loss function. The full coverage of losses
means the preventive measures of IB are not financed at all. Contrary to the
optimal payment function in the absence of moral hazard, it is not optimal to
provide a full marginal coverage beyond an insurance deductible in the
presence of moral hazard, not mentioning other gains from preventing
measures (say, gains from better health of IB) when the prevention costs of
IB are very low [58].

While usually assumed that the IC cannot observe preventive efforts of
the IB, it is not claimed the management of moral hazard effects cannot be a
part of insurance technology. For example, in commercial insurance ICs do
inspect fire-protection measures rather thoroughly; as for compensations to
employees, the IC often retain the right to check the health care status of
beneficiary (insured person) by a home visit. The IC can also check whether
the IB follows duties of diligence as stipulated by the insurance policy and
can cut or cancel the insurance benefit if the IB does not follow those duties.
Of course, such activity of the IC is rather costly. Therefore, the IC would
choose an optimal probability (frequency) of checking rather than test for
moral hazard in 100 % cases.

On the language of game theory, the IC and the IB are players, where the
decision variable of the IC is the probability X of implementing its
inspection, and the decision variable of the IB is the probability 0 of non-
implementing his or her preventing measures [59]. For example, the IC can
check whether fire extinguishers are maintained as stipulated in the contract;
in the case of health care insurance, a physician commissioned by the IC can
check whether the IB receives an appropriate treatment. When the IC
implements an inspection, it bears the costs b to monitor a contract. If the
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IB implements preventive measures, he or she bears the costs V' and gets
the mean benefit EL (which is equal to the expected loss for the IC, in such
situation, assuming full insurance coverage); if the IB does not implement
preventive measures, he or she gets the mean payoff EL, (which is equal to
the expected loss for the IC, in such situation, assuming full insurance
coverage), but the IC reduces the insurance benefit by O, in the case of

inspection, for at least one time period (obviously, EL, > EL). In all the

cases the IB pays the insurance premium P to the IC. The total payoffs of
the IC and the IB for possible combinations of their mixed strategies can be
written in the following table:

IC
Absence Inspection
of inspection with probability &
IB Preventive IB: EL-P-V IB: EL-P-V
measures IC: P—EL IC: P-EL-b
with probability (1— p)
Absence IB: EL,— P IB: EL,—P—-Q
of preventive IC: P—EL, 1C: P—EL,—b+Q
measures

Both players are assumed to be risk-neutral relative to change of a payoff
whereas it does not always take place for the IBs. This assumption allows
expression of payoffs in the terms of money without addressing to utility
function. Because such an interaction between the IC and the IB can be

repeated, the probabilities & and o are interpreted as relative frequencies.

Thus, the expected total payoff for the IB is equal to
EW'™ =(1-k)1- pYEL-P-V)+
+k(1-p)EL-P-V)+
+(-k)p(EL,—P)+
+hp(ELy ~ P~ Q) =
=(1- pYEL—P~V)+ p(EL, ~P)~kpQ =
=EL+p(ELy—EL)-P—-(1-p)V -kpQ, (4.11)
and the expected total payoft for the IC is equal to
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EW =(1-k)1-p)P-EL)+
+k(1- p)(P—EL-b)+
+(1-k)p(P—-ELy)+
+kp(P—ELy,—b+ Q)=
=(1=p)P—-EL)-k(1-p)b+ p(P—EL))+kp(Q—b) =
=P—p(EL,— EL)—EL+k(pQ-b). (4.12)

Let interaction between the IC and the IB is non-cooperative, i.e. the IC
and the IB cannot exchange information in attempt to achieve a better
outcome for everyone. This implies the IC, when choosing the frequency & ,
should take into account the optimization behavior of the IB given by the
optimality condition

Ll —(1-kYEL-P-V)—
op
—k(EL—P-V)+
+(1-k)(EL,—P)+
+k(EL,—P—Q)=
= P+V —EL+EL,—P—-kQ=V —kQ+EL,—EL,
k=V+Eg)_EL. (4.13)

In turn, the optimization behavior of the IC is given by the optimality
condition

_OEW'
- 0k
+(1—-pYP—EL-b)—
—p(P—EL))+
+p(P—EL,—b+Q) =
==b(1-p)+p(Q-D)=—b+pb+pQ—-pb=pQ->b,
b

p=—. (4.14)
0

0

— —(1-p)(P—EL)+
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The pair of values (k, p), determined by the equations (4.13) and
(4.14), gives a Nash equilibrium in mixed strategies. The both equations
contain the common variable

Q:éz V+EL,—EL
yo, k
Because k, p are probabilities, the equations (4.13) and (4.14) imply
the inequality

Qzmax{b;V +EL,—EL}.
If non-negativity of the total expected payoft of the IC is assumed, i.e.
0<EW' =P— p(EL,— EL)—EL+k(pQ—b), (4.15)
using the equality (4.12), then the equation (4.14) gives

P> p(EL, - EL)+EL :g(ELO —EL)+EL.

Note the equalities (4.11) and (4.12) imply the sum of total expected
payoffs of the IC and the IB within the model [60] is negative:

EW + EW™ =—kb—(1-p)V <0.

The latter and the inequality (4.15) mean EW™ <0, or violating the
incentive constraint for participation in the insurance program from the
demand side [61].

Thus, there are options for insurance by explicit simulating insurance
demand and supply balances. The robust balance significantly depends on
the choice of coverages and premiums creating a capability of insurers to
survive at the time of extreme events and a readiness of individuals to pay
premiums. In order to find robust decisions, the risk functions —
overpayments by individuals and shortfalls for insurers — are used. Such
decisions are solutions of the two-stage stochastic optimization problem
reduced, at certain assumptions, to a standard linear programming problem.
There are also theoretical possibilities of signing mutually beneficial
bilateral insurance contracts which, in practice, compete with other assets
[62].

CONCLUSIONS

The World is at the beginning of global transformation of its order. In
its scale, scope and complexity, the changing will be unlike anything
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humankind has experienced before [1]. Abovementioned transformation is
carried out in space with principle new features caused by globalization and
increasing uncertainty. The changing of fundamental characteristics of time-
space continuum generates the fields of new risks, leads to more
unpredictable world, increases the degree of global mega threats
(environmental, atomic, chemical, genetic, mental,) and their damage.
Moreover the revolution in quality of communication linkages, necessity of
fast solutions and increasing role of psychological factors for decision
making under the face of uncertainty also distort area of security.

The new threats demand new methods for their assessment. The main
objective of current paper is to strengthen the capacity in such field as
impact of uncertainty caused by global change on space of linkages FEW
nexus transformation for which standard modeling methods and tools are
inadequate.

This paper develops the mathematical models for investigation of
FEW nexus and risk analysis in plant production. The models allow
understanding the mechanisms of instability arising in FEW nexus and
assessing potential crop losses caused by various reasons as well as their
probabilistic characteristics. The methodology for effective decision-making
under risk and partial uncertaity is also elaborated. It allows investigation of
linear optimization and portfolio optimization problems under uncertainty,
portfolio optimization for reward-risk ratio, optimization problems under
imprecise scenario values. At last, two-stage ang two-level models of
ecological-economic decisions was developed.
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Chapter 2

LINKING DISTRIBUTED SECTORIAL AND REGIONAL
OPTIMIZATION MODELS UNDER ASYMMETRIC
INFORMATION: TOWARDS ROBUST FOOD-WATER-

ENERGY-ENVIRONMENTAL NEXUS

Yu.M. Ermolievl, A.G. Zagorodnyz, V.L.Bogdanovz, T.Yu. Ermolievaz,
P. Havlik?, M. Obersteiner’, E. Rovenskaya®
*International Institute for Applied Systems Analysis (IIASA), *National
Academy of Sciences of Ukraine

Abstract

Increasing global-local, as well as sectorial-regional interdependencies may
significantly affect business-as-usual operations even under small local
disturbances. Detailed sectorial and regional models have traditionally been used to
independently plan desirable developments of respective sectors and regions.
However, solutions that are optimal for a sub-system may turn out to be infeasible
for the entire system. In this paper, we develop a new approach based on the
linkage of detailed distributed models of subsystems (e.g., sectorial and regional
models) under joint resource constraints thus enabling truly integrative decision
support for optimal solutions across sectors and regions. In this approach, the
distributed models act as “agents” that communicate via a ‘“central hub” (a
regulator). In this way, they continue to be the same separate models and different
modeling teams do not need to exchange information about their models and data,
i.e. they communicate and derive integrated solutions under asymmetric
information. The applicability of the developed approach is demonstrated for a
case study that focuses on the food-energy-water-environmental nexus of
agriculture and the coal industry that are competing for limited water and land
resources.

Keywords: decision support, asymmetric information, linkage, non-smooth
optimization, subgradient, integrated modeling, food-energy-water-environmental
nexus.
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INTRODUCTION

Detailed sectorial and regional models have traditionally been used to
anticipate and plan desirable developments of respective sectors and
regions. These models operate with a set of feasible decisions and aim to
select a solution optimizing a sector- or region-specific objective function,
depending on various input scenarios.

In the context of the food-energy-water-environmental (FEWE) nexus, the
set of feasible decisions is determined by the following three major types of
constraints:

» Demand constraints establish minimal satisfactory FEWE security
levels depending on national or regional consumption, export- and
import policies.

= Resource constraints describe the maximum physical availability of
natural resources, for example, land and water for agriculture and
energy (hydropower, coal, bioenergy, etc.), human resources (labor),
capital, etc.

= FEnvironmental quality constraints prescribe the limits of admissible
air, water and soil pollution, as well as the maximum allowable
levels of greenhouse gas (GHG) emissions as determined by
national and international regulations.

A decision maker chooses a development strategy (a set of technologies,
locations of production units, crops to grow, etc.) to achieve a certain
objective, which can be to minimize net costs or to maximize net profits.

Nowadays, sectors and regions are becoming more and more interconnected
through the utilization of common resources. With the growing population,
the global economy is moving closer and closer towards planetary
boundaries, hence interdependencies and the competition for natural
resources are becoming more and more pronounced. In the context of the
FEWE, the energy and agricultural sectors often compete for the same land
and water resources, which are both needed for growing crops and the
production of biofuel, hydroelectric power generation, and coal mining. In
addition, both sectors contribute to the deterioration of the common
environment, polluting soil, water and air, and emitting greenhouse gases.

For example, major power grid blackouts in India (Abrar, 2016) were
reported to have happened due to intensive water use (pumping) by
individual farmers using subsidized, and often free, electricity and water for
agriculture, thus generating infeasible electricity demands. Another
example is the US, where in 2007 droughts simultaneously increased the
water demand in agriculture and industry, as well as usage by households
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and for cooling nuclear and coal-fired plants. This unanticipated and
uncoordinated water demand increase forced government to shut down
some power reactors (e.g., the Browns Ferry facility in August 2007) and
curtail operations at others.

Hence, the current practice of developing and using separate models of
separate sectors and regions, forces researchers to make additional
assumptions on how the common resources utilized by the sectors and
regions are to be divided. The sectorial and regional models identify
solutions that are optimal for the considered sectors and regions. When
competition for resources becomes binding, an independent analysis of
sectors and regions that do not take their interconnectedness into account
can become highly misleading. Hence, the sectorial and regional models
must be linked together to produce truly integrated solutions that are
optimal for the overall system. Interdependent FEWE security goals
contribute immensely to signifying the nexus between sectors and regions,
notably via common environmental goals, including quotas on total water
pollution, GHG emissions, etc. In this paper, we consider the problem of
linking sectorial and/or regional models into an inter-sectorial, inter-
regional integrated model under asymetric information, i.e. without
revealing information about corresponding sub-models. The lack of full
information on goals, feasible decisions, constraints, and corresponding
data sets is typical for modeling international aspects. Accordingly, in this
paper we distinguish the term “linkage” under asymmetric information
from the term “integrated” modeling based on full information.

There may be different ways for sectors/regions to distribute quotas
between sectors/regions needed to achieve joint resource constraints. This
critically depends on goals and available information. Before formulating
our approach, let us outline some related work. In the absence of
coordination between sectors/regions regarding the joint resource
constraints, they can be expected to behave selfishly and aim at maximizing
their own objective function. For that, they will attempt to secure as high
resource consumption quotas as possible. Such a situation can be modeled
using the non-cooperative game-theoretic framework — namely, social
equilibrium games (Harker, 1991), which have been formulated to include
joint constraints across players. The generalized Nash equilibrium (GNE)
solution, if it exists, describes the allocation of production and resources
across sectors/regions satisfying the joint constraint. In this case, the
decisions are made independently and the potential of collective efforts for
managing common resources is ignored.
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As emphasized by Harker (1991), the existence, uniqueness, stability of the
GNE, and a realistic large-scale implementation of this concept cannot be
guaranteed. Moreover, Harker (1991) highlights that the GNE solution sets
are rarely connected. Hence, a complete analysis of Nash equilibriums in
this case is a complex task requiring additional assumptions. The analysis
can become even more complex, if the joint resource constraints are based
on the equilibrium (optimality) conditions that arise from considering the
initial problem in the setting of a principal-agent game or a leader-follower
Stackelberg game (Ermoliev and von Winterfeldt, 2012). For example, in
the case of asymmetric information, the use of optimality conditions would
require unavailable implicit sets of generalized gradients (subgradients).
Due to the computational complexity, heuristic methods are often used.
However, they lack a rigorous convergence proof generating misleading
conclusions.

Bohringer and Rutherford (2009) consider integrating bottom-up
mathematical programming models of the energy system into a top-down
general equilibrium model of the overall economy. The paper shows that
the formulation of market equilibrium conditions using complementarity
equations permit integration of models, but the convergence of the
proposed simple iterative procedure cannot be guaranteed. In specific cases,
models of general equilibrium are reduced to optimization problems
(Norkin, 1999), which can be linked by using the proposed method in
Section 3.

In principle, linkage of deterministic models and deterministic
approximations of stochastic optimization models into a single model that
incorporates all constraints from all models can be treated as a multiple
criteria optimization problem under appropriate aggregation principles
(Kostreva et al., 2004; Ogryczak, 2000), including probabilistic principles
for problems with uncertainties, e.g. with the welfare weights treated as
probabilities. However, in case of asymetric information when agents are
unable to obtain information on each other’s models, the linkage, i.e.
integration under asymmetric information, is possible by using (Section 3)
nonsmooth optimization methods of a multiagent systems. Often, it is
impossible to consider decisions and constraints of all models
simulteniously and solve underlying implicit large-scale optimization
models. Instead, we wuse iterative subgradient optimization mehods
developed in the form of iterative decomposition for two-stage stochastic
optimization models (see discussions and references in Ermoliev,
2009a,b,c,d), which can also be reformulated as large-scale (even infinite
dimentional) implicit LP models. These methods have remarkable
flexibility enabling optimization of nonsmooth systems (Ermoliev and

306



Norkin, 1997; see also Section 4). Section 3 formulates the linkage as a
two-stage model where first and second stage decisions are split into
smaller subproblems for a fixed vector , as it is the case in the main linkage
model (1)-(5), Section 2. Benders decomposition (see e.g., Dempster and
Thompson, 1998) provides rules for iterative adjustments of vector based
on solutions with respect to  of simple optimization submodels under
current vector . Dempster and Thompson discuss this in details using
extremely large-scale LP reformulations of stochastic optimization models.
Unfortunately, this approach requires information about all submodels
which is inadequate for models under asymetric information and two-stage
problems (Ermoliev et al., 2000) shaped by simulators of extreme events
and decision models of agents.

The agency theory (see e.g., Gaivoronski and Werner, 2012) also studies
cases of asymmetric information, namely how to induce agents to exchange
information. The approach of our paper is the opposite: we minimize the
necessity to exchange information.

The approach for linking models presented here is based on an iterative
process of non-smooth optimization (Section 5) converging to the socially
optimal solution. It does not require models to exchange full information
about their specifications. The “resource quotas” for each sector/region and
each resource are recalculated by sectors/regions independently by shifting
their current approximation in the direction defined by the corresponding
sectorial/regional shadow prices of resources from the primal sectorial
optimization problem. In this way, we avoid a “hard linking” of the models
in a single code that saves programming time and enables parallel
distributed computations of sectorial/regional models instead of a large
scale integrated model, that is, one that addresses the well-known “curse of
dimensionality” and challenges large scale data harmonization under
asymmetric information. This also preserves the original models in their
initial state for other possible linkages. Using detailed sectorial/regional
models instead of their aggregated simplified versions also allows for
taking into account critically important local details, which are usually
hidden within aggregate data.

The paper is organized as follows. Section 2 discusses the problem of
model linkage vs. standard integrated modeling. Section 3 presents the
original result of this paper — a consistent iterative procedure for model
linkage under asymmetric information based on the generalized gradient
(sub-gradient) method of non-smooth optimization. Section 4 analyses the
properties of the algorithm enabling its convergence. Section 5 presents an
application of the proposed approach in the case study linking coal and
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agricultural sectorial models for optimal management in water scarce
Shanxi province in China. Section 6 concludes and outlines potential future
directions, and in particular, the extension of the linkage approach to
stochastic models to manage induced cross-sectorial “hidden” systemic
risks.

2. LINKING MODELS FOR OPTIMAL RESOURCE
DISTRIBUTION

2.1. Sectorial/regional model
Let us consider K sectors/regions utilizing some common resources. The problem

of their linkage can be formulated as follows. Let x® be the vector of decision
variables in sector/region k and assume that each sector/region aims to choose

such x® to maximize its objective function (net profits) of the form

<c(k)x(k)>—>max, (1)
subject to constraints

x® >0, )
4B < 6 3)
BM (k) < y(k) , 4)

where <c(k),x(k) > , k=12,..., K, denotes the scalar product of vectors c®
and x(k), <c(k),x(k)> = chﬁ-k)xﬁ-k) )

Here, net unit profits ¢® | matrices A*) and B® defining the marginal
contribution of each solution component into the total demand, the resource
use, and environmental impact, and vectors b and ¢® determining the
constraints themselves are given. We separate the constraints, which are
specific to sector/region k expressed by (3) and the constraints, which are a
part of a common inter-sectorial/inter-regional constraint with
sectorial/regional quotas y(k) expressed by (4). The sectorial/regional
quotas are not fixed, but rather the following joint constraint on the
common resources holds

21k<=1]_)(k)y(k) <d,y® >0, (5)

where matrices D® define the marginal contribution of each
sectorial/regional quota into a joint constraint described by vector d >0.
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Thus, each sector/region k maximizes its objective function (1) by choosing
x® and y® from the feasible set defined by (2), (3), so that (4) and (5) are
also fulfilled.

The joint constraint (5) may be either binding or not. It may happen so that

for a given y the sectorially/regionally optimal solutions xfk) to problem

(1)-(4) generate the resource demand y*(k) = B(k)x,fk), such that (5) holds.
In that case, the sectors/regions are actually not interlinked and decisions,
optimal for each sector are also optimal for the entire system.

In what follows we are interested in the opposite case, when constraints (5)
are binding, i1.e., when for the optimal sectorial/regional solutions
constraints (5) do not hold. This means that sectors cannot achieve their
optimum simultaneously and at least one of them has to sacrifice a part of
its utility (i.e., accept lower profits/higher costs) in order to satisfy the joint
constraints (5).

3. A CONSISTENT ITERATIVE PROCEDURE FOR LINKING
MODELS OPTIMIZING OVERALL WELFARE FUNCTION

3.1. Welfare maximization under asymmetric information.

Note that, when feasible, “hard” integration of models would be a
straightforward way to link sectorial models together. It would imply
joining their objective functions with some weights w, , w, >0 ,
K
k=1
the following problem:

K
Zkzlwk(c(k),x(k)) — max , (6)

w, =1, into one welfare function solving for the Pareto optimum in

subject to (2)-(5). By asymmetric information of sectors/regions we mean

that a sector/region k does not know ! , A(l), B(Z), D of other
sectors/regions [ # k . There is however a central hub (regulator) who

knows D™ and d. We also assume that there is a network of computers
connecting the central computer of each sector/region with the central
computer of the hub.

In this section, we suggest a consistent algorithm for iteratively linking
sectorial or regional models under asymmetric information, for which
convergence is established in Section 4. It is important to note that the
cyclic coordinate-wise optimization method does not converge if the
objective function is non-differentiable countinuously (see e.g. Ermoliev,
2009 a,b,c,d on SQG methods) hence the direct/naive linkage will not work.
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A core part of the algorithm is a central hub computer that recalculates the
resource quotas ¥ by shifting their current approximation in the direction

defined by the corresponding vectors of dual variables (shadow prices of
resources) from the primal optimization problems. These quotas are
received by sectorial/regional computers enabling parallel computations of
solutions and fast adjustments of vector y . Ermoliev (1980) initially

introduced the idea of this algorithm and current computer capacities enable
its implementation to large-scale models used to support decisions.

Consider the main implicit maximization problem. For a given vector
y=0"
constraints (2)-(4) by F(y), in other words, in this function x® (y) are

optimal solutions to (1) under (2)-(4) ignoring joint constraints (5).
Therefore,

K
f’(y)==éi}f{k)(y),

yeees y(K)) let us denote the optimal value of function (6) under

where f 6 () =w, (c(k),x(k ) (¥)) are concave non-differentiable
(continuously) or non-smooth functions for given weights w; (Proposition
1, a), b)).

The algorithm defines a rule for adjusting y towards an optimal )fk that
maximizes function F(y) under the joint constraints (5) defining the
feasible set Y .

3.2. Non-smooth linkage method.

Consider an arbitrary feasible solution y* = (y*V,..., y*®)) for iteration
s =1,2,.. of the algorithm. For given quotas y° = (ys(l),...,yS(K)),
independently and in parallel, computers of sectors/regions solve primal
models (1)-(4) and obtain primal solutions x*® = x*®) (3% ) together with
the corresponding shadow prices of resources, that is, solutions
s, 13U of the dual problems

<b(k),us(k) > n <ys(k)’vs(k)> — min (7)
A(k)u-S(k) +B(k)VS(k) > ch(k) (8)
uw'® >0, v >0 9)

(k)

k=12,..., K , where vectors v**"/ are the driving force of algorithm (10).
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The next approximation of quotas yS*1 = (y5+1(1) Lyt s derived
by the computer of the central hub by shifting y* in the direction of vector
V=W, v®)Y | that is, optimal dual variables (shadow prices)

corresponding to constraints (4). Hence, we have iterative procedure
defining in a sence the artificial “intellect” of the designed solution system:

ys+1 :ﬂy(ys +,OSVS), (10)

where ps is an iteration-dependent multiplier, which is a method’s
parameter, and 1y (+) is the orthogonal projection operator onto set Y (see
also Remark 1, Section 3.3). Vector v’ defines sub-gradient of the
continuously non-differentiable function F'(x). This and the convergence of
solutions y* to an optimal solution of the linkage problem (2)-(6) as

s > o is analyzed in Section 4. Wang and Xiu (2000) developed the
convergence theory of the gradient projection method only for a
continuously differentiable function, where the step-size p, is defined

depending on improvements of the objective function. However, in our case
with non-differentiable functions it is not possible. In this case, the step-size
ps 1s chosen from rather general and natural requirements: p, >0 ,
e Ps = , because generalized gradients are not the increasing
directions of functions.

Although the standard sub-gradient projection method converges without
condition Y 2 ,os2 <00, the proposed linkage algorithm for problems under
asymmetric information (10) requires this additional condition to enable the
convergence of not only function F(y*), but also solutions y*. This allows

us to propose a simple stopping criterion enabling the independent
optimization of interdependent sectors by (10).

3.3. Algorithm and its generalization

The basic linkage algorithm with more details including stopping criteria is
summarized as follows:

Step 0: Initialization. Sectork, k£ =1...., K, chooses initial vectors yo(k ) of
quotas and submits it to the central computer (hub). The computer projects

y =( yo(l) vy yO(K )) onto the set ¥ defining a first feasible approximation
y = (yl(l) . yl(K)) ;set s =1
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Step 1: Generic step. Suppose by the beginning of iteration s the algorithm

arrived at vector y* =(3*V,..., y*®)) . Then on iteration s the algorithm
proceeds as follows.

s(k)

Step 2: All sectors/regions k receive y and solve sectorial models (1)-

s(k)

(4) independently. Shadow prices v of common resources are submitted

to the central computer.

Step 3: The central computer calculates y*+ p,v° with a step-size
ps =C, /s, where ¢, is a scaling parameter, ¢ < c; < ¢ for some constants
c, ¢, which regulate p, so that the product p,v° corresponds to the scale
of y*. Vector y* +p,v* is projected onto the set Y and defines y**'.

Sectors receive corresponding components of yS+1 .

Step 4: All sectors independently check stopping criteria. Sector k&
calculates non-negative difference

ec ()= 0D )+ (O O ) e (D (%) and
submits values & (s) to the central computer of the common hub.

If 2,60(s5)<&=>0, where ¢ is an admissible accuracy, then stop.
Otherwise, continue with increments of 1 and return to step 1.

Section 4 shows that the independent functioning of sectors/regions
according to this algorithm is possible without revealing sectorial

information due to requirement ¥ p? < oo.

Remark 1 (Computing the projection)

The orthogonal projection y**' of vector y* = y* + p,v° onto Y is calculated
by means of a fast algorithm minimizing the quadratic function
IR

2 2
s K : - . .
‘ y =y zzk:1 y =y , subject to joint constraints (5). This
minimization can be done within a finite number of steps by using LP-
transformations of quadratic optimization problems based on optimality equations.

Because y° €Y, then projections strl of vector y* + psvs , s =12,..., is very
2
fast by minimizing Hys +psvs —yH due to psvs — 0, as vectors v° are

bounded optimal dual solutions (Proposition 1, a) and if y* is taken as an initial

approximation for ys+1 .
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Remark 2 (Mixed constraints)

Joint resource constraints of type (5) can be imposed by an external agency
or can be jointly agreed upon by the participating sectors/regions.
Sectors/regions may be subsidized or taxed to achieve certain levels of
production — say to ensure a secure level of pollution in a common body of
water. Such decisions affect not only vectors x of sectorial models (1)-(4),
but also vector y of resource constraints (5). In this case, joint sectorial

constraints (5) may have the following mixed form involving both x* and
y™® under a vector of common resources & :

ZII;IM(k)X(k) 4 leleD(k)y(k) <S5 (11)

where matrices D) define the marginal contribution of each x™® into the
constraint ¢ and also generate additional asymmetric information
regarding common resources y .

Yet, problem (1)-(4), (11) can be transformed into a problem that has the
same structure as (1)-(5) with separate constraints on common resources as
follows:

Let us introduce vectors z* such that M %) x®) < z(k), k=1,.., K, and re-
write (11) as
ZII;ID(k)y(k) <S5— le;lz(k) , lelez(k) <S5,

After an appropriate re-notation, we indeed arrive at the problem of the
form (1)-(5).

4. PROPERTIES OF THE ALGORITHM

In this section, we justify the convergence of the proposed linkage method
(10). We rely on its connections with the duality theory and the theory of
(continuously) non-differentiable optimization.

The following is important for our approach proposition, and is derived from the
known facts of duality theory. For example, the concavity of F(y) and the
importance of non-differentiable optimization follows from Proposition 1 (a). The

verification of the stopping criteria in section 3.3. follows from the convergence of

%
{y*} toapointof Y due to the theorem of this section.

Consider the sectorial/regional model & defined by equations (1)-(4) for a given
feasible y satisfying the constraints of (5). The duality relations are usually
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established by using the Lagrangian function (see Arrow, et al., 1958; Bertsecas,
1999) as follows:

L, 3@ vy = (B, x4 @@ pE) _ g0 By (B 0 g (k)
where # and v are dual variables.

Proposition 1 (Duality relations)

Assume there exist solutions x*) (») of all K sectorial/regional models. Then:

a). Each Lagrangian function L, , k=1..,K, has a saddle point
00D (). ):

min L (< (), y,0,) = L ¢ (09, 3, (), () = max £ (e, yu® (09,00 ()
u,v= X2

L x“ 3),y.uP m)v@ ) = we (V2P o)) = 1O ), (12)
@@ (@),6" =4O E )+ P,y - BB () =0.

Because L x5, u® () v® () for fixed y is jointly concave in
(x(k), y), then after maximizing with respect to x® | the resulting optimal
value (12) L, (x® (y),y,u(k) (y),v(k) ) = P () remains concave in y .
Hence, /' )( v), F(y)= Zle f () (x(k)) are concave functions.

The following facts b) and c) justify the stopping criterion of the linkage
algorithm (section 3.3.).

b). The dual minimax problem miggmahx L,(x,y,u,v) is equivalent to the
LP-problem (7)-(9).

The primal LP-model (1)-(4) is equivalent to the maximin problem, that is,

maximizing the non-differentiable function in general: min Z; (x, y,u,v).
u,v=0

¢). The dual problem has a solution (# (»),v (¥)) and these solutions
satisfy the following equality:

FOY=we®,x ) =0®,u )+ ().

The following fact (Ermoliev, 1976; Rockafeller, 1981) is fundamental for
solving the linkage problem through maximizing non-differentiable
function F(y) by method (10).

Proposition 2 (Sub-gradient)
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Assume there exist solutions x*) (») of all K sectorial models. Then for
any feasible solution z and y,

FON-r“@20"m,y-2),
that is, v () is a sub-gradient of the concave function 7 (y).

Proof: From Proposition 1 it follows that
OG0 =P =0®,u® )+ (P () - 6P, u® (2) - P v P (2))
> (6™ u® )+ v (1)) - P, u® (1)) - v B ()

=),y -2).
Corollary: Vector v(y) = (v" (»)....,v*(y)) is a sub-gradient of function

F()=3K,r® @), F () =wy), thatis, F(y)—F(z) = ((»),y—2).

Therefore, the procedure (10) is a specific sub-gradient method for
maximizing the (continuously) non-differentiable concave function F(y).

Let us now show that y° converges to an optimal solution y*, maximizing
F(y) subject to joint constraints (5).

Theorem (Non-monotonic convergence)
(a). The feasible set Y is bounded;

(b). Step size p, satisfies the conditions:
P20, po=w, 3" pl<w,say py=1/s.
Then limy* €Y" for s — .

Proof: The property of the projection 7, (-) yields for any optimal y* elt:

2
* Py

2 *
s+ < _2ps(vsay _ys)

b

2 .
<[y -

y =y —py’

y -y

s2
\%

2
+Cp?,

y =y

<|

where 0<F(y)-F(y)<(v,y —1°) , because v* is a generalized
gradient of F(y) at y =y’ (Proposition 2).

S

2 . . .
Also,|v*| <C <o, where C>0, is a positive constant because solutions

x*(»*) of primal and solutions (u*(»*),v*(»*)) of dual sectorial/regional
models are bounded, as the feasible set ¥ is bounded by our assumptions.
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*

2
y =y } satisfying equations

The sequence {

s+l

’ +Cp?, Y. pl <o forall y" Y’ converges for

ey

"=y

. 2 o . .
s — oo because the sequence 7, :Hy -y’ +CZH p; is monotonic,

7., <7, and z; p’ <. Therefore, all accumulation points of {y’} are

s+l —

on the sphere of the radius lim” y =y H . Hence, if we now show that one of

the limit (accumulation) points of {y'} belongs to Y~ , then from this
assertion would follow the convergence of {y'} to a point of ¥ .

Consider again the inequality
* 2 S t * t s
Y _yIH _2Zz:1pt v,y -y )+Cz,:1pt2'

Due to the inequality F(y')-F(y')>(',y" —y") following from the

definition of a generalized gradientv’ = (v*",...,v'®)), we have

Iy - y' —yIHZ =23 p (FOH-FO'N+CY, pl.

Therefore, ZZI p, (F(y))-F(y'))<o . Since Z: p, = and
F(y")—F(x')>0 , then there exists a subsequence y“ such that

s+l

2
<

y -y

2
<

s+1

F(y")-F(y")—0, for s > . Therefore {ys} converges and the proof
is completed.

Remark 3. The following sequence of p, for example, satisfies the

conditions of the theorem: p; =y /s, 0<y<y < y <o for some

positive constants y and 7_/

5. EXAMPLE OF LINKING UNDER THE FOOD-ENERGY-
WATER-ENVIRONMENT NEXUS IN CHINA

In this section, we demonstrate an application of the developed iterative
linkage procedure in the case study linking the coal and agricultural
sectorial models used to define optimal management strategies in the water-
scarce Shanxi province in China (Gao et al., 2018).

In short, the model can be summarized as follows. The model accounts for
various coal mining, processing and conversion technologies, as well as for
various types of crops in a number of locations within the region under
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investigation. Coal and agricultural production are restricted by the
availability of natural resources, most notably, water and land. Coal-based
industries — mining, washing, chemical production, and power generation —
are all extremely water-intensive. What makes the competition for water
even worse is a huge mismatch between water resources and coal reserves —
53% of China’s coal reserves are located in water scarce regions, while 30%
are in water stressed regions — and Shanxi is one of them. Water supply to
agriculture is also very important as it can significantly improve rural
developments and maintain food security by ensuring basic grain
sufficiency.

Thus, this model addresses the problem of planning sustainable energy and
agricultural sectors under water and land scarcity, as well as energy and
food security goals in an integrated way. If water and land quotas to sectors
are calculated in an independent way, this may lead to the violation of
sustainability constraints.

In addition, the model also addresses linking across locations. Shanxi region
consists of 11 municipalities, which means that a decision maker has an
opportunity to utilize the cost differential between them when planning
production to meet the total demand from the entire province.

Here we present the key results of numerical calculations demonstrating a

fast convergence of the approximate solutions y° to the optimal solutions
of the welfare maximization problem.

Remark 4 (Computational stability). A fast convergence of the linkage
algorithm based on the generalized sub-gradient method of non-
differentiable optimization is observed and justified theoretically when
optimal solutions are points of the non-differentiability. This is due to a
fundamental difference between the case of continuously differentiable and
non-differentiable functions, because generalized gradients (sub-gradients)
do not approach zero at optimal solutions. For example, the minimization of

one-dimensional function F (y)=|y| has the solution y* =0 and sub-

gradients equal +1 for y >0 and -1 for y < 0. This type of non-smooth
criterion function is used in robust statistics. The robustness of these types
of methods with respect to random disturbances is used in stochastic
optimization (Ermoliev, 2009a,b,c,d).

Table 1 presents the comparison of the optimal utility values between
separately optimized models and overall welfare optimization. When
sectorial models are solved separately, no joint constraints (5) are imposed,
which allows the agriculture and coal sectors to gain about 15% and 36% of
their utility, respectively. However, joint systemic constraints (5) are
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violated. In practice, this can lead to a shortage of water for one of the
sectors and to a systemic failure. Under joint constraints, i.e. when models
are hard-linked and/or when they are linked via a central “hub” thus
ensuring systemic security, the total gains of feasible optimal solutions, that
is, the net profits of sectors, can be lower. Numerical calculations by
method (10) allow for fast identification of the most critical parts of the
optimal solutions responsible for systemic stability and efficiency. The
calculations also easily illustrate the value of mathematical models vs.
simple calculations of “intuitively evident” direct net profits that ignore
indirect systemic gains and losses, which may dramatically affect final
conclusions and policies. For example, the lack of a bridge or a sectorial
link connecting otherwise disconnected sectors/regions can cause losses that
are incomparable with the direct cost of the bridge. This kind of systemic
interdependencies are addressed by the proposed approach.

Figure 1 presents the values of the overall welfare function in each iteration
of the algorithm for three different initial approximations, i.e. initial
allocation of water and land quotas between two sectors. In all three cases
the iterative process converges rather quickly, that is, in the sixth iteration
the optimal value is practically reached. After the tenth iteration, the
accuracy becomes 0.6%.

Table 1

Exact and iterative comparison of the optimal utility values between separately
optimized models and overall welfare optimization.

Model Net profit, Net profit, Net profit,
Total, Agriculture, | Coal,
bln. CNY bln. CNY bln. CNY
Two separate sectorial 264.2 17.7 246.5
optimizations (no joint
constraints)
Welfare optimizing (hard- 196.3 15.4 181.0
linked)
Linked via a central “hub” 195.4 15.5 180.0
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Fig. I: Convergence (in terms of the utility value) of the iterative procedure to the
exact solution of the overall welfare maximization problem. On the vertical axes
are the total net profits while method iterations appear on the horizontal axis. The
three curves correspond to different initial conditions.

An essential factor affecting the convergence speed is of course the choice
of the step-size p, . A general rule is that the scale of the product p,v* must

correspond to the scale of the solutions y* .

6. CONCLUDING REMARKS

This paper presented two novel results. First, it is the algorithm — or a
model-based negotiation process — that allows the hub (central authority,
principal agent), who pursues the maximization of public welfare, to
distribute limiting resources between several actors without knowing the
details of the internal structure of these actors and requiring only the
shadow prices for the individual resource bounds. More specifically, this
method links different linear optimization models into one system model
without re-coding the sub-models into a single integrated model. Second, it
is the illustrative demonstration of the algorithm for a case study in China.

While in this paper, we meant linking regional and/or sectorial models
when referring to model linkage, more generally, linking models may refer
to different local-global scales. Therefore, the linkage problem can also be
formulated much more generally in terms of sub-models and integrated
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models and the approach presented in this paper can still be applicable.
Remark 2 illustrates this in more detail.

The linkage of models is, in a sense, opposite to decomposition methods
(e.g., Dantzig and Wolf, 1960; Bertsekas, 1999; Kim and Nazareth, 1991).
While in the decomposition we split an existing integrated optimization
model into a number of smaller sub-models, in the linkage we obtain an
integrated model of the system by linking existing explicitly unknown sub-
models. Remark 2, Section 3.3, also demonstrates that the proposed
methodology has a fundamentally new type of flexibility enabling the
simultaneous use of linkage and decomposition procedures, in other words,
endogenously disaggregating models to make their further integration more
efficient.

The proposed computational algorithm is based on sub-gradient methods
invented for the optimization of non-smooth systems, which may be subject
to shocks and discontinuities. Therefore, these methods will be naturally
developed further for linking stochastic models with known marginal
distributions of sectorial uncertainties, into cross-sectorial integrated
models with joint distributions of collective systemic risks induced by
sectorial uncertainties and decisions maximizing a stochastic version of the
function (6).

It is worth noting that we can also carry out the linkage of dynamic systems
using the same equations (1)-(5) with vectors x*¥) = (x(k) (1),...,x(k) (7)),

y® :(y(k) ..., y(k) (T")) characterizing decisions and quotas of sectors
k=1,.,N attimet =1,...,7 . Additional complications arise in the situation
when vectors x®* (r) have two components X (1) = (z(k) (t),u(k) ()

representing the state variables B (t) and the control variables u (). In
this case, the saddle points in duality relations (Proposition 1) may have the
form of discrete (in time) Pontryaging Maximum Principle. This enables
the decomposition of the dynamic optimization model over interval [1,7]
into independent sub-problems for each =1....,7 , which can be solved by
the proposed algorithm as indicated in Remark 2.

Another fundamentally important possible extension of the presented
method is the case of stochastic sectorial/regional models in which the
distribution of uncertainties are shaped by the decisions of various agents.
The mitigation of floods by new land use decisions, for example, affect
flood scenarios. As a rule, this makes it impossible to separate scenario
generations and optimization procedures. This calls for linking both
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simulation and optimization procedures in a similar manner to algorithm
(10), thus combining simulations of scenarios with optimization steps.

Acknowledgements

The development of linkage algorithms and case studies is supported by EU
projects COACCH (776479) and SUSFANS (633692) and joint project
between IIASA and National Academy of Sciences (Ukraine) on “Integrated
robust management of food-energy-water-land use nexus for sustainable
development”.

REFERENCES

Abrar, M. (2016). Power cut off and power blackout in India a major threat — 4An
overview. Int. Journal of Advancements in Research and Technology, 5(7), 8-15.

Arrow, K.J., Hurwicz, Uzawa, H. (Eds., 1958). Studies in linear and nonlinear
programming. Stanford, CA: Stanford University Press.

Bertsekas, D. (1999). Nonlinear programming. Atlanta Scientific.

Bohringer C., Rutherford T.F. (2009). Integrated assessment of energy policies:
Decomposing top-down and bottom-up. Journal of Economic Dynamics and
Control, 33 (9), 1648-1661.

Dantzig G.B., Wolfe P. (1960). The decomposition principle for linear
programming. Econometrica, 29, 767-778.

Dempster, M.A.H., Thompson, R.T. (1998). Parallelization and aggregation of
nested Benders decomposition. Annal of Operations Research 81, 163-187
Ermoliev Y. (1976). Models and methods of stochastic programming. Moscow:
Nauka (in Russian).

Ermoliev Y. (1980). Some problems of linkage systems. IIASA Working Paper

WP-80-102. Int. Institute for Applied Systems Analysis (IIASA), Laxenburg,
Austria.

Ermoliev Y., Norkin V. (1997). On nonsmooth and discontinuous problems of

stochastic systems optimization. European Journal of Operational Research
101 (2),230-244. DOI:10.1016/S0377-2217(96)00395-5.

Ermoliev Y. (2009a). Stochastic quasigradient methods in minimax problems. In
Encyclopedia of Optimization, C.A. Floudas, P.M. Pardalos (eds). Springer-
Verlag, New York, USA pp. 3813-3818

Ermoliev Y. (2009b). Two-stage stochastic programming: Quasigradient method.
In Encyclopedia of Optimization, C.A. Floudas, P.M. Pardalos (eds). Springer-
Verlag, New York, USA pp. 3955-3959

321


http://www.sciencedirect.com/science/article/pii/S014098830700059X
http://www.sciencedirect.com/science/article/pii/S014098830700059X
http://www.sciencedirect.com/science/journal/01651889
http://www.sciencedirect.com/science/journal/01651889
http://www.sciencedirect.com/science/journal/01651889/33/9
http://pure.iiasa.ac.at/id/eprint/5051/
http://pure.iiasa.ac.at/id/eprint/5051/
https://doi.org/10.1016/S0377-2217(96)00395-5
http://www.iiasa.ac.at/search/publication.php?authors=Ermoliev,Y.
http://www.iiasa.ac.at/search/publication.php?authors=Ermoliev,Y.

Ermoliev Y. (2009c). Stochastic quasigradient methods: Applications . In
Encyclopedia of Optimization, C.A. Floudas, P.M. Pardalos (eds). Springer-
Verlag, New York, USA pp. 3807-3813

Ermoliev Y. (2009d). Stochastic quasigradient methods . In Encyclopedia of
Optimization, C.A. Floudas, P.M. Pardalos (eds). Springer-Verlag, New York,
USA pp. 3801-3807

Ermoliev Y., Ermolieva, T. MacDonald, G. Norkin, V.(2000). Stochastic
Optimization of Insurance Portfolios for Managing Exposure to Catastrophic
Risks. Annals of Operations Research, 99, 207-225.Ermoliev Y., von Winterfeldt
D. (2012). Systemic risks and security management. In: Ermoliev Y., Makowski
M., and Marti K. (Eds.). Managing safety of heterogeneous systems: Decisions
under uncertainty and risks. Lecture Notes in Econom. Math. Systems 658. New
York, Springer, 19-49.

Gaivoronski A., Werner, A. (2012). Stochastic programming perspective on the
agency problems under uncertainty. In: Ermoliev Y., Makowski M., and Marti K.
(Eds.). Managing safety of heterogeneous systems: Decisions under uncertainty
and risks. Lecture Notes in Econom. Math. Systems 658. New York, Springer, 133-
160.

Gao, J., Xu, X., Cao, G., Ermoliev, Y.M., Ermolieva, T.Y., Rovenskaya E.A.
(2018). Optimizing regional food and energy production under limited water
availability through integrated modeling. Sustainability, 10(6), 1689

Harker P. T. (1991). Generalized Nash games and quasi-variational inequalities.
European Journal of Operational Research, 54, 81-94.

Kim K., Nazareth J.L. (1991). The decomposition principle and algorithms for
linear programming. Linear algebra and its applications, 152, 119-133.

Kostreva M.M., Ogryczak W., Wierzbicki A. (2004). Equitable aggregations and
multiple criteria analysis. European Journal of Operations Research, 158, 362-
367.

Norkin, V. (1999). Reducing models of general economic equilibrium to
optimization problems. Cybernetics and Systems Analysis, 35(5), 743-753.

Ogryczak W. (2000). Multiple criteria linar programming model for portfolio
selection. Annals of Operations Research, 97, 143-162.

Rockafeller, T. (1981). The theory of subgradient and its application to problems
of optimization: Convex and nonconvex functions. Berlin: Helderman Verlag.

Wang, C., Xiu, N. (2000). Convergence of the gradient projection method for
generalized convex minimization. Computational Optimization and Applications,
16, 111-120.

322


http://www.iiasa.ac.at/search/publication.php?authors=Ermoliev,Y.
http://www.iiasa.ac.at/search/publication.php?authors=Ermoliev,Y.
http://www.iiasa.ac.at/search/publication.php?authors=Ermoliev,Y.

Chapter 3

DYNAMIC LINKAGE OF GLOBAL AND LOCAL LAND
USE MODELS USING ROBUST CROSS-ENTROPY-
BASED DOWNSCALING PROCEDURE UNDER
UNCERTAINTIES IN PRIORS

T. Ermolieva', P. Havlik', A. Mosnier', H. Valin', M. Obersteiner’,
S. Kyryzyuk ?, O. Borodina®
'International Institute for Applied Systems Analysis, “Institute of Economy
and Forecasting of National Academy of Sciences of Ukraine

In this paper we discuss a dynamic robust cross-entropy-based downscaling model
which facilitates to project future aggregate land use changes from GLOBIOM
(Global Biosphere Management) model to finer resolutions. Traditional cross-
entropy is based on a single prior distribution. However practical studies show that
there can be major uncertainties related to the data incorporated in priors, therefore
in this paper we develop a new general approach to achieve downscaling results
robust with respect to a set of potential prior distributions reflecting non-Bayesian
uncertainties, i.e., incomplete or not observable directly data. The proposed
procedure allows incorporating data from satellite images, statistics, expert
opinions, as well as data from global land use models. In case studies in China and
Ukraine, the approach derives consistent results between large scale land use
change and agricultural development processes and local dynamics.

Keywords: Global land use model, robust downscaling, dynamic model linkage,
local land use projections

INTRODUCTION

The interdependencies between land use systems at national and
international levels motivate the development of new approaches for
integrating land use models at different scales, improving our understanding
of the complex local-global interactions. In this paper we discuss linkage of
models where aggregate global and regional land use projections computed
by the Global Biosphere Management Model (GLOBIOM) (Havlik et al.,
2011) are disaggregated using a detailed region-specific robust downscaling
model. Parameters of the proposed dynamic land use downscaling model
depend on solutions of GLOBIOM, what allows accounting for a vast
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variety of land use change drivers, as well as population and economic
development trends, policy relevant information, food, water, energy
security concerns. In (Ermoliev et al., 2017) we provide basic arguments for
developing downscaling procedures using cross-entropy principle.

GLOBIOM is a global recursive dynamic partial equilibrium model
integrating the agricultural, bioenergy and forestry sectors with the aim to
provide policy analysis on global and regional issues concerning land use
competition and land use transformations caused by increasing demands for
food, feed, and biofuels. GLOBIOM generates endogenous demand
projections for different land uses within the available land resources
depending on productivity of these resources, demand and prices for
respective land use products accounting for potential export-import flows.
As a result, GLOBIOM endogenously projects land demand and respective
changes by regions and land use types. Therefore, the fusion of the
GLOBIOM and the downscaling models enables to analyze a vast variety of
global-local interdependencies.

Proposed approach was used at the International Institute of Systems
Analysis (IIASA) and Institute of Economics and Forecasting, National
Academy of Sciences, Ukraine, for downscaling projections derived by
GLOBIOM for different socio-economic, technological, demographic and
climatic scenarios (SSPs; Moss et al., 2010) at the level of major world
regions and countries. In (Zhang et al., 2015; Borodina et al., 2016) it has
been shown that GLOBIOM in combination with downscaling allows to
analyze and plan local sustainable agricultural production. Traditional cross-
entropy approach relies on a single prior distribution. In reality, priors can
depend of various stochastic parameters such as e.g. yields, water
availability, prices, CO2 emissions, etc. Therefore, instead of a single prior
as it is in traditional cross-entropy approach, there exist a set of feasible
priors, and in this case the goal of downscaling is to derive local estimates
utilizing information from all these priors. In section 4 robust downscaling
approach is illustrated with an example of downscaling agricultural data for
Ukraine to enable better harmonization and utilization of the data in national
and regional models (Borodina et al.,, 2011). Section 5 summarizes
conclusions from case studies.

2. A FRAGMENT OF A LAND USE DOWNSCALING MODEL
2.1. Traditional downscaling based on cross-entropy

Let us consider a fragment of the general downscaling model for the
disaggregation of the total managed land. The available information can be
summarized as follows. The estimate of the total land area a; in a grid cell
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i, = Ez, is available from land cover maps. The suitability assesment, as
discussed in section 3, provides information on potential attainable yields

y, of land use types i, i=1,m, e.g., crop land, pastures, forest, etc., in
different locations (grids) ;. For example, geographically

detailed information on bio-physical suitability and land productivity
potentials for different crops can be derived by EPIC (Izaurralde et al.,
2006) or GAEZ models (Fischer et al., 2002).

A downscaling model seeks to find such estimates x,, of land use area i
in pixel j, which fulfill the main balance equtions (1)-(2):

qu— =a;,j=1n (1)
i=1

m

g X Sdi=1,m (2)

j=1

where decision variables x, and parameters a,, y,, d, are
nonnegative. Equation (1) sets constraints on the total land in location 7,
while equation (2) imposes constraints on the total production d; from land
use i consistent with yields y,. Data or demand projections of d,, e.g.,

grain or timber production, are either available from statistics or generated
by an aggregate model similar to GLOBIOM.

By introducing new variable z; characterizing area shares (distribution)

of land use i in grid cells /, i.e., x; =a,z;, constraints (1), (2) can be

y )
rewritten as follows:

gzij :19_]: lana (3)
i=1
n
Zaijzij <d;,i=1l,m, ajj =a;yj (4)
j=1

This modification of constraints (1), (2) allows to use probabilistic
arguments. There can be an infinite number of feasible solutions z,

i=l,m, j=1,n, satisfying equations (3)-(4). Application of some
additional principle is required to ensure the unique solution. A key idea

here is to use some “a prior” knowledge about the likely distribution of z,

i=1,m, j=1,n. For example, intuition suggests that a prior distribution
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can be based on the profitability, net revenue, or maximum net present value
of the activity in each location. An apriori distribution can be calculated
using available land use maps, climatic and biophysical conditions in
locations, reflect demand and farming systems characteristics. For example,

a prior ¢;; = &, 2.;9; =1, provides an initial estimate of a land

i %L1y
use i area share in location j, where B, is price for land use product i, y,

is land use i yield in location ;. In the absence of additional information, a
prior can be a least informative uniform distribution (Wood et al., 2000)
(however, the downscaling problem will still include constaints at all levels
and from all sources). Therefore, the downscaling will revise the prior
distribution towards fulfilment of all feasible constraints. Section 3
discusses other specific choices of priors. If a prior distribution ¢, >0,

i=lm, j= E? , 1s available, then the minimum cross-entropy solution is
derived minimizing the cross-entropy function

m n Zi'
> > zn—, (%)
i=1j=1 i
subject to (3), (4). Function (5) defines the important Kullback-Leibler

distance (Kullback, 1959) between z; and g, therefore, the minimum

cross-entropy solution is the closest to the prior g, distribution z; under

feasibility constraints (3), (4). Definitely, that besides minimizing (5) there
exists a vast variaty of other principles to single out a solution of equations
(3)-(4). The following example illustrates that the cross-entropy
minimization (5) can be viewed as a generalization of traditional statistical
methods for cases when repetative simulations are available instead of real
observations, i.e., learning and updating from simulations.

2.2. Robust downscaling under uncertainty of priors

Let us consider again the basic downscaling model: minimize the cross-
m n Z[' g eqe . m
entropy function Zi:le:lZif In— under feasibility constraints Z;;Fz’j =1,
ij
j=Ln, Z‘/:Iai]‘zij <d,, i=1,m, where z, are positive variables and prior
distributions ¢, are known exactly. In the following, the feasible set of this

model is defined by Z. However practical case studies show that
distributions ¢, depend on various “environmental” parameters which may
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not be known exactly. Therefore in general instead of a uniquely defined

prior g, there is a set O of these distributions ¢ ={g,,i=1,m,j=1n}.

The main problem is to find a solution of the model (3)-(5) that is, in a
sense, robust with respect to all ¢ from Q. Let us consider two important

cases.
2.2.1. Compound prior distributions. There exists a finite set Q of

possible priors ¢° = {q;-,i = l,_m,j =1n,s= ﬁ}, which defines a set of

Z..
cross-entropy functions F ‘“(Z>=Z,»iji,- In—. For example, scenarios

i

s=1,.S may correspond to some available observations and experts
evaluations of parameters «,, P

;> F» y; defining the prior distributions
discussed in section 2. Often scenarios s =1,.S can be ranked by probability
weights 7, >0, ZS v, =1, indicating a degree of belief that s is the true
scenario. In particular, under full uncertainty all scenarios are equally
probable, i.e., y =1/S, s=1.S. By using weights v, the problem is
formulated as the standard model (3)-(5) with ¢, = z; 795 -

2.2.2. Robust non-Bayesian priors. Apart from known aggregate data
given by the feasibility constraints (3), (4), the prior distribution

q=1q,,i =1,m,j =1,n} provides an important initial hypothesis about the
desirable true distribution z, compatible with these constraints. For a finite
set @ of prior distributions ¢°, s= 1,.S, the function
F(z)= msax zi,j z; In(z; /qj)= msax Zl] z; In(z; /qji(z))  defines a
maximal Kulback-Leibler information distance (Kullback, 1959) to O from
a feasible distribution z={z,,i=1m,j=1n} satisfying the feasibility
constraints, where ¢(z) is the optimal prior distribution. Therefore, the
minimization of F(z) can be viewed as a non-Bayesian cross-entropy

minimization with dependent on z prior g(z). It is easy to see that the
minimization of F(z) is equivalent to the minimization of function

s s
F(z)= m;axzsys Zi,jz,.j In(z,/q}), Y, 7, =1,7,20.
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This reformulation allows to consider more general robust mixed cross-
entropy minimization models using weights y = (y,,..., ¥) satisfying some
general constraints of the type y e H reflecting available additional
information about y. Vector y can be viewed as a probability distribution.
For example, often we can say that the total weight for some subsets of
scenarios s exceeds the total weight of some other subsets, say, y, >7,,
v, +y,21/2 for given scenarios s and ¢. Then a rather general robust

mixed cross-entropy minimization model is defined as minimization of the
function

F(z)= r?ez}{xz Vo D,z 0z, ;)= 2z, Inz,
-mind 7. (2,7 Ing;),

where z belongs to a feasible set Z defined by constraints of type (3),
(4). Function (6) is a linear in y and a strongly convex in z, but

(6)

unfortunately, it is not a convex function in both variables (z,y).

Nevertheless, minimization of function (6) can be reformulated as a convex
optimization problem. The main difficulties are overcome by using the dual
model for internal minimization subproblem w.r.t. y:

mlnz }/g(z z,; Ing;;) (7)

yeH

for the simplicity of discussion let us assume that the set H is defined
by linear constraints

ijlﬁksys Zé‘k, k=1,K (8)

for some given B, , o,. If we define for a fixed Z, c, = Zi/_ z;Ing;,

then the minimization problem (7), (8) with respect to y can be written as
minimization of the linear (for a fixed z ) function

mlnz _1VsCs s € —Zijzljlnq; )

yeH

subject to constraints (8) . The dual model is defined as maximization of
K . K
mjx Zk:l Oy uy, subject to zkzlﬂks”k <cg (10)

where u = (u,,....,u, ), u, 20, k=1:K, are dual variables. Due to the
duality theory, the minimization problem (8)-(9) is equivalent to
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maximization problem (10). Therefore, the minimization of function (6) can
be formulated as the minimization of function:

Z]Z lnz maxzké‘kuk

with respect to (z,u), s.t.

Zkﬂksukﬁzijzijlnq;,s:l:&zeZ (11)
1.e., minimizing the function
Z Z 11’1Z zké‘kl/{k (12)

with respect to (z,u) subject to constraints (11).

3. DYNAMIC FUSION OF LOCAL AND GLOBAL MODELS

In this section we discuss a rather general approach to a fusion of local
and global models, e.g., GLOBIOM and a downscaling model of type (3)-
(5), for deriving local values of land use and cover changes consistent with
aggregate projections generated by GLOBIOM. GLOBIOM is a multi-
regional recursive dynamic partial equilibrium model integrating
agricultural, bioenergy and forestry sectors. In GLOBIOM, the land
transformations are endogenously driven by the demand and prices for food,
feed, biofuels. The main land cover classes distinguish crop land, grass land,
forests (managed and nonmanaged), fast rotation forest plantations, natural
land. When carrying out simulations over several periods, land
transformations made in one period are consistently transferred into the next
period by recursive dynamics. Area changes by different land uses are
within the available land resources. Land use change options are limited by
general constraints on conversion from one land use to another. Feasible
land transformations are as follows. Crop land can be converted into grass
land and planted forest; grass land — to crop land and planted forest;
nonmanaged forest to managed forest; natural land to crop and grass land
and to planted forest. Land use suitability considerations impose additional
limiting conditions on land use change alternatives in each location.

The two models (GLOBIOM and the downscaling) rely on the same
spatially explicit harmonized database (Skalsky” et al., 2008). The database
comprises data and processes at the resolution of simulation units (SimUs)
not necessary of geometric form homogeneous with respect to country of
origin, land use, management, climate change data, administrative borders
(municipalities, counties, etc.).
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3.1. Cross-entropy-based dynamic procedure for downscaling land use
changes from GLOBIOM.

We downscale GLOBIOM land use projections for major regions and
countries calculated for the period from 2000 to 2100 with a time step of 10
years. Assume that 4, denotes regional (or country) level area in land use

i, region r, and time ¢, AAi;r

Lj=Ln,r= 1:R , t=1:T, R=30. The land use transformations AA;].,, are
endogenously calculated by GLOBIOM. They are dependent on demand,
prices and export-import flows between regions, i.e., land use change in
some region may be induced by increasing demand and strict biofuel targets
in other regions. Land use area i, region r, and time ¢ is calculated

is area change from land use i to j,

ijr Jir 2

according to a recursive equation A = A"+ > A4 —> Ad!, , where
j j

ZAA.’ is total area transformed from i to j and ZAA;,, - from j to i,
- .

ijr
J

for all land use types j#i, j= 1,n. Constraint (6) on land use changes in
region r 1is associated with the available land L, :

m

Z[A;;1 + A - ZAA;,.,.J <L, (13)
i=1 j J

At the level of SimUs, the base year 2000, i.e. ¢ =1, estimates of areas
A;, in different land uses i are available from GLC-2000 (Skalsky” et al.,

t
ilr >

2008). To derive future projections of A, , ¢ >1, by SimU and region we

need to disaggregate AAz;r’ 1.e., find, similar to equations (3), (4), the

transfer coefficients zj,, Zzlfﬂr =1, determining a fraction of aggregate
t i

ijr >

SimU [/, lzlz_m, for all z',j=1,_n, rzﬁ, t=1:T. The following

recursive land accounting equation tracks land use change dynamics by land

use type i in SimU [/, region r and ¢ >1:

area change A4, , which transformed from land use type i into type j in

| t (N ‘
A=Ay, + Z 21 Ay Z 2 ity Ajir (14)
J J
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where A/ denotes land area in land use type i, SimU /, region r and

time ¢, zj, A4, is a portion of aggregate area change A4, transformed

from i to j and z, AA’ is a portion of aggregate area change AA],,

ijlr ijr
transformed from j to i for all j=i at the level of SimU /, region » and

time 7. At the level of SimUs, the available land L;. imposes a constraint

on total land uses:
zAzlr - Llr (15)

To calculate the unknown coefficients zf. we formulate a problem

similar to (3)-(5) in section 2: Find such z!, that solve the following

ijlr
system of equations:

r t
Zzijlr_l’ Zijlr 20 (16)
/
t t—1 t
Allr Azlr + zzijlr jr ZZJ,1r Jir (17)
/
Z Allr (1 8)

and minimize the cross-entropy function

m

iZZ (nglr In(zj, /q z:t/lr)) (19)

j=1 i=l I=1

where qlﬂr >0, un,, 1, are some prior distribution of z;;, .

4. NUMERICAL RESULTS

The methodology minimizing (19) under constraints (16)-(18) has been
applied for downscaling GLOBIOM land use projections for all countries
and 30 main world regions, from 2000 to 2100, with a time step of 10 years.
Major regions and countries are Canada, Brazil, US, Former Soviet Union,
China, Ukraine, etc. The downscaling does not intend to match the real
world grid-by-grid. While in reality, land can be suboptimally allocated
between land uses, the prior-based cross-entropy principle provides rich
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insights into potential distributions of land activities based on location-
specific suitability requirement and fulfilling all suitability and feasibility
constraints of type (16)-(18). Also, the downscaling derives an informative
picture of the likely land uses and land use changes at levels, which the
available statistics cannot reveal. The grid-level results can be aggregated at
a regional, district, watershed, river basin levels for the comparison with
actual data and further analysis, as it is discussed in the following.

4.1. Case study of sustainable land use and water management in Heihe
river basin.

The downscaled results have been validated in several regional case
studies showing good agreement with local data and processes at different
levels. For example in Heihe River Basin (Chen et al., 2005; Zhang et al.,
2015), the land use changes computed by GLOBIOM were downscaled to
SimUs and further - to a 1-km resolution grid covering the study area. The 1
km grid land use projections were used in SWAT (Neitsch et al., 2002)
model investigating land use scenarios and transformations, which may
exacerbate water uses in the region. The downscaling was performed for
cropland, grassland, and unused land. Kappa statistics has been computed to
compare the downscaled results with land cover maps provided by Heihe
Data Research Group. The kappa coefficients showed good agreement of
the downscaled estimates with the land use map of the Heihe River Basin.
For example, cropland and unused area with kappa coefficients of 0.62 and
0.55, respectively, indicate that the downscaling produces realistic local
land use projections. Lower accuracy kappa coefficient of 0.36 for grass
land resulted from poor grass land data in GLC2000 land-cover map used in
GLOBIOM. The fusion of the GLOBIOM and the downscaling models
enables the analysis of a variety of global-local interactions, including those
determined by plausible socio-economic, technological, and population
trends summarized in the Shared Socio-economic Pathways (SSPs)
scenarios. Thus in Heiher river basin, the fusion of GLOBIOM and the
downscaling models allowed for the interface and analysis of the global and
local processes driving environmental changes and exacerbating extensive
water consumption by rapid expansion of irrigated agriculture in the case
study region.

4.2. Robust downscaling for the analysis of geographically detailed
agricultural land trends in Ukraine based on alternative land use maps.

The studies in China show that the quality of the downscaled results is
determined by the information included in priors, in our case, by the
underlying GLC2000 land use map. Although the knowledge about some of
prior components can improve, the others will remain uncertain as, in
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general, prior distributions depend on various “environmental parameters”,
which can’t be known exactly. Therefore, instead of a single prior as in
traditional cross-entropy, there exists a set of feasible priors, for example,
currently there exist at least three alternative land use maps - GLC2000,
MODIS2000, and GLOBCOVER2000. How to downscale the aggregate
data so that the results make use of and are robust with respect to all prior
distributions? The methodology addressing this question is summarized in
section 2.2. The results of the robust downscaling are illustrated in the
following with the geographically detailed analysis of the agricultural land
allocation in Ukraine.

2000 1800 -
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* 1200 <
. .
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Fig.1. Correlation between the actual agricultural land data (agricultural land

in the ownership of large farmers, aggregated from district to regional level) and

the downscaled results (aggregated from SimUs to district and to regional levels).
For Ukraine, the GLOBIOM agricultural land use projections are
consistent with historical tendencies. The discrepancies between the
modeled and the actual data are due to various national agricultural policies
and reforms (see discussion e.g. Zagorodny et al., 2014; Borodina et al.,
2011; Golodnikov et al., 2013; Borodina et al., 2016; Ermoliev et al., 2017),
which GLOBIOM can’t fully capture. National level projections of land
uses were downscaled to SimUs and then aggregated at a district and at a
regional levels to be used in national models for the analysis of sustainable
agricultural developments and food-water-energy-environmental security in
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Ukraine. The downscaling to SimUs was performed using priors based on
alternative maps GLC2000, MODIS2000, and GLOBCOVER2000. Figure
1 displays the correlation between the actual and the downscaled data
aggregated to regional level. The robust downscaling, panel (a), shows the
best match with correlation coefficient 0.63. The downscaled results based
on GLC2000, GLOBCOVER2000, and MODIS2000 show lower relation
with the actual data with correlation coefficients 0.51, 0.47, and 0.43,
respectively.

5. CONCLUDING REMARKS

The paper proposes a fusion of two models: a) GLOBIOM model, which
allows the aggregate-level analysis of the land use changes and of the main
land use change drivers including those determined by plausible socio-
economic, technological, environmental, and population trends summarized
in the Shared Socio-economic Pathways (SSPs) scenarios; and b) a cross-
entropy-based dynamic recursive downscaling model, which can
disaggregate GLOBIOM results to fine resolutions, such as simulation units
or grids, for further elaboration of global-local interdependencies and local
impacts induced by global changes. Priors of the proposed dynamic land use
downscaling model depend on the input parameters and the solutions of
GLOBIOM, what ensures the consistency across the two models in the
sense of the used data as well as land use policies, such as e.g. food, water,
energy security concerns. The procedure can be used for estimations of
unknown, not observable, missing flows in various networks, e.g., export-
imports between regions, passengers between locations, flows of pollutants
between compartments, marginal land use changes. The initial distribution
is being sequentially revised to account for additional information and all
feasible constraints based on a Bayesian-type of revisions.

In section 4, the applications of the proposed models fusion in case
studies show the importance of the models integration for the analysis of
global-local interdependencies, modeling, and data harmonization. For
example, the approach has been applied in Heihe river basin, China, to
analyze the extent of potential cropland, grassland, and unused land
transformations caused by increasing demands in China, primarily outside
the case study region. The land use changes are expected to increase leading
to extensive water consumption by irrigated agriculture in the case study
region. The results have been validated with kappa coefficients showing
good agreement with local data and trends at the resolution of a 1 km grid
(see Zhang et al., 2015). The 1 km grid land use projections from
GLOBIOM have been used in SWAT model for the analysis of sustainable
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water use scenarios in the region. The case study concludes that the
approach provides a satisfactory means for creating high-resolution land-use
datasets. The proposed approach allows to identify missing or/and wrong
data, both in global and in local datasets. Improving the data and the
downscaling results a robust cross-entropy-based procedure, which accounts
for potential data uncertainties and derives downscaled results robust with
respect to a set of feasible priors. The approach is illustrated with a case
study of agricultural land downscaling in Ukraine. By validating the robust
downscaled results with respect to the known geographically distributed
data we show that robust downscaling derives better results compared with
traditional cross-entropy. As a general conclusion, we point out that the
fusion of the aggregate and the local models allows to reveal plausible data
at resolutions at which the data is not, or even cannot, be observable. The
goal of the downscaling is not to reproduce the historical trends, but rather
to investigate potential allocation optimal in the sense of various bio-
physical, economical, and security constraints and balance equations.
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Chapter 4

METHODOLOGY AND HIERARCHIC SYSTEM OF
MATHEMATICAL MODELS FOR FORECASTING
LONG-TERM NATIONAL ENERGY DEVELOPMENT
UNDER UNCERTAINTY

M.M. Kulyk, S.V. Shulzhenko, T.P. Nechaeva, M.I. Kaplin,
I.Ch. Leshchenko

Institute of General Energy of National Academy of Sciences of Ukraine

In order to ensure the global sustainable development of the socio-
economic sphere, the task of rational use of the planet's natural resource
potential and significant reduction of man-made impact on ecological
systems was formed and supported at the UN level in the second half of the
twentieth century. The above requirements were clearly articulated in 2015
as the "UN Millennium Development Goals beyond 2015" for the first time
explicitly defining the goals and principles of sustainable energy
development, which in particular provide access to affordable and clean
energy for all people (Sustainable Development Goal 7: Affordable and
Clean Energy) [1]. At the national level, this problem can be solved only by
ensuring the sustainable long-term energy development, which provides
technical reliability, as well as economic and environmental effectiveness
within the socio-economic system. The most state-of-the-art types of energy
include, first and foremost, electricity produced by clean technologies,
primarily from renewable energy sources, but today and in the near future,
these technologies are not self-sufficient, in particular, due to the variability
in electricity generation.

It is necessary to provide a coordinated internally consistent
development of the national socio-economic sphere as a "closed" system, as
well as take into account complex relationships with the outside world that
are objectively cause by powerful globalization processes. This task requires
at least the improvement of the relevant methodologies for developing long-
term forecasts for large systems, which, in particular, include the national
economy and energy as a separate independent system, which is the basic
branch of the economy, as well as the basis of the modern social sphere.

Determining the directions of mutually agreed development of economy,
social sphere and energy is a complex scientific and practical problem, an
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example of which is the contradiction between the constant growth of global
specific energy consumption per capita (Fig. 1) [2] and the simultaneous
improvement of energy resources use by economy (Fig. 2) [3].
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Fig. 1. Specific world energy consumption, kg of oil equivalent per capita
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Fig. 2. Specific world energy consumption, kg of oil equivalent per US $
1000 of GDP in 2011 prices, according to purchasing parity
These Figures show that during the period 1991-2015, specific energy
consumption per capita increased by 25%, while at the same time specific
energy consumption per GDP ($§ 1000 in 2011 prices according to
purchasing parity) decreased by 42%, which indicates that human energy
needs are growing at a higher rate than energy efficiency improvement.

Harmonization of the processes of production, transformation,
transportation and consumption of energy resources by socio-economic
sphere requires consideration of a large amount of heterogeneous
asymmetric information, which is used in mathematical models, which are
considered in this paper. Mathematical models differ in methods of
development (calculation, optimization, stochastic) and specificity of use
(forecasting energy demand and resources, products, ensuring security of
energy systems functioning, determining directions of long-term sustainable
development of economy and energy). Coordination of such models with
each other to find robust solutions for the harmonious development of all
subsystems of socio-economic sphere, i.e. finding a good solution that does
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not cause the stagnation of the development of any particular subsystem
within the system as a whole, requires the development of such complex
methodologies, methodological and mathematical models that are presented
in this article. In order to improve the quality of the modeling process, in
particular, to obtain robust solutions, sectoral models of the energy complex,
as well as the models at the level of individual energy companies envisage
the use of stochastic variables that are used to describe changes in external
conditions. It is proposed to use models for cross-sectoral analysis
developed by Leontief to explore the relationship between energy, the socio-
economic sphere and the environment. Proposed system of mathematical
models is conditionally divided into three hierarchical levels: macro-level
models, sectoral models and models at the level of the energy enterprise, for
example, a power plant.

DEVELOPMENT OF THEORY OF CROSS-SECTORAL BALANCE

Models, methods, and tools for cross-sectoral balance theory have
evolved over almost a century, and are now widespread in all developed
countries, international economic, financial, business, scientific
organizations and structures. Such great popularity and attention to the
apparatus of the cross-sectoral balance is caused by the fact that within the
framework of one mathematical model it allows to predict the development
of all sectors of the real economy, service sector and social sphere both at
the national level and the level of interstate associations. This provides an
opportunity to analyze a wide range of conditions and development factors,
taking into account the interconnections and the impact among sectors and
industries, providing globality, increased accuracy and sustainability of the
obtained decisions.

The last five years at the Institute of General Energy of the NAS of
Ukraine the central models of inter-sectoral balance (input-output, Leontief
models) were specified and developed, which made it possible to
significantly expand the possibility of forecasting economic and energy
processes of national and planetary levels for the medium and long terms.
The information base for the numerous mathematical models used in the
study of a wide range of problems of intersectoral balance are the input-
output statistical tables, the modern configuration of which are as follows

L c X
X11 | X1 | X1 | X1n C1 X1
Xi1 Xii Xij Xin | G |, Xi |,
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Xn1 Xhni an Xnn Cn Xn (1)

d 1 d,' dj dn d ,;

z1 |z | z; | z, | Z'=X\

Here i,/ = 1,n — numbers of sectors, x;; — re the elements of the matrix
of intermediate consumption L; ¢, x, d, z — are the vectors of end-use, output,
value dded and total costs, respectively.  The peculiarity of the input-
output tables is that they provide the following dependencies:

Zdi = Zci > (2)
i=1 i=1

2 =X 3)
as well as input balance
inj +¢ = x, (4)
j=1
and output balance
le.j+dj:xj, (%)
i=1

TYT i,/ = 1,n, n — the number of sectors in the system.

Using adove-mentioned dependencies of these tables V.V. Leontyev and
his followers have developed central equation systems for key cross-sectoral
balance tasks, namely: 1) determining output based on end-use data; 2) the
relationship between the equilibrium prices and the volume of output in the
terms of output units.

The validation and revision of these mathematical models concerning
the forecasts of production and consumption of energy resources, which
were carried out in the Institute of General Energy of the NAS of Ukraine,
gave the following results.

Mathematical model of Task 1) is based on the balance of output. It was
developed personally by V.V. Leontief and chronologically is the first
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among a wide variety of cross-sectoral balance models. The corresponding
system of equations has the form [4]

(E-A)x=c, (6)
where E — identity matrix, and matrix A has elements a;; = x;/x;, i,j=1n.
The matrix (E - A) is called "Leontief's matrix" in the literature. Validation
of model of task 1) demonstrated its flawlessness.

Mathematical model of Task 2) is based on the balance of input (5) i in
the current state it is widely used [5-7] in the form

(E-A)YP=v, 7

where P — vector of sectoral prices, v — vector of value added per unit of
sectoral output

j=1n,

J (8)

where M; — output of products in its units for the j-th sector.

We show that this model is unreasonable. An obvious dependency will
be used for this analysis

XizljiMi, i:l,n. (9)

The matrix A 'according to (6) has the form

X1 X1 N1 Xar
X1 X X1 N
4 Xioo X X X (10)
Xjo X XX
xﬂ xﬂ xj” Xnn
L Xn Xy Xn Xn i

Substituting (10) into (7), we obtain (11)
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X
1-2Hp - Zdp . Lp P, =—L,
( 1) : x x 7 x M,
_&pl +(1_ﬁ)pl_ — _Jpj - Mpnzi,
X; Xi X; X; M; (11)
x . x.. x x . d.
“p - dpyq- U)p Wp=_L,
Xj X X; Xpoo M,
g tmp _ Zip g tmyp o da

Multiplying each of the lines i=1,n of system (11) by M; and using
equation (9), we obtain the system of equations (12)

P.
J
X+ xll_—"—leF—i_xnl_—i_dl_xl’
1 1
P; P
X — +X; + xﬂ-—]+xm-—”+dl-=x,,
P P,
i i i (]2)
P P
L .. . =
Xjj—+ IJP_+xJ] + Xy, +dj X,
J J J
A b i
xlnF—i-xm——i-xjnF—kxnn + dn=xn,
n n n
which is represented as
n
P —_—
Z —Lid;=x; j=1ln, (13)
i1 P

The system of equations (13) will be adequate to the cost balance system
(5) only if the prices of all sectors are the same

P=P. ij=ln. (14)

It is clear that case (14) is degenerate. Equality (14) in no way agrees
with the substantive content of the problem. It is never the case that prices in
all sectors of the economy are the same. In the general case, the system of
equations (13) is different from the cost balance system. Therefore, the
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mathematical model (7) is not a mathematical equilibrium price in the
system of mathematical models of cross-sectoral balance.

A new mathematical model of equilibrium prices and outputs has been
developed at the Institute of General Energy of NAS of Ukraine. Herewith
Table L and vectors d, x of the cost-output table structure (1), as well as the
cost balance (5) and the dependence (9) were used. By dividing all the
columns of the table L, vectors d ', x" by M; and using equation (5) and
dependence (9), we obtain a scheme for constructing a model of equilibrium

prices (15).

| i Jj n
1] *11 X1 X*1; X1n
M, | M; | M; | M,
i | i Xij Xij Xin
M, | M; | M; | M,
J Xxj1 X Jji /i Xjn
M, | M, | M; | M,
X1 Xni X”J Xnn
n
M, | M; | M; | M, (15)
+
dy d; d; d,
M, | M, | M, | M,
I
Xq X; Xj Xy,
M, | M; | M, | M,

Performing the summation of the columns, as shown in scheme (15), we
obtain the system of equations (16)
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ﬁ_ki_{__j._kﬂ_i__l:_’

Mz Ml Mi Ml Mz Mi
(16)

My Ny +xjj+xnj+dj _ %)

J M] Mj Mj MJ MJ

Xl Xin +xjn Xnn + dn _n

Mn Mn Mn Mn Mn Mn

The system of equations (16) with the use of dependence (9) is
transformed into a system (17), which in its expanded form is a model of
equilibrium prices

X X; X i X d
11 })1 +_ll])1 + J 1)1 + nl ])1 + 1 :})1,
x| x| x| x| M,

X1 X:: X i X, : d

lpl_,_ipl_,_lpl +Lp + L=p,

Xj Xj i Xi i 17)

xl X:: X :: X, : d

_]]3]+l]3j+l13]+ﬂp +_J=P.’
X; X X x; 7 M; J
J J J J J

Mup yGmp  Kinp y Xmp o, d

n n n n
‘xl’l xn ‘xl’l ‘xl’l n

In matrix form, system (17) has the form

n:P

n-

(E-S)P =v, (18)

where § — diagonal matrix with elements

2%

Sjj:lzl D) J:L_n, (19)
Xj

P — vector of prices, V — vector with elements

~.

vi=—L, j=Ln, (20)
J
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each of which is a fraction of the value added of the j-th sector d; per unit of
output M; produced by it.

By simple transformations, it is proved that the system of equations (19),
(20) satisties the equation of the cost balance (5).

In the system of input-output models, output is determined in the current
state using one model, namely, the classical Leontief model, in which the
output (initial) data are end-use indicators. However, in the reporting
structures of the systems of these models there is a vector of value added,
which can be used to establish the relationship between equilibrium prices
and output in its units of issue and other important for practice
dependencies. This is important for economic application practice. At the
same time, it would be important to develop a mathematical model that
would calculate prospective outputs, not based on end-use data, but using
value-added projections. Such interest is caused by the fact that forecasts of
gross domestic product and value added are often, long and widely
developed by various national and world economic and financial structures.
The methods and accuracy of their forecasts are quite high, and therefore the
accuracy of the input-output models could be much higher. In addition,
sharing forecasts based on both end-use and value added data could provide
a synergistic effect associated with simplifying balancing algorithms of
forecast matrix in the structure (1).

At the Institute of General Energy of the NAS of Ukraine, based on the
above factors and considerations, such a model was developed. It is built
based on cost balance equations and in matrix form has the form

(E-Q)x=d, (21)
where
0=L0. (22)
Q. — diagonal matrix with elements
- =xij, j=tn. 23)

When developing specific projects for the development of the economy,
its sectors, the social sphere, etc. using the input-output system, it is
reasonable to simultaneously use both forecasting output models, namely,
the classic Leontief model and the new model (21) - (23), which uses value-
added indicators as initial (input) data.

This approach enables additional analysis and control of the results
obtained, as well as simplifies, as noted, the procedures for forecasting
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value-added indicators and balancing forecast matrices in the input-output
system.

The use of model (7), (8) as a tool for the relationship between
equilibrium prices and output volumes in units of output is unreasonable
because it is unjustified according to the analysis (9) - (14). Instead, it is
advisable to use model (18) - (20).

MATHEMATICAL MODEL FOR PROJECTING LONG-TERM
ELECTRIC POWER DEVELOPMENT

The analysis of existing methods of long-term forecasting of the
development of the electric power industry shows that nowadays there is not
only an universal method in the world, but even established scientific
methodological bases for its (method) modeling [9].

This is evidenced, for example, by the considerable number of
mathematical models and the means of their implementation used by
national operators of the electricity transmission system of countries that are
members of ENTSO-E [10]. Recently, starting from about the first decade
of the 21st century, there has been a gradual transition from the use of
deterministic mathematical models of electricity development to
probabilistic ones, the latter being based on the previous generation of
deterministic models. The implementation of fully probabilistic models is
constrained, in particular, by the inability, at least in the current scientific
knowledge, to describe the behavior of all elements of the power system that
are modeled using certain probability distribution functions. Even if this is
successful, then long-term forecasting tasks will have to carry on significant
calculations of the conditional probabilities of the power system, depending
on the "events" that precede the current state. Therefore, a common
methodology, at least now, is to use as a basis deterministic models of
mathematical programming and / or simulation models, which are
calculated for a large number of scenarios that are formed using certain
random variables [10]. For example, this methodology is used in studies to
evaluate the impact of power generation with the non-guaranteed behavior
of power generation, in particular wind and solar power plants (WPP and
SPP). In addition, the presence in the mathematical model of a significant
number of elements whose behavior is purely probabilistic significantly
complicates the analysis of the results obtained, which requires the
development of separate methods, actually for analytical processing of the
results. Thus, despite the transformation of the methodology of long-term
power sector development forecasting from deterministic to probabilistic,
deterministic, optimization and imitation mathematical methods of research
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remain basic and also continue to develop, in particular, with the
advancement of the means of computing technologies, which determines
their expected widespread use in the future.

The article proposes a deterministic methodology and mathematical
model for the long-term development of power sector of the National United
Energy System (UES). These instruments unlike the vast majority of
mathematical models used, take into account constraints on investment
resources, as well as instead of the unchanged components of the costs of
electricity production (O&M cost, fixed cost) use the values calculated
according to the scenario of changes of specific capital investments in
electricity generation technology. In particular, this is important for correct
consideration of the implementation of wind and solar power. The
methodology is implemented as an integrated mathematical model of
development of generating capacities of the national UES from an imitation
model for determining the technical and economic indicators of generation
technologies and a mathematical optimization model for generating a
structure of generating capacities. Integer variables are used to account for
the introduction of new capacity and their decommissioning, which
correspond to the single installed capacity of the power generating facility.
Conditions for reliable functioning and sustainable development of the
power generating capacity of the UES are formalized using two sets: K — a
set of all electricity producers, / — a set of all electricity consumers. The
widespread introduction of renewable energy power plants into UES leads
to the need of accounting the specific physical and technical indicators of
these technologies. For their correct consideration, all K production
technologies are divided into three subsets. The K’ subset includes all
conventional power plants that use fossil fuels as primary energy sources.
The technologies included in this subset will be called traditional. The K*’
subset includes power plants that use RES as the primary energy carrier,
whose power is determined by the instantaneous potential of RES - wind
speed for WPP, solar radiation power for SPP, flow head for dense
hydroelectric power plants. We will call such technologies the technologies
of the first group. The K®? subset includes technologies whose capacity is
controlled, and the amount of electricity production depends on external
conditions, in particular, determined by the amount of accumulated primary
energy resource (e.g., solid biomass of "energy" crops, plant and food waste,
small hydropower plants with reservoirs) or by external limiting factors,
such as the seasonal demand for heat, which determines the modes of
operation of the CHP. We will call such technologies the technologies of the
second group. For the first group technologies, even a short-term forecast of
their power is generally impossible. For technologies in the second group,
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the volumes of available resources can fluctuate significantly. Thus, for
vegetable biomass fluctuations of "yield" by years can be significant, for
hydroelectric power plants with reservoir - "water" of the year.

As the generation of UES generating capacities includes technologies
whose power may change unpredictably, there is a need to ensure not only
the levels of power consumption, but also the dynamics of power
consumption changes according to the change in the power demand in the
UES, which is formalized by the expressions:

D YO+ D X m Dm0 =0+ Do), (1)

kekT UK B? kek®! leL iel

D iyelte) +t=1) V)2 (14 B)D (D ()= Dy (t)):
keK iel 5 (2)
VieF;Vt=1+T

where ¢ — time at the relevant simulation period 7 (¢ — the moment of time
immediately preceding the moment of time ¢); F' — a set of possible modes
of generating capacity, which, for example, corresponds to the level of
technology load; L — set of all available primary energy resources (including
RES); B, — the factor of electricity losses during its transportation and

distribution by UES networks; Y. (#) —the generation of electrical power;
D, (t) — required electrical load for a particular consumer; X,  — installed

capacity; n,, — the factor of readiness of the power generating capacity (

O<n, <1), n,”,lc () — primary energy source availability factor (0 < n,‘,ﬂ <1
);used by electricity generation technology (for example, it is customary to
use annual, seasonal and other installed capacity ratios to characterize the
availability of wind potential over an appropriate period of time); V}, — the
speed at which a technology operating in a particular mode changes
(increases or decreases) the power of generation, and for technologies of the
first group the speed is a random variable.

For each type of power generation technology, a condition must be met
whereby the available installed capacity X,, must be at least as low as the
available power.

For technologies from the K’ and K® subsets, the variability and
limitation of the potential of the primary energy source (3) and the
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limitation on the v pollutants and greenhouse gases emissions (the set M)
into the air (4) must be taken into account:

ag. .Y, <nlO, :VleL,Vr=1+T, 3)
kekTUK?®?

D buia by ¥ SO, Vme MiVT=1+T, (4)
kekT

where a,, — specific consumption of primary energy resource (including
RES, such as biomass) for electricity production; #4,, — time of use of power
generation during the calculation period (for power plants of the second
group this value is random); n,i — primary energy potential variability
factor, which theoretically can take values from zero to one (
0= n[’i—mi“ < n[’i <1), O, — the maximum available primary energy resource,
b

mkt

greenhouse gases into the air, O, — maximum allowable emissions of

— specific emission of harmful substances and gases, as well as

harmful substances and gases, as well as greenhouse gases into the air.

It is additionally taken into account that for technologies of the first
group, whose power cannot be reliably predicted, it is necessary to provide a
constant possibility of compensating for the fluctuations of their power by
other types of power plants or electricity storages. This necessitates having a
"hot" reserve of power, which is defined as the total maneuverability of the
system.

In the general case, the application of above mentioned dependencies are
realized according to the following sequence of actions:

— development of a scenario of external conditions for the development
and operation of power sources and the formation of input information for
calculations;

— determining the input options within the scenario developed;

— formation of many variants of development of sources of power
supply for each variant of the input information which provides:

— calculation of all necessary physical, technical, economic and
environmental indicators for each variant of input information;

— formation of an optimization model;
— calculation of the formed model;
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—analysis of the results obtained: indicators of the efficiency of the
operation of the power plants under consideration, as well as the efficiency
of implementation and development of certain or specific power plants
within the UES.

Using this approach ensures the correct determination of the limit
quantitative requirements for the required "hot" reserves to compensate for
possible fluctuations in the power of power plants from the subset K’

PROSPECTS FOR THE DEVELOPMENT OF THE NATIONAL
NUCLEAR ENERGY UNDER INCREASING THE
REQUIREMENTS FOR THE RELIABILITY AND ENVIRONMENT
SAFETY OF THE FUNCTIONING OF THE ENERGY SYSTEM OF
UKRAINE

The transformation of the world's energy systems, under conditions of
rapid growth in the share of generation from renewable sources with
nondispatchable variable power, leads to an increase in the requirements to
ensure the stability and reliability of the power system and increase the
flexibility of traditional sources of electricity generation.

Nuclear power in Ukraine has been a leading contributor to the country's
electricity needs, providing more than half of its total production in recent
years. Therefore, its stable functioning and development is an important
prerequisite for the sustainable development of the national economy.

At present, the support for the functioning of the national nuclear power
at the existing level is based on the extension of the operational life of the
existing power units, while plans for the construction of new nuclear power
so far only envisage the completion of two Khmelnitsky NPP units. But
although there are already some programs in place to continue the operation
of national nuclear power units up to 60 years, in the likely scenario of a 20-
year over-project extension of the operational life, until 2040 only 3 GW of
existing nuclear generation will remain. Therefore, given at least a 5-year
project and approval period for the design of a new nuclear plant and at least
a long construction time, it is urgent to assess the feasibility of introducing
replacement nuclear units.

Important in determining the prospects for the development of national
nuclear power is to ensure the solution of two modern problems of
functioning of the Ukrainian UES: insufficient maneuverability and a rapid
increase in the share of renewable energy with a variable, poorly predicted
nature of electricity production, such as wind and solar photovoltaic plants.
This problem requires additional maneuvering reserves.
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As the existing NPP units are designed to operate in basic load mode,
the introduction of new NPPs in conditions of increasing generation with
non-guaranteed power increases the requirements for their ability to operate
in variable load modes and to participate in the secondary power system
regulation.

From a technical point of view, maneuvering of NPP units is possible,
and modern NPPs with light-water nuclear reactors are designed to have
sufficient maneuverability. Examples are nuclear power plants in France
and Germany that are involved in primary and secondary frequency control,
and some units run a variable load program with one or two significant
power changes per day.

In addition, there are growing demands for environmentally friendly
operation of thermal poiwer plants in accordance with international
commitments, in particular the implementation of EU environmental
directives within the framework of the Energy Community Treaty, which
reinforces the requirements for the content of pollutants in the flue gas of
TPPs. This will further restrict the operation of existing thermal power
plants if they do not comply with the accepted environmental restrictions,
and exhausting their marginal operating life without carrying out large-scale
reconstruction may result in the loss of a large part of this type of generation
in the long term with a decrease in the regulating range in UES. In addition,
ratification of the Paris Agreement on climate change has already led to
some restrictions on the development of carbon energy, in particular, the
refusal of international organizations to finance the construction of new coal
plants and the closure of existing ones.

The development of nuclear energy as one of the lowest carbon sources
will contribute to the decarbonisation and reduction of greenhouse gas
emissions from the country's energy system, as well as to achieve the global
goals of the UN's sustainable development of access to low-cost, reliable,
sustainable and modern energy sources. Perspective small modular reactors
(SMRs) with greater ability to operate in maneuvering mode, compared to
large power units, can play an important role in ensuring the reliability of
Ukraine's power system, given the ability to stop / start power units during
the day. Among light-water SMRs, the most likely contender for priority
implementation is the NuScale Power module [11]. It became the first small
modular reactor in the United States of America to be commissioned by the
Nuclear Regulatory Commission in December 2016 and is expected to
commence commercial operation of the first NuScale Power Module™ unit
in 2026. Another project of SMR, which is considered to be the most
suitable today for the construction of new nuclear facilities in Ukraine, is the
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project SMR-160 of the American engineering company Holtec
International [12]. In order to promote the implementation of SMR-160
technology in Ukraine in June 2019, NNEGC «Energoatom», Holtec
International and State Scientific and Technical Center for Nuclear and
Radiation Safety signed an agreement to establish a Nuclear Module
Consortium.

For comparative assessment of the feasibility of introducing electricity
generation technologies with different technical, economic and physico-
technical characteristics, the levelized cost of electricity per life cycle [13] is
widely used, taking into account all the costs during the life cycle of
technology and inflation and alternative capital cost by applying a discount
rate, determined by the formula:

cLee
CkLCOE =— k , (1)

7=l (1 + r)f_l
where C“%F — levelized cost of electricity by technology k, $/MWh; C-¢

— levelized costs for electricity production by life cycle of technology 4 ,
measured in monetary terms with the nominal value of the funds before the
commercial operation of the technology, $; 7% — the term of commercial
operation of the power plant, years; r — stage of the life cycle, years; W, —
electricity generation in the stage 7, MWh; » — discount rate, %/100.

Levelized costs for electricity production over the life cycle of the
technology, broken down into stages of construction, commercial operation,
decommissioning are determined by the formula:

TE+TE

CLCC:i Cis +Z Cg+c}§f+cllc/r(f)+
k 7€ +l-¢ T -1
= (1+7) i (147) o
T oz ’
+ kz

=T -1
erearfa (147)F

where 7;° — the term of construction of the power plant from the moment
when the first investment was made and until the time of its commissioning,
years; C,§ — capital investment in a power plant for the relevant stage of

. M .. . .
construction; C,; — conditional fixed operating and maintenance costs for
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the relevant stage of commercial operation of the power plant; C,g, — the

financial costs of paying interest on dept funds; Cj. ( f ) — conditional
variable production costs, which are defined as a function of the mode of
operation of the technology f; 7, — power plant decommissioning period,

7 . e
years; C;. . — financial costs for decommissioning.

Taking into account the stage of introduction of new technology, initial
parameters and dynamics of changes in the costs over time over the forecast
horizon, the formula for calculating the levelized costs of electricity
production over the life cycle takes the following form:

T+TE I
CkaCC(t) Z Ck () 4 C, (O)+ sz (@) 4
TC Tk +l-7 - 1 =T -1
=1 =T +1 (1+7)
N ZT: Ck?f <f<Cf=t, Cr (1), f(CE,.CE()
7T -1
=t (1 + 7")

where C ,éfcc (t) — levelized costs of electricity of a new plant, operating in f-

3)

mode, discounted to stage ¢ of commissioning; 7 — stage of the technology
life cycle; C,': T(CTF (1), CTE (¢)) — conditional variable costs depending on the
operating mode f: fuel and materials costs, environmental charges, which
at the
initial stage of technology operation and their subsequent changes during
the functional dependencies f(C” (r)), f(C%(r)).

The estimation of the prospects of introduction of the advanced reactors
into the structure of the power generating capacity of the UES, which are
able to participate in the secondary power regulation of the UES, was

conducted using the developed mathematical model of long-term
development of the power system generating capacity structure [ 14].

are determined by the fuel price C _, and environmental rates Cf:t

Model calculations were performed by the criterion of minimum system
electricity production costs for two trajectories of increase in CO, emission
payment, the first of which predicts a moderate increase to $1/t CO,, and the
second - to US $30/t CO, by 2040.

Model calculations considered advanced power generation units of
Generation III +, which are now being successfully built and put into
operation in the world, promising small modular reactors, which are
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expected to be introduced after 2030, as well as new coal units that meet
modern environmental requirements and high-maneuvered natural gas
installations. During the simulation period, the growth of specific
investments of new coal thermal power plants is envisaged, due to the
increase of environmental requirements and the need for the introduction of
capital-intensive cleaning equipment, and the reduction of specific
investments in the implementation of units with small modular reactors due
to their commercializing and increase of production localization.

Comparison of the results of calculations of the levelized cost of
electricity for new nuclear (Table 1) and thermal power units (Table 2)
operating in maneuverable modes of power change when covering the daily
schedule of power system load, showed that atomic technologies are more
cost effective than fossil fuel ones, especially with increasing environmental
requirements.

Table 1

Weighted average cost of new nuclear technologies according to the stage of
their implementation, US $/MWh.

Year
Technology 2020 2025 2030 2035 2040
Large NPP base mode 65.5 66.7 67.8 68.9 70.1
SMR-160 93.7 92.2 90.7 89.21 87.7
NuScale 95.6 94.0 92.5 91.0 89.4
Table 2

Weighted average cost of new fossil fuel technologies according to the
stage of their implementation, US $/MWh.

T Year 2020 2025 2030 2035 2040
echnology
with a moderate increase in charges for CO, emissions
Coal TPP 102.8 105.2 107.5 109.9 112.3
NG TPP 128.1 131.5 134.9 138.3 141.7
with the rapid increase in charges for CO, emissions
Coal TPP 127.9 136.2 144.5 152.7 161.0
NG TPP 135.4 142.3 149.1 156.0 162.9

Using the developed optimization model, calculations were made of the
prospective structure of the generating capacities of the UES of Ukraine for
the period up to 2040, taking into account the need to replace the
decommissioning capacities of the existing NPPs after 20 years of over-
project operation and the decommissioning of the existing TPPs due to the
ecological requirements in accordance with the National Emission
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Reduction Plan. The -calculations envisage the completion of two
Khmelnitsky NPP units based on the reference VVER-1000 reactor unit.

The prospective structure of the Ukrainian UES generating capacities up
to 2040 with a moderate increase in the CO;, emission payment and the
dynamics of new NPP units with the necessary investments are given in
Tables 3, 4.

Table 3

Indicators of the prospective structure of Ukraine's UES generating capacity
by 2040 with a moderate increase in the CO, emission payment

year 2025 2030 2035 2040

Tech. mix
Installed capacity, GW
Total, including 41.6 50.7 55.7 53.8
Existing NPP 13.8 13.8 11.0 3.0
New NPP 1.0 1.0 4.0 12.0
Existing coal TPP 16.0 14.7 11.0 2.4
New coal TPP 0.0 6.0 12.0 17.7
HPP 5.5 7.9 9.9 9.9
Wind and Solar PP 53 7.3 7.9 8.8
Electricity generation, billion kWh
Total, including 183.9 203.0 224.1 247.4
NPP 95.1 95.1 99.1 107.0
TPP 67.6 75.8 87.6 96.9
HPP 9.7 13.6 15.8 16.2
Wind and Solar PP 11.5 18.5 21.6 27.3
CO, emissions, million tons 76.9 73.4 77.3 83.2
Table 4

Dynamics of introduction of new nuclear units and investments for their

implementation at a moderate increase in the CO, payment

Quantity / total capacity MW) of 1 5550 | 5096 | 2031- | 2036-
lIZI&S‘I;OI;nlts introduced during the 2025 2030 2035 2040
VVER-1200 0 0 0 1/1200
VVER-1000 1/1000 0 0 1/1000
HPR1000 0 0 2/2200 4/4400
SMR-160 0 0 4/640 6/960
NuScale 50 MW 0 0 3/150 9/450
Total capacity of the NPPs entered

Cumulative investments, $ billion 2.6 16.1 41.8 51.0
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The results of model calculations of the prospective structure of
Ukraine's power generation facilities with the rapid increase of CO;
emissions payment and the introduction of new NPP units during the
forecast period with the necessary investments are given in Tables 5, 6.

Table 5

Indicators of the prospective structure of Ukraine's UES generating capacity
by 2040 with a rapid increase in the CO, emission payment

ear 2025 2030 2035 2040
Tech. mix
Installed capacity, GW
Total, including 41.6 50.7 57.4 53.7
Existing NPP 13.8 13.8 11.0 3.0
New NPP 1.0 1.0 5.1 14.7
Existing coal TPP 16.0 14.7 11.0 2.4
New coal TPP 0.0 6.0 12.0 14.4
HPP 5.5 7.9 9.9 9.9
WPP, SPP 53 7.3 8.4 9.3
Electricity generation, billion kWh
Total, including 183.9 203.0 2241 247.4
NPP 95.1 95.1 108.0 127.3
TPP 67.6 75.8 77.9 75.6
HPP 9.7 13.6 16.0 16.5
Wind and Solar PP 11.5 18.5 22.2 28.1
CO, emissions, million tons 76.9 73.4 67.6 64.9
Table 6

Dynamics of introduction of new nuclear facilities and investments for their
implementation at a rapid increase in the CO, payment

Quantity / total capacity (MW) of 1,4, 2026 2031- 2036
ggli’ogmts introduced during the 2025 2030 2035 2040
VVER-1200 0 0 1/1200 3/3600
VVER-1000 1/1000 0 0 1/1000
HPR1000 0 0 1/1100 3/3300
SMR-160 0 0 4/640 1/160
NuScale 50 MW 0 0 24/1200 30/1500
Total capacity of the NPPs entered

during tIIl)e pe¥iod, MW 1000 0 4140 9360
Cumulative investments, $ billion 2.8 19.7 53.8 68.0
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The results showed that the feasibility and scope of the introduction of
new nuclear power units in the grid is significantly influenced by the
stringency of environmental requirements, in particular, the increase in the
payment for CO, emissions, as well as the decision to extend the over-
operational life of existing NPPs.

For example, to replace existing NPPs with a moderate increase in CO,
emissions payment up to $1/t by the end of their 20-year over-project life,
12 GW of new nuclear capacity, including 2.2 GW from SMR, should be
introduced by 2040. With the increase of the charge up to $30/t CO; by
2040, the capacity of new NPPs will increase to 14.7 GW, including
3.5 GW from SMR, and the number of new coal-fired TPP units will be
reduced by 11 units with a total capacity of 3.3 GW. This causes reductions
in pollutants and greenhouse gases in the grid, but investment in nuclear
power is growing by 33%.

Increasing the stringency of carbon intensity of electricity, including
increasing CO, charges, makes it a priority to increase the installed capacity
of nuclear power plants instead of building new coal-fired TPPs in the
period 2036-2040, including by increasing the number of new SMRs.

The introduction of small modular reactors as a low-carbon
maneuvering power source with improved operational safety is appropriate
to ensure the stability, reliability and performance effectiveness of the
Ukrainian UES, increase environmental performance requirements for
electricity facilities in the context of increasing the share of stohastic
generation.

BALANCE-OPTIMIZATION MODEL OF COAL PROVISION OF
THE COUNTRY WITH DIFFERENTIATION BY BRANDS AND
TECHNOLOGICAL PURPOSE AND TAKING INTO ACCOUNT
ENERGY SAFETY REQUIREMENTS

The construction of resilient to destructive impacts of the country's
economy's fuel and energy resources systems should be based on the search
for holistic structures of energy supply, which simultaneously contain
energy sources, their transportation and transformation, consumers of
energy products with specified quality requirements and needs. Only within
the framework of this approach it is possible to investigate the consequences
of possible failures of individual units of the energy supply system, to find
technologies and ways of replacing the lost volumes of supply, to assess the
level of necessary redundancy of sources of production and means of
transportation, to consider prospective directions of the coordinated
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development of fuel industries, power generation and electricity also end-
use sectors in the country's economy.

An important factor in a holistic, i.e., complete, with a possible
redundancy, representation of the energy system in the search for robust
energy supply structures is the use of energy security criteria to manage fuel
and energy flows, which reflects the display of all possible sources and
directions of their supply in a single energy supply scheme.

The natural approach in the study of energy supply systems is to use
network balance-optimization models that provide requirements for the
representation of the structure of such systems. At the same time, the need
to take into account the multiproducts as well as the overall limitations of
the transformation of energy products into available production, transport
and generation technologies requires the use of production-type models that
provide a generalized formal representation of these technologies with their
production and cost indicators.

The development of the coal supply model of the country's economy in
this study involves the creation of an oriented graph of the coal supply
network, which reflects the flow of coal in the technologies of coal
production, conversion (enrichment), consumption and transportation. The
structure of this network is used to form the constraint system of the
production type model in the representation of Kantorovich technological
methods, which describe these technologies using output and cost ratios.

The purpose of the country's coal supply system is to meet the needs of
consumers of various types of coal through the production, processing and
enrichment of coal at enterprises in the country, as well as its import by sea
and rail. The need for coal, in turn, depends on its technological purpose,
which distinguishes two main groups - energy and coking ones.

The coal supply system is a set of technological units of supply of all
brands of coal to the economy of the country, both from sources of
production and from sources of import. The list of technological processes
of supply from the country's natural resources include the processes of
extraction, enrichment and transportation of coal from the extractive
enterprise to consumers in the energy sector and other sectors of the
economy. Imports require the purchase of the necessary volumes,
transportation of interstate routes, as well as transportation within the
country.

Taking into account all the above mentioned technological processes in
the balance-optimization model of the country's coal supply with
differentiation by brands and technological purpose leads to the structure of
technological connections, which is presented in the form of an oriented
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graph, the fragment of which for the gaseous coal supply system is shown in
Fig. 3.
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Fig. 3. Oriented graph for the gaseous coal supply subsystem

Model of national coal supply with differentiation by brands and
technological purpose of coal [15], using Kantorovich's technological
method for particular coal supply technologies, and whose product balances
are determined by the structure of technological connections described
above, can be formulated as follows.

Cumulative cost of supplying all brands of coal from sources of import
and production must be minimized

Cz—zzzeks' ld};cs' zks+zz Cli X,”Z”%ml‘n (1)

k=1 ze]seOl iel d=1
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under following conditions: providing the need for each coal brand, limited
capacity of the offshore import route, limited own production at the coal-
mining enterprise, determined by the state of its reconstruction
(modernization), fulfillment of energy security requirements according to
the volume criteria "Share of own sources in the energy balance of fuel
resources" and "Share of fuel imports from one country (company) in total
imports". These conditions are represented by the ratios:

Zzzgzks' Xins Orgs ZZ ,lm 2 X )

kllE[sGOl iel d=1
E imp
l,d < meic,max (3)
iel
N
dp — dp
D G =] 4)
iel
k=1 SE{O,I}
M
imp imp
z xi,d =X; il (5)
d=l1
dp _ z
X v supp, i +ei iel’ (6)
<
e - O|iel
dj im, i
xP +x" = = Xup.is (7)
min — 7/ Y max
imp __ imp
ld—lg Xiq A, (8)
iel
>
A - O|l'e] ?
//{“mm <A< j“max ’
dp  _ .
Ci,ks_Ciksprod eiks_'_ck refin (9)
imp __
C - Ci,a’imp +C ,d transp , ext * (10)

where
Cy; — cumulative cost of supplying all coal brands from production and
import, Cf’,';’s — cost of coal of domestic production of the the cost of

supplying branded coal to and from the import source i at the enterprise k in
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the variant of its functioning s during calculated period, xf %.s — marginal

volume of coal of own production of the brand i at the enterprise x in the
variant of its functioning s during calculated period, 6, — a binary

variable that determines a variant of operation of an enterprise & producing

coal of a mark i, 6, = , C"P" — the cost of

1

0,if s = without reconstruction;
1, if s = withreconstruction.

imp

supplying i brand coal from the import source d, x;; — the volume of
supplying i brand coal from the import source d, I — set of all brands of coal
- energy and coking, gfiis — technological enrichment factor of i brand coal,

which is produced at enterprise & in the variant of its operation s during the
calculated period, X, — total consumers' need for i brand coal, N —

number of sources of own production, M — number of sources of import,
X

mpic.mae — total marine port import capacity, x,.d 7 — the total amount of the
i brand domestic coal production at all the enterprises in the industry under

imp
i

consideration, x;'* — the total amount of i brand coal imports from all

sources, e; — equalizing variable that determines the magnitude of the

imbalance created by the supply of i brand coal in violation of the energy
security condition "Share of own sources in total fuel input to the system",
y — energy safety indicator, which determines the share of own production

z

in the national fuel and energy resources, X, ,, ;

— the total supply of brand

i coal and into the country, y,.., 7m. — the minimum and the maximum

share of own sources, permissible according to energy security
requirements, respectively, A, — equalization variable that determines the

magnitude of the imbalance created by the supply of i brand coal in
violation of the energy security condition "Share of fuel imports from one
country (company) in total imports", A — energy security indicator, which
determines the share of fuel imports from one country (company) in the
total volume of its imports, 4,., A, — the minimum and the maximum
amount of imports from a single source, permissible according to energy

security requirements, respectively, C, .., — the cost of producing coal i

brand at enterprise k& in the options for its operation s,
0 CZ-OK , production cost without reconstruction;

Cik proa = s Cik rein — the cost of refining

! 1
Ci, K productton cost after reconstruction;
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the i brand coal produced the enterprise &, C — the cost of domestic

transp, int

transportation of coal, C; — the purchase price of i brand coal from the

,d imp

source of import d, C, — the cost of the external transportation of i

, k transp, ext

brand coal and from the source of import d.

The analysis of the state and prospects of development of coal-mining
enterprises [16, 17], which are currently located in the temporarily occupied
territories of Donetsk and Luhansk regions, allowed to provide a forecast of
coal production in Ukraine for the period up to 2040 and to develop possible
scenarios of development of the coal industry taking into account the risks
and critical phenomena in the structure of production potential of the coal
industry of Ukraine. The optimistic scenario envisages the operation of
mines in Ukrainian-controlled territories, the restitution and resumption of
prospective mines from the occupied territories, the resumption and
development of the coal complex, as well as the construction of new mines
to replace capacity due to the depletion of coal reserves. The critical
scenario of the development of the coal industry takes into account only the
production capabilities of prospective mines in the territory controlled by
the Ukrainian government while the reconstruction and development of the
brown coal complex and the construction of new mines (except for the
Novovolynskaya No. 10 mine) are not envisaged.

The Coal Supply Model (1) - (10) was used to calculate possible
prospective balances of coal products by brands based on achievable levels
of development of the coal industry. The overall limitations of own coal
production in the calculations use the projected production volumes of the
mines in accordance with the above described scenarios of operation of the
industry, taking into account the enrichment. The need for coal of different
technological purposes was based on assumptions about the potential total
aggregate consumption in the country - for the first variant of the industry
development (optimistic scenario) at the level of consumption in pre-crisis
2013. In the second scenario (critical scenario), the volume of required
supply was set at the need level of 2025, and it was also envisaged to
discontinue anthracite group coal consumption. The global coal market was
considered by including potential exporting countries in the list of sources
of supply, taking into account the price and quality of coal that may come
from these countries. The volume of coal transhipment through commercial
seaports is limited by the maximum amount that has occurred in recent
years - 5.65 million tonnes.
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The results of calculations of coal balances under the optimistic scenario
indicate that the volume of coal production of the gaseous group provides
the demand for it, and also the surplus of coal of anthracite group is formed.

Under these conditions, significant imports of coking G grade coal are
caused by low quality indices of coal produced by the brand, which do not
meet the requirements of the metallurgical sector consumers. In 2040, with
the projected decline in coking coal production, it is envisaged a significant
increase in imports of all brands of coking coal. With the appropriate supply
source condition, the energy security criterion "Import from a single source"
is not met when importing G grade coking coal due to the presence of only
one supplier on the global coal market - Australia. Also, in 2040, the import
of K brand coal violates the conditions of energy security according to the
criterion "Share of own sources in the total supply of fuel to the system".

Under the critical scenario, where anthracite group consumption ceases
in 2025 and gaseous coal consumption is maintained at the level of 2025, it
is necessary to import gaseous coal for energy purposes in the amount of 0.9
million tonnes with a further increase to 10.9 million tonnes in 2030 and 12
million tonnes in 2035. Therefore, given the current structure of the mining
industry and the capacity of coal processing in seaports, it is impossible to
fully meet the needs of consumers in 2040.

In the calculations for the critical scenario of the coal industry, the
overall energy security criteria "Share of imports from one source" are in the
acceptable range for all imported coal grades except G (k) and PS. For the
last grades, the security condition under the criterion "Share of own sources
in the total fuel supply to the system" is also not fulfilled due to the absence
of these grades in own coal deposits.

The conducted studies have allowed determining the following priority
directions of coal industry development in Ukraine under the conditions of
the world market:

— development of a fuel base for energy coal with its production of 77.9
million tonnes in 2030, and 76.2 million tonnes in 2040, coking coal - 27.5
million tonnes in 2030, and 16.2 million tonnes in 2040. Investments needed
to modernize existing mines in the controlled area by 2025 amount to about
UAH 2.3 billion in 2015 prices);

— commissioning of new coal mines with a total production capacity of
8.5 million tonnes by 2030 (Investment of about UAH 90-100 billion);

—restoration and development of the brown coal complex of Ukraine
with gradual increase of production volume to 2.4 million tons in 2030 and
2.9 million tons - in 2040 (Investments of about 4.5 billion UAH);
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—in order to meet as fully as possible the needs of the country's
economy for coal products, it is necessary to ensure, in the period 2030-
2040, an increase in the total capacity of the seaports and the railway for
coal up to 23-25 million tons / year.

PROSPECTS OF DEVELOPMENT OF THE GAS INDUSTRY IN
THE CONTEXT OF THE TRANSFORMATION OF THE ENERGY
COMPLEX OF THE COUNTRY AND PROVISION OF
SUSTAINABILITY OF ENERGY INFRASTRUCTURE

In line with the UN Sustainable Development Goals, Ukraine needs to
transform energy sector into an efficient, decarbonized and clean system and
ensure the resilient of its energy infrastructure. Since there is an inextricable
nexus among the sub-sectors of the country's energy complex, in the context
of the possibility of covering gas needs in the structure of the UES of
Ukraine and using it to reserve sources of clean but unstable generation
(RES) was considered. To take into account the current conditions in the
natural gas markets, a methodological approach is used, which is based on
the use of a system of mutually consistent mathematical models of different
types - life cycle models of the main technological objects of gas
production, transportation and storage through a deterministic-stochastic
formulation, simulation model for generation the gas transit flows via gas
transportation system (GTS) of Ukraine and the optimization model for
forecasting the gas industry development for the long term [18].

Studies conducted using this system of mathematical models have
shown that the most critical scenario for the energy and economy of Ukraine
today is the scenario of complete cessation of Russian gas transit through
the territory of our country. The high probability of this scenario is due to
the fact that the contract between Naftogaz of Ukraine and Gazprom
regarding transit of natural gas through the territory of Ukraine is valid until
31.12.2019, and representatives of Gazprom have repeatedly made
statements about discontinuation of gas transit through Ukrainian gas
transportation system after 2019.

The implementation of this scenario is facilitated by the construction of
new pipelines for the supply of natural gas to European countries.

1. In November 2018, Gazprom completed the sealing of the 2 strings of
the Turkish Stream gas pipeline, with a throughput of 15.75 billion cubic
metres per annum (bcma) [19]. One string is intended to supply gas for
Turkey's needs, the other for the transit of Russian gas to the Balkan
countries, thereby replacing the transit through Ukraine of 17-20 bcma. In
addition, Gazprom plans to connect this pipeline to the Poseidon pipeline,
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which is to run from the Turkish-Greek border, connecting Greece's gas
system with Italy, Bulgaria and the European gas system. A final investment
decision on Poseidon has not yet been made [20].

2. Trans-Anatolian Natural Gas Pipeline (TANAP), first string
commenced in mid-2019, completion date 31.07.2021. Designed to
transport gas from the Caspian region to Europe, bypassing Russia and
Ukraine, TANAP is part of an important European project - the Southern
Gas Corridor, which will help diversify gas supplies to southeastern Europe.
The annual throughput of the first string is 16 bcma (6 bcma for Turkey,
1 bema for Greece and Bulgaria, 8 becma for the south of Italy), two strings
up to 31 bcma [21]. TANAP gives Ukraine access to Azerbaijani gas
through Bulgaria and Romania. But with the launch of TANAP and the
Turkish Stream in southern Europe, there will be an excess of natural gas
supply, so there will be no need to transport Russian gas in this direction via
the GTS of Ukraine.

3. Construction of the Nord Stream-2 gas pipeline with a projected
capacity of 55 bcma. At the same time, Russian gas, which is transported
via the GTS of Ukraine, is intended mainly for consumers of the countries
of Central, Eastern and Southern Europe and Turkey. The capacity of the
NET and OPAL connecting pipelines is calculated on the capacity of the
first stage of the North Stream. At present, there is not enough capacity in
the EU to supply gas to these consumers from the north of Germany, where
the end of the Nord Stream-2 is planned. So, in addition to the underwater
part of the project, the construction of the ground part is required. In
Europe, such a pipeline is an EUGAL (European Gas Pipeline Link) with a
projected capacity of 55 bema, included in the development plan for the
German gas network for 2018-2028 [22]. The project is operated by
Gascade Gastransport, owned by Gazprom and Wintershall through a joint
venture WIGA, which will receive 50.5% of the project. The project also
involves German Fluxys Deutschland, Gasunie Deutschland Transport
Services and Ontras Gastransport, which own 16.5% each [23]. Although
fully operational at EUGAL's capacity by 2021 at the earliest, Gazprom has
previously booked in an open auction capacity that can replace up to
55 bema of Ukrainian transit [24]. If North Stream-2 is delayed or not built
at all, Gazprom will still have to pay the full price for the contracted
volumes.

Competition between liquefied (LNG) and pipeline gas, pipeline routes
to the European market, contradictions between importers and transit, transit
and natural gas consumers was taken into account in the development of
Ukrainian GTS loading forecasts. In addition, it was taken into account that
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considerable damage was done to the resource base for the production of
natural gas by the hybrid war with Russia. Ukraine lost deposits on the
Black Sea shelf with potential production of natural gas up to 5 bcma, and
the result of hostilities in the Donbass resulted in the curtailment of works
on Yuzovskaya Area with the prospect of producing shale gas and tight gas.
The forecasts of the Institute of General Energy of the National Academy of
Sciences of Ukraine [16, 25] regarding own production and consumption of
natural gas were used to predict the loading of the GTS of Ukraine
(Table 7).

Table 7
Forecast of natural gas production and consumption in Ukraine
(baseline) [16], bcma

Indicator 20U | 2025 | 2030 | 2035 | 2040
Own production 20.5 24.5 27.4 323 37.2
Consumption 31.9 323 34.0 36.9 39.8
Need for imports 11.4* 7.8 6.6 4.6 2.6

* Additional import of 2.7 billion cubic metres was intended to be pumped
into underground gas storage facilities.

Therefore, only in the case of increasing the efficiency of the potential
resources development with the working-out a special program at the state
level, is it possible to increase the volume of natural gas production in 5—
7 years ahead by 5 bcma.

Scenario 1 of the volumes of natural gas transit via the GTS of Ukraine
(Table 8) was developed taking into account the baseline scenario for the
development of the European gas market proposed in the forecasts of the
Group of Experts on Gas of the European Commission [26]. The results of
the study [27] were also taken into account, which considered the impact on
the Ukrainian gas supply system of the volumes of liquefied natural gas
available on the European gas market. At the same time, the forecast
scenarios do not take into account the possibility of building new main gas
pipelines (MGP) to Europe, for example, from Israel, which has such plans.

Thus, for scenario 1, Russian gas transit via the GTS of Ukraine will
drop to 16 bcma by 2030, with a further increase to 53 becma, which is
associated with a fall in natural gas production in European countries. Given
the expansion of alternative gas pipelines to European countries, transit via
Ukraine's GTS will be much lower. However, if even one string of the
Turkish Stream is put into operation by 2030, the GTS will be left without
transit volumes. With the commissioning of North Stream-2 by 2025, when
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EUGAL begins to operate, even Russian transit gas pipelines begin to
compete for transit flows.

Table 8
Scenarios for natural gas transit via the GTS of Ukraine, bcma

2017, Scenario 1 Scenario 2
actual| 2025 | 2030 | 2035 | 2040 | 2025 | 2030 | 2035 | 2040

553 | 506 | 485 | 494 | 518 | 482 | 414 | 435 | 412

Parameter

Gas consumption in
European countries
Own gas production in
European countries

258 | 233 | 218 | 217 | 203 | 263 | 218 | 214 | 197

Gas import, including 295 | 273 | 267 | 277 | 315 | 220 | 197 | 221 | 215
-LNG 63 74 80 88 95 66 68 67 | 65
— all existing MGP

(without OAO Gazprom) 40 40 | 40 40 40 | 40 40 40 | 40
— TANAP 0 16 | 31 31 31 16 31 31 31

— export MGP from
Russia , including:

— existing gas pipenes
(OAO Gazprom)

— through the GTS of 90 | 41 | 14 | 22| 53| s 5 |10 | 14
Ukraine

Transit to Moldova 3 2 2 2 0 2 2 0 0

Gas transit through the

GTS of Ukraine 93 43 16 24 53 10 7 10 14
Transportation for own 32 3 34 37 40 3 34 37 40
consumers

GTS loading of Ukraine 125 | 75 50 61 93 42 41 47 | 54
Gazprom gas pipelines under construction

- -15 ) -15 | -15 | -15 | -10 -7 -10 | -14

192 | 143 | 116 | 118 | 149 | 98 58 83 78

102 | 102 | 102 | 96 96 90 53 73 64

1 string of Turkish
flow

Gas transit through the
GTS of Ukraine - 28 ! ? 38 0 0 0 0
North Stream-2 - 43 | -16 | 24 | -53 | -10 -7 | -10 | -14
Gas transit through the
GTS of Ukraine - 0 0 0 0 0 0 0 0
1 string of Turkish
flow
North Stream-2 - -28 | -11 | -19 | -43 -8 -5 -8 | -14
Gas transit through the
GTS of Ukraine

Scenario 2 was built taking into account the environmental scenario of
gas consumption in Europe [26]. It is characterized by a significant
reduction in gas consumption in Europe due to the widespread introduction
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of renewable energy sources, the transit of Russian gas via the GTS of our
country does not exceed 25 bema in 2020, and remains at the level of 10—
15 bcma (Table 8). If even one string of the Turkish Stream or the North
Stream-2 is put into operation, by 2025 the Ukrainian GTS may remain
without transit of Russian gas. In general, for the environmental scenario of
gas consumption in Europe, the construction of these Russian gas pipelines
in general is no longer economically feasible.

Thus, complete cessation of transportation through the GTS of Ukraine
of Russian gas is likely enough after 2030 and it will have significant
negative consequences.

1. Significantly reducing the budget revenues of Ukraine, Naftogaz's
taxes for Russian gas transit operations amount to up to $ 3 billion per
annum.

2. The operation of the GTS in the current network structure with
volumes less than 60 bcma is economically inefficient. The cost of gas
transportation sharply increases with the reduction of the volume of useful
work of the GTS and constant fixed costs [28]. For example, in 2016, when
transit to Europe was 82 billion cubic metres, 30% of compressor stations
with gas turbine units were in the waiting mode [29]. Unused production
assets should be decommissioned. According to Ukrtransgas, for the next
ten years approximately 400 km of gas pipelines can be abandoned.

At the same time, the peculiarity of the Ukrainian gas transportation
system is that gas transit to other countries and its transportation to its own
consumers is carried out by the same gas pipelines. For example, if the
European TANAP project and the Turkish gas pipeline are put into
operation, the Ukrainian route of the Trans-Balkan route will be left without
transit volumes. But it is not possible to completely shut off the Southern
Corridor gas pipelines as they supply gas to their own customers. The
solution to the problem is the construction of pipelines-branches offshoot
pipelines from the main gas pipelines of the Western Corridor, the creation
of which, according to estimates of the Ministry of Energy of Ukraine
requires up to $ 2 billion [30].

3. If nuclear-coal power generation is maintained in Ukraine, the need
for gas imports will decrease (Table 7), and will be covered enough by
existing gas purchasing opportunities in Europe and supplying it via
Slovakia and Poland (provided the construction of the Poland-Ukraine
interconnector gas pipeline). With the increase in the share of renewable
energy sources in the structure of generating mix and the rejection of coal
generation in favor of gas, the need for natural gas imports will increase
significantly. And stopping the transit of Russian gas via the Ukrainian GTS
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will significantly complicate the purchase of natural gas for the needs of our
country in Europe. Today, gas is purchased from European hubs, but
physically Ukraine receives it under a replacement scheme, returning
Russian gas that was transported to Slovakia. At the same time, Slovakia,
with its large transit capacity, has no sources of additional natural gas entry.
Gas for Ukraine from the Western direction to Slovakia may transit through
the Czech Republic or Austria, while these countries are not transit
countries; their gas networks are not designed to transport additional gas to
other countries (Table 9, 10).

Table 9

Opportunities of the GTS of Slovakia for the transit of gas from the western
direction to Ukraine on 01.01.2021, bcma [31]

Technical capacity Feasible capacity 2021
Lanzot Entry Point (Czech Republic) 55.1 15.7
Baumgarten Entry Point (Austria) 8.7 8.7
Own consumption of Slovakia * 5.0
Total 19.4

*In 2017 according to [32]

Table 10
Technical capacity of reverse gas supply to Ukraine from Europe, bcma [33]

Point of entry The c01‘1ntr.y through which Technical capacity
deliveries are made
Budintse Slovakia 14.6
Begardarots Hungary 7.1
Germanovichi Poland 1.6/5.0*
Grebeniki Romania through Moldova 1.5
Total 24.8/28.2

* Provided the construction of the first phase of the Poland-Ukraine
interconnector

Therefore, the scenario related to the interruption of Russian gas transit
through our country is critical and requires a fundamental change in the
structure of the GTS. At the same time, even in the presence of transit of
Russian gas in the amount of 40-60 bcma, modernization of the GTS of
Ukraine with the change of its structure is necessary, since the useful life of
its individual gas pipelines exceed 40 years. The timeline for the main gas
pipeline modernization project is more than 2 years of preparatory work and
2-3 years of direct construction. However, these jobs are not possible
without, first and foremost, political solutions to the problem of the gas
pipeline packing, which are necessary for the efficient operation of transit
gas volumes.
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Studies show that a robust solution for the modernization of Ukraine's
GTS is:

— re-equipment of underground gas storage in the Western region, which
will provide gas storage services for the country of Eastern Europe;

—re-equipment and provision of reverse mode of compressor stations
that connect to gas stations at the western border and those located at the
intersection of the main gas pipelines, which will provide Ukrainian
consumers with imported gas of any origin;

— construction of the Poland-Ukraine gas interconnector, which will
allow to receive through the Polish territory additional volumes of natural
gas, including from the terminal in Swinoujscie.
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Chapter 5

THE RESEARCH OF THE DYNAMICS OF THE ANNUAL
GROSS PRIMARY PRODUCTIVITY IN UKRAINE
DURING 2000-2010 YEARS

V.I. Lyalko, A.I. Sakhatsky, G.M. Zholobak, A.A. Apostolov,
L.O. Elistratova
Scientific Centre for Aerospace Research of the Earth, Institute of

Geological Sciences, National Academy of Sciences of Ukraine

INTRODUCTION

One of the most effective indicators of agricultural production and
ecological state of the territory for evaluation of food security and water
availability are parameters of gross primary productivity (GPP) and net
primary productivity (NPP) of vegetation cover. In order to study this issue
in CASRE IGN NASU the study of the dynamics and the overall amount of
CO, absorption within the different classes of vegetation, including major
crops in some regions of Ukraine, have been started using satellite data [1].
The data of the standard product MODI17 (project MODIS), which is
specifically designed for monitoring of the vegetation growth within the
entire terrestrial surface of the Earth, were the source of the data. The
indicators of GPP and NPP are delivered from the Terra and Aqua satellites
in near real time since the beginning of 2000 and now are widely used in a
variety of projects on landscape ecological analysis and modeling of the
dynamics of vegetation state taking into account changing of environmental
conditions [2, 3]. In Ukraine, these product, besides using for agro
production aspect, have been applied for assessing the correlation between
GPP and NPP parameters and different growing indicators of the forest
formations of West Polissya and climatic factors [4] and for assessing
uncertainties of evaluation of productivity of the vegetation cover and
formation of carbon cycle. The case studies were Lviv, Volyn, Rivne and
Zhytomyr regions [5]. So far as the area of Ukraine ranks second in Europe
and is characterized by high natural resources potential, then having a
modern satellite data from MODI17 A3 with the annual estimates of GPP
and NPP, it is important to examine how the observed effect of a variety of
environmental conditions influence the overall vegetation productivity of
the country.
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The purpose of this article is to evaluate the variability of annual average
parameters of GPP from MODI17 A3 data during 2000-2010 within all
administrative regions of Ukraine.

METHOD

The MODI17 product data is freely available and have been received
through the website Numerical Terradynamic Simulation Group. To
calculate the GPP and NPP within administrative regions the pixels MOD17
A3 product was transformed into the coordinate system WGS 84 and
combined with the contours of the oblasts that form one of the layers of
digital topographic maps of Ukraine. It makes possible to provide for
evaluation GPP and NPP only those pixels (1 % 1 km), which are confined
to the territory of each individual region. Moreover, pixels that are covered
by mask of MOD17 A3 product (settlements, water) are not taken into
account for the determination of the total value and the specific value of
GPP and NPP of the region. Specifically, on fig. 1, as an example, different
colors shows the distribution of total annual GPP values for the central,
southern and eastern regions of Ukraine for 2010 according to product
MOD17 A3. Right side on the fig. 1 shows the selection for the
Dnepropetrovsk region. White pixels are actually reflecting the mask of
MOD17 A3 product and these pixels are discarded in the calculations.

AR

(A) (B)

Fig. 1. Annual total GPP values of the vegetation cover for the central,
southern and eastern regions of Ukraine for 2010 according to MOD17 A3 product
(A). The selected fragment (right) - the territory of the Dnipro region (B): Annual
GPP value of C kg / m”: brown - less than 0.4; violet: 0.4-0.55; Green: 0.55-0.7,
aquamarine - 0.7-0.9, yellow - more than 0.9; white - mask of the MOD17 A3
product (water, settlements).

Based on these satellite data, the specific annual value of gross primary
productivity (total per year and average for pixel of the region) for the
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estimated area of each region have been calculated. The total GPP for region
formed as a result of carbon sequestration by vegetation cover per year
within the studied administrative units (oblasts) of Ukraine.

RESULTS

For simplification of the analysis, the first attempt of comparison has
been made for geographically closely related regions. In particular, it was
used the division of Ukraine on 5 parts: west, north, east, south and center
(fig. 2), which was done by experts from Ukrainian Hydrometeorological
Institute to identify and to take into account the possible regional
differences in changes of climate characteristics [6].

4

Fig. 2. Division of Ukraine territory for 5 parts with regional centers
indicating [6].

According to authors [6], the zoning uses following parameters:
similarity of physical and geographic conditions, uniformity of climate
factors, relative homogeneity of climatic fields of temperature and
precipitation and administrative division of the territory. The last factor is
taken into account to adapt the research data for strategic planning and
development of farming regions.

The calculated specific annual values of GPP from the MOD 17 A3 data
within each region were united into groups according to the map shown in
fig. 2. For easement of the analysis the graphs of inter annual fluctuations of
the specific GPP values have been done (fig. 3, 4).
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Fig. 3. The specific annual values of GPP of western (A) and northern (B)
regions of Ukraine.

On the fig. 3 (A), which displays inter annual fluctuations of the specific
values of GPP of Western Ukraine, it is clearly visible the two pairs of areas
which are almost identical to the dynamics of the specific annual GPP
values throughout the observation period (2000-2010.). For Ternopil and
Khmelnytsky oblasts the specific annual GPP values are from 0.81 up to
0,917 kg C / m” and for Rivne and Volyn oblasts ones are from 0.926 up to
1,038 kg C / m”.

The other four western regions are characterized by the specific annual
value of GPP with more than 1 kg /m” and a relatively minor differences. In
particular, Bukovina, Lviv, Carpathian and Transcarpathia regions,
mentioned in ascending order of the parameters of the annual gross primary
productivity, differ among themselves: each region has the specific annual
value of GPP approximately 0.05 kg C/m? higher than the previous one. As
shown on the graphs of fig. 3 A, the specific annual values of GPP of
western regions have appearance of slightly wavy lines. They are not
inherent significant inter annual fluctuations.

This form of lines of the dynamics of the specific annual values of GPP
is peculiar for northern regions also (Fig. 3, B). It should be noted that
among the regions of northern Ukraine, the Zhytomyr oblast is differ, it has
highest rates. At the same time, Kyiv, Chernihiv and Sumy regions similar
to each other both the specific annual values of GPP and the trajectory of
lines of inter annual changes.

Unlike the northern and western regions the dynamics of the specific
annual values of GPP for the other administrative oblasts of Ukraine looks
as polylines with depressions and elevations, and the largest specific annual
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values of gross primary productivity in any area for eleven years analyzed
not exceeding 0,887 kg C / m’ (fig. 4). Among the central regions, the
Vinnitsa oblast has been marked by the highest rates of GPP. It has not
experienced a significant reduction in gross productivity in arid 2002. All
other regions of Ukraine have at least two depressions - distinct periods of
GPP reduce - in 2002 and 2007. Most clearly, these depressions observed in
the graphs of GPP change for eastern regions, where it is no difference
virtually between individual regions: all three administrative units of the
east Ukraine show almost identical configuration of lines of the specific
annual values of GPP dynamics for the period 2000-2010. (fig. 4, B). Still,
the decrease of GPP was more significant for all regions in 2007, when the
nature of Ukraine suffered from severe drought. Then the lowest specific
annual values of GPP were observed for Mykolaiv, Kherson, Zaporozhye
and Dnepropetrovsk regions and ranged 0.476-0.491 kg C / m*. The GPP
values were almost two times lower than similar this year obtained for the
western regions of Ukraine (without Ternopil and Khmelnytsky oblasts).

For central and southern regions, it was found some decrease of GPP
also in 2009, when compared with the 2008 and 2010, but it did not reach
such low values as in 2007 (fluctuations between 0,554 and 0,668 kg C /
m?).

The most expressive "zigzags" can be seen on the lines of the dynamics
of GPP values for southern regions (fig. 4, B). During the years with
sufficient water, the administrative units of Ukraine demonstrate good gross
primary productivity (eg Odessa region in 2004 and 2010 reached GPP
values respectively 0,821 and 0,859 kg C / m?), but under the lack of
moisture, the GPP values significantly decreased. Actually, the southern
region responded with GPP decline also in 2003, when there was observed
dry phenomena.

If all regions of Ukraine bring together on the dynamics of gross primary
productivity, we get a consolidated schedule of inter annual fluctuations of
GPP values (fig. 5). The following three groups of regions can be identified
using this graph (fig. 5).

The first group comprises the oblasts, which lines of the GPP dynamics
based at the top of the figure, indicating a relatively high value of the GPP
(more than 0.9 kg C / m?, or about 1 kg C / m” and a little bit greater than
this value). However, their GPP fluctuations from year to year is relatively
small. This group includes most of the western regions (Transcarpathia,
Carpathians, Bukovina, Lviv, Volyn, Rivne regions) and northern Zhytomyr
region.
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Fig. 4. The specific annual values of GPP for central (A), eastern (B) and
southern (C) oblasts of Ukraine.

The second group consists of area with average the specific annual GPP
values, ranging between 0,659 kg C / m? in Cherkasy oblast in 2007 to
0,927 kg C / m” in Chernihiv oblast in 2005. This is so-called team group
because it covers two western regions - Ternopil and Khmelnytsky, two
central ones - Vinnytsia and Cherkasy and three north ones - Kyiv,
Chernihiv and Sumy regions. From 2000 to 2004 the average value GPP of
this group not exposed to significant fluctuations, except in Sumy oblast in
2002, there is some decrease of this indicator. After 2004, the sharp
variability of annual GPP values can be seen also on the lines of the
dynamics for Kiev and Vinnitsa region except Sumy region. In 2004 almost
all these areas show the same rate of GPP (0.816-0.824 kg C/m?). So, at
summary charts a sort of "hub" is formed. The Cherkasy oblast with its
average value of GPP in 2004 (0.785 kg C / m?) is slightly below this "hub".
The line of GPP dynamics of this oblast is a kind of boundary line
separating the second group from other remaining administrative units with
relatively lower value of GPP.
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Fig. 5. The specific annual values of GPP of regions of Ukraine and Crimea.

The third group, which graphics are below the GPP of Cherkasy region,
has moderate value of GPP, which usually does not exceed 0.8 kg C / m?
and range from 0,487 kg C / m” in Zaporizhia oblast in 2007 to 0,808 kg C /
m? in Kharkiv oblast in 2005. This is the largest group, which includes the
southern, eastern oblast and even three central oblast - Dnipropetrovsk,
Kirovohrad and Poltava oblast (total - ten administrative units). The lines of
the GPP dynamics of these oblasts have a distinct form of broken curve
throughout the observation period, indicating a clear dependence of gross
primary productivity of vegetation cover of this part of Ukraine on water
resources during the growing season. With a lack of moisture the indicators
of GPP fall in years with drought (2002, 2003, 2007), and in good years
(2001, 2004, 2008) - are increasing. The largest range of fluctuations of
GPP is observed for Odessa oblast (from 0,571 kg C/m?* in 2007 up to 0,859
kg C/m* in 2010), and the graph clearly shows that in 2004-2006, 2008 and
in 2010 the GPP values of Odessa region exceed the values inherent for
other oblasts of this group, and even cross the line of the GPP dynamics for
Cherkasy region from the second group.

Of particular note is the behavior of the specific annual values of GPP
within Crimea region. Only in 2003 and 2005 the figures of GPP is let down
slightly below the 0.9 kg C / m* (respectively 0,897 and 0,898 kg C / m?). In
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other years the GPP values are in the same part of the picture, where the line
of the dynamics of GPP for the majority of the western regions.

However, while the majority values of GPP of this territory are belong
to the first group of regions, but because of the steppe ecosystem, it is very
sensitive to weather conditions and the line of the dynamics of GPP has a
zigzag form.

The above described variations of GPP are shown on map of Ukraine
(fig. 6).

Fig. 6. Division of the territory of Ukraine in accordance with the regional

specific annual values of GPP for 2000-2010. 1 - high- productive, 2 - normally

productive, 3 - Crimea, highly variable and high- productive, white background -
moderately productive part of the territory of Ukraine.

When comparing figures 2 and 6, it should be noted the mismatch of
Ukraine geographically administrative division with its different parts
taking into account the productivity of vegetation cover. In particular, high-
productivity part is formed by western regions (except Ternopil and
Khmelnytsky) and northern one - Zhytomyr region. Practically, most of the
Podillya part (Ternopil, Khmelnytsky and Vinnytsya oblasts) with the rest
of northern oblasts and central Cherkasy oblast are normally a productive
part of the territory of Ukraine. Others administrative regions (three central
oblasts - Poltava, Kropivnytsry, Dnipro oblasts and all eastern and southern
ones without Crimea) are moderately productive part of the state. Separately
the territory of Crimea is allocated, due to features of GPP, which are
discussed above.

DISCUSSION
Thus, we found that according to the MOD17 data the specific annual
GPP values for regions of Ukraine for 11 years range from 0,487 kg C / m2
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in Zaporizhia oblast in 2007 up to 1.25 kg C / m2 in Transcarpathia region
in 2001. To compare the GPP values in Ukraine with those obtained using
the same product, we have used the publication Zhao M. et al. [7] where
annual gross primary productivity for various types of terrestrial surface of
the Earth had been considered and averaged over three years (2001-2003).
In this publication, it is reported that, for agricultural land and for closed
shrubs, the specific annual GPP values respectively are about 721 and 868 g
C / m2, for mixed forests - 1125 g C / m2 and deciduous broadleaf forests -
1366 g C / m2.

For unconsolidated shrubs and pastures, the GPP values below 400 g C /
m?” are typical.

Since, for most of the territory of Ukraine, the specific annual GPP
values are between 0.6 — 1.0 kg C/m’, it indicates the predominance of
agricultural landscapes and shrub vegetation. Therefore, the determined
values for Ukraine are consistent with reality, because we know, that
agricultural lands in Ukraine occupied about 69% of the total land area [8].
Areas, where the GPP values exceed 1 kg C / m% comply forested areas of
the country.

The constructed our map (fig. 6) has similarity to map of distribution of
the average length of the growing season for the period 1961-1990 (fig. 7),
compiled by experts of the Institute of Economics and Forecasting of NASU
in cooperation with the International Institute for Applied Systems Analysis
(ITASA) [9]. In particular, they have executed research of land potential of
Ukraine using agro-ecological zoning methodology (AEZ), which allows to
quantify the productivity of different types of soil for various crops and
systems of production. In frames of this study, the map of spatial
distribution of length of growing period for the whole territory of Ukraine
have been compiled (fig. 7). For the map creation, the average climate data
including spatial distribution of rainfall and amount of the active
temperatures for period 1961-1990 have been used.

As the authors note, the western and northwestern regions, almost all
Zhytomyr and Kyiv regions, are characterized by an longest growing
season, which is favorable for agriculture - 210-240 days and more, taking
onto account temperature and water condition (soil moisture). However,
most of the country is characterized by favorable growing season, which
lasts about 120-150 days. The lowest favorable growing season (90-120
days) occupy wide strip from southeast of Odessa region, then pass through
Nikolaev and Kherson oblasts further to east. In the east it covers all the
Donetsk and Lugansk regions.
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Fig. 7. The map of distribution of the average length of growing season
(days) for the period 1961-1990 [9].

As you can see, the regions with long growing season almost comply to
highly productive part of the territory of Ukraine, except Kyiv and Ternopil
regions. These two oblasts in the XXI century according to the GPP values
form the regions with normal capacity corresponding to the length of the
growing period of 120-150 days. At the same time, Poltava and Kharkiv
oblasts, based on the GPP from MODI17 data, show greater similarity with
steppe regions of Ukraine, where the length of the growing season within
90-120 days. Therefore, when comparing fig. 6 and 7, you can see both the
similarities between common configuration parts of Ukraine concerning the
division of the territory into three parts, according the gross primary
productivity and the duration of growing season, and some differences in
the size of some of these parts.

The resulting similarity can be justified by the known fact, that the
major environmental factor, that explain the differences between ecosystems
concerning the assimilation of carbon, is the length of time during which the
suitable conditions for photosynthesis are observed. These conditions also
include soil resources (water, nutrients) which are available for the
formation and operation of leaf area of vegetation in a given ecosystem [10].

The differences, primarily, related to a different time period, which was
taken for analysis: Mishchenko N.M., Gumenyuk K.V. [9] made it for the
period 1961-1990. And our research of the GPP values on the MOD17 data
is concerning the latest period - 2000-2010. In addition, our studies were
conducted at the regional level, but if research would be carried out at level
of districts, we could get a more detailed map of the variability of
productivity.
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CONCLUSIONS

Thus, based on the analysis of the dynamics of the specific annual GPP
values of regional administrative units of Ukraine for 11 years, you can
make such conclusions:

1. The magnitude of the primary gross productivity of Ukraine's territory is
divided into three parts:
1.1. highly productive with the specific annual GPP values within 0.9
to 1.25 kg C / m?;

1.2. normally productive with the specific annual GPP values in the
range 0.7 C - 0.9 kg / m?;

1.3. moderately productive with the specific annual GPP values from
0.5 up to 0.85 kg C / m’.

2. Highly productive regions unlike others have less inter annual variability
of the GPP indices, except Crimea. However, moderate and normal
productive parts of Ukraine show relatively large inter annual
fluctuations of the GPP values. This is especially true for the southern
and eastern regions.

To evaluate values of primary productivity, which are characterizing the
level of absorption of carbon dioxide by vegetation cover, it should be
studied the variability of net primary productivity (NPP). The NPP values
are formed on the basis of calculations taking into account the
measurements of organic respiration of producers themselves. This study is
planned for the following stages of works.

This publication contains the results of studies conducted with grant
support of the State Fund for Fundamental Research of Ukraine on
competitive projects N F64 / 252015 and N F64/20-2016, and also under
support of the Innovation Center NAS of Ukraine.
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Chapter 6

INTEGRATED WATER POLLUTION RISK
ASSESSMENT USING SATELLITE DATA IN
FRAMEWORK OF MULTI-MODEL APPROACH

V. Lyalko, Yu. Kostyuchenko, M. Yuschenko, I. Artemenko,
I. Kopachevsky
Scientific Centre for Aerospace Research of the Earth, Institute of
Geological Sciences, National Academy of Sciences of Ukraine

Keywords: water quality, hydro-ecology, socio-ecological risk, satellite
observation, multi-model approach

INTRODUCTION: WATER QUALITY ASSESSMENT IN THE
CONTEXT OF RESOURCES MANAGEMENT

Modern development of applied mathematics and computational
methods allows to formulate and solve new problems in mechanical and
civil engineering, first of all tasks in the field of control and decision theory
including tasks, aimed to risk management and security control. New types
of data and new monitoring instrument can be harnessed, more wide areas
of human activity and life may be analyzed. Since innovative technologies
should serve to increasing of life quality, applied computing approaches in
engineering directed to risk assessment toward disaster threats is important
task.

Water pollution is one of the biggest environmental problems, as well as
linked with it soil and air pollution. Nitrate is among the most common and
widespread pollutants in surface water and groundwater. Diffuse pollution
through soils and air from agricultural activities and livestock are the main
sources of increased nitrate concentrations in groundwater and surface water
bodies [1]. Nitrogen is a vital nutrient to enhance plant growth, which has
motivated intensive use of nitrogen-based fertilizers to boost up the crop
production. But increased fertilizer use also has social and environmental
costs. The fertilizers deteriorate the water quality inducing economical and
ecological problems. In the last century automation of agriculture and the
introduction of high yield crops has raised the use of fertilizers, increasing
nitrate concentration in groundwater.
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In some cases, when through the natural and artificial circumstances the
nitrogen application exceeds demand and the denitrification capacity of the
soil, nitrogen can leach to the water, usually as nitrate.

The nitrogen average fertilizer use in Europe is 70 kg/ha [2]. In some
regions with intensive irrigation the water bodies reach nitrate
concentrations between 50-100 mg/1 [3]. The monitoring studies in Ukraine
indicate that about 50% of groundwater suffers nitrates concentration over
50 mg/l, and 70% over 25 mg/l. Nitrogen from agricultural sources accounts
for from 50 to 80% of the nitrates entering Europe's water [1].

Therefore the assessment of water pollution and water quality is an
urgent task of socio-ecological security. In this task, from viewpoint of
applied mathematics, the situation of uncontrolled uncertainty is frequent.

It is quite easy to control one selected parameter with required accuracy.
But, if we need control large set of spatially distributed parameters on the
long time intervals, the uncertainties — both aleatorical and epistemical - are
increasing critically. This is a typical situation for water quality analysis,
where wide range of parameters should be controlled simultaneously. In this
situation the decision making and risk analysis are complicated problems
[4].

There are few methods of uncertainty control, including uncertainties,
generating by complex multi-physics systems [5]. But also may be
formulated task about using the soft computing method for assessment of
risk with limited set of parameters. In such cases we can reduce a number of

controlled variables without neglecting the systems processes, drivers and
feedbacks.

This approach should include formulation of correct methodology,
method of variables selection, indicators selection method, and method of
risk assessment with limited set of parameters.

This chapter is dedicated to assessment of water pollution risk and water
quality analysis using data of satellite observation of water bodies, soil
cover and air pollutant transfer in wide context of robust resource
management.

In this context the proposed approach is aimed to the assessment of the
volume of accessible water resources among the available. Differences
between these two volumes determines by pollutions. On the next stage of
research the volume of the utilizable water resources should be assessed.
Utilizable resources volume depends of technologies applied to water
consumption.
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METHODOLOGY: A MULTI-MODEL APPROACH

How to estimate risks using the limited set of parameters derived from
different sources with different drivers, scales and nature?

First of all, we need consider the problem of the models application to
selection of the optimal set of remote sensing indicators in risk assessment
tasks [6, 7].

At the initial stage the process of forecast generation should be based on
the set of initial assumptions, captured in a vector x (x = (xl,xz,...,xs)).
These could be a priori assumptions, observed or measured values.

The further step is the modeling: model recalculation these values into a
group of core hydrological, bio-physical, and climatological series (with
F(x,e,y)=0, (x,6) > y), collected in a vector y. next, basing on the

information from the pair (x,y), we calculate values for a list of parameters,
grouped into what referred as the vector of satellite indicators based models:

z=(z",2%,...,2%) (with z° = g°(x,»), (x,y) = 2°).
As the result of the integrated modeling we gets parameters summarized

in the triplet (x,y,z). This combined vector is a starting point for the
modeling of socio-economic, socio-ecological and risk parameters (fig. 1).

Usually, we consider a group of S satellite data based models, labeled
s €{l,2,...,s}. Each of these equations is such that the endogenous variables

z’can be obtained as an explicit mapping of the core variables
z=g(x)).

Therefore the satellite model might be conceptually presented by time-
series of (x,y,z), which will determine the behavior of z’, with a residual

term 4 :

Z: :f(xt’xt—lﬁ"”xt—Lﬁyﬂyt—l""’ yt—L’Z:—TDILttS) : (1)

As z is the only variable on the left-hand side of the equation, the

relationship is unidirectional: from (x,) to z. This simple time-series
satellite data based model formally also allows for no interactions with other

satellite variables nor any feedback between z; and the core assumptions in

(x,y) [8], so we can use both methodology utilizing as separate as well
interlinked indicators.
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Fig.1. Multi-model approach to socio-ecological risks assessment

Traditional time-series models such as autoregressive moving average
models are good examples of satellite data based models. This
representation may include, for example, autoregressive lags and/or moving
average components. A number of standard methodologies (for example,
Box-Jenkins method, or nonlinear autoregressive exogenous model) are
followed to find the most usable model of the data-generating process for a

given risk metric Z,:

N P L K
Z, =c+ ZﬁlXt—l + ZPIYt—z + Zalzt—l + Zekgt—k 5 2)
=0 =0 =1 =0

where Z, is a satellite variable, X, is a row vector of initial exogenous
core variables, Y, is a row vector of the layer of core parameters series, and
g, is the value of the stochastic error term. The parameters c, f, p, 0 are
unknown and should be estimated.

However, including autoregressive terms in the model often results in a
muted impact of core drivers on a target variable. Thus, it is a common and
recommended practice is to exclude autoregressive terms from the
supplementary variable equations [9]. Therefore, depending of risk metric

Z, and of type of supplementary variable may be applied different form of
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equation (2). For example, for analysis of climate related risk an approach
based on copulas utilization may be used [10].

A key aspect of satellite model development is variable selection to
identify which core drivers best explain the dynamic behavior of the studied
socio-ecological risk variable [11]. In accordance with modern principles of
Earth sciences, our approach toward variable selection is based on a
combination of ecology, climatology, hydrogeology, hydrology, and
geostatistics as consideration of the statistical properties of the estimated
model [12].

Models built using pure data-mining techniques or principles such as
machine learning, neural network, etc., though they may fit the existing data
well, are more likely to fail in a changing external environment because they
lack theoretical underpinnings. The best analytical and prediction models
employ a combination of statistical rigor with physical principles [10].
Hence, our models combine geo-ecological models with statistical
optimization (fig. 2). Models built this way have an additional benefit of
ease of interpretation.

——— Observations & Measurements | Data

Models of systems response to external impact Statistical appreaches and

and extremes algorithms
Ecological & biophysical Data selection, filtration
models: plants, crops and ) and processing
landscapes i
Hydrological & hydro- Selection of assessment
geological models techniques & algorithms

| Climate models |

Geological and GIS models:

slopes and soils Decision making approaches &
models
| Models of sensors & signals | | Risk Assessment ‘
.
l | Decision Making ‘
Selection of variables and
parameters

Fig.2. Data utilization in framework of multi-modeling approach for socio-
ecological risks assessment

The satellite model development process consists of selecting optimal
exogenous drivers X,, Y in equation (2) from a set of potential drivers.

Once the final model is selected and estimated, the conditional dynamic
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forecasts of Z, are generated given the sets of final parameter estimates and

the forecasts of the core variables from the first stage (figure 2). The final
step is to validate the final model in and out of sample.

The procedure of selecting optimal drivers is the following. Potential
drivers are identified based on relevant theory and ensuring with calibration
measurements or a priory assumptions. This ensures that we obtain the most
robust and predictive model available from the tested variables. To avoid
model over-fitting, uncorrelated core drivers are preferably selected. The
selected drivers should be significant at a conventional level and have the
analyzed parameters of distribution. To obtain a required distribution a
regularization procedure should be applied [12]. The final models selected
by the search procedure are reviewed for consistency with initial
assumptions.

So, the problem is the selection of variables for each model type
(x,€) > y, the search of the relevant type of formal relationship

(x,y) > z° between the physical and observable variable parameter, and

development of the total distribution for each type of risk investigated (2).
There also should be separately considered the problem of regularization of
initial distributions of variables [12].

After we obtain distributions of parameters that determine the state of
the system, we need to estimate the distribution of risk and make the
management decisions.

MODELS OF RISK ASSESSMENT AND DECISION SUPPORT

Basing on the obtained sets of indicators, the methodology of risk
assessment, based on the optimal decisions can be proposed (Ermoliev et al,
2012).

In the framework of task of risk assessment and risk management, as
opposed to the classic example of the resource management, reducing or
non-increasing of losses should be used as quantitative characteristics.
Variables that affect the characteristics of the management system (or
decision-making system) can be or we can influence (controlled) and
independent from our influence (unmanageable). Thus, the controlled
variables are the parameters of decision-making under the influence of
information (input data) on the behavior of unmanageable variables.
Analysis of the effectiveness of full process of collecting, processing,
interpretation of information about the system studied, decision making,
analysis of system’s response to decisions may be considered as part of the
“information — response” formalization.

390



Such formalization can be made as follows [13]: define as /(x,y,z)
(presumably stochastic) information obtained from direct (field)

measurements, observations and model forecasts; H, (z'|t9)- is probability

distribution function and where @ — is a state of the studied natural object or
system. In general, the state of the system cannot be determined with
certainty, and thus we should define the appropriate probability distribution

p(0) and distribution H, (i|0) , which describing a priori incompleteness of
information available about the studied system.

Making and implementation of management decisions will formalize as
a response to incoming information as decision function d(I). Classical
approach assuming that in the case of certain specific strategy of decision
making in conditions of constant state of natural systems, 8, or with a
defined change this state, the losses are defined as /(d(I), 8). For decision
function d expected losses or risks associated with the development of
dangerous processes, connected with the management decisions based on
the information received, can be described as:

R(I,d) = R[H,(*),d),d]= [[1(d()),0)dH  ({|6) p(6)d6 . (3)

This risk is minimized by optimal decision function d*, entitled as Bayes
decision function, and it is determined by information /:

R(I(z’),d*)=min ” 1(d(0),0(x, y))dH, (i|0) p(0)d6 . (4)

So the risk is a simple functional of decision function. It is important
that the minimization of losses requires an intention to completeness of
information on the studied system, i.e. definition of @ states, for each of
which can be defined a solution {a} (which build up the set of possible
decisions or administrative actions A).

Let’s consider the realization of the set of data (information obtained
from direct measurements (field), observations and model forecasts) i*,
which optimizes the decision function d* and minimizes appropriate risk,
therefore nominally makes information (/) formally completed (7*).

From a formal viewpoint, /*= [ (information is nominally full), if there
exists a function ¢ (i), that when H, (i|9);t 0, 8 =¢(i). In other words,

completeness formally means that there is a single state of studied natural
object or system that meets all of the set of data - a separate realization of
information /. Here it means that we have to develop a set of models
(x,&) — y that have operated the set of parameters (x,y) — z*, which can
be controlled by certain technological tools within the framework of a
sustainable methodology of measurement. In our case, these requirements
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correspond to the data and methods of satellite observation of the Earth's
surface z; .

In the case described an optimal decision function may be defined as
follows:

d*(*)=b, 1(b,¢(i*)) = minl(a,$(i*)). 5)

Then, under optimal decision function and nominally complete
information about the studied system, the risk will be defined as:

R(I*,d*) = min/(a, 0) p(0)d0. (6)

For each case should be described models aimed to analysis of behavior
the distribution of H, (i|t9) ta p(f), and so to the determination of the

realization of i* of set /. As an optimal decision function in this approach
may be used stochastic [14], Bayesian [15] or fuzzy operators, [16, 17]
depending on the task, data availability and properties of their distributions.

Considered complex of analytical models is aimed to the calculation of a
unique set of parameters that should be obtained from determined
observation systems, using defined tools of processing and interpretation of
data. Equation (6) allows to estimate the distributions of risk of disasters and
also to develop a basement for a system of risk management decision-
making.

As it was demonstrated in [7, 17], modeling of geo-systems should be an
integral part both of remote sensing interpretation methods, as well as of the
risk assessment systems based on remote sensing data utilization. It requires
of increased level of our knowledge in the field of Earth sciences, as well by
increased requirements in the area of decision-making. New challenges
define new methodological requirements.

Firstly, the methodology proposed allows to expand the problem
definition of using the satellite observations in tasks of socio-ecological
security. In addition to traditional statistical analysis directed to surface
change detection, it is possible to analyze and predict state of the studied
systems, basing on the models of geo-systems.

This certainly expands the scope and sphere of application of approach,
and could positively affect the reliability of the results obtained through the
using of different sources of data.

Second, the proposed methodology includes feedbacks between
management decisions and the systems state. Thus, it is postulated that the
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state of the system depends on the observer: risks depend on the decision
made and management impacts (past, current and planned) to the system.

This could positive affecting to the effectiveness of management
decisions and to the quality of risk assessment [18].

CORE NATURAL MODELS: BASINS AND TRANSPORT

Basing on the described general methodology of modeling, the problem-
oriented multi-model approach can be proposed for investigated problem

(fig.3).

l Observation (monitoring & control) strategies development ‘

Data Risk models

—{ Observations H Measurements }— Decision making

Data integration H Data regularization ‘
Core models: basins & transport ‘ 9 g/‘

|
‘ Water body models }.— Satellite models

1 \
‘ Flux & transfer models }\ ‘ Satellit\e data H Flekrdata ‘
} Spectral signal model ‘
Pollution model \
\xﬁ Signal intensity transport model |

| Air models ] Land-Use & Crop model |

Fig.3. Problem-oriented multi-model approach to water quality risk assessment

Core models should include models of water bodes and fluxes oriented
to analysis of pollution transport and modeling of hydro-chemical balance in
water ecosystems. Besides, models of pollutions, including air transport and
crop nitrate pollution production should be considered. Set of variables
describing the water quality is the result of this stage of analysis. Satellite
data models should include models of signal forming, and analysis of links
between satellite and ground data. Set of core models based selected
indicators is the result of this stage of modeling. Risk models should be
directed to construction of algorithm of risk assessment using the set of
selected indicators.

Water body model: General model of spatially distributed water
ecosystem
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Let define c(x, y, z, f) as concentration of spatially distributed matter.
The general mathematical representation of dynamics of matter j will be
described by following equation:

ac;
E:F}(cl,cz,...,cn,x,y,z,t)Jr
; (7

d’c, o’c, dc;) o 0 0
+D L —L—L | ——Ve))——F c)-— Ve,
[axz P OZZJ o V)5, Ve =5 e

where Vy, Vy, V, - are the components of velocity vector.

oc,
System —=F.(c, ¢,,....,c,,t) withj =1, 2, ..., n is a point model
y 52‘ FASS! 2 n J p

with distributed parameters; function Fj(cl, Cyy ey Cy X, YV, Z,1) may be
linear or non-linear with variable coefficients, depending of time ¢.
General model of fluxes and transport of pollution in ecosystem

Let analyze volume element of studied environment Ax, Ay, Az (fig.
4)

zZ

x+Ax

Fig.4. Transfer of pollutions in water environment

Mass of transported pollution matters through unit square during unit
time interval along (Ox), (Oy) and (Oz) are m,, m, and m. correspondingly.
Therefore, we can write the following equation:

0
m :—D@,myz—D—c,mZ:—D@, (8)
Ox oy 0z
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where m,, m,, m. — flux density, D — diffusion coefficient.
If our environment is changing with velocity V(Vy, V), V.), we can write:

mx:ch—D@, m, =cV —D%, m_=cV, D@ 9)
ox 7 T oy oz’

where Vy, Vy, V, are the components of velocity vector.
In the unit volume AW =AxAyAz during time interval Az will be
deposited mass:

om
AM == Aar— < A ae—" A (10)
ox oy 0z
The distribution of matters in static environment will be described as:
2 2 2
& _p[Ze,fe,oc) (11)
ot ox~ oy° 0Oz

And in the varied environment as the following:
dc _D(azc dc ¢

== §+§+5J——( )——(Vc)——(Vc) (12)

0 : . e .
If we equate 6—0 =0, we obtain stationary distribution of matters in
4

static:
o’c d*¢ o
PACIEP Iy
ox~ oy oz

And for varied environment:

-0. (13)

0’c 0’c¢ 0o'c 0 0
D(§+§+gj——( )—5(1@0)—5(1/26)—0. (14)

If in the environment presents source of matters G, or chemical or
biological transformations F(c,x,y,z,t), these equations will be presented

as follow:

oc o’c 620 o’c

E—F(cxy,z t)+D(a S 2+_622J’ (15)
% _ F(e,x, y,2,8)+ DA~V Sy %6y & (16)
ot fox Yoy oz

Model of water and hydro-chemical balance of water ecosystems
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In the varied water environment many ways of matter transportation are
exist [19]. Let define as D,, D, i D, the components of turbulent diffusion
coefficient. In this case the corresponding components of pollutant flow
with concentration c(x, y, z, f) will be defined as:

dc dc dc
Vi-D,—,V,c-D,—1aV,c-D —. (17)
dx dy dz
Equation for transport of non-conservative matters (pollutants) in the
water flow:
ac:a(Dxac—ch)+a DV%—V,C +6(Dzac—V:c)—oc*c+f(x,y,z,t)= (18)
or ox ox o\ Yoy Oz 0z
where a* — coefficient of sedimentation velocity, f(x, v, z, ) — internal
sources and run-off function.

Boundary conditions may be defined as:

C(x, Y, 2, t()) = c(x, Y, Z)> (19)
oc oc

cx,y,z,t) .. =c;\y,z,t)—|._. =0, —=0, 20

(xy.zt) o, = (v )=l =0 = (20)

where x=x; — usually upper site of water body, x=x, — lower site, n —
external normal to surface.

In case of presence of influx of pollutants with precipitation:
86}
Ve-D,— =c,q, (21)
‘: 6Z z=0 e
where ¢, - precipitation to unit square of water body, ¢, -
concentration of pollutant in precipitation.

In case of presence of pollutants in bottom sediments, in particular with
ground water filtration:

clx,yhyst)=c, ; {VZC—DZ %} =cpv, (22)

z=h,

where ¢, — pollutant concentration in ground waters; v, — vertical

/ 1
component of velocity vector of ground water filtration; (hb) — depth of
water body.

To solve this problem let’s divide our environment to 7 cells. For every
celli=1,2, 3, ..., nof studied environment lets define: ¢', ¢’ — flux of
water from cell (i) to cell (i+1), and resulted concentration of matter j in cell
iy g, — flux of water from cell (i-/) to cell (i), and resulted

i-1
9
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concentration of matter j in cell (i-1); g, , ¢/ — flux of water from tributary
(k) to cell (i), and resulted concentration of matter j in cell (i),
(k=1,2,3,....n;4); q;, c! — infiltrations of ground waters with pollutant (j),

and concentrations of matter (j); q;r, — precipitation to cell (i) with

pr

pollutant (j), and concentration of (j); ¢., — water demand; ¢, -
evaporation from cell (i-1); m; (c¢”, cl) — mass of matter (j) in cell (i)
transported from bottom sediments, and its concentration cbs; a’, N —
coefficients of sedimentation, chemical and biological decomposition;
W'(t), W, — volume of cell (i) at the moment ¢ and initial time ¢ = t; F’(
¢, ¢, t)— function of mass exchange of matter (y) in cell (i) with hydro-
biota; ¢ — time.

Mass of matter (pollutant) (j) we can estimate using differential
equation:

dMU _ x 1 z 1,/ i ij i i ij ii g ; ; i
dr +quck +4iC +qprc +my(c”,c0,0) = (g +qyq)c S, (23)
—(0{” +/1j)Wicij —Fij(Cij,ClZ),t),
Mass of matter (j) also can be expressed through water volume and
concentration:

M0y =T (W (1) = c"’(z)(WJ +(q” g+ +d—q —dls —q;'vJ j ’ (24)
k=1
So we can calculate:
dcl:/ 1 i-1 i1, ’H i i i ij i i i dWl ij
7 :W,-[‘] 'c 'ij;%ij*‘lfcf]Jrqprc +my (¢ e, 1)~ [f] +qderd[Jclj_- (25)

—(@” + ) - (el ),

Also the equation of water balance of cell (7) should be added:

aw’ i PO i i i i
T G D0 = G~ (26)
t k=1
If ¢, 4, g, 4 49'» gy ., are continuous, we can integrate:
W’=VV3+(61[1+QE+Zq,’;+q{;r—qi—q;d—q;}~ (27)
k=1
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And if ¢, ¢, ¢, c,, are also continuous and differentiated, and m/,

iy~ . i " o e W \gh—dhu
=f"=a"=1"=0, we can integrate: ¢’(t)=c" +(cj —c"")| —>— ,
W)
nl
i i—-1 i i i i i i* :
where ¢, =¢"' +> 4, +4; +q,, and g, =¢' +q,+q., ¢’ - is the

k=1
equilibrium concentrations:

1

nj
i-1 i-1,j ij i i i
q ¢ + chf + Zchk + qprcpr + mbs
g* _ k=1
¢ = : (28)
i1 i i i i
g7 i+ g +q, —ql,

k=1

If water level in studied body is changing not significantly, we can
propose:

To

y g 1 Ul
Ity =c; +(cl —c; )exp(—ﬁt]. (29)

Where:

n;
i-1_i-l,j i ij i i i if
q ¢ + q:Ct + Z q:Cx + qprcpr + My
* k=1

Cﬁ:

_ , (30)
(1+ﬂ"ffé)(q"‘1 +qi+ D g+ g —qév]
k=1
r= - B =a 4, (1)
g7 +ai+ D g, +q., —q.,
k=1

@l £0, 20 %0, and (e clh1)=0.32)

This model has high efficiency in analysis of hydro-chemical and water
balance of water bodies [20].
Air pollution dispersion models

Risk assessment and security management tasks require to analyze a
transport of pollutants in the atmosphere. There are many ways to analyze
distribution of atmosphere pollutions. Key mathematical models of
atmospheric air contamination and pollution dispersion are described in
[21].

Distribution of pollutants in the atmosphere can be analyzed with
models of particles dispersion and models of air contamination [22].
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There are few basic dispersion models:

» Eulerian dispersion model (numerical solution of atmospheric
diffusion equation);

= Gaussian dispersion model (concentration of pollutant describing as
a Gaussian distribution);

» Lagrangian dispersion model (analysis of processes in dynamic air
environment or imitation of dispersion with conditional particles).

The models of air contamination may be divided to semi-empirical
(based on empiric parameterization), stochastic, and imitational (voxel)
models. To forecast a pollutant distribution the equation of molecular and
convective diffusion can be applied. This equation describes matter
transport in different environments with certain boundaries constrains.

In the simplest case the one-dimensional empiric model may be applied:
W) = _dx ,
d(t—t,)

where v is the velocity of pollution, # — time from initial moment #; x —
is a coordinate.

(33)

More accurate calculations can be executed using three-dimensional
parabolic equation (National Research Council, 1992):

oC(x,y,z",t)
0

o(T,t) = +v(x,y,z",0)gradC(x,y,z",t) — divDgradC(x, y,z",t) » (34)

where C is concentration, D — coefficient of turbulent transport, ¢ — time
from initial moment #,, O — intensity of contamination source, v is the
velocity of pollution; z~ — vertical coordinate reduced to terrain z, taking
into account effective depth of vegetation, 7'— temperature.
Pollution model: Crop and nitrate contamination

Management of nitrogen contaminations requires a model of
contamination, based on understanding of nitrogen cycle in environment
(fig.5) and, first of all, on the crop yield model, since agriculture is a main
source of diffuse nitrate pollutions [23].

The crop yield, required to estimate the nitrate pollution, can be
calculated according to the following polynomial equation:

2 2
)/s,y =a+b.W;,y+c.WtV,y+d.NS,y+e.Ns,y+f.Ws,yNs (35)

Y

where Y, | is the crop yield located at site source s for a year y (kg/ha),
W, , is the water applied to the crop located at source s (m3 /ha), and N is
the fertilizer applied to the crop located at source s (kg/ha) within the year y.
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The coefficients q,...,f are calibrated (for example by a least-square fitting
technique) with the in-field measurement data.

Fixation N,

On-ground loading }7
Plant uptak
Land surface ,Tpae\

_ Unsaturated

Fig.5. General model of nitrogen cycle.

The amount of leaching and hence the amount of nitrates in groundwater
have been found to be a function of the timing of fertilizer application,
vegetative cover, soil porosity, fertilizer application method, irrigation rate
[24]. Once the nitrogen is applied to the crop it suffers some transformation.
After the plant uptake and the transformation, some of that nitrogen applied
is converted into nitrate that can leach to the aquifer. The amount of

nitrogen leached was introduced into the management model as quadratic
functions as follows:

L,=g+h-W,_+i-W: +j-N_ +k-N +1-W_N,_,, (36)
where L is the nitrogen leached (kg/ha), and the coefficients g, ...,/ are
calibrated (for example by a least-square fitting technique) with the in-field
measurement data. The nitrate leached in (kg/ha) is diluted by the irrigation
water recharge, therefore the nitrate concentration cr, ., entering the aquifer
is:

Crs,x,y = s (37)
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where 7, is the water that recharges the aquifer (m® /ha) at planning
period y, and L, is the nitrogen leached from each crop area s (kg/ha) at

planning period y. The subindex y in the formulation refers to the year
within the planning horizon or the number of successive years in which the
fertilizer is applied. The vector of n elements cr, , correspond to

concentration recharge (the product of the concentrations of the source
waters times the volumetric water fluxes), during the management period y
and the disposal site location s.

And the nitrate concentration p,  at the moment ¢ in site s can be

calculated as:

pt,x,y = aO + alpo + aZ Z(As,tcrs,x,y + lgs) té& s (3 8)

§,X,y
where «,,0,,a, are the regression coefficients, p, is the initial
concentration, A, is the area cultivated for crop located at source s; 4, is a
coefficient of infiltration, and ¢ is an uncertainty factor.

From viewpoint of socio-ecological security control, this algorithm
should be a part of hydro-economic approach, of an optimization model,
which should be developed to define efficient and secure fertilizer allocation
in agriculture. It should be assessed when, where and by how much fertilizer
reductions have to be applied to meet the ambient standards (groundwater
quality) in specific control sites in the aquifer.

In framework of this hydro-economic model the non-point pollution
abatement problem should be stated as the maximization of welfare from
crop production subject to constraints that control the environmental
impacts of the decisions in the study region. Welfare was measured as the
private net revenue, calculated through crop production functions and data
on crops, nitrogen and water prices. The hydro-economic model integrates
the environmental impact of fertilization by simulation of soil nitrogen
dynamics and fate and transport of nitrate in groundwater with the economic
impact (agricultural income losses) of water and fertilization restrictions,
assessed through agronomic functions representing crop yields and crop
prices. The decision variables of the problem are the sustainable quantities
of nitrogen per hectare applied in the different crop areas (diffuse pollution
sources) to meet the environmental constraints. The management model for
groundwater pollution control may be formulated as:

A(pY, ,—p,N,,—p W, , —C +85))
G LT Ty
s,y

; (39)
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with constrain:

t
(D ery Pty < q., Vet y, (40)

§,X,) Cs,y

where G is the objective function to be maximized and represents the
present value of the net benefit from agricultural production defined as crop
revenues minus fertilizer and water variable costs, 4, is the area cultivated

for crop located at source s; p, is the crop price (per kg); Y, is the
production yield of crop located at source s at planning year y (kg/ha), that
depends on the nitrogen fertilizer and irrigation water applied; p, is the

nitrogen price (per kg); N 1is the fertilizer applied to crop located at

sV
source s at year y (kg/ha), p, is the price of water, and W,  is the water
applied to crop located at source s at each planning year y (m®); C, is the
aggregation of the remaining per hectare costs for crop located at source s;
S are the subsidies for the crop located at source s; r is the annual discount
rate, p,_ is the nitrate concentration for each crop area s, ¢ is the time
(number of years within the planning horizon y), ¢, is the number of
control sites for each crop area s during the period y; ¢, is a vector of water
quality standard imposed at the control sites; cr,  , is above described three

component vector, which corresponds to the nitrate concentration recharge
reaching groundwater from a crop located at source s.

SATELLITE DATA MODELS

Model of reflectance variation conditioned by pollutant transport in
dynamic environment

From viewpoint of satellite data utilization, the propagation of pollutants
in water and air environment may be modeled through assessment of
variations of intensity distribution on satellite images. Therefore, to analyze
pollutants distribution we can study spatial-temporal distributions of
spectral reflectance using satellite time-series.

Basing on the equation of transfer and non-stationary Navier-Stokes
equation may be constructed approach to iterative minimax assessment of
velocity of variations of optical flux [25]. Using this approach it is possible
to solve a problem of observation/measurements data discreteness, and to
control the uncertainties. Model of signal intensity connected with
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pollutant distribution in changing environment may be proposed basing
on this approach.

Intensity / varying in the velocity field v= (u(x, v, 1), v(x, y, t))T ,
which can be described by Navier-Stokes equations:

Ou~+ud u+vo,u+0o,p=vAu+e,,
ov+ud,v+vo,v+0,p=vAv+e,,

ou+0o,v=0, (x,1)eQy, (41)
v(x,y,6)=0, (x,y)edQ,

v(x, 7,10) = Vo(x, y) +e’(x, ), (x,1)eQ,

where V, — initial velocity field, e, , e, , e” - members to

description of epistemic uncertainty (model).
Distribution of observed values [(xy,y;,t;) of intensity function
I(x,y,t) in the points {(xk,yl)},iv’l‘jlv” of the image site {2 can be

expressed as:

YH = J.Q gy (x, v, )I(x, y, t)dxdydt +n. (42)

k=,N,,I=1,N,,s=1S.

Where gfl is image receiving procedure function, nfl — aleatiroc
uncertainty (observation error).

If according to assumption every element of image corresponds to
velocity field v:=(u(x, y,1),v(x, y,£))", and its intensity is constant
along full trajectory (/(x, y,t) ~ const ), intensity function will comply with
constraints [26]:

% I(x.yt)=01+u(x.y1)0 I +v(x.yt)0,l =e’(x.yt). (43)

Here we assume that exist all partial derivatives of /, and there is
e’ el,(t,,T,L,(£)), which describe an uncertainty.
Minimax assessment of velocity field v is building using the time-

. . . Kl . . .
series of discrete images Y, , basing on assumption that uncertain
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parameters e, e)', e, e” belong to the limited convex set L,(Q;),

Ko : .
and 77¢ 1s an independent scalar random values with zero mean and

. K
covariations R; .

For specified velocity field V' can be constructed assessment of intensity
i*, which determined by this field and constraints. Assessment I’
should correspond to observation data Yskl, with aleatoric errors 77 Sk " and
epistemic uncertainty of V" .

Assessment of gradient VI * calculating using constructed assessment

of intensity function /. Using substitution of V" and VI instead VI *, a
system of linear equations for / and v can be obtained for further construction

of V" — optimal assessment of velocity field v (for which corresponding
I™ has optimal correlation with data Y. Skl ).

Iterative method consists of two stages. First, assessment of velocity
field V' = (ﬁi, \3i)7 should be substituted into the equation of optical flux
constrains:

o1 =—u'(x,y,00.—V'(x,,0)0 1 +e°(x, y,1). (44)

Defining this equation as an equation of state, the minimax assessment
I of the intensity function / and assessment VI * of the image gradient

V1 can be calculated.

Second, taking into account VI * and V', the next equation of state can
be constructed:

0.1 =-u(x,y,0)0 1 — v(x,y,t)ayli +e’(x,y,t)

Ou+1u'0 u+v'ou+o.p=viu+e,,
OV+u'0v+v'ov+0,p=vAv+e], : (45)
ou+0,v=0,(x,y,t)eQy,

v(x,y,t)=0,(x,y) € 0Q

This system of linear parabolic equations may be used for calculation of

.. ~ i+l . e
minimax assessment of V'~ . Also for uncertainty assessment it is important
to obtain a linear assessment of intensity function /.
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Minimax assessment / of the function [ is the solution of the system of
equations:

% =L,(t,v)[+BO'B"p

j(x y,to)zl_o + ByQoBop(x, y, ), NriZO, ] (46)
Lo, V)p+z Z g (R (v - j g ¥ Jdxdydt),
s=1 k,l=1

p(x,y,T)zO, Nrp=0.
Where  L.(t,v):=—u(t,x,y)0,—v(t,x,y)0, + g’A, &>0.

L.(¢,V) is a linear differential operator; I, € L*(Q) is an initial state
(initial image of time-series); By and B — linear limited operators in

L’ (Q), which are the additional constrains to uncertain parameters; €°,
e’ - realizations of independent random processes:
mo(x, p) = Ee"(x,y), mo=L*(Q),
m(x, y,t):=Ee’(x,y,t), me Lz(QT).’
Qo(x, y,x',y") = Ee’(x, y)e"(x', y) e L’ (Qx Q), . 48)

Q(x’ y’ ta x'9 y" t') = Eeo(x9 y» t)eo(x'a J”a t’) € LZ(QT X QT)
Solutions of this system of equations are the following:

=1 ZZ(R”) (¥ =B, (49)

s=1 k,l=1

p=3

s=1 k,

(47)

RO =P, (50)

M=

—
I
—_

where B (k=1,N,, [=1,N,, S=1,_S)isasolutionof:

B+ Z Z [_[ g (REY'TS" dxdydt B
s'=1 k', I'=1 . (51)

M

=1, o Taxdydi +3 3 | (], 8! R dxdyar}y !

s'=1 k',I'=1
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As a result we obtain distribution /, which is a minimax assessment of

intensity function, and minimax assessment of image gradient VI’ can be
calculated on this base.

In the field of security management and control the distribution of
extremums is important. In this class of tasks, the linear minimax

assessment [ of function /, which allows to determine extremes of
distribution of spectral reflectance is an optimal solution of presented
system of equations.

Therefore, transfer of pollutants can be assessed by the sampling of
intensity distribution in separate spectral ranges.

Model of spectral reflectance toward water quality

As an experience of satellite observations shows [15, 27, 28], spectral
reflectance indices can be used for as indicators of ecological state of water
ecosystems. In particular, Normalized Difference Vegetation Index NDVI
can serves as indicator of water quality of inland and offshore marine water
(NDVIy). Distributions of NDVI have good correlations with concentrations
of chlorophyll-a, mineral suspension, with water clarity and other quality
characteristics.

General model of signal formation of water surface can be presented as
superposition of luminances (fig6) [29, 30]:

L(A)= Z(L;@ + LD+ TOLD +TALY +TPLYY, (52)
A

where L, (1) is the luminance on the sensor, L is the signal on water
surface, L}’ is the luminance corresponding to atmospheric Rayleigh
scattering, L' is the luminance corresponding to atmospheric aerosol
scattering, L(GM and L(CM are luminance connected with surface glaring and

foaming, T'" is the spectral directional transmittance, 7\ is the spectral

diffuse transmittance. Luminance L is connected with intensity / through the
projection of source area by the simple relation L =dI/dAcos@ , where 4 is
the square of observed source area, and 6 is the angle between line of
observation and the surface normal.

In framework of this model the NDVI,, index can be presented as:
L/VIII/ — ?;W + Lﬁ — if

NDVI = )
AR sy s R s R

(33)
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where Ly 4 is a luminance of radiance from water surface with the
wavelength A and luminance of molecular and aerosol scattering, A,
corresponds wavelength range [0,84-0,88] mkm, A, - to range [0,63-0,68]
mkm.

Taking into account a molecular scattering:

A A A A A A

_ LAl _LA2 _ LAIZ +L]&I _LAZZ _Lﬁ
A PV A A A2

L+ L,+L,+L}, +L
here L4z — luminance of aerosol scattering, L), - luminance of molecular

scattering, according to: L, (4)= "% (D (DR(as, . 05 ’%%[ , Where

7,(A) 1is optic thickness of molecular scattering layer; 7, is optic thickness

NDVI , (54)

of ozone layer; F,*=F,exp[-7,,(l/cosag +1/cosa,)])] — irradiance on
the water level;, Fy — irradiance on the level of upper atmosphere;
ag,a,, 0, ¢, are the zenith and azimuth angles of Sun and sensor.

S
Solar radiation
L(A)

Luminance of atmosphere

] E, i)
Reflectance from water
surface Lo (A)

Fig.6. Signal model of water surface ( L(A) is a luminance, C - concentration of

water suspensions)

Calculated values of L};*, measured with zenith and azimuth angles of
sensor and Sun in diapason [00; 500], are in interval of Lﬁ; €[0,4;0,48],
L2 e[181,2,15] (Wt/m’mkm-sr), which is less of 10% of average
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atmospheric scattering (Ll"2 €[2,6;25,1]). So, we can assume, that in our
model L,, - 0 and is omissible.

Component of aerosol scattering can be calculated as:
L,,(A) :FO,(/I)-C A “. So, taking into account previous equation and
assuming L,, — 0, we can propose:

NDVI,, = F;):j Cuz (/11):: _E):jz Cyz (/12):: _

B Crp - (B) "+ B -Cpp - (Ay)
1+ NDVI,,
1-NDVI,,

(55)

Therefore: o =-1,56—3,5In

Value of NDJVI,, for clear water varied in interval [-0,41; -0,6]; and

Angstrom exponent varied in [1,8; 3,28]. Variation of a is probably
connected with diversity of particles: higher values of a correspond to
bigger particles [31].

In the inland and marine water there are two types of particles, which can
scatter a light and to form a distribution of intensity and spectral pattern of
reflected radiance. These are mineral and organic suspensions. Interrelation of
energy reflected by two particles with different refractive indices n; i na:

(56)

Mean value for mineral suspension is n;=1,15, and for organic —
n,=1,02. So, scattered energy on mineral particles is in 50-70 times more
than on organic particles.

Backscattering in the water with varied size particles can be described as
[32]: b,(1)=0,5b,, (1) + Bsb,s (1) P + B,b, (1)P,, where indices w, s, ],
correspond clear water, small and large particles; probabilities of scattering

by small and large particles are: B—0,039 and B;=0,00064; P and P, are the
concentrations of mineral and organic particles (g/m’); scattering

coefficients for clear water b, (1) =5,826-10"(400/1)****, small particles
b, (2)=11513(400/2)"", and large particles b, (4)=0,3411(400/2)"*; 4
is the wavelength, nm.

408



Usual way to obtain a relation between particles concentration and
distribution of spectral indices is analysis of empiric data in framework of
described model assumptions (fig 7, 8).
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Fig.7. Luminance of water surface with NDVI for different wavelengths.
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Fig.8. Total concentration of suspensions in water environment toward spectral
index NDVI,, (empirical relation according to satellite data calibrated by ground
data verified by lad measurements)

For calibration of obtained regressive relationships were used data of
ground spectrometric measurements on test-sites with FieldSpec
spectoradiometer [33]. In period 2010-2015 on 6 test-sites have been
collected 263 spectral signatures of water objects, which were used for
calibration of models and satellite data. For verification of regressions were
used lab measurements provided by Institutes of Hydrobiology,
Hydrometeorology and Colloid Chemistry of National Academy of Sciences
of Ukraine [34, 35] on selected test-sites in 2009-2014.
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Distributions L and L% can be analyzed as a minimum of function
L (4), and so determined as Lﬁ' ~4)5, Lif ~16,3 (Wt/mzmkm-sr). Basing on
empirical relations L, = f(NDVI) and NDVI =-0,605P, + P)***°, we can
propose:

P, +0,01P, =11,43(P, + P) > —21,46(P, + P,)*** +10,06. (57)

Corresponding regressions for studied water bodies can be presented as
follow:

L =113,4(NDVI)* +133,5NDVI + 43,67,

(58)
R*=0,91
L> =96,85(NDVI)* +1099NDVI +47,5; (59)
R*=0,86

Measurements demonstrate that empirical relation of chlorophyll-a for
concentrations lass 3 mg/l may be presented as relation of particles in form:

P.=0,059P"".

Satellite observations, calibrated on data of in-field spectrometry, verified
by lab measurements, allow determine an empirical relation for sum suspension
concentration:

Cs =0,21-|NDVI,, [ . (60)

Composition of suspensions is highly variable and depends of season
and human impact. In the majority of studied cases about 80% of
suspensions were composed from organic matters (plankton, detritus, other
organic matters), and less than 20% is mineral matters. Large organic
particles are statistically dominated both in freshwaters and marine
environment.

So, we obtain a possibility to determine distributions of concentrations
of separate components of suspensions by spectral reflectance. This is the
methodical basement for assessment of ecological state of water
environment and water quality by satellite derived spectral indices.

RISK MODEL

This section directed to development of formal model of integration of
heterogeneous datasets for assessment of water quality in terms of risks, i.e.
as a probability of water quality degradation with presence of pollutants.

According to regulatory documents, water quality estimating by classes
(from I to IV) and categories (from I to VII) (fig9). For each class and
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category water quality determined by non-identical sets of indices (see
Figl10), which grouped to three clusters: salt composition (3 parameters),
ecological and sanitarian criteria (20 parameters), and specific toxic
contamination (up to 15 parameters). These indices interconnected and
linked with quality classes more methodically, than genetically [36].

Class of water
quality

n v

v

Water quality
categories

1

2

3 4

5 6

7

Name of classes and
categories by state
of water bodies
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Good
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Very bad

Excellent

Very good

Good Satistactory

Mean

Very bad

Name of classes and
categories by purity |

Very clear

Clear
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Polluted

Very Polluted

Very clear Clear
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Moderate polluted
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Trophic types
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a- meso- Saprobic ‘ o"- meso- Saprobic

Poly- Saprobic

Fig.9. Water quality classes and categories: freshwater ecological classification
scheme.

In real situations in large territories on long time intervals we can control
(measure, observe or calculate) only limited number of parameters, which
non-directly connected with mentioned indices. For example, satellite
derived water spectral indices may correspond to water quality.

It means that in the most common case, with limited sets of indirect
data, the problem of complete and accurate assessment of water quality is
methodically very difficult. However, we can estimate the probability of
changes of the water quality class (or category) according to the changes of
observed indicators that correlate with the quality indices [37].

Therefore, the problem is to create a formal algorithm to obtain
dimensionless interval estimates using the sets of ranging criteria. [38].

Assessment of risk connected with water pollution, using a limited set of
data with specified criteria and classification schemes, can be formulated as
a complex fuzzy problem. The appropriate approach in the simplest case can
be built basing on the fuzzy sets theory [39].

Risk assessment algorithm may be divided to few stages, and it can be
presented in relatively simple form.

Set of indices for risk assessment will be defined as:
M = (x,%,,....,x,) = {x,.},i =12,..,n, (61)

where n is number of selected assessed parameters, x, - parameter from

set of i parameters of risk/pollutions (in main part of real cases this is
limited number of known pollutants, for example, measurable or observable
parameters: clarity, suspension concentrations, phytoplankton biomass,
trophicity, surfactants, i.e. n=0).
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Fig.10. Water quality criteria and indicators

Following the water quality criteria introduced in European Water
Directive and national regulation, set of risk assessment criteria D should
correspond to number of introduced classes (or categories):

D =(dyd,..d,)={d.},j =1.2,...m, (62)
where m is the number of water quality classes or categories d ;, which

correspond to assessed pollutions i, usually m =5 (number of classes).

Let divide water contamination risks into finite number of intervals:
small risk, acceptable risk, unacceptable risk, high risk and catastrophic risk.

The membership matrix Z will connect indices of risk M and water
quality criteria D as:

ZII.--W---ZIm
Z=|4---C---T |, (63)
7z . E..7

nl nm
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where z,; is risk assessment degree of separate parameter i on the
water quality criteria ;" .

To determine the weight of indexes V; the coefficient of variation may
be used [40]:

(64)

1 n
s
nig

where 0<V, <I.

In this case, the risk evaluation matrix F may be presented as:
F=VeZ=(f...[,~...[). (65)

And the risk assessment quantitative indices R/ can be calculated
according to relatively simple algorithm [41]:

D fixj
_ A

>

Therefore the relatively simple algorithm for calculating of interval
assessments of water contamination risk in accordance with water quality
criteria and using sets of observed and measured data may be constructed.
Proposed method requires further calibration on wide range of basins using
ground spectrometry.

RI (66)

Using proposed algorithm a distribution of water quality degradation
risk in terms of most probable classes of quality resulted by the impact of
uncertain pollutions may be calculated (figl1).

There are two questions, which are important from viewpoint of water
quality impact to socio-ecological security: inter-annual and intra-annual
dynamics of risk parameters. Because no average values determine the
impacts, but variations and diversity.

Basing on point spatially distributed data, proposed approach allows to
calculate the risk parameters with temporal resolution close to temporal
resolution of observations. At the same time, taking into account a
possibility of land-cover classification, risk parameters may be calculated
for different types of water bodies during the selected period (figl2).

On the criteria of a multidimensional distribution-free multivariate
Kolmogorov—Smirnov test [42], calculated distributions of risk parameters
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are corresponds to distributions of point measurements on network of
hydrological and hydro-chemical sites [36, 43] with level a better 5%.

Risk of Water Quality Degradation
01 02 03 04 05 06 07

2.93.0 3.0-3.2 3.3-3.5 3.6-3.8 3.944.1 4.24.3 4.4-49
Most Probable Water Quality Class

0.75 -
060 _

045/ ¢

030

water quality degradation risk

’ ----- 1 water bodies under technogenic impact
LT e 2 big water bodies
T 3 water bodies under mixed impact

e 4 small ponds and rivers

-——--- 5 water bodies in protected areas

0,00 — 71 r T T T T T T T T T T T r T T T T T T

1 2 3 4 5 6 7 8 9 0 11 12

month of year

Fig.12. Annual dynamics of water contamination risk

The comparing test was provided according to [44]. If parameter
p(x) <a (where a is the level of statistical significance) we will assume
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that these distributions ( F(x),F,(x),..., F,,(x)) are the same relative to the
average regional distribution, presented by the reference sample F(x).
F,(x) is the empirical distribution functions of measured parameter £ on

sample X =(X,,...,X,). Target parameter can be found as:
p(x)=sup| F,(x)— F(x)|, and calculated as p(x) = EZe‘(ZH)Z”Z 165
x X k=l
Connected with water quality degradation the socio-ecological risks may
be assessed separately. Let define a probability of water quality degradation
in point (x,) as P*¢ . This probability may be calculated in every point of
surface using set of calculated values using a Bayes rule:

Py [1P(Q., 1 0w)
[ Pi@,,1Q)dP(x,y)
. (67)

_ P(x.9) Py(Q,, | Q)

P(Q, , | Oy )P (x,0) + Py(Q, | Q) B (x.7)

Where Q. is the distribution of detected water pollution reduced on
observation period, Qg 1s the sites with degraded quality of water, verified
by ground and lab measurements, O is the sites with no water quality
degradation.

])x(fj/g (Qx,y | Qdeg) =

Distribution of €., calculating using the data A(x,y) regularization
procedure:

Q. =>w, (h,, (X, V), (x, ) (68)
m=l1

where  w,_, (Em) is weighting coefficient, calculated according:

. X =~ h ) ) )
mln{z wa,y (h,)( —}7—’")2}, where m is the observation points number;
m=1 f, eF m

n is the observation series number; 4, is the distribution of measurements; £
general set of measurements; lNlm is the mean distribution of measured
parameters.

Probability P (x,y) is calculating semi-empirically. Relation between

P;(x,y) and P,(x,y) determining as lim(P(x,y), + F(x,y),)=1 (on
xX,V,T
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the long observation periods P, S (x, Y )=1-F 0 (x, y) ). Probability
Py (x,y) may be defined using Gauss weighing function:

2 o_2
+(Pmax_Pmin)'edS/2 p’ (69)

where P (x,y) is the probability of pollution during the observation

Py(x,y)=P,

min

period calculated by proposed approach; P, is the maximal possible
probability of pollution calculated by core models and regional statistics
(Bernardo and Smith, 2001) (P, for used sensors might be assessed on the
level 0,75-0,78); P, is the minimal probability of pollution calculated
using regional statistics (P, might be defined about 0,02-0,04); d,(x,y) is
the distance from pollution source to assessed point; ¢, is the empirical
parameter, depending of sensor and local features (o, may be assessed on
the level about 0,6 km).

To estimate impact to socio-ecological security, according to [45], a
robustness coefficient f may be proposed, through probability density
function, as a Gaussian measure of possible damage:

0 _ fjsub
o, (PY)

where £ is the population structural coefficient, empirically describing a
vulnerability of different population groups toward the water quality
changes. Average values of the coefficient f for study region lie in the
interval [0,5; 3,5], which is correspond to pollutions of mean intensity
(average water pollution risk parameters 0,35 - 0,45). This parameter has a
sense of integrated influence of water quality change on population and may
be used as impact factor to the population distribution and structure. With
the increasing of the calculated risk level, the value of robustness coefficient
B is decreasing.

B=—0"(P)-k=( )-k, (70)

It is a method of determination of regional water quality degradation
risks and socio-ecological impact using the data of satellite observations and
ground calibration. This method allows obtain regularized spatial-temporal
distributions of risks parameters with smoothed reliability.

Such kind of spatial and temporal distributions of risk parameters is
more adequate base for decision making in field of socio-ecological security
than a set of point measurement.
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CONCLUSIONS

Idea of this research is establish a hypothesis of applicability and utility
of soft computing in security management: if there is an a priori information
about initial state of the system, and researcher is able to model key
processes in this system, which forming the key interlinked parameters of
socio-ecological security, it is possible to select and control a limited set of
indicators, and basing of which to calculate a most probable evolution of
system. So it is possible to reduce a number of controlled variables, obtain a
possibility to harness a multi-source data, simplify a problem of uncertainty
control, and receive spatially and temporally distributed assessments with a
scale close to the observation resolution.

In situation of limited access to data the soft computing techniques
becomes especially useful: not so many parameters are directly measurable
with required spatial, temporal, spectral and radiometric resolutions, at the
same time many parameters are observable, and almost everything we can
simulate. So, soft computing techniques are especially important in the field
of socio-ecological security.

Complex security management requires an integrated approach to socio-
ecological risk assessment, including modeling of water, land and air
environment. Whole set of existing data, methods and instruments should be
used for solution of this complicated task. Proposed methodology aimed to
expanding the set of accessible for analysis data among the volume of
available data.

It was demonstrated, that basing on point spatially distributed
measurement data, proposed approach allows to calculate the risk
parameters with temporal resolution close to temporal resolution of
observations. Besides, using existing land-cover classification, risk
parameters may be calculated for different types of water bodies during the
selected intra-annual and interannual periods. This model of spatial and
temporal distributions of risk parameters is more useful and adequate base
for decision making in field of socio-ecological security than a
heterogeneous set of point measurement. Therefore, proposed approach is a
useful applied instrument.

The proposed approach and the results obtained can be applied in
aerospace industry for development of sensors and systems for Earth’s
aerospace monitoring, as well as for the development of automatic design
systems of integrated control systems in civil engineering.

At the same time the main problem, which should be decided at the next
stage of the study, is the analysis of uncertainties, connected with land-cover
classification, as well as the development of problem-oriented land-cover
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classification approach, adapted for the algorithm proposed. Besides, further
research should be directed to analysis of water quality on local scale.
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Chapter 7

MULTI-DISASTER VULNERABILITY ANALYSIS USING
MULTISOURCE DATA

Yu.V. Kostyuchenko, V. Lyalko, M. Yuschenko, D. Movchan, L.
Kopachevsky

Scientific Centre for Aerospace Research of the Earth, Institute of
Geological Sciences, National Academy of Sciences of Ukraine
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INTRODUCTION

Human issues are the main components of modern security concept [1,
2]. Modern understanding of complex security and complex risk
management requires analysis of all natural and social phenomena, the
involvement of all available data, the construction of advanced analytical
tools, and the transformation of our understanding about vulnerability,
perception of risk and security [2]. In some sense the risk management
moves from subject of engineering protection to a subject area of social
construction [3, 4].

Traditionally used deterministic models applied usually for risk analysis
are difficult to apply to the analysis of social issues, and also in an analysis
of multi-scale multi-drivers phenomena. They are difficult to quantify
because the multidimensional distributions of studied parameters generate
high uncertainties, and the system is not ergodic in rigorous sense [5, 6].
Therefore, stochastic models of risk analysis are preferable for quantitative
analysis of social issues such as human behaviour, social vulnerability and
risk perception. The influence of social drivers and factors on disaster
damage should be quantitatively estimated in security and vulnerability
analysis.

Therefore the issues of risk and threat perception should be described in
a framework of risk analysis models, using appropriate tools and approaches
related to the human dimension of vulnerability [7].
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RISK PERCEPTION: BEHAVIORAL BASIS OF DECISION
MAKING UNDER UNCERTAINTIES

To include human dimension into risk analysis we should define risk
through social, cultural and behavioral terms. For risk perception studies lets
determine a culture as a system of values, dominating in particular group of
people at a particular time, and determining a certain social behavior type.
Different cultures produce different types of communicative tools, social
life, and group division, according to the theory of Douglas [8]. Motivation
of every group of people in framework of these cultures is varied, and based
on a set of values. According to the Schwartz’s theory the motivation goals
expressed by values [9]: Interaction of these values determines intension of
development, behavior, and perception of threats.

We also will recognize, stable sets of communication tools, inherent to
particular group of people at a particular time as key social factors, which
influence risk perception. Thus, socio-cultural factors — are the parameters
describing the stable type of human relationships, implemented in the form
of a specific set of communication tools.

Influence of socio-cultural factors in the perception of risk could be
described by a generalized model of risk premium increase as a readiness
"to pay for the risk". In this case, an increased willingness to pay for risk,
increasing insurance premiums will be expressed in the maximization of the
insurance premium by avoiding uncertainty, maximizing returning values,
and minimization of damage.

Such formalized risk perception in most general case might be presented
as [10]:

FL(X,) = [V (X),R(X)) ()

Where F,(X;) - is the “function of willingness to pay for risk” —
expected return of interest, risk premium, which can be interpreted as the
risk perception rate; V' (X) - return of risky values X=(x;, xs,... Xi...,Xn), i -
assets; R(X) - risk function, #- time. In the simplest case of market behavior

the presented equation might be presented in form:
T

F;(Xi)ocz [Vz(Xi)_biRz(Xi)]a (2)

it=0
where b — is coefficient of sensitivity known as “expected asset returns to

the excess market returns”.
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So the role of socio-cultural and cognitive heuristic filters are to
maximize expected return of interest (find Argmax{V,(X,)}), avoid
it

uncertainty, maximize (find A4rgmax{V,(X,)}), and minimize losses (find
Argmin{X/}).

This task was formally proposed and solved for separated cases by [11]
as “increasing returns” model.

Surveys and calculations show that for majority of communities some
important hypotheses are true, such as: i) social equity and, in particular,
equitable distribution of income increases stability of society [12]; i1)
individualistic groups are more stable and have higher risk premiums
because of overconfidence and self-attribution biases [13]; iii) higher
masculinity leads to increase of vulnerability [14]; iv) uncertainty avoidance
usually, but not always lead to sustainability increasing, because seeks for
safe investment [15].

Both component of right side of equation (2) has a significant
behaviorist load. “Market” component V' (X) is more dependent on culture,

social behavior and communications, “Risk” component — on cognitive
heuristics and personal behavior during a disaster. Structure of influences to
our decision making is complex and complicated, and might be presented as
distribution of personal and collective biases (Fig. 1).

_~TCultural blas: values, boundarles &
f prescriptions B

" Social bias: communications

\ Lo Coghnitive bias:
\ physiological & safety
N needs

Risk
perception

Fig. 1. Component of risk perception
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In this study we focused on formalization of cognitive heuristic
component (“Risk” component on Fig. 1 and Eq. 2) of risk perception,
considering socio-cultural component (“Market” component on Fig. 1 and
Eq. 2) as the perception filter [16] — complex of stable communicative tools,
which are attributes of certain social group [2, 8].

In a situation where the data of sociological surveys of values in
Ukrainian society is substantially scattered, and only selectively processed
in the framework of techniques, oriented to risk assessment, we will focus
on the separate components of the perception of threats.

The construction of proposed approaches to assessment of risk
perception is based on the cognitive heuristics theory [21, 22].

METHODOLOGY: MULTI-SOURCE DATA ANALYSIS TOOL FOR
RISK AND VULNERABILITY ASSESSMENT

Problem of correct statistics is the usual problem of risk and
vulnerability analysis. In framework of most common and most
comprehensive case the risk can be presented as the superposition of
interrelated distribution function ( f'(x, y)) and damage function ( p(x, y)):

R f(x,3)p(x,y) [l 3)

Distribution function f (x,y) describes an impact of expanded disaster;
damage function p(x,y) describes distribution of damaged assets:
infrastructure, people, natural features, etc. To analyse a role of social
factors in risk measure variation a huge number of disasters were studied.

For the risk analysis 894 natural disasters in Ukraine in the interval 1960
— 2012 were selected and analysed. General trends have been detected; the
period 1991 — 2010 was selected for detailed analysis, as it is the time
interval with the most reliable statistics [17] validated by satellite
observations [18]. Socio-economical data has been analysed on the sample
of 42 disasters, including 11 most affecting events. List of major disasters
includes 6 floods, 3 storms, 1 cold wave, and 1 epidemic. Total losses of
major disasters is about 1,67 billions of Euro, 2.721.918 persons were
affected, and 1.173 people were killed (Table 1). Analysis of most affecting
events (Table 2) was aimed to evaluate the influence of risk perception on
the damage function.

Analysis and mapping of spatial and temporal distributions of
heterogeneous disasters and its parameters is very complicated problem, as
well as the direct comparison of distributions is not correct way to analyze
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multi-source catastrophe drivers. First, the different types of disasters has
different long-term trend. Second, drivers of different disasters have
different spatial and temporal scales and variability.

Table. 1. Major disasters in Ukraine in 1991 — 2010

Bkt e Disaster N of N of N of Estimated
events killed affected losses (USD, 2001)
Epidemics Infectious diseases 3 275 6771 n/a
Average per event 91,7 2257 n/a
Temperature Cold waves 1 - 21 850.000
extremes
Hot waves 2 -- 34 1.860.000
Average per event - 18,3 903.333,3
Winter temperature 1 201 59.600 78750
extremes
Summer
temperature 3 11 416 120.500.000
extremes
Average per event 203 15.004 30.144.687,5
Floods River flood 12 76 2.589.895 1.296.114.000
Average per event 6,3 | 215.824,58 108.009.500
Storms Indeterminate type 5 10 64.184 120.000.000
Average per event 2 12836,4 24.000.000
Extra-tropical ) B B 190.000.000
cyclone
Average per event - - 95.000.000
Tropical cyclone 2 11 1.000 35.600.000
Average per event 55 500 17.800.000
All types 9 21 65.184 345.600.000
Average per event 2,3 72427 38.400.000
All disasters 31 1.173 2.721.918 1.675.002.750
Average per event 37,52 87.803,8 54.032.346,78

Problem of construction of correct techniques of complex regional risk
assessment requires to estimate all drivers and parameters of all disasters in
the area studied. It requires the determination of measure of statistical
distributions of observations, which would be invariant toward data
properties.

Problem of data analysis in the context of disaster—induced socio-
ecological risks, is often connected with the lack of reliable long-term series
of observations of catastrophic events, reliable socio-economic and
ecological data. According to the general estimations [19] based on satellite
observations and statistical assessment, the official data reliability in
separate fields is about 65-88% (on the sub-regional and local scale 88 —
92%). These levels, and especially the variations of reliability, are not
sufficient for correct integrated security assessment. So, correct and regular
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statistics is important for a construction of adequate risk function and also
for risk management strategies development [19].

To estimate a regional risk measure we need an approach to understand
the complex systemic interrelations between distributions of social
parameters and disasters frequency and intensity. Therefore development of
alternative ways of analysis of multivariate distributions is the core element
of regional disaster risk analysis and management [19].

The method proposed is based on non-linear kernel-based principal
component algorithm (KPCA) modified according to specificity of data:
socio-economic, disaster statistics, climatic, ecological, infrastructure
distribution [19]. Using this method the set of long-term regional statistics
of disasters distributions and variations of economic activity has been
analyzed.

Table 2. Most affecting events in Ukraine in 1990 — 2010 — major disasters
included in the analysis

Disaster Date N of killed N of affected
Cold wave January 2006 801 59.600
Epidemics January 1995 204 1.380
Flood June 1995 2 1.700.000
Flood July 2008 38 224.725
Flood November 1998 18 24.570
Flood June 1997 11 12.870
Flood March 2001 9 342.000
Flood December 1993 5 25.000
Flood July 1993 4 300.000
Hurricane July 2000 4 39.010
Hurricane November 2000 4 7.552

Using KPCA algorithm it is possible to obtain regularized spatial-
temporal distribution of investigated parameters over whole observation
period with rectified reliability and controlled uncertainty [19, 20], such it
presented on the Figures 2, 3.

Quantitative analysis of observations [6] demonstrates that number of all
types of disasters is increasing. Besides, the distribution presented is
demonstrates essential increasing of the losses, which is connected with
registered increasing of frequency and intensity of disasters, as well as with
increasing of the damaged infrastructure cost.

The distribution presented demonstrates that relative natural disasters
damage during 1990 is slightly increasing, which is probably connected
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with impact of climate change. Common trend in world and Europe
demonstrates decreasing of /oD, which connected with economic grows
(increasing of economic sustainability toward catastrophic events) and
successful implementation of risk management strategies. At the same time
on the territory of Ukraine since 1980’s and especially since 1990’s loD is
increasing dramatically. It connected with economical degradation and
absence of adequate systemic strategies of risk management.
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The distributions presented is more evidently reflect the fact that
sustainable economic growth and implementation of adequate risk
assessment and management strategies allow decrease vulnerability of
society toward natural catastrophes even with increasing of its frequency,
intensity and direct losses. Presented disaster distributions for Ukraine
demonstrate the necessity of implementation of systemic strategies of risk
assessment and management, including huge socio-cultural component.

RISK PERCEPTION FUNCTION AS THE WAY TO ANALYZE THE
FACTORS AND DRIVERS OF RISK AND LOSSES DISTRIBUTION
Basing on the prospect theory and decision making under uncertainty on
cognitive bias and handling of risk [21], we propose to modify a damage
function as: p(x,y | a(t)). Modified damage function includes an awareness

function «(#), which is the superposition of risk perception function (r,)
and function of education and log-term experience (c) as: a(t) —>(c+r,)
following to [22].

Education function ¢(¢) describes the trend of education and experience.
Risk perception function r, reflects security concept of human behaviour, is

the basis for prediction of socio-economic and socio-ecological processes.
Also there is an important positive feedback of risk perception function to
distribution function. Risk perception depends essentially on recent events.

The awareness function might be presented in a generalized form as
follows [2]:

a(t) = Z(ci +(rp)i)

O
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So two components of this function could be analysed: drivers, which
form the long-term response; and parameters, which form mid- and short-
term conditions of risk perception (Figure 4).

These are different components, which can be considered separately.

EDUCATION AND AGE STRUCTURE AS THE WIDE-SCALE
SOCIO-CULTURAL DRIVERS OF RISK DISTRIBUTION

Using this form (8) we can represent separate parameter distributions.
For the assessment of losses related to basic education level of affected
people, the regression proposed is [2, 23]:

— (x,y) (x,y) (x,)
(@), =a,+p, (6, y) ) (B + 477+ 3 (1)
it it (5)
Here ay — constant coefficient; py — basic level of physical losses on the
site (x,y); E;, — education level of people group i in time ¢ on the site (x,y);
A;,— age of people group i in time ¢ on the site (x,)).
Using algorithm (5) with available statistics we have no instruments to
measure risk perception function directly. So we need to apply indirect
algorithms to estimate it.
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it

In this form the component » (r,)”’ might be interpreted as an
it

uncertainty coefficient [24]. So if few quite reliable intervals 7 within the
long period ¢ are available for observations of M sites (x,y) from 2
sources/records, we may propose the following uncertainty estimation [2]:

()5 = dp(a) =|p (@) = py(@)™]/

| P (@) = py (@) | -
o, Y (PR PO s )
/ T,m T
( CoVar, )
1(6)(]

This equation can be used [2] as a simple form for estimation of risk
perception function of a group of population i with education level £ and
age range A4 on site (x,)) during time interval 7 within the geographic region
M and an observation period ¢.

Combination of equations (5)-(6) describes the education function
distribution among the studied groups of population during time interval z
within the geographic region M and an observation period ¢ (Figures 5, 6).
The distributions presented are demonstrate that with all types of disaster
impacts less educated people suffer more (injuring, missing and killing).
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0,30 4 |= personal missing
[TTI11 personal death

0,25
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0,10 4

i f‘w

0,00 - % L =111
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primary school

Probability of effect

Education level

Fig. 5. Distribution of the probability of the effect on the individual (death, injured

or missing) depending on education [2]
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SOCIO-ECONOMIC DRIVERS OF RISK AND LOSSES
DISTRIBUTION ON SHORT AND MIDTERM SCALES

Disaster data [17] were analysed using modified kernel-based nonlinear
principal component analysis (KPCA) algorithm. As the result the spatially
and temporally regularized distributions with normalized reliability were
obtained.

Figures 5 and 6 present distributions of probability of a proportion of
people affected by property damage that depend on education, for the most
valuable natural disasters in Ukraine 1991 — 2012 [17, 25]. This corresponds
to the average world trends [25]. Moreover, the distribution reflects the
disparity on property distribution in Ukraine, and an important connection
with social fairness patterns.

Risk component caused by the education (and indirectly by the age) is
closely connected with economic parameters, such as per capita income.
Surveys show that these interrelations are varied and they are significantly
heterogeneous spatially and temporally.

Figures 7 and 8 present the distributions of probability of a proportion of
people affected by property damage depending respectively on personal
income are presented. These distributions look predictable because
correspond to average world trends [25]: in particular, increasing income
leads to increase of protection.
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Peaks of probability of individual damage and property damage with
low income and increasing the probability of affect and destruction of
property with high income, shown in Figure 8, demonstrates interesting
characteristics in Ukrainian society: most poor and most rich people are
most vulnerable toward catastrophes. Poorest are vulnerable because of the
lack of infrastructure and resources accessibility; and richest because of the
neglecting of security regulations. These are the different aspects of social
groups behaviour, and could be described as decision making problem under
uncertainty [26].

In general case the linearised form might be proposed as follows [19,
27]:

In(p,,(x,y)), =a,F, +a2Fii +

tayInl,, +a,(nl,)’ +a;P" +a,(nl, P+ &0 ™

Here a, — regression empirical coefficients; F i — frequency of disasters
on the site (x,y); I;; — per capita income of people group i in time ¢ on the
site (x,y); P, — population in time ¢ on the site (x,y); P’% ;; — urban
population/social density in time ¢ on the site (x,)); and ¢ — uncertainty
coefficient.
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Proposed equation, which describes natural disasters losses, requires
detailed data on used parameter such as distribution of population density,
or income.

STOCHASTIC MODELING OF POPULATION DISTRIBUTION

Usually we have not enough accurate data on population distribution and
dynamics, so population statistics is an object of statistical estimations. We
can evaluate a value P;, — population in time ¢ on the site (x,y) as the
stochastic value.

If site (x,y) is the part of mixed area with urbanized and rural districts,
population in the site investigated could be presented as:

RUR pRUR UR pUR
P (x,y) _ H; 1)1 + H; })z (8)
it - RUR UR °
Zﬂu,y) Zﬂu,y)
X,y X,y

Where P*“® - rural population, P“* - urban population, x"” - rural

probability density coefficient, #”* - urban probability density coefficient
for the certain site.

Rural population: the function of land-use and crop productivity
The rural population will be determined by the rural population

probability density coefficient £*“* , which could be defined as:
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RUR
lui(x,y) = Zun,(x,y)S(x,y) ’ (9)

n,(x,7)
Where u, .,
site (x,3); S,
zoning coefficient include number of parameters [28]:
u, > h,(4,;6)y,(x,), (10)

- agro-ecological zoning coefficient for land-use type » in

- square of land-use type in site (x,y). Agro-ecological

Where s, - land index, calculated for each region taking into account

pollutions and soil degradation, A4, - type of land-use, O- scaling

n

parameter, y, - maximum attainable yield, depends of x, - agro-ecological

condition, which includes parameters of terrain, soil, water: moisture and
precipitation, climate and temperature. Maximum attainable yield may be
assessed as the functional of annual statistical yield maximum:

Vo = y-(=u)- f(k)-S(T,W,R)+A (11)

Where u —crop degradation index; f(k) — function of crop density; S(7,
W, R) — productivity functional depends of distributions of temperature,
water load and radiation; A — uncertainty coefficient [29].

Rural population vulnerability is determined by natural conditions,
quality of lands, effectiveness of land use, intensity of pollutions, crop
productivity variations during the period of crop rotation [30, 31] and
market conjuncture.

Additionally, there is a local parameter, which connects population and
income distribution through variations of consumer prices of agricultural
production. In the framework of general stochastic socio-economic regional
model (Fischer et al, 1996) a production function of “aggregate farmer”
should include output index with available provincial prices p,. for yield

v,., the national prices p., including weighting coefficient w, [32]:

2 PrVe

C

RS (12)
: chyrc

Where w, is a coefficient of infrastructure availability, reflecting the
road quality £, distance /' between the given county and all other cities and
county towns, and density of urban population P** as:

P
w, = Z L )
- exp(0.01- B, -distance, ,.)

(13)
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This type of stochastic approach with necessary constrains and
measurable variables is discussed in [31]. The methods of control of current
productivity y,. as well as its variations are also proposed [30]. Therefore,
as it is following from (12)-(13), a rural population vulnerability will
depend also on distribution of urban population, in particular, on distance to
city centres /, and on national distribution of crops output.

Urban population: the function of infrastructure availability and
socio-economics

Population on urbanized areas is distributed by other low, and it
vulnerability should be described with other relations. General model of
urban population density p, in region n can be presented, according to [33,

34] as:

P, (r) e ”s (14)

n(x,y) n(o)
Where p,, is the population density in the urban centre, 7, - distance of
area n with localization (x,y) to centre of urbanized area, 7, - functional

radius of urbanized area, o - parameter of stage of town development.
To reduce a difference between land-use types and urban landscapes
inside towns and urbanized zones, will use a fracture coefficient, according

to [35, 36]:
Zdim

A = }:(,m

Where d,, - size of land-use type i in district or town m, D, - size of

(15)

urban fracture or town m, included different types of land-use types d,

im > im

- distance from town m to the urban centre.

UR 7,
Hixyy = z IAH In A(xﬂy) exp(— / 1/2
n,(x,y) 7Y ( (x,») )

Where 4, -urbanized area, 4, - square of town, r, - distance to urban

)’ (16)

centre, o - parameter of stage of town development. Parameter of stage of
urban development could be presented in a form:

X l" lim
Croy = D, (2 —1x0) Ay * Al +B), (17)

n(x,y) A(x ) n
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Where 4, is a built-up area of town, 4, - industrial area, /,, -
density of roads, S - coefficient of infrastructure availability (reflecting the
road quality), g, - local employment rate.

So we can conclude that vulnerability of urban population depends of
distribution of urban fractures and quality urban environment: density,
quality and availability of infrastructure, balance between industrial,

residential and recreational zones, effectiveness of urban land use and
landscape management, and social policy, particularly, employment.
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Fig. 9. Estimated distribution of risk perception and the education component of

the awareness function for all studied events [2]

Proposed equation (7) with additional components (8)-(17), which
describes fatalities from natural disasters, corresponds to observed
distributions. This regression is good correlating with results of other studies
[37].

Available disaster statistics was analysed using proposed approach (8) —
(10) and KPCA algorithm. Result demonstrates interconnected influence of
education function and risk perception function to the damage function as
the measure of vulnerability toward disasters (Figure 9-10). So we can
separately analyse impact of education, long-term experience and short-term
information to the losses dynamics as the function of social behaviour.
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Data show that no less than 7-11% of direct losses depend of short-term
behaviour of “information agents”: social activity of experts, scientists,
correct discussions in media etc. Other 8-10% of losses are connected with
level of public and professional education. So, cost of systemic education
and long-term preparedness work is no less than 10-15 % of total
catastrophic losses, and cost of responsible information, social behaviour,
and policy making is 8-20% (in case of major disasters) [2].

CONCLUDING REMARKS

Modern world is based on relationships rather than on causalities, so
communicative, socio-economic, and socio-cultural issues are important to
understand nature of risks and to make correct decisions. Today major part
of risk analysts declared new nature of modern risks [38]. We faced
coherent or systemic risks, realization of which leads to domino effect [39],
unexpected growing of losses and fatalities [40]. This type of risks
originated from complicated nature of heterogeneous environment, close
interconnection of engineering networks, and changing structure of society.
Heterogeneous multi-agent environment generates systemic risks, which
requires analyzing multi-source data with sophisticated tools. Formal basis
for analysis of this type of risks is developed during the last 5-7 years [40].
But issues of social fairness, ethics, and education require further
development. One aspect of analysis of social issues of risk management is
studied in this paper.
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The result of disaster data analysis demonstrates that about half of direct
disaster damage might be induced by social factors: education, experience
and social behaviour. Using data presented is possible to estimate
quantitative parameters of the losses distributions. Equations (5) and (7)
determine a relation between education, age, experience, and losses.
Equation (7) with components (8) — (17) allows estimate vulnerability (in
terms of probable damage) toward financial status in current social density
depends of environment, land-use and infrastructure state. So on wide-scale
range an education determines risk perception and so vulnerability of
communities.

But at the local level there are important heterogeneities. Land-use and
urbanization structure influence vulnerability at the temporal scale smaller
than 3 years (regional crop rotation period) and with spatial size smaller
than 20 km (size of landscape diversity).

Model shows that rural community’s vulnerability determines by water
availability, quality of soils, effectiveness of land use (including climate
change adaptation), intensity of pollutions, crop productivity variations
during the period of crop rotation, annual national distribution of crops
output, and distance to city centres. It should be noted here that “distance to
city centres” is not comprehensive indicator of market accessibility in
general case: quality and availability of transport infrastructure should be
described more detailed on the next stages of analysis.

Urban population vulnerability is determined by distribution of urban
fractures and quality urban environment: density, quality and availability of
infrastructure, balance between industrial, residential and recreational zones,
effectiveness of urban land use and landscape management, and social
policy, particularly, employment.

Basing on the approach proposed, in particular using the equations (5),
(7), (8) and (14), it is possible to calculate distribution of vulnerability in
terms of most probable losses (risk of personal impact and property damage
caused by multi-disaster impact) for different communities, using data of
[17], [41] and [42]. In Fig. 11 such kind of distribution is presented. As we
can see, calculated wvulnerability corresponds to disaster distribution,
population density and socio-economic parameters. Analysis of this data
requires more detailed calculations with better grid, as well as interpretation
with more comprehensive data is necessary.
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Population density is closely connected with social density, with
communications and decision making [43]. Social learning, as the function
of social communications, is the way to increase sustainability.

It is possible to say that social sustainability is a function of intensity and
efficiency of communications between interlinked and interacted networks
in the heterogeneous environment.

Therefore the results of study demonstrated that risk management should
include issues of risk and threats perception, which should be described in a
framework of appropriate tools and approaches connected with human
dimension of vulnerability. For instance, problems of accessibility and
availability of resources in view of social fairness and socio-economic
dynamics should be included into future studies in the field of risk analysis.
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