AHOTALUS

Bbapanuyk K.O. Cucremmu TemionoctayaHHss 3 eHeproegeKTuBHUMH
JABOHANIPABJIEHUMH TeIJIOBUMM NMyHKkTamu. — KBamidikamiiina HaykoBa mpaus Ha
paBax pyKOIMHCY.

Huceptanis Ha 3100yTTS HAayKOBOTO CTymeHsi jgoktopa ¢inocodii 3a
cnemianbHIcTIO 192 «byniBHMLIITBO Ta UMBUIbHA 1HXkeHepis» (19 — Apxitekrypa Ta
OyniBHULTBO). — KHIBChKMI1 HalllOHANBHUI YHIBEPCUTET OYIBHUIITBA 1 ApXITEKTYPH,
Kwuis, 2025 p.

OcHoBHMII 3MicT aucepramiiiHol poGorm. VY nucepTaliiiHii poOOTI
JOCJIIJKYIOTHCSl 1THHOBAIIIMHI PIICHHS JJI EHTPaIi30BaHOTO TEIUIONOCTaYaHHS Ha
OCHOBI1 eHeproe(eKTUBHUX JBOHAIPABICHUX 1HAUBIAYaIbHUX TEIUIOBUX MYHKTIB (2H-
ITII). Berymna uyacThHa MiIKPECTIO€, IO CYYacHI CHCTEMH IIEHTPali30BaHOTO
teronoctadands  (I[T) mnepexomsite a0 Mogmenedt 4-ro 1 5-ro MOKOJIHB 13
HU3BKOTEMIICPATYPHHUMH MEPEKaMH Ta BHCOKHM BMICTOM BiJIHOBIIIFOBAaHUX JIKEPEI
eneprii (BJIE). OcobmuBy akryaneHicTh HaOyBaroTh ITII, siki He nuIIe OTPUMYIOTH
TEIUIO 3 MEpeXi, a i mepeAaroTh HAJIMIIKY TeIla Ha3al y Mepexy. HaykoBa HOBHU3HA
pobotu monsrae 'y ¢GOpMyJIOBaHHI HAyKOBHX 3acaji MOOYIOBH Ta €KCIUTyaTarlii
JIBOHAIIPABJICHUX TEIJIOBUX IYHKTIB, PO3POOIl HOBUX CXEM 1 alTOPUTMIB iX poOOTH.
[IpakTryHa 3HAYyHIICTH TMoJsArae B 00IpyHTyBaHHI edextuBHOCcTi 2H-ITIT s
3HI)KCHHSI TEIJIOBUX BTpaT, iHTerpaiii jokaabHux BJIE Ta migBuIeHHS THYYKOCTI
cuctemu LT. ¥V poboTi okpeciaeHO MEPCHEKTUBHI HANPSMU PO3BUTKY CYYaCHHX
nmudpoBux 1iaThopMm s MoHiTopuHTy U ympaBiinHs 2H-ITII, mo cnpusrtume
MOJAJBIIINA aBTOMATH3AIlli MPOIECiB, aJJaNTUBHOMY KEPYBaHHIO Ta MPOTHO3YBaHHIO
TETUIOBUX HABAHTAXKEHb.

Juceprairist MICTUTh OPUTIHAIbHI HAYKOBO OOTPYHTOBaHI pO3pOOKHU: HOBI CXEMU
TEMJOBUX  MYHKTIB, METOAUKH  MojentoBaHHs W ympaBminas — 2H-ITII,
EKCIIEPUMEHTATBHI JOCTIKEHHS Ta PEKOMEHIaIlii ISl MPAKTUYHOTO BIPOBAHKCHHSI.
i pe3ynbTatt MOXKYTh OyTH BUKOPHUCTAaHI TIPH PO3pOOIli HOPMATUBHUX TOKYMEHTIB
[0 PErjaMeHTYyIOTh (yHKIIOHYBaHHS Ta BrpoBamkeHHss ITII, a Takox nms
MPOEKTYBaHHS Ta ontumizailii peaabHux cucteM LT 3 ypaxyBaHHsSIM OUIbII rITUOOKOT

inTerparii BJIE.
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Y nepmomy po3giai MoJaHO KOMIUJIEKCHMM OIJISIA JIITEpaTypud 3 NHUTaHb
po3ButTKy LT 1 TerioBux myHKTIB. Po3risgaroTeesa T€XHOIOTIT pi3HUX noKoJiHb LT:
BiJl BHUCOKOTEMIEPATYpPHUX CHUCTEM |—3 MOKOJIHb J0 Cy4YaCHUX KOHUENUid 4-ro
(4T11IT) 1 5-ro (SIITX) nokoiHk 3 HU3bKUMH TeMIIEpaTypaMH TETUIOHOCIS.

OxpeMy yBary mpUAUIEHO apXITEKTypaM TEIUIOBUX MYHKTIB PI3HOTO PIiBHSI —
uentpaibuux (LTII), posnoaunsuux (PTII), inquBinyansaux (ITII), 3 ypaxyBaHHsM
iXHIX (YHKIIOHAJTBHUX MOMKJIMBOCTEH, TIAPABIIYHOI CTPYKTYpH Ta TEXHIYHOIO
ocHailleHHda. Buznaueno, mo Ouibmicts Tpaguuiiinux ITII matoTe ogHOCHIpsSIMOBaHY
apXiTEKTYpy, AKa 0OMEXKy€e THYUKICTh B3a€EMOJII 3 MEPEKEI0, 0COOJIMBO Y KOHTEKCTI
BIpoBakeHHs B/IE.

AKIICHTOBaHO yBary Ha IHTerpamii TeIUJIOBUX HAacoCiB, BHKOPHUCTaHHI
HU3bKOMOTEHUIHHOTO Teria 1 u(POBUX CUCTEM yIpaBIIiHHS B HOBUX MOKOJIiHHAX L[ T.
AHani3 niTepaTypHUX JKepes nmokasas, mo nepexig a0 4I1LT nependauae 3HMKEHHS
TEMIIEpaTypyd MEpeX, BBEJICHHSA TEIUIOBUX AaKyMyJATOpiB Ta akKIEHT Ha
eHeproeekTUBHOCTI. 5-T€ TIOKOJIHHA 00 ’€QHYE€  IIEHTpPali30BaHI  CUCTEMH
TEIUIONOCTAYaHHs. 1  XOJIOJOMOCTa4YaHHs Yy THYYKY CHUCTEMY 3  IIHPOKUM
BukopuctanHsam B/IE.

VY 1bOMy KOHTEKCTI OCOOJMBY yBary mpucBsideHo mpobisiemi inTerpamii BJIE.
Hapeneno anamni3z mociipkeHb, 10 OMUCYIOTh BUKOPHUCTAHHS COHSYHUX KOJEKTOPIB,
TEIJIOBMX HACOCIB Ta Jukepen ckuaHoro tema y L T. BeraHoBieHo, 110 71 YCITIIITHOTO
BripoBapkeHHs BJIE HeoOXimHe B3HW)KEHHS TEMIIEPAaTYpHOTO PIBHSI MEpeX Ta
MoiepHi3alis iHppacTpykTypH, 30kpema nomupenss [TII. PosrasHyTo eBponeiichki
TUPEKTUBU 1 HaI[lOHAJIbHE 3aKOHOJABCTBO IMOJM0 CHEProeeKTUBHOCTI, SIKi
CTUMYJIIOIOTh  pO3pOOKYy  HHU3BKOTEMIIEPATYpPHHUX IHTETPOBAaHUX  CHUCTEM
TEIUIONOCTaYaHHs. AHaII3 JTiTepaTypu nokasas, mo icHytodi ITII Haituacrime MarOTh
OJTHOCTIPSIMOBAHY apXiTEKTypy 1 OOMEXeHI MOXKIMBOCTI IHTETpamii JOKaJIbHHUX
JDKepe.

[IpoBeneHuii ormisin BUKPUB KIIOYOBI HAyKOBI IMPOTAJIWHU: HEIOCTATHICTH
nociikens mono 2H-ITIL, siki 37aTHI HE JUIIE CMOXKUBATH TEIUIO, a U OBEPHYTH
HAJIJTUIIKA B MEPEXKY. 3 111€1 TOUKU 30py HAYKOBOKO HOBU3HOIO PO3/ILTY € MiIKPECICHHS

HeoOxinHocTi po3BUTKY 2H-ITII sik 1HpacTpyKTypHOTO KOMIOHEHTa «PO3YMHUX
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eHeprocucteM MaiOyTHbOTO. Y pos3auil akieHtoBano, mo 2H-ITII po3muprooTs
MO>KJIMBOCTI OalaHCYBAaHHS JIOKAJIbHUX TEIUIOBHX MOTOKIB 1 MIABUILYIOTh THYYKICTb
T, ocobnuBo npu nepexoxai ao 4I1IT.

[IpakTryHe 3HAYEHHS I[LOTO AaHaNI3y IMOJSAra€ B CHUCTEMAaTH3aIlll BIIOMHUX
KOHIIeNI[id Ta MeToaiB MojepHizamii [T, mo cTBOproe OCHOBY AJisl MOIANBIIOTO
BIIPOBA/XKCHHSI €HEProe(eKTUBHUX pPIlIEHb. 30KpEMa, BUSABICHO, LI0 MEpexiJ Ha
HU3BKOTEMIIEPATYPHUIN PEXUM Yy MOEAHAHHI 3 CUCTEMaMu UU(POBOTO MOHITOPUHTY
Ha Bcix piBHAX cucteM LT 3Ha4HO po3mIMprOE mEepemnik AOCTYIMHUX JHKEpeN Teruia.
Pesynprat ormsgy MoOXyTh OyTH BUKOPHCTaHI TpPWU OHOBJIICHHI HaBYANBHUX 1
MeTonuyHuX MatepiainiB 3 cucteM LT Ta miaHyBaHH1 MoJIepHI3allil TEIUIOBUX MEPEXK,
3 ypaxyBaHHsM 1oTpeO inTerpanii BJIE.

Jlpyruii po3aiyi mpucBSYEHUN po3poOIl MPUHLHMIIOBOT CXeMH Ta (PI3UKO-
mareMatnuHoMy MmojentoBanHio 2H-ITII. YV Mexax po3ainy 3ampornoHOBaHO HOBY
koHpirypauito 2H-ITII, mo 3a0e3nedye THydke KepyBaHHS MOTOKAMH TEIUIOBOT
enHeprii Mk cuctemoro LT Ta nokanbHUMHU Kepeiamu, 30KpemMa TEIUIOBUMU
HACOCAMH, COHAYHUMHU KOJEKTOpPaMH H KepelaMy CKHIHOTO Tera. YHIKaJIbHOIO
03HAKOK CXEMU € MOMJIMBICTD JIBOHAMPABICHOT UPKYIISIIT TEIUIOHOCIS 3 QYHKIIISIMU
peKynepailii, HaKOMUYEHHS HaJJIMIIIKOBOTO TEIUIA M MOAANbIIOI oro mepenayi Hazan
y TEIJIOMEPEKY.

CucTemMaTH30BaHO THUIIOBI MiAXOAW 10 MOOYIOBM JIBOHAMPABICHUX CXEM 13
BUKOPHUCTAaHHAM Oy(pepHUX €MHOCTEH, 3MINIyBAIBHUX BY3IIB, pPEryJIOBaJIbHUX
KJIamaHiB 1 UUPKYIAIiAHUX HacociB. OkpeMy yBary MNpPUIUICHO aJrOpUTMaM
KEepYyBaHHS NPIOpUTETAMH: HAIIPUKIIAJ, KOJIH TEIJIOBA €HEPTis MOAAETHCS MEPEBaAKHO
3 BIAE, a mxepeno LT BUKOpPHUCTOBYEThCS IHUINE B MIKOBI MOMEHTH abo0 s
OaslaHCyBaHHS CUCTEMHU.

VY npyriit yacTuH1 po3aiTy po3podIIeHO (i3UKO-MaTeMaTHYHY MOJICTb TEIIOBUX
nMoTOKIB y kirouoBux kommoHeHTax 2H-ITII: remmooOMinaNKaxX, OypEepHIX EMHOCTSIX
Ta TIOPaBIIYHUX KOHTypaxX. BCTaHOBIEHO MaTeMaTH4HI 3aJ€KHOCTI MIXK
TEMIIEpaTypHUMH  TIepernajaMH, BHUTpAaTaMH  TEIUIOHOCIS Ta  JMHAMIKOIO
TerioMacooOMiny. BeeseHo eHepreTuuny 0anaHCHY MOJIEb TEIIOBOrO MPOCbIOMEPA,

110 BPAXOBY€E MOTOKHU TEIIOBOI €HEPT'1i 3 LIEHTPaJI30BaHOT MEPEKi, JIOKAITBHUX JIKEPET
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1 o0csr HaUIMIIKIB TETJIOBOI €HEprii, mepeaaHux A0 Mepexi. Monenb 103BoJis€
KUIbKICHO OlIHUTH KoedimieHT Tpanchopmaiii (COP) TemnoBoro Hacoca y ckiaui
CHUCTEMHU Ta MOT0 BIUIMB HA 3arajibHy €HEProeEKTUBHICTD.

Kimto4oBOI0 HAyKOBOIO HOBHU3HOIO IIHOTO PO3JILTY € po3podka HOBOI
npuHiunoBoi cxemu 2H-ITII, dxa mogana y mNaTeHTHIA 3asBIl 3 MOJANBIIOO
NepeIayueto MpaB IHTEIEKTyalbHOI BIIACHOCTI HA BUHAXIJ.

AnanTuBHI aNrOpUTMHU KepyBaHHsA, po3poOieHi Ha ocHoBl Pl-perymstopa,
BPaXxOBYIOTh 3MIHHY JTUHAMIKy TEIUIOBOTO HABAaHTAXXEHHS, TEMIIEPATypPHI KOJTMBAHHS
30BHIIIHBOIO CEpPEJIOBUINA Ta l€papXit0 MPIOPUTETIB JpKepen Terua. Takuil miaxin
JI03BOJISIE THYYKO OallaHCYBaTH MK JIOKaJbHOIO TEHEpaIli€lo Ta HEHTPali30BaHUM
JDKEPEJIOM, ONITUMI3YIOUM EHEPIeTHYHI Ta EKOHOMIYHI IMOKa3HUKH CHCTEMH.

HaykoBa HoBHM3HA po3ity nossirae y hopmanizaiiii KOMIJIEKCHOT MaTeMaTHIHOT
moneni nunamiku 2H-ITTI, sika Briepiie BpaxoBye ABOHANPABICHUM TETIIOOOMIH MIXK
CTIOKMBAYEeM 1 MEpPEeXer0, a TaKOoXK MOBEMIHKY TEIJOBOTO MPOChIOMEpa B yMOBax
pEeaNbHOIO CIOXUBAaHHA Ta 3MiH 30BHINIHIX BIUIMBIB. Po3po6ieHa mMonens 103BOJIsE
BUKOHYBaTH TporHo3yBaHHs edexTtuBHOCTI podoru 2H-ITII, 3mificHIOBaTH OIIIHKY
napaMeTpiB €HEepPreTUYHOro OallaHCy, a TaKOoX 3aCTOCOBYBATU ii JUIsl ONTUMI3AIil
IPOEKTHUX pimeHb. [loOyaoBaHI aNrOPUTMU MOXKYTh CIYT'yBaTH OCHOBOKO JIJIs
ctBopeHHs nudpoux npidiHuKiB 2H-ITII — sk ck1amoBOT YaCTUHU IHTEIEKTyaIbHUX
€HEPTOCUCTEM.

[IpakTryHa IIHHICTE OTPUMAHHUX pPE3YyJbTATIB IOJATAaE Y CTBOPEHHI
THKEHEPHOTO Ta METOJIOJIOTTYHOTO MIATPYHTS ISl MIPOEKTYBAHHS Ta BIPOBAKCHHS
IHHOBAIIMHUX TEIJIOBUX MYHKTIB HOBOTO MTOKOJIIHHS.

Y TpeTbomMy Po3iJii MpeJICcTaBIeHO eKCIIEPUMEHTATBHE TOCTIKEHHS POOOTH
2H-ITII, moOGymoBaHOTO HAa OCHOBI pO3pOOJIEHOT CXEMHU Ta aaTOPUTMIB YIPaBIIHHS.
Metoro eKCIepuMeHTy OyJIo MiATBEPKESHHS MPAre3aTHOCTI CHCTEMHM, Basimarlis
pO3po0JIECHNX MaTeMAaTUYHUX MOJEJEH Ta BUSBIEHHS BIUIMBY 3MIHHUX 30BHILIHIX
YMOB Ha IMHAMIKY TETUIOBUX MOTOKIB 1 peKMUMIB IUPKYJIAIIIT.

VY Mexax po3ainy onrucaHo nodynoBy (pizmyHoro crenay, mo moaeatoe 2H-I1TTI
3 JIOKAJIBHHUM JDKEPEJIOM Teruia (CJICKTPUYHUM KOTJIIOM SIK aHAJIOTOM TETUIOBOTO

Hacoca), O0aKoOM-aKyMyJISITOPOM, pEryJIIOBaJIbHUMHU KJIalaHaMH, HacocaMHM Ta
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BUMIpIOBaIbHUMU Npuiagamu. CucreMa peaizye TpU OCHOBHI PEKUMU: CIIOKUBAHHS
tera 3 LT, komOiHOBaHy Mmogauyy 3 JIOKaJIbHOTO Ta IIEHTPATi30BAHOTO JKEpel, a
TaKOK MMOBEPHEHHS HAJJTUIIIKOBOI EHEPrii B MEPEXKY.

Meronuka JociipkeHb 0Oa3zyBajacsi Ha Oe3NepepBHOMY MOHITOPHHIY
TEMIIEpaTyp, BUTpAT 1 TEIUIOBUX IMOTOKIB Yy KJIIOYOBHX TOYKAX CHUCTEMH, aHai3l
NepexXiTHUX MPOLECIB, 10 BUHUKAJIM MPHU 3MiHI JKEpeS IOCTa4aHHsS, a TaKOoX
TEIUIOBI31MHOMY KOHTPOJI1 TEMIEPATYPHOTr0 MPOPLIIO0 CUCTEMHU.

PesynpTaTH  €KCHEPUMEHTY MIATBEPAMNIH  €(DEKTUBHICTh  peali3oBaHUX
aNTOPUTMIB KepyBaHHs. BUSBICHO, IO MpH JOCATHEHHI KPUTHYHOI TEMIIEpaTypHu B
BEepxHiN 30H1 akymynaropa (6nuspko 48 °C), cucrema aBTOMAaTUYHO MEPEXOAUTH Y
peXUM pekymepalii 3 mepemaueto 1o 2,7 kBT TeruioBoi eHeprii Hazax y mepexy. I1ig
gac 1000BOTO TECTOBOTO IMKIY 3 TMOCTIHHMM HaBaHT)KEHHSAM Ha OIMaJieHHS OyIo
cnoxkuto 13 kBr'ron Teruma, 3 skux 12 kBr'ron Oyno 3reHepoBaHO JIOKaIbHUM
mxepenoM, a 9 kBr-rog noepHyro B cucteMy LIT. BusHaueHO BHECOK JKepen y
KOMOIHOBaHOMY PEXHMI: IIeHTpami3oBaHe Temio — 76,9 %, nokanpHe — 23,1 %,
noBepHeHHs Teruia — 90 % Bix 00CATIB TOKAJIBHOT reHepaliii.

[TomsoBa Bepudikarliss pe3ynabTariB 3ailicHeHa Ha mpukiIagi 06’ekta Danfoss
Smart Store (M. Hopabopr, [laHis), ne BIpoBaKeHO TETUIOBUN IMYHKT 3 (PYHKITIEIO
3BOPOTHOI'O TOCTAYaHHSI HAJJIUIIKOBOTO TEIJia Bil XOMOAWIBHUX ycTaHOBOK COa.
AHaji3 peXuMiB poOOTH MBOTO 00’€KTa MIATBEPJUB PEICBAHTHICTh OTPUMAHHUX
pe3yIbTaTIB Ta YHIBEpPCAIBHICTh MiaXoay 1o mooymosu 2H-1TTI.

HaykoBa HOBHW3HA poO3[ily TOJIATae y MPAKTUYHIA peaizailii NPUHIIUIIIB
JIBOHAIIPABIICHOI B3a€MOJIIT 3 TEIUIOMEPEkKEI0, MIATBEPHKEHHI THYYKOCTI MEePEeXOay
MDX peKMMaMH, a TAKOX Y Bepu(ikaIlii TEII0BUX MOIENICH Ta KEPYIOUHX aIrOPUTMIB
y peasibHOMY 4aci. EkcriepuMenTansHo JOBEACHO, 1m0 cydacHa apxiTektypa [TTI moxe
BUKOHYBAaTH (DYHKI[iII0O TEIJIOBOTO MPOCHIOMEpPa 3 MOXKJIMBICTIO IHTErparii 10
NeKapOOHI30BaHUX MEPEIK.

[TpakTryHe 3HAYECHHS JIOCTIKCHB IOJIATAE Y CTBOPEHHI METOJIHMKH ampoOarrii
2H-ITII, mo moxke OyTH BHUKOpHUCTAaHA MJi TUIOBUX BUNPOOYBaHb 1HHOBALIMHUX

TEIUIOBUX cucTeM miakimodeHux no0 cucteM LT Ta mokampnux BJIE, a Takox y
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MIATOTOBI[l 1HXEHEPHUX PEKOMEHJAIN /ISl TMOAAJBIIOrO BIPOBAIKEHHS MOMAIOHUX
TEXHOJIOT1H y CHCTEMAaX HEHTPaII30BaHOrO TEMIONOCTAYaHHS.

Y yerBepTOMY pPO3aiJii pO3pO0IEHO METONUKY 1HKEHEPHOIO po3paxyHKy 2H-
ITTI, sika 3a0e3neuye NOE€HAHHS AITOPUTMIYHUX, KOHCTPYKTUBHUX 1 TETTIOTEXHIUHUX
acrekTiB (YHKI[IOHYBaHHS CHUCTEMU B ymoBax B3aemonii 3 cucremoro [T 1
JIOKaJTbHUMU JKEepeslaMH Teria. 3alporoOHOBAaHO CTPYKTYPOBaHI CXEMH-aJITOPUTMU
¢ynxuionyBanus 2H-ITII B pexxumax aBTOHOMHO1, KOMOTHOBaHOI Ta peKyepaTUBHO1
poOOTH, 110 A03BOJIAE ONTHUMI3yBaTH MOTOKMA TEIUIOBOiI €Heprii BIAMNOBIAHO MO
TemrneparypHoro rpadika, craHy Oaka-akyMyJsiTopa Ta MOTYKHOCTI JIOKQJIbHOTO
JpKeperna.

Oxkpemy yBary mnpuaiieHO (YHKI[IOHATBHIA cXeMi peaiizallii CUCTEMH, sKa
BKJIFOYAE PETYIIOBANbHI KJIaMaHU, TEIJIOOOMIHHUKH, PEryjibOBaHI HacocH, Oak-
aKyMYJISITOP Ta IHTEJICKTyaIbHUN KOHTpoJiep. BUCBITIEHO MijicCHCTEMH aBTOMATH3AII{
Ta 3B’ 30K KOMITIOHEHTIB Yepe3 TePMOJIaTYNKH, BUTPATOMIPH Ta BUKOHABY1 MPUCTPOT,
110 J03BOJISI€ THYYKO KEPYBAaTH TEIJIOBUMU MTOTOKAMH B peajbHOMY 4aci. Po3pobiieno
paBuja HajgamTyBaHHS Pl-perynsTopiB BiAMOBIAHO 10 3MIHHUX 30BHIIIHIX YMOB.

Ha ocHOBI ekcrniepuMeHTalbHUX BUMIPIOBaHb MPOBEIACHO MaclITaOyBaHHS [0
cucremu 2H-ITII motyxnicTio 85 kBT. BcraHoBieHo, 1m0 Taka cucTeMa JI03BOJISIE
3MEHIIUTU criokuBaHHs Terwia 3 6oky LT wa 74 %, npu usomy no 61 % TemnoBoi
eHeprii, BUpoOJICHOT JIOKATBHUM JKEPEJIOM, MOKe OyTH IMOBEPHYTO B Mepexy. Uuncri
BUTPATH Ha €HEPrOCIIOKWBAHHS 32 MICSIb €KCIUTyaTallii ckianm jumie 12,6 Thc. rpH
npotu 120,7 tuc. rpa B cuctemi 6e3 ITII, a ckopuroBana ce3oHHa €eKOHOMIS CATHYJIA
583,5 Ttuc. rpH. 3a iHBeCTHIIMHUX BUTpaT 2,15 MIIH TpH pO3paxoBaHUN TEpMiH
OKYITHOCTI CTaHOBHTH 3,69 poku, uncta npuseaeHa BapTicte (NPV) — 1,43 muH rpH,
iHaexkc mpubytkoBocTti — 1,66, lle miaTBepKye IHBECTHIIIWHY JOULUIBHICTH
ynpoBamxkeHHs: 2H-ITII y pamkax moaepHizaiiii cuctem 4-ro ta 5-ro nokodinb IT.

VYnepure BukoHaHo o1iHKy BrumBy iHTerpanii 2H-1TII na mapamerpu cuctemu
LT: 3HMmWKEeHAS] Temmeparyp, ACIeHTpali3allisi HaBaHTa)KE€Hb, 3MEHIIICHHS IMKOBOTO
cnokuBaHHs Teruia. ChopMyaL0BaHO MPAKTUYHI PEKOMEHAAIIT /I BIPOBAKESHHS,
30KpemMa — HeOOXIJHICTh aJjanTalii HOpMaTUBHOI JOKYMEHTAII1 JO HOBUX MPUHIUITIB

pOOOTH TEIJIOBUX MYHKTIB.
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HaykoBa HOBH3HA pO3JLTy NOJIATAE B KOMILIEKCHOMY MIAXO/1 A0 PO3PaxXyHKY Ta
npoektyBanHs 2H-ITII, saxuii BpaxoBye He JHILE TEIJIOBI MOTOKH, ane i THYYKICTb
peryintoBaHHs, U(POBY IHTErpaliio Ta noreHiian eHeprooominy 3 I[T. [IpakTuuna
3HAYYII[ICTh — y CTBOPEHHI MPHUAATHOI O peaii3ailii METOIUKH, SKa MOXE OyTH
BUKOPHUCTaHA SIK Y HOBOMY OyIIBHUIITBI, TaK 1 IpH MOJEPHI3allii ICHYIOUUX CUCTEM.

KurouoBi cjioBa: 1eHTpani3oBaHe TEIIONOCTAYaHHsS, €HEpProe(eKTUBHICTD,
TEIUIOBUM MYHKT, TEIJIOBUI HAcoc, po3yMHa €HEpreTMyHa CHCTeMa, BIHOBIIOBaHI
JpKepesia eHeprii, IBOHAINpaBIeHUH TeIIOBUMA MTyHKT, CTAJIMKA PO3BUTOK, MAaTEMaTHUHE

MOACIHOBaHHA TCIIJIOBUX HOTOKiB, CKHMAHC TCILIIO, IMPpOCHMCD.

Cnucok myoJikaniii: 3a pe3yiabpraTaMu JOCTIIKEHB OMyOJIIKOBAaHO 8 HAYKOBUX
npaib, y TOMY 9UCIIi 4 CTAaTTi y HAYKOBUX (PaxOBUX BUIAHHIX Ta 4 TE3 JOIMOBINCH Y
30ipHUKaX MaTepialiB KOHGEPEeHITiH.

HayxkoBi niparii, B sKux ormy01iKoBaHI OCHOBH1 HAYKOBI PE3yJIbTaTH JUCEPTalii:

1. I'mamasnin, I1. M., Bapanuyk, K. O., & [Ipuiimak, O. B. (2021). Hogi nigxoau

710 OpraHi3allii [eHTPaTI30BaHOT0 TEIUIONOCTavYaHHsa. BEeHTHIIAIS, OCBITIICHHS

Ta Temiorasomocradanug, 39, 38-46. htips://doi.org/10.32347/2409-

2606.2021.39.38-46

2. bapanuyk K. O., Jlro6apens O. I1. (2025). EBosroris TEMI0BUX MYHKTIB: Bij
MapOBUX CHCTEM J0 TEIUIOBUX IPOChIOMEPIB. BEHTWISIIS, OCBITICHHS Ta
terorasomnocradadusg, 53, 2025, c. 6-20. https://doi.org/10.32347/2409-
2606.2025.53.6-20

3. Tumomenko, A., ITorocos, O., Ilaciunuk, II., Kyminko, €., Ko3zsunna, b., &
Bapanuyk, K. (2025). JocnimkeHHs] TEXHOIOTTYHUX CUCTEM MApOTIOCTaYaHHs
Ta MOYKJIMBI IIJISXHU IIJBHUINCHHS iX €HepreTHYHOI ¢()eKTUBHOCTI Ha MPHUKIIAII
NPUCTPOIB 1T PO3MOPOKYBaHHS BaroHiB. BeHTWIAIiA, OCBITIICHHS Ta
TEIUIOra30MnoCcTavyaHHs, 50, 6—28. https://doi.org/10.32347/2409-
2606.2024.50.6-28
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ABSTRACT

Baranchuk K. Heat supply systems with energy efficiency bidirectional heating
substations — Qualification Scientific Work as a Manuscript.

Dissertation for the Degree of Doctor of Philosophy in Specialty 192
"Construction and Civil Engineering” (19 — Architecture and Construction). — Kyiv
National University of Construction and Architecture, Kyiv, 2025.

The main content of the dissertation. The dissertation explores innovative
solutions for district heating based on energy efficiency bidirectional individual heating
substation (2-way-IHS). The introductory part emphasizes that modern district heating
(DH) systems are moving to 4th and 5th generation models with low-temperature

networks and a high content of renewable energy sources (RES). IHSs, which not only
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receive heat from the network, but also transfer excess heat back to the network, are
becoming particularly relevant.

The scientific novelty of the work lies in the formulation of the scientific
principles of construction and operation of 2-way-IHS, the development of new
schemes and algorithms for their operation. The practical significance lies in
substantiating the effectiveness of 2-way-IHS for reducing heat losses, integrating local
RES, and increasing the flexibility of the DH system. The paper outlines promising
areas for the development of modern digital platforms for monitoring and controlling
2-way-I1HS which will contribute to further automation of processes, adaptive control
and forecasting of thermal loads.

The dissertation contains original scientifically based developments: new
schemes of heating substation, methods of modeling and controlling 2-way-IHS,
experimental studies and recommendations for practical implementation. These results
can be used in the development of regulatory documents regulating the functioning and
implementation of IHS, as well as for the design and optimization of real DH systems
taking into account deeper integration of RES.

The first chapter provides a comprehensive review of the literature on the
development of DH and heating substations. Technologies of different generations of
DH are considered: from high-temperature systems of the 1st-3rd generations to
modern concepts of the 4th (4GDH) and 5th (5GDHC) generations with low water
temperatures.

Special attention is paid to the architectures of heating substations of different
levels - central (CHS), distribution (DHS), individual (IHS), taking into account their
functional capabilities, hydraulic structure and technical equipment. It is determined
that most traditional IHSs have a unidirectional architecture, which limits the flexibility
of interaction with the network, especially in the context of the implementation of RES.

The focus is on the integration of heat pumps, the use of waste heat and digital
control systems in new generations of DH. Analysis of literary sources showed that the
transition to 4GDH involves reducing the temperature of networks, introducing thermal
energy storage and focusing on energy efficiency. The 5th generation combines district

heating and cooling systems into a flexible system with extensive use of RES.
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In this context, special attention is paid to the problem of RES integration. An
analysis of studies describing the use of solar collectors, heat pumps and waste heat
sources in DH is presented. It is established that for the successful implementation of
RES, it is necessary to reduce the temperature level of networks and modernize the
infrastructure, in particular the spread of IHSs. European directives and national
legislation on energy efficiency are considered, which stimulate the development of
low-temperature integrated DH systems. An analysis of the literature showed that
existing IHSs most often have a unidirectional architecture and limited possibilities for
integrating local sources.

The review revealed key scientific gaps: the lack of research on 2way-IHS,
which are able not only to consume heat, but also to return surpluses to the network.
From this point of view, the scientific novelty of the section is the emphasis on the
need to develop 2way-IHS as an infrastructure component of "smart™ energy systems
of the future. The section emphasizes that 2way-IHS expand the possibilities of
balancing local heat flows and increase the flexibility of DH, especially when
transitioning to 4GDH. The practical significance of this analysis lies in the
systematization of known concepts and methods of DH modernization, which creates
the basis for the further implementation of energy efficiency solutions. In particular, it
was found that the transition to a low-temperature regime in combination with digital
monitoring systems at all levels of DH systems significantly expands the list of
available heat sources. The results of the review can be used when updating educational
and methodological materials on DH systems and planning the modernization of
heating networks, taking into account the needs of integrating RES.

The second chapter is devoted to the development of a schematic diagram and
physical and mathematical modeling of 2way-IHS . Within the framework of the
section, a new 2way-IHS configuration is proposed, which provides flexible control of
heat energy flows between the DH system and local sources, in particular heat pumps,
solar collectors and waste heat sources etc. A unique feature of the scheme is the
possibility of bidirectional circulation of the coolant with the functions of recovery,

accumulation of excess heat and its subsequent transfer back to the heating network.
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Typical approaches to the construction of bidirectional schemes using thermal
energy storage, mixing units, control valves and circulation pumps are systematized.
Special attention is paid to priority control algorithms: for example, when thermal
energy is supplied mainly from RES, and the DH source is used only at peak times or
for system balancing.

In the second part of the section, a physical and mathematical model of heat
flows in the key components of the 2way-IHS is developed: heat exchangers, buffer
tanks and hydraulic circuits. Mathematical relationships between temperature
differences, water flow rates and heat and mass transfer dynamics are established. An
energy balance model of a thermal prosumer is introduced, which takes into account
heat energy flows from a DH network, local sources and the amount of excess heat
energy transferred to the network. The model allows us to quantitatively assess the
coefficient of performance (COP) of the heat pump in the system and its impact on
overall energy efficiency.

The key scientific novelty of this section is the development of a new schematic
diagram of the 2way-IHS , which is submitted in a patent application with the
subsequent transfer of intellectual property rights to the invention.

Adaptive control algorithms developed on the basis of the PI controller take into
account the variable dynamics of the heat load, temperature fluctuations of the external
environment and the hierarchy of priorities of heat sources. This approach allows for
flexible balancing between local generation and a DH source, optimizing the energy
and economic indicators of the system.

The scientific novelty of the section lies in the formalization of a complex
mathematical model of the dynamics of 2way-IHS, which for the first time takes into
account the bidirectional heat exchange between the consumer and the network, as well
as the behavior of the thermal prosumer under conditions of real consumption and
changes in external influences. The developed model allows for the prediction of the
efficiency of the 2way-IHS operation, the assessment of the energy balance parameters,
and also its use for the optimization of design solutions. The constructed algorithms
can serve as the basis for the creation of digital twins of 2way-IHS - as a component of

intelligent energy systems.
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The practical value of the results obtained lies in creating an engineering and
methodological basis for the design and implementation of innovative new generation
heating substations.

The third chapter presents an experimental study of the operation of the 2-way-
IHS, built on the basis of the developed scheme and control algorithms. The purpose
of the experiment was to confirm the system's operability, validate the developed
mathematical models, and identify the impact of variable external conditions on the
dynamics of heat flows and circulation modes.

The section describes the construction of a physical stand that simulates the 2-
way-IHS with a local heat source (an electric boiler as an analogue of a heat pump), a
thermal energy storage, control valves, pumps, and measuring instruments. The system
implements three main modes: heat consumption from the DH, combined supply from
local and DH sources, and the return of excess energy to the network.

The research methodology was based on continuous monitoring of temperatures,
flows, and heat flows at key points of the system, analysis of transient processes that
occurred when changing supply sources, and thermal imaging control of the system'’s
temperature profile.

The results of the experiment confirmed the effectiveness of the implemented
control algorithms. It was found that when a critical temperature is reached in the upper
zone of the accumulator (about 48°C), the system automatically switches to the
recovery mode with the transfer of up to 2.7 kW of thermal energy back to the network.
During the daily test cycle with a constant heating load, 13 kWh of heat was consumed,
of which 12 kwh was generated by a local source, and 9 kWh was returned to the DH
system. The contribution of the sources in the combined mode was determined: DH -
76.9%, local source - 23.1%, heat return - 90% of the volumes of local generation.

Field verification of the results was carried out on the example of the Danfoss
Smart Store facility (Nordborg, Denmark), where a heating substation with the function
of returning excess heat from CO: refrigeration units was implemented. The analysis
of the operating modes of this facility confirmed the relevance of the results obtained

and the universality of the approach to building a 2-way-IHS.
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The scientific novelty of the section lies in the practical implementation of the
principles of bidirectional interaction with the heating network, confirmation of the
flexibility of the transition between modes, as well as in the verification of thermal
models and control algorithms in real time. It has been experimentally proven that the
modern architecture of the 2-way-IHS can perform the function of a thermal prosumer
with the possibility of integration into decarbonized networks.

The practical significance of the research lies in the creation of a methodology
for testing 2-way-1HS, which can be used for typical tests of innovative heating systems
connected to DH systems and local RES, as well as in the preparation of engineering
recommendations for the further implementation of similar technologies in DH
systems.

In the fourth chapter, a methodology for engineering calculation of 2-way-IHS
is developed, which provides a combination of algorithmic, constructive and heat
engineering aspects of the system’s operation in conditions of interaction with the DH
system and local heat sources. Structured schemes-algorithms for the operation of 2-
way-IHS in autonomous, combined and recuperative operation modes are proposed,
which allows optimizing heat energy flows according to the temperature schedule, the
state of the accumulator tank and the power of the local source.

Special attention is paid to the functional scheme of the system implementation,
which includes control valves, heat exchangers, adjustable pumps, thermal energy
storage and intelligent controller. Automation subsystems and component
communication via temperature sensors, flow meters and actuators are highlighted,
which allows flexible control of heat flows in real time. Rules for setting PI regulators
according to variable external conditions are developed.

Based on experimental measurements, scaling to a 2-way-IHS system with a
capacity of 85 kW is carried out. It was found that such a system allows to reduce heat
consumption from the DH by 74%, while up to 61% of the heat energy generated by a
local source can be returned to the network. Net energy consumption costs per month
of operation amounted to only 12.6 thousand UAH against 120.7 thousand UAH in the
system without IHS, and the adjusted seasonal savings reached 583.5 thousand UAH.

With investment costs of 2.15 million UAH, the calculated payback period is 3.69
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years, net present value (NPV) is 1.43 million UAH, and the profitability index is 1.66.
This confirms the investment feasibility of implementing 2-way-IHS as part of the
modernization of 4th and 5th generation DH systems.

For the first time, an assessment of the impact of 2-way-IHS integration on the
parameters of the DH system was performed: temperature reduction, load
decentralization, and reduction of peak heat consumption. Practical recommendations
for implementation are formulated, in particular, the need to adapt regulatory
documentation to the new principles of operation of heating substation.

The scientific novelty of the section lies in the integrated approach to the
calculation and design of 2-way-IHS, which takes into account not only heat flows, but
also the flexibility of regulation, digital integration and the potential of energy
exchange with DH. The practical significance lies in the creation of a methodology
suitable for implementation, which can be used both in new construction and in the
modernization of existing systems.

Keywords: district heating, energy efficiency, heating substation, heat pump,
smart energy system, renewable energy sources, bidirectional heating substation,

sustainable development, mathematical modeling of heat flows, waste heat, prosumer.
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