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AHomayia. ¥ cmammi 8UKOHGHO cucmemamu308aHulli 02aAa0 cy-
YACHUX MEexXHO/02iYHUX piuleHb, CPAMOBAHUX HA Mi08UWEHHA
eHepzoepekmusHocMi hapmauyesmuyHux nidnpuemcms, AKi xa-
paKkmepu3yromoscsa 3HAYHUM Pi8HEM CrIOXUBAHHA mMernao8oi ma
X0a100unbHOI eHepezil, 6e3nepepsHUM pexumom pobomu iHMHEHepHUX cucmem | 8UCOKUMU 8UMO2amu 00
cmabinbHocmi napamempis Mikpokaimamy 8idnogioHo 0o cmaHoapmie GMP. Memotro pobomu € aHani3 cy-
YacHuUx nioxodie 0o MoOepHi3auii cucmem mensa0xoa000M10CMAYAHHA hapMayesmu4yHuUX sUpobHUUMSE, oyi-
HKa moxcnugocmeli ix NPAKMUYHO20 30CMOCY8AHHA MA 8U3HAYEHHA Mepcrnekmu8HUX HaMpPAMie po3eumky
2anysi.

025150 Oxcepesn Aimepamypu 8UKOHAHO HA OCHO8I nybaikauili MiHapoOHUX HayKomempuyHux 6a3 0aHux,
2an1y3esux MexHiYyHUX Mamepianie ma cy4acHUX NPUKAAoOHUX 00cnioxceHb. [TposedeHo nopisHANbHUL aHani3
mexHosoeili ymunizayii ckudOHoi mennomu, Free Cooling, mensaosux Hacocie, cucmem aKymynt08aHHSA eHep-
2ii, SCADA-Kepy8aHHA ma npo2HO3H020 pe2ynto8aHHA eHep20CnOH UBAHHA.

MoKkasaHo, wo 3HayYyHull nomeHyian eHepzaozbepexrceHHA MAMb cUCMeMU peKkyrnepauii menaomu xoa00u-
A1bHO20 067100HAHHA Ma iHMe2payis menaosux HAcocie, AKi 0aromes 3mMo2y 8UKOpUCMO8Yy8aMU 8MOPUHHI
eHepeemuyHi pecypcu 044 NoKpummasa nompeb y menaonocma4vaHHi. BcmaHosneHo, wjo mexHonoaia Free
Cooling € 00HUM 3 HalibinbWw WBUOKOOKYNHUX piuleHb 041 nNidnpuemcme 3 nocmiliHUM x0/100U/bHUM HO8a-
HmaxeHHAM. O6rpyHmMo8aHo 00UinbHICMb BUKOPUCMAHHA CUCMEM AKYMYAt0B8AHHA eHepaii 019 3MeHW eHHSA
nikosux HasaHmMaxeHs ma nidguujeHHA HadiliHocmi eHepzo3abe3sneyeHHA. [IOKA3aHO, WO 8MPOBAOHEHHA
SCADA-cucmem i aneopummis iHmeneKkmyasnbHo20 Kepy8aHHA 3a6e3rneyye 000amKose 3HUMEHHS eHepeo-
CMOMCUBAHHA 30 PAXYHOK 0nmumi3ayii pexcumie pob6omu 0671a0HAHHS.

3a pesynemamamu 00CniOHeHHA 6CMAHOB/AEHO, W0 HalieghekmueHiwumM nioxooom 0414 hapmayesmuyHoi
2any3i € KOMNAEKCHA MoemanHa MooepHi3auyisa eHep2emu4HoI iHppacmpykmypu 3 MOEOHAHHAM MeXHIYHUX,
uughposux ma opeaHizauiliHux piweHb. OMpuUMaHi pesyaemamu Moxyme bymu euKopucmadi nid 4yac pos-
pobreHHA npoepam OexkapboHizauyii ma nidguwWeHHs eHepzoedekmueHOCMi hapmauyesmuyHux nionpu-
EmMcme.

L2 JyeTuTyT BiAHOBNIOBAHOI EHEpPreTUKN
HAH YKpainu, , m. Kuis, YKpaiHa

Knwuoesi cnoea: Free Cooling, mennosuli Hacoc, mpuzeHepauyis, mepmidyHi Hakonu4yyeayi, eHepaoegpekmus-
Hicme, hapmauyesmuyHa npomucnosicme, SCADA, OekapboHizayis.

Mepenik BUKOPUCTAHUX NO3HAYEHb Ta CKOPOUYEHb

B/E — BigHOBAIOBaHI gyKepena eHeprii

TH — TennoBui Hacoc

M3 — nporpamHe 3abesneyeHHA

COP — koedilieHT nNpoOAYyKTUBHOCTI TENI0BOro Hacoca
(Coefficient of Performance), wo € BigHOWEHHAM KiNbKOCTi

Bctyn

dapmaueBTUYHI NigNPMEMCTBA HanexaTb 40 KaTeropii npo-
MWUCNOBUX 06’€EKTIB 3 NiABULLEHUM PIBHEM E€HEProcnoXu-
BaHHSA, WO 06YMOBNEHO BUCOKMMM BUMOTramm Ao cTabinb-
HOCTi TEXHOJ/IOMYHMX MpPOLECiB, NapameTpiB MiKpPOKAimaTy
Ta caHiTapHO-TirieHiYHMX ymoB BUPObBHUUTBA. Ha BigamiHy
Big, 6araTbox iHLWKMX rany3ein NPoMMCcaoBOCTI, bapmaLeBTu-
YHe BMPOBHMLTBO NoTpebye ofHOYACHOrO 3abesneyeHHs

Ten/a, AKe Hacoc NOAAE B CUCTEMY, [0 KiIbKOCTi CMOXKMWBa-
HOT eHeprii

BI1— rapAye BoA0ONOCTaYaHHA

ACY — aBTOMaTM30BaHa cMCcTeMa ynpaBiHHA
FREECOOLING — xonoamnbHa cuctema, fika nepeabayae pe-
MM MPUPOAHOIO OXONOAMKEHHA

3HAYHMX HaBAHTAXeHb AK HA CUCTEMM TENIOMNOCTaYaHHA,
TaK i Ha cUCTEeMM XONOA0MOCTaYaHHA, BEHTUAALLT Ta KOHAM-
LitoBaHHA NOBITPA.

BUpO6HMYI NpUMiLLEHHS, YNCTi 30HKU, NabopaTopii, cKknagm
CMPOBMHW Ta roTOBOI NpoAyKuii notpebytoTb H6esnepeps-
HOro MiATPUMaHHA pernameHTOBaHUX NapamMeTpiB Temne-
paTypu, BOMOrOCTi, KPaTHOCTI MOBITPOOOMIHY Ta CTyneHsA
OYMLLEHHA NOBITPA BigNoBigHO A0 BUMOr GMP Ta cymirKHUX
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rasy3esux CTaHAaprTie. Lle npmM3BoguTb 40 LiNOPIYHOI po-
60T iHKEHEPHUX CUCTEM, 3HAYHOFO €/1EKTPOCNONMKMBAHHSA
XonoaunbHoro o6aagHaHHA Ta CyTTEBUX BUTPAT TEMNNOBOI
eHeprii.

Y CTpYKTYpi eHeprocnoxunsaHHA GdapmaLesTUUYHUX Nignpu-
EMCTB Ba)K/IMBe MicLLle 3aliMaloTb CUCTEMWU XONOLOMOCTa-
YaHHA, AKi 3abe3neuyyloTb TEXHOJIOMYHE OXONOLMKEHHS,
KOHAMLOBAaHHA NOBITPA Ta NiATPMMAHHA TeMnepaTypHUX
perkmmis 36epiraHHs npoaykLuii. Mig vyac pobotn xonoannb-
Horo o6nafiHaHHA 3HAaYHa KiNbKICTb TENNOTK BifABOAUTLCA B
HaBKO/IMLLHE cepeaoBULLLEe Yepe3 KOHAEHCATOPHI KOHTYpH
abo cuctemum oxonodKeHHs. 34eb6inblioro us TenaoTa He
BMKOPWUCTOBYETLCA, XO4a MOXKe PO3rnAfaTUCA AK BTOPUH-
HUIA eHepreTMYHNN pecypc.

B ymoBax 3pocTaHHA BapTOCTi eHepropecypcis, NOCUIEHHA
BMMOT LLOA0 CKOPOYEHHA BUKUAIB MAapPHMKOBUX rasiB Ta He-
06XiAHOCTI MiABULLEHHA eHepreTMYHOI CTIMKOCTI nianpu-
€EMCTB 0c061MBOI aKTyaNbHOCTI HabyBa€e BNPOBaAXKEHHSA TeX-
Honori yTunisauii ckmaHoi Tennotu, Free Cooling, Tennosumx
HacociB, CMCTeM aKyMynlOBaHHA eHeprii Ta aBToMaTu3oBa-
HOrO KepYBaHHS EHeprocrnoXKmeaHHam [1-5, 28-33].

CyyacHi gocnigreHHa cBigyaTb, WO iHTerpaLia cucrtem re-
HepaLuii Tenna i xonoay fa€ 3Mory CyTTEBO NiABULLUTU Koe-
biLiEHT BUKOPUCTAHHA NEPBUHHOI eHeprii, 3HU3UTU CNOXKK-
BaHHA MNPUMPOAHOrO rasy Ta CKOPOTUTM eKcnayaTauiliHi
BuUTpaTh [6-10, 29-33]. BogHouYac NnTaHHA aganTaLyi Takux
pileHb came g0 papMaLEBTUYHUX NiLNPUEMCTB NOTPebye
[,04aTKOBOTO y3ara/ibHEHHA, OCKIZIbKM L, rafly3b MaE€ crneuu-
¢bivHi BUMOrM A0 HaAiMHOCTI, pe3epByBaHHSA Ta besnepeps-
HOCTi BUPOBHMUNX NPOLLECIB.

Y 3B’A3KY 3 UMM MEeTOI pObOTU € CUCTEMATU3ALLIA Cy4aCHUX
TEXHONOrYHMX pieHb Y chepi yTuaizauii TennoTn Ta xono-
[0MNOCTaYaHHA, OUiHKa MOX/IMBOCTEN iX 3aCTOCYBaHHA Ha
bapmaLeBTMYHMX NIANPUEMCTBAX, @ TAKOXK BU3HAYEHHA Mne-
PCNEKTUBHMX HanNpPAMIB NigBULEHHA eHeproedeKTUBHOCTI
TaKux 06’eKTiB.

Ornag grepen nitepatypy BUKOHAHO 3 METOK CUCTEMATU-
3auii cyvacHux nigxoais A0 NigBULEHHA eHeproedeKTmns-
HOCTi MPOMUCNOBUX OB’EKTIB 3i 3HAYHMM TEMNJIOBUM Ta XO-
NIOAWNBHUM HABaHTaXKEHHAM, 30Kpema papmaLeBTUUHNX
NiANPUEMCTB.

MowyK HaykoBuMx nybAiKauin 3gicHIOBaBCA Y MiXKHapoa-
HUX HAYKOMETPUYHUX Ta iHdopmauinHMx 6asax paHux
Scopus, Sience Direct, Web of Science, Google Scholar, a Ta-
KOX Y BIAKPUTUX rany3eBmx gyKepenax i TeXHIYHMX 3BiTax
BUPOOHMKIB 0b6nagHaHHA. OCHOBHWMI 4YacoBuI AianasoH
noLwyky oxonatoBas nepiog 2018-2026 pokis, Wwo Aano
3MOry BPaxyBaTW Cy4acHi TEHAEHLUI PO3BUTKY eHepreTuy-
HUX TEXHOOTIN.

Ona Bigbopy AxKepen BUKOPUCTOBYBANUCA TaKi KAHOYOBI
cnoBa Ta iX KoOMBiHaL,i:

— heat recovery;

— waste heat utilization;

— pharmaceutical HVAG;

— industrial cooling systems;

— free cooling;

— heat pump integration;

— trigeneration;

— SCADA energy management;
— thermal storage;

— decarbonization of industry.

Ha nouaTkoBomy eTani 6yno igeHTudikosaHo noHag 70
Axepen. lMicna nonepegHbOro aHanisy 3micTy, BUNyYeHHA
AybnboBaHMX maTepianiB, HepesneBaHTHUX MNybnikauin Ta
L)Kepen 3 HeJoCTaTHIM piBHEM TexHiYHOI aeTanisauii oo
nornnbneHoro aHanisy 6yno BigibpaHo 33 HalipeneBaHTHi-
LWINX axKepen.

KkpuTepismu Bigbopy 6ynu:
— HaABHICTb KifIbKiCHOI OLiHKM eHepreTU4yHOro edekKTy;

— NpaKTUYHa peanisauia abo gocnigHe MoaentoBaHHA CU-
cTem;

— BignoBigHicTb NpomMcnoBnm abo 61M3bKUM 4,0 NPOMU-
CNOBUX YMOBAM eKcnJyaTauii;

— HaABHICTb AaHUX WO0A0 EKOHOMIYHOI epeKTUBHOCTI abo
TEXHIYHUX OBMEXKEHb.

Onsa cuctematmsauji BigibpaHUx maTtepianiB 3acTOCOBaHO
MeTOoA NOPIBHANBHOIO aHanNisy, 3a AKMM TEXHOOTIi OLiHI0-
Ba/IMCA 33 TAKUMU KpUTEPIAMMU:

— noTeHLjian eHeprosbeperkeHHs;

— CKNIAAHICTb iHTerpauii;

— piBeHb TEXHONOTIYHOI 3piNoCTi;

— notpeba B KaniTafbHWUX BUTPATaX;

—  [OUiNbHICTb BUKOPUCTaHHA Y GapMaLEeBTUYHIN ranysi.
OTpuMaHi pe3ynbTaT CTa/n OCHOBO AN GOPMyBaHHA

Knacmoikauii cy4yacHUX TEXHONOTYHUX pilleHb Ta BM3Ha-
YeHHA NePCneKTUBHMUX HaNPAMIB IX BNPOBaAKEHHA.

BuKnaa OCHOBHOro matepiany

dapmaueBTUYHI NiANPUEMCTBA HaNeXKaTb A0 rPynu NpoMu-
CNoBUX OO’EKTIB 3i CKNAAHOI CTPYKTYPOI €HEepProcrnoXu-
BaHHA, WO 06YMOBAEHO NOEAHAHHAM TEXHONOTIYHUX, CaHi-
TapHO-TIFiEHIYHMX Ta PEryAATOPHUX BUMOT A0 BUPOOHUUMX
npouecis. Ha BiamiHy Big 6araTbox iHLWMX raay3en npoMmuc-
NIOBOCTi, eHepreTuyHi cuctemn GapmaLeBTUYHOrO BUPOB-
HWUTBA NOBUHHI 3a6e3nedyBaTi He AnLle nogadvy TensoBol
Ta eNIeKTPUYHOI eHeprii, ane i cTabinbHe NiATPUMAHHA Na-
pameTpiB BHYTPILIHbOrO CEPEeOBULLA Y LUIMPOKOMY CMEKTpi
NPUMILLIEHb.

3HaYyHa YaCTKa eHeprocrnoXKMBaHHA NPMNALAE HA CUCTEMMU
BEHTUNALiT, KOHAWULIIOBAHHA NOBITPA Ta X0A040MOCTa-
YaHHA. Lle nos’a3aHo 3 HeobxiaHicTio 6eanepepBHOro MiaT-
PUMaHHA TemnepaTypu, BigHOCHOI BONOrOCTi, YNCTOTU MNO-
BITPA Ta Nepenaais TUCKY Y BUPOOHMUYMX 30Hax, nabopaTo-
pifX, CTEPUNBHUX NMPUMILLLEHHAX i CKNAACbKUX KOMMNEKCax.
[nA oKpemux KaTeropiin NpMmilleHb AONYCKalOTbCA NunLLe
HE3HaYHi BIAXWNEHHA NapameTpiB MiKPOKIiMaTy, WO NoT-
pebye uinonobosoi poboTH KNimaTUYHOro obnagHaHHA.
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CyTtTeBoto ocobnusicTio papmaLeBTUYHUX NiANPUEMCTB €
HaABHICTb O4HOYACHOro MNONUTY AK Ha TENJI0BY, TaK i Ha XO-
NOAMNBbHY eHeprito NPOTAromM poKy. TensioBa eHepria BUKO-
PUCTOBYETLCA ANA rAPAYOro BOAOMNOCTAYAHHA, TEXHONOTIY-
HOro Harpisy, poboTM BEHTUAALIAHMX YCTAaHOBOK Ta
NiATPMMaHHA TEMMEPATYPHOTOo PEeXMMY B XONOAHWUI ne-
pioa poky. XonoannbHa eHepria HeobxigHa Ana KoHAWLO-
BaHHA NPUMILLEHb, OXONOAKEHHA TEXHONOrYHOro obnasa-
HaHHA, MiGTPUMaHHA yMOB 36epiraHHA  CUPOBMHM,
HaNiBNPOAYKTIB Ta rOTOBOI NPOAYKLIi.

Yacto cMcTemMm TenaonoOCTayaHHA Ta XOI040MOCTAYaHHA
NMPOEKTYIOTLCA Ta EKCMIYaTyOTbCA He3aNeXHO OA4Ha Big o4-
HOI, WO NpPM3BOAUTb 40 HEpPaLiOHA/NbHOrO BUKOPMUCTaHHSA
eHeprii. 30Kpema, TennoTa, AKa BiABOAUTLCA XONO4AWUNbL-
HUMM MaLLMHAMM Yepe3 KOHAEHCATOPHI KOHTYPU, HEPIAKO
CKMIAETbCA B HAaBKOJIMWIHE cepeaosuile 6e3 noaanbloro
BUKOPUCTAHHA, TOAi AK Napasie/ibHO Ha NiANPUEMCTBI iCHYE
notpeba y Tennosiit eHeprii.

[JopatkoBum GpaKTOpOM, LLLO BNIMBAE Ha CTPYKTYPY eHepro-
CMOXMBAHHA, € BUCOKI BUMOTU A0 HafiiHOCTI Ta pe3epBsy-
BaHHA. 3ynuHKa cncTem xoi040nocTadyaHHA abo BeHTUNA-
Uii MOXe npu3BecTM [0 NOPYWEHHA TEeXHONOMYHUX
pernameHTiB, BTPATU AKOCTI NpoAyKLii abo npocToto BUpO-
6HuMuTBa. Came TOMy Ha PpapMaLeBTUYHUX NiANPUEMCTBAX
LUIMPOKO 3aCTOCOBYHOTLCA PE3EPBHI AKepena XKUBEHHs,
aybnioBaHHA 06nagHaHHA Ta 6araTOKOHTYPHI cUcTemM
eHeprosabesneyeHHs.

Y cyqacHMX yMOBax NiABULLEHHSA TapndiB Ha eHepropecypcu,
NMOCUNIEHHA EKONOMNYHUX BUMOT Ta HEOBXiAHOCTI 3HUMKEHHA
ByrneLesoro cnigy ocobnmeoro 3HauyeHHA Habysae onTumi-
3aLiA CTPYKTYpU EHEeprocrnoXuBaHHA TaKuX NiANpPUEMCTB.
HannepcneKkTUBHILIMMKW HAaNPAMaMU € iHTerpaLiis cuctem Te-
N/I0X0/I0A0MOCTaYaHHA, BMKOPUCTAHHA CKUAHOI TennioTw,
33CTOCYBaHHA TEMNJI0BUX HACOCIB, aKyMYJIlOBaHHA eHeprii Ta
BMNPOBAMKEHHA IHTEIEKTYaIbHUX CUCTEM KEPYBaHHA.

TakuM YMHOM, GapPMaLEBTUYHI MiANPUEMCTBA XapaKTepu-
3yI0TbCA CKAAAHMM Ta 6e3nepepBHUM XapaKTEpPOM eHepro-
CMOXKMBAHHA, HAABHICTIO OAHOYACHOro NONUTY Ha Tenno i
X004, BUCOKMMU BUMOramm A0 CTabinbHOCTI napameTpis
BHYTPIWWHBbOIO CcepefoBMLLA Ta MiABULLEHMMU BMMOramu
00 HaginHocTi. Came Ui 0coObAMBOCTI BU3HAYaOTb AO0LiNb-
HiCTb 3aCTOCyBaHHA iHTErpPOBaHUX eHeproedeKkTUBHUX pi-
LWeHb, AKi po3rnaaatoTbCa Y Noganblumx posginax poboru.

YTunisauia cCKWgHoi TennoTu B cuctemax
X0N104,0N0CTayaHHA

OgHMM 3 HalnepcrneKkTUBHIWMX HanpamiB NigBULLEHHA
eHeproeeKTMBHOCTI MPOMMUCIOBUX MNIANPUEMCTB € BUKO-
PUCTAaHHA BTOPUHHWUX EHEePreTUYHUX Pecypcis, 30Kpema
CKMAHOI TENNOTH, W0 YTBOPHOETHLCA B NpoLeci poboTn xono-
AWNbHOrO Ta TeXHoJoriYHOoro obnagHaHHsa. [na dapmaue-
BTUYHMX NiANPUEMCTB Lel Niaxig mae ocobanBe 3HaYeHHS,
OCKI/IbKM CUCTEMM XONOA0MOCTAYaHHA, BEHTUAALLT Ta KOH-
OMUitOBaHHA QYHKLiOHYIOTb NPOTATOM YCbOro POKY i ¢op-
MYIOTb CTabinbHWUI TENN0BUI NOTIK, AKMI 34e6inbloro He
BUKOPUCTOBYETLCA.

OCHOBHUM AXXepenom CKMAHOI TENNOTU B XON0ANTbHUX CU-
cTemax € KOHAEHCAaTOPU KOMMNPECOPHUX XON0ANIbHUX Ma-
LUKH, Y AKMX TENNOTA, BiAibpaHa Big 0XonoaxyBaHWUX cepe-
Josuu, pasom 3 poboTo KOMMpecopa nepenaeTbcA B
HABKOJIMLLHE cepenoBulLe. TemnepaTypHUi piBeHb TaKOro
TEN0BOro NMOTOKY 3aNeXKUTb Big, TMNY 0b6a1agHaHHA Ta pe-
UMy poboTH cucTemu i 3a3BMnYall nepebysae B AianasoHi,
[0CTaTHbOMY ANA NOAA/bLLIOTO BUKOPUCTAHHA Nicna goaa-
TKOBOTO NiABULLEHHA TEMMepaTypu.

MpaKTMKa OCTaHHIX POKIB MOKA3YE, LLLO CKMAHA TEMA0Ta XON0-
AWNBHUX YCTAaHOBOK MOXe e(eKTUBHO BMKOPUCTOBYBATUCA
ons 3abesneyeHHs rapsyoro BOAOMOCTaYaHHA, nigirpisy
NPUNINMBHOIO MOBITPA, TEXHONOFYHOrO Harpisy, nonepea-
HbOrO HarpiBaHHA BOAM Ta NOKPUTTA YaCTUHU HAaBaHTAXKEHHA
cuctem onaneHHA. HalngouinbHilWWMM € Ti BUKOPUCTaHHA Y BU-
nagKax o4HOYaCHOI HAABHOCTI MOMUTY Ha X004, i TeNs0, Lo
XapaKkTepHo came Ana GapmMaLeBTUYHMUX BUPOOHNLTB

AHanis paxepen [1-4, 7, 28, 33] pnae 3mory KnacudikysaTtu
KNHOYOBI pecypcu Ans BTOPUHHOIO BMKOPUCTAHHA Ta Me-
TOAM iX iHTerpaLii B TennoBy mepey nignpuemcrsa.

Knacuoikauia gxxepen BTOPUHHOI eHepril:

Cepep TEXHIYHMX pilleHb 3 yTUAi3aL,ii TeNJ0TU Hannowupe-

HilWMMM €:

— NpAMe BUKOPUCTAHHA TENJ0TU KOHAEHCAL,i;

— pekynepawisa Yepes NPOMiXKHi TeNJI006MiHHUKMK;

— iHTerpauisa 3 TenJ10BMMM HAaCOCaMK;

— KOMbGiHOBaHi cMCTEMM 3 aKYMYIHOBAaHHAM TEM0BOI EHE-
prii.

MpAme BWMKOPUCTAHHA TEMIOTU € HAWMPOCTIWMM pilleH-

HAM, OAHAK BOHO OOMEXYETbCA TeMNepaTypHUM pPiBHEM

J)Kepena Ta Ce30HHICTIO MONUTY. 3HAYHO LWMPLLT MOXINBO-

CTi BiAKPMBAE 3aCTOCYBAHHA TEMN0BUX HACOCIB, AKi Aatl0Tb

3Mory niaBULWMTM TeMnepaTypy TenaoHocia A0 Heobxia-

HOro piBHA Ta 3ab6€3MeYnTn rHyYKiWy iHTerpauito B icCHywui

CMCTEeMM TENNONOCTaYaHHA.

Ons dapmaueBTUYHUX NIANPUEMCTB BaXKNBOIO NepeBaroto
YTUANI3aL,ii CKWAHOT TENNOTU € MOXKAMBICTb 3HUMKEHHA HaBa-
HTaXKEeHHA Ha KoTesbHe 0b6NaAHaHHA Ta CKOPOYEHHSA Crno-
YKMBAHHA NPUPOLHOro rasy 6e3 NopyweHHA TEXHONOMYHOT
cTabinbHOCTI BUPOOHUUTBA. OCKiNIbKM XONO4NIbHI CUCTEMM
Ha TaKkMx 06’eKkTax npautotoTb HesnepepBHO abo KBa3nbes-
NepepBHO, AXKePeno BTOPUHHOI TENOTU € AOCTATHLO CTa-
6inbHUM i NporHo3oBaHMM. A came:

— TennoTa KoHAeHcauil XxonoAnnbHUX maluuH. Halictabi-
NbHile AxKepeno, AKe Y TPaguLiiHUX CXemax Pos3cCito-
€TbCA B aTMOChepi Yepes rpaaupHi abo NoBiTPAHI KOH-
AeHcaTopu. BUKOPUCTAHHA L€l eHeprii Aa€e 3mory He
ivLe OTPMMATU « 6e3KOLITOBHEY TEMJO, @ i BHU3UTU Te-
pMiYHEe HaBaHTa)KEHHA Ha HaBKO/MIULIHE cepeaoBuLle
[1,5, 8,21, 32].

— CKuAHi BogM Ta BEHTUAALINHI BUKMAN. PapmaL,eBTUYHI
npouecu (crepunisauis, npommeka obnagHaHHA) reHe-
pYHOTb 3HAYHI 06’eMM CTiYHMX BOA 3 TemnepaTypoto 30—
50 °C. Oxepena [3, 8, 15, 16] BKa3yloTb Ha BUCOKY
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e(dEeKTUBHICTb iX BUKOPUCTAHHA AK NEPBUHHOTO KOHTYPY
ONA TenJI0BUX HACOCIB.

— TleoTepmanbHWii noTeHuian. BUKOPUCTaHHA FPYHTOBUX
B0, ab0 3aKPUTUX 30HL,IB AIK TEMIOBOTO CTOKY A€ 3MOry
cTabinizyBat pobOTy cUCTEM KOHAMLiOHYBAHHA He3a-
NEXHO Bif, CE30HHUX KONMBaHb TemnepaTypun 30BHiLL-
Hboro nositps [8, 32, 33].

BoaHouyac BNpoBaAKeHHA CUCTEM YTUI3auii Tena0TU NOT-
pebye BpaxyBaHHA HU3KKN TEXHIYHMX PAKTOpIB, @ came: Bia-
noBiAHICTb TemnepaTypHUX rpadikis, HepPiBHOMIPHICTb Ha-
BaHTaXeHb, NoTpeba B pe3epByBaHHi, CaHiTapHi BUMOrH, a
TAKOXK iHTerpawia 3 ye iCHyIOUYMMU iHXEHEepPHUMU mepe-
Kamu NiaNpuEMCTBA.

JocnigxeHHs [2, 4, 6, 33] aKUeHTYHOTb yBary Ha nepexoai
BiZL NPAMOro Tenn1006MiHy A0 CKNagHUX TEPMOAUHAMIYHMX
LMKNiB. 30KpemMa, po3rnAagatoTbca:

— CopbuiriHi TexHonorii (AbcopbuiiiHi Ta aacopbU,iiiHi um-
nepu.: [JatoTb 3Mory MNepeTBOpiOBaTM BUCOKOMOTEH-
LiHe ckuaHe Tenso (Hanpuknaga, Big KoreHepauinHux
YCTaHOBOK abo TexHoorivHOT napu) 6esnocepesHbLO B
xonog,. Lle KpUTMYHO BaxKAMBO ANA NIANPUEMCTB 3 HAA-
JIMWKOM TenaoBoi eHeprii B NiTHi nepiog, [4, 6, 7, 10,
12, 14, 16, 19, 24].

— OpraHiuyHui ymkn PeHkiHa (ORC). BUKOPUCTAHHA HU3b-
KOMOTEHLiMHOro Tenna g5 reHepauii 404aTKOBOI ene-
KTpoeHeprii. Xoya 4719 yMOB OKPEMOroO LieXy Lie pilleHHA
MorKe ByTW HaANMLWKOBMM, Y MaclwTabax BCbOro 3aBoay
BOHO CYTTEBO MigBuLLye 3aranbHnii KBBIM (KoediuieHT
BMKOPWUCTaHHA BCTAHOB/IEHOI NOTYXKHOCTI) [4, 10].

— CucTeMy NpoMKUCNOBOro cMmbiosy. IHTerpaujis xonogu-
JIbHUX LEHTPIB Y 3arafibH03aBOACbKY Mepexy 5-ro noko-
NiHHA, fle 3BOPOTHA BOAA CUCTEMU OXONOAKEHHA CAYIYE
O)Kepenom eHeprii gna nigirpisy NpuUNInMBHOro NoBiTpA B
cMcTeMax BEHTUAALLIT YMCTMX NpUMiLLeHb [8, 25, 33].

YHidikauia niaxoais Ao yTuAnisauii Tenna pgae 3mory He
NVLE CKOPOTUTU CMOMKMBAHHA MPUPOLHOro rasy Ha Mnot-
pebu Bl Ta onaneHHs, a  NiaBULLMTK pecypc poboTu xo-
noaunbHoro obnagHaHHA 3a paxyHOK oNTMMI3aLji Temne-
PaTYPHUX peXMMIB KOHAEHCaLi.

MpoBeaeHuWit aHanis gxepen nitepatypu NOKA3YE, WO BUKO-
PUCTaHHA CKMAOHOI TENAOTU AA€E 3MOry 3HW3UTU 3arasibHe
eHeprocnoXueaHHA nignpuemcts Ha 10-30 % 3anexHo Big,
KOH®Irypauii cuctemu, CTPYKTYpWU HaBaHTaXeHb Ta piBHA aB-
TomMaTtu3auii. Hanbinblmnii edeKT gocaraeTbca B pasi Kom-
NJIEKCHOrO NOEAHAHHA YTUAI3aLii TeNJ0TK 3 TeNJ1I0BUMM Ha-
COCaMM Ta CUCTEMAMM IHTENEKTYaNbHOTO KepyBaHHA.

OTKe, yTUNIi3aLLiA CKUAHOT TENNOTU € OAHMM 3 6a30BMX Ha-
npAMiB MogepHisauii eHepreTuyHoi iHdpacTpyKTypu dap-
MaLLeBTUYHMX NiANPUEMCTB Ta CTBOPHOE OCHOBY A/1A GopMy-
BaHHA iHTENPOBAHMX CUCTEM TEMI0X0/1I0A0MOCTaYaHHA

TexHonorii Free Cooling

OfHUM 3 HaWAOCTYNMHIWNX Ta EKOHOMIYHO AOUIIbHUX Ha-
npAmiB NigBULEHHA eHeproedeKTUBHOCTI CUCTEM X000~

nocTaYyaHHA € 3acTocyBaHHA TexHonorii Free Cooling, sika
nepenbayae BUKOPUCTAHHA HU3bKOT TEMMNepaTypu 30BHiLL-
HbOrO NOBITPA abo IHWMX NPUPOAHMX AXKepen xonony s
MOKPUTTA YacTUHW abo MOBHOrO XONOAMIBHOIO HaBaHTa-
YKEHHsA 6e3 poboTM KoMNpecopHOro obaasHaHHA.

Ona dapmaueBTUUYHUX NIANPUEMCTB LA TEXHOJONA MaEe
0cob/1MBe 3HaYEHHA, OCKiNIbKM NoTpeba B X0N0A4i ANs KOH-
ANLIIOBAHHA, BEHTUANALLT, TEXHONIOMNYHOIO OXON04KEHHA Ta
36epiraHHA NPoAyKL,ii iCHye NPOTArom ycboro poky. Y nepe-
XigHUA Ta 3MMOBMIA Nepiogy 30BHIiWHI TemnepaTypHi
YMOBW 4acTo AatoTb 3MOry YacTKOBO abo MOBHicTIO 3abe3-
nevyyeaTtu noTpeby B xonoai 6e3 BUKOPUCTAHHA TpaguLin-
HUX XONOANNBHUX MALLUUH.

MpuHumn pobotn Free Cooling nonsrae B nepegaBaHHi Xxo-
ioZly Bif, 30BHILIHBOrO cepefoBULLA A0 BHYTPILUHbOMO KOH-
TYPY OXONOANKEHHA 4yepe3 TenN00OMIHHWMKK, CyXi OXono-
AxyBaui (dry coolers), rpagupHi abo NPOMIXKHI riiKoneBi
KOHTypw [16, 23, 26, 27, 32]. 3anexHo Big KoHirypauii cu-
CTeMM KNacuodikyroTb 338 TaKUMM 03HaKaMu:

— Mpame BinbHe oxonogxeHHs (Direct Free Cooling). MNo-
[aya 30BHilLHbOro MoBiTpsa 6e3nocepedHbo B NPUMI-
LeHHs nicna ¢inbTpadii. Monpu BUCOKY ePEKTUBHICTb Y
dapmauii uen meton obMeReHUNn HKOPCTKUMKU BUMO-
ramm A0 YUCTOTU Ta BONOrOCTi MOBITPA (CTaHAAPTM
GMP) [23, 32].

— Henpsame BinbHe oxonoaskeHHsn (Indirect Free Cooling).
BMKOpUCTaHHA NPOMIKHOIO TenaoHocis (rnikonesui
KOHTYp) abo TennoobmiHHMKIB «NOBITPA — NoBiTPA». Lle
A€ 3MOry po34inUTN NOTOKM Ta 3a6e3neynTn cTepub-
HicTb 30H, 36epiraloum BUCOKUIM eHeprosbepiratounia
edekT [16, 23, 27, 32].

— AgijabaTnyHe BifibHe 0X0N04KEHHS. 3pOLLIEHHA NoBITPA
nepesa Tenn1o0o06MiHHUKOM gpalikynepa (dry cooler), wo
[A€ 3mMOry BUKOpPUCTOBYBaTK pexkum Free Cooling Ha-
BiTb 32 TemnepaTyp 30BHiLIHbOroO NOBITPSA, AKi Ha 5—7 °C
BUMLLj 32 CTaHAAPTHY TO4YKY nepexoay [16, 21, 27].

Fi6puaHi cxemn

Ons dapmaueBTUYHUX NiANPUEMCTB HaMAOLINbHIWMM €
came Henpamuit abo ribpUAHUIN PeXUM, OCKINbKKU BiH 3a-
6e3neyye BUCOKUI piBeHb caHiTapHoi 6e3neku, cTabinb-
HICTb NApaMeTpiB Ta BUKAOYAE PU3MKM NPAMOTO BMJINBY 30-
BHiLLHbOrO NOBITPA Ha YNCTi BUPOBHUYI 30HU.

MpaKTnyHuit edeKkT BnpoBaaKeHHA Free Cooling nonaraey
CYTTEBOMY 3HUKEHHI CNOMKMBAHHA eNeKTpoeHeprii Komnpe-
COpHMM 0bnafHaHHAM Yy XONO4HUI nepiog, PoKy. 3a Aa-
HUMW [Kepen NiTepatypy, 3aNneXHO Bif, KAIMaTUYHUX
YMOB, TUMY CUCTEMM Ta YaCTKM piyHOro Yacy pobotu B pe-
*nmi Free Cooling ekoHOoMmis eneKkTpoeHeprii MoXKe cTaHo-
BuTU BiA 15 no 45 % [16, 21, 23, 27].

CyyacHi gocniaskeHHA GOKyCytoTbCA Ha CUHeprii MacuBHUX
Ta aKTUBHUX CUCTEM:

— MocnigoBHa ribpuamsauia. Peskum, 3a AKOro BinbHe
OXONIOAKEHHA 3abe3neyye nonepesHe 3HUKEHHA TEM-
nepaTypuM TemnjoHOCIA, a KOMMNPECOPHWUN uuaep
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34iMcHI0E nwe ¢iHanbHE AOOXONOAMKEHHA A0 3aAaHOI
TOYKU. Lie paanKanbHO NiagBuLLYE CyMapHNU KoedilieHT
eHeproedekTnBHocTi cuctemu (EER) [16, 33].

— TibpuaHi coHAYHO-AECUKaHTHI cuctemum (SDCS). Bukopu-
CTaHHA COHAYHOI eHeprii gna pereHepalii agcopbeHTis,
LLLO OCYLUYIOTb NOBITPA, Y NOEAHAHHI 3 HENPAMUM BUMa-
pOBYBa/IbHNM OXONOAKEHHAM. Taki cxemu gatoTb 3mory
npeumsiiHO KOHTPOOBATU BOOTICTb, LLO € KPUTUYHUM
ON1A BUPOOHULTBA TBEPANX NiKapCbKux dopm [6, 12, 33].

— IHTerpauia 3 rpyHTOBUMM TENNO00OMIHHMKaMK. Bukopu-
CTaHHA cTabinbHOI TemMnepaTypu I'pyHTY 4NA nonepes-
HbOTO OXON0AXEHHA NPUNAMBHOTO MOBITPA BAITKY Ta Ni-
AirpiBy B3MMKY, LWLO HiBE/HOE MIKOBI HaBaHTAXEHHSA Ha
mepexy [6, 8, 15, 25, 31, 32].

Ons ymos YKpaiHuM LA TexHonoria € 0co611MBO NepcrneKkTmB-
HOI0 3aBAAKU TPMBAIOMY ONasOBa/IbHOMY Ta nepexigHomy
ce30HaM, NPOTArOM AKMX TemnepaTypa 30BHILWHbOIO MOBi-
TPA NEePeBa*KHO HUXKYe PiBHA, HeobxiaHoro ana poboTtn cu-
CTEM OXONOAMKEHHS.

JopaTkoBoto nepesaroto Free Cooling € 3MeHLWeHHA HaBa-
HTa)KEHHA Ha KOMMPECopU XONOAMNbHUX MALWIWH, WO
cnpuAe 36inbleHHIo pecypcy 061agHaHHA, 3HUKEHHIO BU-
TpaT Ha cepBicHe 06CNyroByBaHHA Ta NiABULLEHHIO 3arab-
HOI HaAjiMHOCTI cuctemu.

BoaHouac edektmsHicTb Free Cooling 3anexutb Big npasu-
NbHOrO BMBOPY TemnepaTypHux rpadikis, rigpaBaivyHol
CXeMM, CUCTEMWN aBTOMATM3ALLIT Ta Y3roAXKeHHSA 3 iCHYI0UYUM
xonoaunbHUMm obnagHaHHaAM. UWloao dapmaueBTUUHUX
NiANPUEMCTB Ba*K/IMBO TaKOX BPaxoBYyBaTM BUMOTU A0 pe-
3epByBaHHA, 6e3nepepBHOCTI pobOTH W TOYHOCTI MigTPU-
MaHHA MapameTpiB MiKPOKAImaTy.

MNepcnekTMBHUM Hanpsamom € iHTerpauia Free Cooling i3 cu-
CTeMaMu aBTOMATM30BAHOIO KepyBaHHA, AKi Aal0Tb 3mory
aBTOMATUYHO MEPEMMUKATU PEXMMU POBOTU 3aNeKHO Big,
TemMnepaTypu 30BHIWHbOrO MOBITPA, MOTOYHOrO HaBaHTa-
YKEHHA Ta EKOHOMIYHUMX KpUTepiiB ekcnayaTtau,ii.

Takum YnHOM, TexHonoria Free Cooling € ogHMM 3 Hali-
6inblU WBMAKOOKYMHUX Ta TEXHIYHO AOLINBHUX 3aX0A4iB MO-
OepHi3auii cuctem xonogonoctadaHHa dapmaueBTUYHUX
NiANPUEMCTB | MOXKe po3rnagaTmcs ak 6a3oBuit eTan noga-
bLLIOT KOMMNNEKCHOI eHepromoaepHisau,ii.

Tennosi HacocK Ta KaCKagHe BUKOPUCTAHHA TeN1I0TU

OpHMM 3 HaWNepCneKTUBHIWMX HanpamiB AeKapboHisay,i
Ta NigBuLeHHA eHeproedeKTUBHOCTI NPOMMUCAOBUX Nian-
PUEMCTB € BMKOPWUCTAHHA TEMJIOBUX HACOCIB, AKi AatloTb
3MOry NepeTBopOBaTU HN3bKONOTEHLNHY TENAOTY HaBKO-
NIMWHBOrO cepesioBULLA b0 BTOPUHHUX EHEPreTUYHMUX pe-
CypCiB Ha KOPUCHY TEMNI0BY EHEPrito 3 BUCOKUM Koedil,ieH-
TOM epeKTUBHOCTI.

Onsa bapmaueBTUYHUX NIANPUEMCTB 3aCTOCYBaHHA TeMio-
BMX HacociB € 0COBNMBO aKTyabHUM Y 3B’A3KYy 3 ofHOYac-
HOO HasBHICTIO 3HAYHMX NOTPeb y TennoBin Ta XoNoAnIb-
Hil eHeprii. Ha Takux 06’eKTax AKepenamu HU3bKOMOTEH-
LiAHOT TENOTU MOXYTb BUCTYNATU KOHAEHCATOPHI KOHTY-

pU XONOAMABHUX MALUMH, BEHTUAALIMHI BMKMAM, CTiYHi
BOZM, TEXHO/IOTYHI MOTOKM, @ TAKOXK 30BHILLHE NOBITPA abo
I'PYHT.

Ons  dapmaueBTUYHMX NiANPUEMCTB HalinepcrneKkTUBHI-
LWMMMK € CUCTEMM TUMY BOAA —BOAA Ta KACKaZHI Tena0Haco-
CHi YCTQHOBKM, OCKi/IbKWM BOHW Aat0Tb 3MOTYy BUKOPUCTOBY-
BaTU CTabinbHi BHYTpPIWHI A)Kepena CKMAHOI Tennotn
3abe3neyyBaTh HiNbLl NPOrHO30BaHI peXxnummn poboTn nopi-
BHAHO 3 NOBITPAHUMMU CUCTEMAMMU.

MPaKTUYHMMKU HaNPAMaMK BUKOPUCTAHHA TENJI0BUX HAco-
ciB Ha papmaLeBTUYHUX NiANPUEMCTBAX €:

—  niaroToBKa rapa4oi BoAn A5 rocnofapcbKo-nobyToBmx
i TexHonoriYHux noTpeo;

— nigirpis NPUNAMBHOrO NOBITPA Yy BEHTUAALIAHMX YyCTa-
HOBKaXx;

— MOKPWUTTA YaCTUHW HaBaHTaXKEHHA CUCTEM OMANEHHS;

— pekynepaLis Tena0TH XonoguabHoro obnagHaHHs;

— OJHO4YacHe BVIpO6HMLI,TBO xonoay 1 Tennotu B iHTerpo-
BaHUX CUCTEMAX.

3a pesynbTatamu onybniKOBaHUX [OCAIAMKEHb, 3aCTOCY-
BaHHA TEMJIOBUX HACOCIB HAa MPOMMCAOBUX NiANPUEMCTBAX
[A€ 3MOTy CKOPOTUTU CMOXKMBAHHA MPUPOAHOro rasy Ha
20-60 % 3anexKHOo Bif, CTPYKTYPWU HaBaHTaXeHb, Temnepa-
TypHUX rpadikiB Ta piBHA iHTerpauii cuctem. Haiibinbwmi
edeKT [ocAraeTbcA 3a HaAABHOCTI CTabinbHOro BHYTPIL-
HbOrO AKepena HU3bKOMOTEHL,IMHOT TENNOTH, LLLO XapaKTe-
PHO ANA NiANPUEMCTB 3 NOCTINHUM XO1I0AUIbHUM HaBaHTa-
»eHHam [3, 8, 15, 16, 21, 25, 27-33].

BoaHouac BnpoBaaKeHHs TENN0BUX HacociB noTpebye Bpa-
XYBaHHA HU3KW TeXHIYHMX (aKTopiB: TemnepaTypu AxKe-
penaTensioTun, HeobxigHoOro TemnepaTypPHOro PiBHA CNOXKM-
Baya, CE30HHOI 3MiHM  HABAHTAXEHHA,  PEXUMiB
pe3epByBaHHA Ta NapameTpiB eNeKTpoXuBAeHHA. [na da-
PMaLEBTUYHUX MIANPUEMCTB A40AATKOBE 3HAYEHHA MAtOTb
BMMOTU A0 6e3nepepBHOCTi POBOTM Ta MOXKAUBICTb Ay6t0-
BaHHA 0bnafHaHHA.

Kntouosi acnekT 3actocyBaHHsA TH:

— Crabinisaujia KoediuieHTa edpekTnsHocTi (COP). Bukopmc-
TaHHA 06OPOTHOT BOAW CUCTEM OXONOLMKEHHS 3 BiZHOCHO
cTabinbHo Temnepatypoto (15-25 °C) sk grepena gns
TH Aae 3mory nigTprMyBaTU BUCOKWUIA | MPOrHO30BaHWI
COP (Ha piBHi 4.5—6.0) He3aneKHO Big ce30HY. Lie 3HauHO
edeKTuBHiLWwe 3a nosiTpAHi TH, edbeKTBHICTb AKMX Nagae
3a Biag'emHux Temnepatyp [3, 15, 27-29, 31-33].

— BucokoTemnepatypHi Tennosi Hacocu (HTHP.: Jxkepena
[6, 23, 28, 32] onucytoTb BNPOBaLKEHHA KACKaZHWX
CXeM, LLO Aal0Tb 3MOTY OTPMMYBaTK TEMIOHOCIN 3 Tem-
nepatypoto 80-90 °C gns noTtpeb BN Ta nonepeaHbOro
Harpisy B cuctemax BeHTUAALI. Lie miHimi3ye Bukopuc-
TaHHA ra3oBMX KOTAIB, LLO € NPAMUM KPOKOM [0 AeKap-
60Hi3auii BUpobHMUTBA.

— CuHXpOoHHa reHepauis (TpureHepauia). Peanisauia KoH-
uenuii, 4e oAHa yCTaHOBKa OAHOYACHO BUPOBAAE Xonos,
[ONA TEXHONOTIYHUX NiHIM Ta KOPUCHE Tenao Ans agMiHi-
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CTPaTUBHUX UM AOMNOMIKHUX Byaisenb. Takuii niaxia nae
3mory ytunisysati go 100 % Tennotm KoHgeHcalii, Aka
paHiwe BBakanaca BTpavyeHoto [1, 10, 14, 27, 28, 32].

MepcnekTMBHUM HaNPAMOM PO3BUTKY € MOEAHAHHA TEN/0-
BMX HacociB i3 cuctemammn Free Cooling, akymyntoBaHHA
eHeprii Ta aBTOMATU30BaHOro KepyBaHHA. Y Takomy pasi Te-
NJ0OHACOCHa YCTAaHOBKA CTAa€ YaCTUHO IHTErpoBaHOI eHep-
reTM4YHOI CUCTEMM NiZNPUEMCTBA, LLLO AAE 3MOTY ONTUMI3Y-
BaTW BUTPATU eHeprii Ta NiABULLMTM FTHYYKICTb eKCnayaTaLlii.

OTKe, TENNOBi HACOCU € OAHWUM 3 K/THOYOBUX TEXHONOTIYHMX
pilleHb ANA MOAEepHi3aLii eHepreTUyHoi iHPpacTpyKTypu
dapmaueBTUYHUX NiANPUEMCTB | MOXKYTb 3a6e3ne4YnTH 3Ha-
YHUM EKOHOMIYHWI Ta EKONOTiYHMIM ePeKT 3a YMOBM NpaBU-
NbHOTO BUBOPY AxKepena TENAOTU Ta PEXMMIB PO6OTH.

AKYMYNIOBaHHA X004y W TeN0TH

O4HMM 3 BaXK/IMBUX HaNpAMIB MiABULWEHHA ebeKTUBHOCTI
CY4aCHUX eHepreTMYHUX CUCTEM € BUKOPUCTAHHA TEXHOO-
ri akyMyntoBaHHA eHeprii, AKi AalTb 3MOry po3AinvuTi B
Yyaci npouecu reHepauii Ta CNOXKMBAHHA TENJI0BOI, XON04AMN-
NbHOT ab0 eneKkTpuUHOI eHeprii. lna npoMmucioBux Nignpu-
EMCTB LLe CTBOPIOE MOK/MBICTb THYYKILWO yNpaBaiHHA HaBa-
HTQXXEHHAM, 3MEeHLUEeHHA MIKOBUX BUTPAT Ta NiABULLEHHA
HaajiHoCTi eHeprosabesneyeHHs.

Ons dapmaLeBTUYHMX NiANPUEMCTB 3aCTOCYBaHHA CUCTEM
aKYMY/NOBaHHA € 0CO6/MBO aKTyaNbHUM Yepes NOEAHAHHSA
Linono060BOro CNoXKMBaHHA X0104Yy, 3MIHHOIMO MOMUTY Ha
TENNoBY €Heprito Ta BUCOKMX BUMOT A0 Be3nepepBHOCTI BU-
PO6HUYMX NpoLeCiB. Y TaKMX YMOBAX HaKONUYEHHA eHepril
[,03BONSAE KOMMEHCYBATN KOPOTKOYACHI NiKM HaBaHTaXKeH-
HA, BUPIBHIOBaTK rpadik poboTn obnagHaHHA Ta 3HUNKY-
BaTM PU3NKM TEXHONOTIYHWX 360iB.

Y cuctemax TENI0XON040MNOCTa4YaHHA HAWMOLWMPEHILMMHM

€ TaKi TMNM akymyntoBaHHA [5, 10, 13 17, 19, 20, 22-24, 26,

27,30-32]:

— Ten/ioBe aKyMy/lOBaHHA, WO Peani3yeTbcA 3a AONOMO-
roto 6akiB-akymynaTopis rapsyoi soam abo TennoHocis;

— aKyMy/lOBaHHA Xon04y, AKe 6a3yeTbcs Ha HaKOMUYEHHI
oxonoaxeHoi Boan abo nboay;

— ¢asonepexigHi Hakonmyysadi (PCM), Wwo BUKOPUCTOBY-
I0Tb MPUXOBaHY TEMIOTY NJaBAeHHA abo KpucTanisauii
maTepianis;

— eNIeKTpUYHEe aKyMyNtoBaHHA, 30Kpema baTapeiHi cuc-
TEMU ANA pe3epBYBAHHA XMBAEHHA Ta BanaHcyBaHHsA
HaBaHTaXKEeHHSA.

TennoBi akymynaTopn MoxKyTb eGeKTUBHO BUKOPUCTOBYBa-
TUCA CMiNIbHO 3 KOTEeNIbHAMM ab0 TENNOBUMM HAaCOCAMM, Aa-
H0UM 3MOTY BUPODNATM TENIOBY EHEprito B Nepiogn MiHima-
NIbHOTO Tapu@HOro HaBaHTaXKeHHA abo HaliepeKTUBHIWOT
poboTn 061afHaHHA 3 NOAANbLIMM BUKOPUCTAHHAM Y rO-
OVHUW nigsuweHoro nonuty [28, 33].

AKYMYNIOBaHHA xonoay € 0cobanBO NepcnekTUBHUM ANA
bapmaLeBTUYHNX MIGNPUEMCTB, OCKIIbKM 3HAYHa YacTMHA
XONOANNBHOrO HaBaHTAXKEHHA NPUNALAE Ha AEHHI TOANHM.
ToX XONOAWNbHI MALWMHU MOXKYTb MPALIOBATU B HIYHWUIA

nepiog 3 HUXYMMM Tapndammn Ha eNeKTPoeHeprito, HaKo-
MUYYIOYM X004, AKUIA BUKOPUCTOBYETbCA BAEHb. Lle pae
3MOry 3MeHLWMWTW HaBaHTaXKeHHA Ha KomnpecopHe obnas-
HaHHA B rOA4MHU NIKOBOTO CMOXKMBAHHSA e/1eKTPOeHeprii.

Okpemy yBary npuBepTatoTb ¢asonepexigHi matepianu
(PCM), aiki xapaKTepu3ytoTbCs BUCOKOIO MUTOMOIO EHEpro-
EMHICTIO Ta KOMNAKTHICTO. TaKi cucTtemMun MOXKyTb 3aCTOCO-
BYBATUCA Y CKNALCHKUX MPUMILLEHHAX, XON040BUX Kamepax
Ta BEHTUIALIMHUX YCTaHOBKax Ans ctabinisauyii temnepaty-
PHUX peXuMmis.

Ona papmaueBTUUHUX NiZNPUEMCTB BaXK/IMBOIO NepeBaroto
CUCTEM aKyMY/IOBAHHA € NiABULWEHHA HadiMHOCTI eHepro-
3abe3neyeHHsn. 3a HAaABHOCTI pe3epBy xonoay abo TennoTm
NiANPUEMCTBO OTPUMYE AOAATKOBUIA Yac ANA pearyBaHHsA B
pasi aBapilHOro BigKNtouYeHHs obnagHaHHA abo KOPOTKO-
YacHux nepeboiB eNeKTPONoCcTa4YaHHA.

BoaHo4Yac BMpOBaZKEHHA HaKOMW4YyBayiB eHeprii noTpe-
6ye BpaxyBaHHA KaniTanbHWUX BUTPAT, AOCTYMHUX NAOLL A5
pPO3MilleHHA 0bnagHaHHA, TenA0BUX BTPAT, LUUKAIYHOCTI
HaBaHTaXeHb Ta iHTerpayii 3 iCHYlYMMM CUCTEMAMU Kepy-
BaHHA. [na dapmaueBTMUHUX OO’€KTiB A0AaTKOBE 3HaA-
YeHHA MaloTb CaHITapHi BUMOrM Ta 3abe3neyeHHs cTabinb-
HOCTi TEXHOJIOTIYHUX MapamMeTpiB.

3a gaHUMK OxKepen niTepaTypu, BUKOPUCTAHHA CUCTEM
AKYMYNIOBAHHA Y CKNagi iHTerpoBaHUX eHepreTMYHux pi-
WeHb [A€ 3MOTy 3HU3WUTU MiKOBE eNeKTPUYHEe HaBaHTa-
*KeHHA Ha 10-25 %, cKopoTUTU BUTPATK HA eHeproHocii Ta
NigBUWMTM 3aranbHy THYYKICTb eKcnayaTtauii nignpuemc-
TBa.

TakMM YWMHOM, CUCTEMM aKYMYOBAHHA EHeprii € BaXau-
BUM €/IeMEHTOM CYYaCHWX Tena0X0N040N0CTavyanbHUX
KOMMNIEKCIB i MOXYTb CYTTEBO NiABULLNTU eDEKTUBHICTb Ta
CTiliKicTb eHepro3zabesneyeHHA dapmaLeBTUUHUX NiANpU-
€MCTB, 0C06/IMBO B MOEAHAHHI 3 TENJIOBUMM HACOCamMM Ta
ABTOMATM30BAaHUMM CUCTEMAMM KePYBaHHA. IHTerpaLia Ha-
KOMW4YyBa4iB Q€ 3MOTy 3MEHLUUTM BCTAHOBAEHY MOTYX-
HiCTb OCHOBHOro obnagHaHHA (4nnepiB) Ta 3abesneunTn
pesepB Xxono4y Ha BUMMNaZOK KOPOTKOYaCHUX 360iB y eHep-
FONOCTaYaHHiI, WO € KPUTUYHMUM ANA CTaHZapTiB 6e3neku
dapmaueBTUYHOT NpoAayKLii.

IHTeneKTyanbHe KepyBaHHA Ta NPOrHO3HE MOAENIOBAHHA
(SCADA/MPC)

Mopanble nigBuLLeEHHA eHeproedeKTUBHOCTI MPOMMUCIO-
BMX MiANPUEMCTB NOB’A3aHE He InLLe 3 MOLEpPHi3aLiieto 0b-
NafHaHHA, ane 1 3 ynpoBaaKeHHAM Cy4acHUX CUCTEM aB-
TOMaTM30BaHOrO KepPYBAHHSA, AKi 3ab6e3neuytoTb y3rogKeHy
pob0oTy BCiX eneMeHTiB eHepreTMyHoi iHppacTpyKTypu. Ans
bapmMaueBTUYHUX NIANPUEMCTB, A€ iHXeHepHi cuctemu oy-
HKLiOHYIOTb 6e3nepepBHO M MaloTb NiATPMMYBATH CYyBOPO
pernameHTOBaHi MapameTpu MiKpOK/IiMmaTy, poab aBTOMa-

TM3auii € 0cobAMBO BaXKANBOIO.

Y TpaguuiiHUX cxemax TeMJIONOCTa4aHHA Ta X0/1040M0CTa-
YaHHA OKpemi yCTaHOBKM YacTo NPaLooTb aBTOHOMHO, 6e3
[0CTaTHbOT KoopAMHaL,ii MmixK coboto. Lle moxke npussoguTm
[0 OAHOYacHOro BMPOOHWMUTBA HAAJ/JMLIKOBOrO Tenna i
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X0/104y, HepPaLioHaNbHOTO BUKOPUCTaHHA eHepropecypcis,
YacTMx NyCcKiB KOMNpecopHoro obnagHaHHA Ta poboTH cu-
cTeM y HeeDeKTUBHUX PErKUMaX.

BUKOPUCTaHHSA Cy4aCHUX CUCTEM KepyBaHHA AA€E 3MOry ne-
pelTH Bif NOKaNbHOTO PEryloBaHHA OKPEMMX arperaTis 4o
LEeHTPaNisoBaHOro ynpas/iHHA BCIED €HEePreTMYHO CUC-
TEMOI NiANPUEMCTBA. HalnowmnpeHilmMm pilleHHAM € 3a-
cTocyBaHHA cuctem Knacy SCADA (Supervisory Control and
Data Acquisition), Aki 3a6e3neuytoTb 36ip AaHKUX, AncneTye-
pu3auito, apxiByBaHHA NapameTpiB, CUrHasi3auilo Biaxu-
JleHb Ta AUCTaHLiiHe KepyBaHHA 06nafHaHHAM.

Y cuctemax tennoxonogonoctavyaHHA SCADA gae 3mory Ko-
HTPONOBATN POBOTY X0/104MU/IBHUX MaALLUMH, HACOCHOIO 06-
NafiHaHHA, TENNOBUX HACOCIB, BEHTUNALINHMX YCTaHOBOK,
AKYMYNIATOPIB eHeprii Ta AONOMIXHUNX iHKEHEPHUX CUCTEM
y eEaMHOMY iHbopMaLitHoMy cepenoBulli. Lle 3abesneuye
MOMK/IMBICTb Y3roAXKEHHA PEXKMMIB POBOTM OKpeMUX Niacu-
CTeM 3aeXHO Bif, MOTOYHOrO HaBAHTAXKEHHA, Temnepa-
TYPW 30BHILUHbOrO NOBITPSA, TapMiB Ha €IEKTPOEHeprito Ta
TEXHONOrYHUX NoTpeb BUPOOHULTBA.

Ona bapmaueBTMUHMX NigNPUEMCTB AOAATKOBOK Nepesa-
rol0 aBTOMATMU30BaHUX CUCTEM € MOX/MBICTb Be3nepeps-
HOTO MOHITOPUHIY KPUTUYHUX NAapaMeTPiB MiKpPOKAimaTy,
TEMNepaTypHUX pexmnmis 3bepiraHHA NpoayKuii, nepena-
AiB TUCKY B YMCTUX MPUMILLEHHAX Ta poBOTU pe3epBHOro
06naaHaHHA. Lle Mae BaXKmMBe 3HAYEHHA 3 NOrNAAy AOTpU-
maHHA Bumor GMP, Banigauii npouecis Ta 3abe3neyeHHs
NPOCTEXYBAHOCTI eKCNayaTauinHUX peXxumis.

MepcnekTMBHMM HanpPAMOM PO3BUTKY € 3aCTOCYyBaHHA an-
rOPUTMiB NPOrHO3HOrO Ta ONTMMI3aLLIMHOIO KepyBaHHS, 30-
Kpema MPC (Model Predictive Control), ski gatoTb 3mory
3a3ganerigb BPaxoByBaTUM 3MiHY HaBaHTAXKEHHSA, MOroHi
YMOBMW Ta BapTiCTb EHEProHOCiiB. Y TaKOMy pasi cMctema He
NnLe pearye Ha 3miHy napameTpis, a 1 dopmMmye Hanedek-
TUBHILWNIA peXMM poboTn Hanepea.

AHanis axepen [3, 4, 8,14, 15, 17, 25, 27, 29, 33] BKasye Ha
nepexig, fo cTpaTerii iHTeNeKTyaIbHOro KepyBaHHA, siKi ba-
3YI0TbCA Ha BE/IMKMX AAHWX Ta aHANITUL B peasibHOMY Yaci.

KntouoBnmu Hanpamamm undposisalii €:

— nMporHo3He KepyBaHHA Ha ocHoBi mogenen (Model
Predictive Control SCADA MPC). Ha BigmiHy Big cTaHAa-
pTHux PID-perynartopis, MPC BMKOPUCTOBYE MaTeMaTh-
YHY MOZEeNb CUCTEMM ANA NPOrHO3YBAHHA il NOBEAiHKM.
Lle pae 3mory 3a3ganerigb NepPeMMKATUCA HA PEXUM
Free Cooling abo aKTMByBaTU TEPMIiUYHi aKymynaTopw,
BPAxOBYOUM NPOrHo3 norogu Ta rpadik BMpobHMYOro
3aBaHTaXeHHs [21, 27].

— IHTerpauia 3i SCADA. Cy4yacHi cuctemu gucnetyepmsau,ii
BMKOHYIOTb PO/Ib K€@HEPreTUYHOro Xxaby», AKUIN y peanb-
HOMY Yaci 6anaHCye MixK CNOXUBAHHAM eneKkTpoeHeprii
ynaepamu Ta BUPOOHULTBOM TEMIOTU TEMIOBUMMU Ha-
cocamu. xkepena [3, 4, 8, 32] niakpecntooTb, WO 3a-
BOAKN aBTOMATU3aLil MOXKHA 4OCATTM A404ATKOBOI EKO-
HoMmii eHeprii Ao 12—-15 % nuwe 3a paxyHoOK onTumisauii
anroputmis poboTu.

— ANropuTMM MaWKWHHOrO HaB4YaHHA (ML). 3acTocyBaHHSA
HENPOHHUX MepeX ANA BUABNEHHS aHOMani y pobori
XONOANABbHUX LIMKAIB Ta NPOrHO3YBaHHA cepBiCHOro 06-
cnyroByBaHHA. Lle KpuTnuyHo ana dapmadii, ge suxig 3
Nafly CUCTEMU OXO/I0AKEHHA MOXKe NPU3BECTU A0 NCy-
BaHHA A0pOoroBapTicHUX npenaparis [25].

BnpoBaa)KeHHA iHTErpoBaHMX CUMCTEM aBTOMATM30BaHOIo
KEPYBAHHA MOXKe 3abe3neunTu 404aTKOBE 3HUMKEHHA eHe-
procnomnBaHHA Ha 5—20 % HaBiTb 6e3 3HaYHOi 3aMiHM oC-
HOBHOro 06/1aiHaHHSA, a B NOEAHAHHI 3 MOAEPHI30BaHNUMMU
cucTemMamu  TensioreHepauii Ta X0/040NOCTavYaHHA Len
edeKT € Wwe BULWMM.

BaKNMBMM Cy4aCHUM iHCTPYMEHTOM € TaKOX CTBOPEHHA
undposux mogenein abo undposux ABINHUKIB eHepreTny-
HUX CUCTEM NIANPUEMCTBA, AKi 4aOTb 3MOTy MOAENOBATH
pexMmu poboTu, TecTyBaTu cueHapii mogepHisauii Ta ouji-
HIOBATWU HACNIAKM 3MiH 6e3 BTpyYaHHA B peasibHUN TeXHO-
JIOriYHMIA Npouec.

BogHouyac BnpoBagKeHHA aBTOMaTU30BaHMNX CUCTEM Kepy-
BaHHA NOTpebye AKICHOI CeHCOPHOI iIHPACTPYKTYpU, HAAIN-
HWUX KaHaniB 3B’A3Ky, Kibepbe3neku, NiAroToBKM NepcoHany
Ta iHTerpauii 3 y»ke iCHyto4YMMKN CUCTEMaMM NigNPUEMCTBA.

Taknum ymHom, aBTomaTmsauia, cmctemn SCADA Ta iHTenek-
Tya/ibHi anropuTMmn KepyBaHHS € HEOOXiAHUM eNeMeHTOM
CY4YacHOi MogepHi3aLii cucTem Tenaoxono40nocTavyaHHA
bapmaLeBTUUHMX NIANPUEMCTB. IX BUKOPUCTAHHA Aa€
3MOrYy He InLLe 3HU3UTU EHEProCNOXKMBAHHSA, ane 1 3abes-
neyYnTn cTabinbHICTb TEXHONOrYHMX NPOLECIB, NiABULLUTK
HagiliHicTb poboTn obnaaHaHHA Ta CTBOPUTU OCHOBY ANA
noganbLoi unmppoBoi TpaHchopMalLii nignpruemcTs.

HesBaxaloum Ha 3HaYHy KinbKicTb Nyb6nikauin, KpUTUYHUIA
aHanis 33 gkepen BUABMB CYTTEBY HAaYKOBY NAKyHY:

dparmeHTapHiCTb pilweHb. binbwicTe AocnigxeHb Gpokrycy-
IOTbCA HA OKPEMMX KOMMOHEHTaxX (HanpuKnag, Anwe Ha ma-
Tepianax PCM abo nuuwe Ha napameTpax TH), He nponoHy-
UM LINICHOT METOAMKWU iXHbOro Y3roAKEHHA B MeXax
OZIHOrO MPOMMC/IOBOTO BYy3/1a.

BiacyTHicTb npuKnagHux metoguk ana GMP. IcHye Hesbir
MiXK CKNagHUMM TEOPETUYHUMW MOAENAMMU Ta BUMOramum
dapmaueBTUYHUX pernameHTiB  (cTabinbHicTb Temnepa-
TYPW, Banifauia cMCTeM), LLLO CTPUMYE BMPOBAAKEHHS iHHO-
BaLjii Ha peanbHUX NiANPUEMCTBAX.

EKOHOMIYHA gMHamika. HeaocTaTHbO BUCBIT/IEHO NMUTAHHA
afanTauii cMctem 40 AMHAMIYHUX PUHKIB eneKTpoeHeprii,
A€ aNropuTM KepyBaHHA Mae BUMbMpaTh pexkum pobotu Ha
OCHOBI MoTo4YHOi BapTocTi 1 KBT-roa.

MopiBHANBHMIA aHaNi3 CyyacHUX TEXHO/OFIN NiaBULLEHHA
eHeproe¢deKTUBHOCTIi papmaLeBTUYHUX
nignpuMemcTs

[ns BU3HaUYeHHA HaWAOLUiNbHILLIMX HanpsaMiB MoaepHisauii
CUCTEM TEMN/I0X0N0A0MN0CTavaHHA dapMaLeBTUYHMX nign-
PUEMCTB BUKOHAHO MOPIBHA/IbHUI aHaNi3 OCHOBHUX TEXHO-
JNOTIYHUX pilleHb, PO3MAHYTMX Yy nonepeaHix posainax.
OuiHIOBaHHA 34iMCHIOBANOCA 3@ TaKMMM KpuUTepiamu:
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noteHuian eHeprosbeperkeHHs, piBeHb KamniTa/JibHUX BU-
TpaT, CKNAAHICTb iHTerpayii B 4itodi cuctemu, nepios oKyn-
HOCTi, piBEHb TEXHONOFYHOI 3PiNOCTi Ta NpUAATHICTL A0

BUKOPUCTaHHA Yy dapmaueBTUYHIl ranysi. OTpumaHi pe-
3y/1bTATW y3aranbHeHo y Tabauui.

Ta6nuus. NMopiBHANBbHA OLiHKA Cy4aCHUX TEXHOOrii eHepromoaepHisauii papmaLueBTUUHUX NigNPUEMCTB

. MNoTeHuian ekoHo- | CknagHicTb Bnpo- | KanitanbHi BUTpaTn OcHoBHa nepeBara gas
TexHonoria
Mmii eHeprii Ba/’KEHHA (CAPEX) dbapmauii
Free Cooling (Henps- 20-40 % CepeaHsa Husbki / CepegHi Bucoka HagjinHicTb, npoc-
MUIA) TOTa Banigauii
Tennosi Hacocu (Heat | 30-50 %* Bucoka Bucoki MoBHe 3aMilleHHA ra3o-
Recovery) BOro Harpisy gns Bl
Tepmiyni akymynatopu | 10-20 % CepeaHsa CepegHi BupiBHIOBaHHA nikis, pese-
(PCM) pBYBaHHA X004y
CopbuiitHi unnepu 40-60%** [LyKe BUCOKa [yKe BUCOKi YTunisauia BUCOKOMNOTEH-
uiiHOro Tenna napu
IHTeneKkTyanoHe Kepy- | 10-15% Bucoka CepegHi OnTMMi3aLis cKnagHux ri6-
BaHHA (MPC) PUAHUX CXEM

* BIOHOCHO CymapHux aumpam Ha mernsa0 ma xosa00.
** 30 HassHOoCMi Oeweso2o Oxcepena mersnosoi eHepail.

MopiBHANbHWUI aHaNi3 NOKa3aBg, WO Halbinbl yHiBEepcaib-
HUMUK pillEHHAMM ANA GapmMaLeBTUYHUX MiLNPUEMCTB €
yTUAi3auia ckmgHoi Tennotu, Free Cooling, Tennosi Hacocu
Ta CUCTEMM aBTOMATU30BAHOIO KEPYBAHHA, OCKi/IbKW came
Ui TexHoorii 3a6e3neyyoTb NOEAHAHHA BUCOKOTO eHepre-
TUYHOrO epeKTy, NPUNHATHOIO TEPMiHY OKYMHOCTI Ta MOXK-
NINBOCTI iHTerpau,ii B Ajtoudi iHXeHepHi cuctemn 6e3 cyTre-
BOrO NOPYLIEHHA BUPOOHUUMX NpoLeciB.

TexHonoris Free Cooling xapaKTepun3yeTbca OAHUM 3 Hali-
KOPOTLUMX TEPMIHIB OKYNHOCTI Ta BIAHOCHO HEBENIUKMMMU
KanitaAbHUMW BUTPaTaMm, WO pPobuTs il AOLINBHOO AK NOo-
YyaTKoBMI eTan mogepHisauii. Ocob6anBo ePpeKkTUBHUM € ii
BMKOPUCTaHHA AAA NIANPUEMCTB 3 NOCTIMHUM XON0AWNb-
HUM HaBaHTAXXEHHAM Ta KNAIMAaTUYHUMK YMOBaAMM, XapaK-
TEePHUMM gnA YKpaiHu.

TennoBi HacocK 1 cUCTEMM YTUAI3ALLIT CKUAHOT TEeNA0TH 3a-
6e3neyytoTb iCTOTHIWKWIA AOBroCcTPOKOBUI edeKT, 0cobanBo
33 HaABHOCTI CTabiNbHOro BHYTPILWHbOrO AKepena HU3bKO-
noTeHuinHOT TennoTu. Taki pilleHHA Aal0Tb 3MOTy CYTTEBO
CKOPOTUTU CNOXMBAHHA MPUPOAHOTO rasy Ta 3HU3UTU BYT-
neueBun cnig, nignpuemcraa.

Cuctemu SCADA Ta NpPOrHO3HOro KepyBaHHA MOXKYTb 6yTU
BMPOBAAKEHI AK CAMOCTIHO, TaK i B NOEAHAHHI 3 iHWMMM
TexHonoriamu. Ix 0cobAMBICTIO € BIAHOCHO KOPOTKMIA Tep-
MiH OKYMHOCTI 32 paxyHOK ONTUMi3aLii pexnmis poboTw ic-
Hytouoro obnagHaHHA 6e3 macwTabHoi peKoHCTPYKL;i.

TexHonorii KoreHepau,ii, TpureHepauii Ta unppoBmux ABin-
HWKiB MalOTb 3HAYHWUI NOTEHLia, o4HaK NOTPebyoTb 6iNb-
WKMX IHBECTULiM, CKNAAHIWOI iHTerpauii Ta BUCOKOro piBHA
TEXHIYHOI NiAroTOBKU NepcoHany. Tomy ix AOUibHO po3r-
NAJATN NepeBaXkHo A5 BEAUKUX NignpUeMCTB abo fAK Ha-
CTYNHWI eTan KOMMNJEKCHOI MoaepHi3aLii.

OTKe, BUBIp KOHKPETHOro Hanpsamy eHepromogepHisauii
NOBMHEH 34iACHIOBATUCA 3 YPaXyBaHHAM CTPYKTYPU eHep-

rOCNOXXWBAHHA NiANPUEMCTBA, TEXHIYHOTO CTAHY iCHYHOUMX
cuctem, GiHaHCOBUX MOKIMBOCTEN Ta BUMOT g0 6e3nepep-
BHOCTi BUpobBHUYOro npouecy. HaiuacTiwe HallepeKTUBHI-
LWMM € NOETaNHMM Niaxia, 3a AKOro WBUAKOOKYMHI pilleHHs
BMPOBAAKYOTbCA MEePWMMM, a Binbll KaniTalOMICTKi Tex-
HOOrii peani3ytoTbCA Ha HACTYNHUX eTanax MoAepHisau,i.

Monpun 3HAYHWUI TEXHIYHMI NOTEHLiaN Cy4aCHUX eHeproe-
bEeKTUBHMX pilleHb, iX BNPOBaAKeHHA Ha dapmaL,eBTUYHUX
NiANPUEMCTBAX Ma€ HU3KY cneundiyHmnx ocobamsocTei, AKi
BiAPI3HAIOTb L0 ranysb Big, H6inblIOCTi iHWWX NPOMUCIOBUX
cekTopiB. Lle noB’A3aHO 3 BUCOKMMM BUMOramm A0 SKOCTi
npoAayKLuii, 6esnepepBHOCTi BUPOBHMYMX NpoLECiB, perna-
MEHTOBAHUX MapaMeTPiB MIKpOK/AiMmaTy Ta HeobxigHicTio
CYBOPOro AOTPUMAHHA rasiy3eBnux HOpMaTUBIB.

OpaHieto 3 KNHYOBUX 0COBNMBOCTEN € HEODXIAHICTb MigTPU-
MaHHA cTabinbHUX TEMMNEepPaTypPHO-BO/IONICHUX YMOB Y BU-
POOHUYMX NMPUMILLEHHAX, NabopaTopiax, CTepUIbHUX 30-
Hax, CKNafCbKMX KOMMJEKCAX Ta XONOAUNBbHUX Kamepax.
OnAa oKpemmx TeXHONOrYHMX NPOLLEeCiB HaBITb HE3HAYHI Bi-
OXVUNEHHA napameTpiB MOXyYTb BM/IMBATU Ha AKICTb Npoay-
Kuji, pe3ynbTaTn KoHTponto abo ymosu 3bepiraHHA cupo-
BMHW Ta rOTOBMX NiKapCbKMX 3acobis. Y 38°A3Ky 3 Lum byab-
AKI 3MiHW B CMCTEMax Ten/ioXo/a040M0CTaYaHHA MOBUHHI
3piicHioBaTMCA 6€3 PU3NKY NOPYLUEHHS TEXHONOTYHMX pe-
KUMIB.

BaxknuBum dakTopom € BMmoru craHgaptis GMP (Good
Manufacturing Practice), Aki nepeaba4atoTb KOHTPOIbOBA-
HiCTb, NPOCTEXKYBAHICTb Ta BaNiAAL,i0 iH}KEHEPHUX CUCTEM,
o BMN/MBalOTb Ha BUpOobHMYe cepenosuLle. Lle o3Havag,
O MOZEpPHi3aLia cMcTtem BEHTUAALLT, KOHAULIIOBAHHA, Te-
naonoctayaHHA abo X0/N1040NOCTa4YaHHA YacTo MoTpebye
He Nule TEeXHIYHOro MepeocHalleHHA, ase W MOBTOPHOI
KBanidikauii obnagHaHHA, OHOBMEHHA Mpoueayp KOHT-
pOJIt0 Ta AOKYMEHTA/IbHOrO CynpoBoAy.
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CyTTEBMM 0BMEXKEHHAM € TAKOXK BMMOra 10 BUCOKOI HaAin-
HOCTi eHepro3abesneyeHHA. 3yNUHKA XONOAMAbHUX Ma-
LUWH, BEHTUAALIMHMX YCTAHOBOK abo cucTemM NiATPUMAHHSA
MIKPOK/IiMaTy MOXKe npm3BecTn 4o 6paky npoaykuii, 3ynu-
HKW BUPOBHMUMX NiHill un BTpaTh ymoB 36epiraHHA npoay-
Kuii. Came Tomy Ha dpapmaLLeBTUUYHMX NiANPUEMCTBAX KpK-
TUYHO  BAXKIMBMMW € pe3epByBaHHA 06/MaAHaAHHSA,
Ay6110BaHHA HACOCHUX Py, HAABHICTb aBapiNHOro eNnekT-
POXKUBNEHHA Ta baraTopiBHeBa cMcTeMa curHanisau;i.

OKpemy ponb Bifirpae opraHisauiiH1it acnekT moaepHisa-
uji. Peanizauis eHeproedeKTMBHUX 3ax0A4iB Ha gitovomy da-
pPMaLEeBTUYHOMY MigNPUEMCTBI YaCTO YCKIAOHIETbCA Ye-
pe3 HeobXigHICTb BWKOHaHHA MOHTaXHUX pobIT 6e3
3YNUHKM OCHOBHOIO BUPOBOHMLITBA ab0 B MEMKAX KOPOTKMUX
TeXHONOrYHMX BiKOH. Lle nmoTpebye nmoetanHoro Bnposa-
O)KEHHA pilleHb, BUCOKOI KOOPAMHAUii MK TEXHIYHUMMU
cnyxb6amm Ta BUpOOHUYMMK Migpo3ainamu.

EKOHOMiYHa ouiHKa NPOEKTIB y dapmaLeBTUYHIl ranysiTa-
KOX Mae cBot cneundiky. Ha BigmiHy Big 6araTbox iHLIMX
NiANPUEMCTB, TYT Ba*KNIMBUM KPUTEPIEM € He nLLe nepiog,
OKYMHOCTI, ane 1 BNAnB MoAepHi3aLii Ha cTabinbHiCcTb BU-
POBHULTBA, 3MEHLIEHHA PU3MKIB NPOCTOIB, MOKPALLEHHA
ymoB 36epiraHHA npoayKu,ii Ta NigBULLEHHA BignoBigHOCTI
Mi>KHapOAHMM CTaHAAPTaM.

3 ornagy Ha ue HanAoUiNbHILMMM € TEXHOOTT, WO MOXKYTb
iHTerpyBaT1cA noeTanHo, 6e3 iCTOTHOro BTPy4YaHHA y BUPO-
6HMYI Npoueck. [lo TakMx pilleHb HanexaTb cuctemu Free
Cooling, yTunisauis cKMAHOI TennoTu, moAepHisauia cuc-
TemM aBTOMaTM3aLii, BNIPOBaAKeHHA TenJ0B1X HAcoCiB y Na-
panenbHOMy pexumi poboTH 3 iCHYIOUMMK AKepenamu Te-
NAOTW, @ TAKOX BUKOPUCTAHHA CUCTEM AKYMY/IOBAHHA
eHepril.

MpaKTuKa cBiguYNTb, WO HalyCNiWHIWNMMN € NPOEKTH, pea-
Ni30BaHi Ha OCHOBI KOMMJIEKCHOTO €HEePreTUYHOro ayguTy
NiANPUEMCTBA 3 MOETANHO AO0POXKHLOK KAPTOH MOAEPHI-
3auii. Takuii Nigxia aae amory noegHaTM KOPOTKOCTPOKOBI
3ax04M 3i LWBWAKOK OKYMHICTIO Ta A4OBrOCTPOKOBI CTpaTeri-
YHi pilleHHs, cnpAMOoBaHi Ha rMMBOKY AeKapboHisauio Ta
umdposy TpaHchopmaLiito.

Takum YMHOM, BNPOBaAKEHHA eHeproedeKTUBHUX TEXHO-
Norin y dapmaLeBTMYHIM ranysi noTpebye He nLwe TexHIY-
HOIT A0LiNbHOCTI, ane 1 ypaxyBaHHA BUMOT 0 AKOCTi NpoAay-
Kuii, 6e3nepepBHOCTIi  BMPOOHMUTBA, HOPMATUBHOI
BiANOBIAHOCTI Ta ynpasniHHA puankamn. Came Komnaekc-
HUM Niaxia, € BU3Ha4YabHUM GaKTOPOM YCMiLHOT MOAEepPHI-
3auii NignpMemcTs Lboro npoodinto.

MepcnekTMBM NOJANbLUNX AOCNIAMKEHD

CUCTEeMHUI aHani3 CcyyaCcHOro HAyKoBOTO O0PO6KYy [Jae
3MOry KOHCTaTyBaTW GpyHAAMEHTaNbHe 3MILLEHHA napagu-
rMU B rasysi NPoMnCI0BOro xonogo3abesneyeHHsn: Big no-
LUYKY NOOAMHOKUX BUCOKOEDEKTUBHUX arperaTis 40 CTBO-
PEHHA CKNAAAHNX MYNIbTUEHEPTETUYHUX EKOCUCTEM.

MpoBeaeHUit aHani3 gaB 3mory KaacudikyBaTh po3rasaHyTi
pilleHHA 3a CTyNeHeMm iXHbOi MPAKTUYHOI AOCTYNHOCTI Ta
€KOHOMIYHOT A0LiIbHOCTI:

HaliBuwwmin npioputeT ana snpoBafskeHHA. MbpuaHi cuc-
TEMW BINIBHOrO OXONOAKEHHA 3 afiabaTyHOW MiATPUM-
Koto (ctaTTi N2 26, 27) Ta TepMiyHi HakonuuyBsaui (cTaTTi
Ne 20, 23). LLi TexHoMOrii 4@MOHCTPYIOTb CTabiNbHWUIA piBEHb
TEXHOJIOMYHOT FOTOBHOCTI | NPAMMUIA EKOHOMIYHUI edeKT y
BuUrnaai 3HmkeHHA OPEX Ha 20-30 %.

CepenHbOCTPOKOBaA NepcrneKkTnea. BnpoBagKeHHs anropu-
TMiB NporHosHoro KepyBaHHA (MPC) Ta umMdpoBux ABiltHU-
KiB (cTaTTi N2 17, 23). Monpw Te, Wwo BoHM 3a6e3nevytoTb 40-
[ATKoBY  eKoHomito o 10%, ix BApPOBaAXKEHHSA
CTPUMYETBCA CKNAAHICTIO iHTerpauii 8 icHytodi BMS/SCADA
cuctemu.

TeopeTnyHUn Ta cTpaTteriyHMin piseHb. KoHuenuii manmx
MmoaynbHUX peaktopie (SMR, ctatta Ne 24) Ta BOoAHEBMX
cxoBuwy, (ctatra Ne 19). Ha ubomy eTani BOHUM 3a/1MLWLAOTLCA
06’€eKTaMM MaTeMaTUYHOTrO MOAENIOBAHHA Yepe3 BUCOKiI
perynAaTopHi 6ap’epu Ta KaniTasomicTKicTb.

MpoBeneHUt aHanis cy4aCHUX TEXHOOr NiABULLEHHA
eHeproedeKTUBHOCTI dapmaLeBTUYHUX NiIANPUEMCTB NOKa-
3aB, LLO OCTAHHIM YaCOM CNOCTEPIraeTbCA aKTUBHWUI PO3BU-
TOK pileHb y cepi yTnaisauii CKUAHOT TeENN0TH, BUKOPUC-
TaHHA TennoBux Hacocis, Free Cooling, cuctem
aKYMY/IOBaHHA eHeprii Ta uMPPOBOro KepyBaHHA eHepre-
TUYHUMM NpoLlecamn. BogHouyac HM3KA HAaYKOBUX i MPaKTK-
YHWUX NUTAHb 3a/INLLAETLCA HEAOCTAaTHBO AOCNIAKEHOIO, LLLO
CTPMMYE LUIMPOKE BNPOBALKEHHA TaKMX pilleHb Y NpomMuc-
JIOBUX YMOBaX.

OfHieto 3 OCHOBHUX NPOra/inH € 0bMerKeHa KifbKicTb pobiT,
npucBAYeHUx came GapmaLeBTUYHUM NiANPUEMCTBAM.
3HayHKMIN cermeHT onybniKoBaHUX JOCNIAXKEHb CTOCYETbCA
odicHux byaisenb, AaTa-LEHTPIB, XUTNOBOro cekTopy abo
3ara/ibHONPOMUCAOBUX 06’EKTIB, TOAi AK papmaLeBTUYHE
BMPOOHULTBO XapaKTepusyeTbca cneundiyHMmu BUMO-
ramm A0 MIKPOKAIMaTy, YMCTOTM MPUMILLEHb, pe3epBy-
BaHHA obnaaHaHHA Ta 6e3nepepBHOCTI TEXHONOFYHMX NPO-
uecis. Lle ycknagHioe npAme nepeHeceHHA OTPUMAHMX
pe3ynbTaTiB Ha NignpMEMCTBA Lboro npodinto.

HepocTaTHbO AOCNIAKEHUM 3aNULLAETLCA NMUTAHHA iHTEr-
paLii cuctem TenaonocTayaHHA, X0N0LOMNOCTa4YaHHA Ta Be-
HTUAALIT B EAUHUI eHepreTUYHUIM Komnnekc. Ha npakTuui
Lji CMCTEMM YACTO MPOEKTYHOTbCA Ta EKCM/yaTyloTbCA OK-
pemo, Wo Mpu3BOAMTbL A0 BTPATM MOTEHUiany BHYTPILI-
HbOro eHepreTMYHoro 6asnaHcyBaHHA. MNoganblwmx ocni-
OXeHb noTpebyioTb MeToaAu CUHXPOHIi3auii  poboTn
TEMJIOBUX HACOCIB, XONOAMNbHUX MALLMH, HAKOMW4YyBadiB
eHeprii Ta BeHTUAALIMHUX YCTAHOBOK Y 3MiHHUX peXKMMax
HaBaHTaXeHHA.

OKpemMrm nepcnekTMBHMM HanpAMOM € po3pobaeHHA Mo-
Aenen NPorHo3HOro KepyBaHHA €HEeProcnoXKMBaHHAM Nia-
NPUEMCTB 3 BUKOPUCTAHHAM a/ITOPUTMIB LUTYYHOrO iHTene-
KTy Ta Model Predictive Control (MPC). Taki cuctemu
MOXYTb BPaxoByBaTW NOroAHi yMOBW, BUPOBHMYUMIA rpadiK,
Tapudu Ha eNEeKTPOEHEPTItO | TEXHIYHUI CTaH 0BNafHaHHS,
dopmytoun onTMMmanbHi pexxumn poboTn By peanbHOMY
yaci. MpoTe ana ¢bapmaueBTUYHOI ranysi NoAibHi pilueHHA
NMOKW NpeAcTaBNeHi 06MeKeHO.

393



BigHoBntoBaHa eHepretnka. Ne 2/2026 | feotepmasnbHa eHepreTmKa

HepoctaTHbO BMBYEHUMM € TAKOXK MUTAHHA E€KOHOMIYHOI
epEeKTMBHOCTI KOMMJIEKCHOI MoAepHi3aLii nignpuemcrs.
30e6in1bWOro po3rnsAaloTbCs OKpemi TeXHOOori, Togi AK
KOMbiHOBaHe 3acTocyBaHHA TenaosBux Hacocis, Free
Cooling, cuctem akymyntoBaHHA Ta LMOPOBOro KepyBaHHA
MOXKe 3abe3nevyBaTh cuHepreTMuHuii edekT. Noganblumx
JocniaxKeHb NOTpebye CTBOPEHHA MOAENEN KUTTEBOTO LiU-
KNy TaKMX CUCTEM 3 YpaxyBaHHAM KaniTanbHWUX BUTPAT, EKC-
nAyaTauinHUX BUTPAT, PU3MKIB NMPOCTOI Ta €KOAOrYHOro

edekry.

[Ona Kpain LleHTpanbHoi Ta CxigHoi €EBponu, 30Kpema YKpa-
iHW, aKTyaNbHMM € NMUTAHHA afanTauii Cy4yaCHUX eHeproe-
bEKTUBHMX TEXHONOTIM L0 YMOB HecTabinbHOro eHeprono-
CTa4yaHHA, BUCOKOI 3HOLWEHOCTi iHXeHepHOi iHppacTpyK-
TYpW Ta OOMEKEHUX IHBECTULIMHUX pecypciB. Y LLbOMY KOH-
TeKcTi 0co6AMBOro 3HayeHHA HabyBatoTb pilleHHSA, WO MO-
KYTb BMPOBaAKYBaTUCA NOETANHO Ta 3abe3neyysBaTtu WBK-
LKA EKOHOMIYHWUI pe3ynbTar.

MepcnekTMBHMM HaNPAMOM € BMKOPWUCTAHHA LUPPOBUX
OBIMHUKIB NiANPUEMCTB, AKi Aal0Tb 3MOry CTBOPIOBATU Bip-
TyanbHi MOZeNi eHepreTMYHMUX CUCTeM /1A TECTYBaHHA cLe-
HapiiB moaepHi3auii 6e3 BTpyYaHHs B peasibHi BUPOOHUUI
npouecu. NMoegHaHHA ULMPPOBUX ABIMHMKIB i3 cMcTeMamM
SCADA Ta iHTenekTyasibHMM aHani3oM AaHWUX MOXe CTaTu
OCHOBOI HOBOTIO MOKO/IIHHA eHeproedeKkTMBHUX hapmalie-
BTUYHMX NiANPUEMCTB.

Takum 4mMHOM, NoZanblui A0CNIOXKEHHA AOLINBHO CNpAMY-
BATW Ha CTBOPEHHSA IHTEFPOBAHUX MOAeNel eHepreTUUHNX
cuctem bapmaueBTUUHMX MiIZNPUEMCTB, OLHKY KOMBiIHO-
BaHWX TEXHO/IOMNYHUX pilleHb, PO3pOo6aAEHHA anropuTmis
a[anTMBHOIO KepyBaHHA Ta GOPMYBaHHA NPAKTUYHUX A0-
POKHiX KapT AeKapboHisauii ranysi.

Y poboTi BUKOHAHO aHasli3 Cy4aCHUX TEeXHOJOTYHUX pi-
WeHb, CNPAMOBaHUX Ha MNiABULLEHHA eHeproedeKTUBHOCTI
bapmaueBTMUHMX NiANPUEMCTB, 30KpEMA CUCTEM YyTUNI3a-
uii ckmaHoi Tennotn, Free Cooling, TenaoBMx Hacocis, aKy-
MY/IHOBAHHA eHeprii Ta aBTOMATU30BaHOrO KepyBaHHA eHe-
ProcrnoKMBaHHAM.

BUCHOBKU

1. BcTtaHoB/EHO, WO dapmaLeBTUYHI NiANPUEMCTBA Xapa-
KTEpPU3YIOTbCA CKIAAHOK CTPYKTYPOK €HEeprocrnoxKu-
BaHHA, AKA NOEAHYE 3HAYHI NOTpebu B TennoBii Ta xo-
NogunbHIN eHeprii, 6e3nepepBHUN pexnum poboTu
iH}XeHepHUX cMcTeM i NiaBULLLEHI BUMOrK A0 cTabinbHO-
CTi NapameTpiB MIKPOKAiMaTy BiANOBIAHO A0 CTaHAAp-
TiB GMP.

2. ToKa3aHo, WO OAHUM 3 HaWAOCTYMHIWMX BHYTPIWHIX
pe3epBiB eHepro3beperKeHHA € BUKOPUCTAaHHA CKUAHOT
TENNOTU XONOAUNBHOTO 0O6NaAHAHHA, BEHTUAALINHUX
CUCTEM Ta iHLWMX TeXHONOrYHMX npouecis. Ti yTuaisauia
[A€E 3MOry 3MEHLUWUTU HABAHTAXKEHHA Ha TPaAUUiMHI

axepena Tennotn U CKOPOTUTU CNOXKMBaAHHA BUKOM-
HOro nanauea.

3. BwusHaueHo, wo TexHosoris Free Cooling € edeKkTMBHUM
pilLeHHAM ANA NigNPUEMCTB 3 MOCTIMHUM XO0N04UNb-

HUM HaBaHTaXKEHHAM i moXKe 3abe3nedyyBaTu cyTTEBE
3HUMKEHHSA eNEKTPOCNOXKMBAHHA KOMNPECOPHOro obna-
[HaHHS, 0c061MBO B KNIMaTUYHUX YMOBaxX YKpaiHMu.

4. O6rpyHTOBaHO, WO TeMn/a0oBi HACOCU € OAHUM 3 K/HOYO-
BMX IHCTPyMeHTiB AeKapboHizauii dapmaueBTUUHMX
NiANPUEMCTB, OCKIIbKK Aal0Tb 3MOTNy BUKOPMUCTOBYBATU
HU3bKONOTEHLUiMHI AKepena TensoTU Ta iHTerpysaTtu
CUCTEMM FreHepalii Tenna i xonoay B EANHUIN eHepreTu-
YHUI KOMMNAEKC.

5. TokasaHo, WO 3acTOCYyBaHHA CUCTEM aKyMY/OBaHHA
eHeprii NigBULLYE FTHYYKiCTb pO60TM NiANPUEMCTBA, 3Me-
HLWYE MiKOBi HaBaHTaXXe€HHA Ta MOKpPaLLyE HaAiNHIicTb
eHeprosabesneyeHHs, WO € BaXXAMBUM ans besnepep-
BHUX BUPOBHNUYMX NPOLLECIB.

6. BcraHoBneHo, wo cuctemun astomatmsauii, SCADA Ta
aNropuTMM NPOTrHO3HOIO KepyBaHHA 3abe3neuytoTb A0-
[ATKOBUN edeKT eHeprosbepekeHHsA 3a paxyHOK onTu-
Mi3auii pexnumis poboTn obnagHaHHA N KoopaMHau,i
B3aEMOLIT MiK OKPEMMMWU EHEepPreTUYHMMKU nigcmucre-
MamMm.

7. MNoKasaHo, Wo HaledeKTUBHIWMM niaxoaom ana dap-
MaLLeBTUYHOI ranysi € He BNPOBAAKEHHA OKPEMUX TEX-
HOJ0TiA, @ KOMMN/IeKCHa NoeTanHa MmoAepHisauia 3 ypa-
XYBaHHAM TEXHIYHMX, EKOHOMIYHUX Ta PErynaTopHUX
ocobmBocTen NignpPUEMCTBA.

8. lepcnekTMBHMMM HanpsmMamMm NoAaNbLIOFO PO3BUTKY €
CTBOPEHHA LUMbPOBUX ABIMHMKIB EHEPreTUYHUX CUCTEM
NiANPUEMCTB, BUKOPUCTAHHA WITYYHOTO iHTENEKTY ANA
KepyBaHHA HaBaHTaKEHHAMU Ta GOPMYyBaHHA [OPOK-
Hix KapT AekapboHisauii dapmaueBTUYHOI ranysi.

OTpumaHi pe3ynbTaTh MOXYTb ByTY BUKOPUCTaHI AK aHaNiTu-
YHa OCHOBa A1A PO3POBNEHHS NPOrpaMm eHepromoaepHisa-
uii dapmaLeBTUYHUX NiANPUEMCTB, BUOOPY NpPiOPUTETHUX
TEXHOJIOTYHMX pilleHb Ta NIaHyBaHHA A0OBrOCTPOKOBOrO ne-
pexoay A0 HU3bKOBYIeLUeBMx Moaenei BUpobHMLTBa.
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Abstract. The article presents a systematic review of modern
technological solutions aimed at improving the energy efficiency of ~ ' Institute of Renewable Energy of the
pharmaceutical enterprises, which are characterized by high  National Academy of Sciences of
consumption of thermal and cooling energy, continuous operation ~ Ykraine, Kyiv, Ukraine

of engineering systems, and strict requirements for maintaining

stable indoor climate parameters in accordance with GMP standards. The purpose of the study is to analyze
current approaches to modernization of heating and cooling systems at pharmaceutical facilities, assess their
practical applicability, and identify promising directions for further development of the sector.

The literature review was based on publications indexed in international scientific databases, industry
technical sources, and recent applied studies. A comparative analysis was carried out for the following
technologies: waste heat recovery, Free Cooling, heat pumps, energy storage systems, SCADA-based control
systems, and predictive energy management solutions.

It was shown that refrigeration heat recovery systems and integration of heat pumps have significant energy -
saving potential, as they enable the use of secondary energy resources to cover heating demand. The study
found that Free Cooling is one of the fastest-payback solutions for enterprises with permanent cooling loads.
The feasibility of energy storage systems for reducing peak loads and improving reliability of energy supply
was substantiated. It was also demonstrated that implementing SCADA systems and intelligent control
algorithms provides additional reduction of energy consumption through optimization of equipment
operating modes.

The results of the study indicate that the most effective approach for the pharmaceutical industry is a
comprehensive step-by-step modernization of energy infrastructure, combining technical, digital, and
organizational solutions. The obtained findings may be used in the development of decarbonization programs
and energy efficiency improvement strategies for pharmaceutical enterprises.

Keywords: renewable energy, FreeCooling, heat pump, refrigeration machine, heat recovery.

List of Abbreviations and Symbols: energy delivered by the heat pump to the electrical energy
consumed)

RES — Renewable Energy Sources DHW — Domestic Hot Water

HP — Heat Pump ACS — Automated Control System

SW —Software Free Cooling — A cooling system or operating mode that
COP — Coefficient of Performance (the ratio of the thermal  utilizes natural ambient cooling capacity

sectors, pharmaceutical manufacturing requires the simul-
taneous provisioning of substantial loads for both heat sup-
ply systems and refrigeration, ventilation, and air condi-
tioning (HVAC) systems.

Introduction. The transformation of global energy develop-
ment and processes towards decentralization leads to the
rapid introduction of electricity supply systems based on
RES. A special place in this process is occupied by hybrid
autonomous complexes combining different types of gen-  Production premises, clean zones, laboratories, raw mate-
eration, in most cases Introduction. rial and finished product warehouses require the continu-
ous maintenance of regulated parameters of temperature,
humidity, air exchange rates, and air purity levels in accord-
ance with Good Manufacturing Practice (GMP) require-
ments and related industry standards. This leads to the
year-round operation of engineering systems, significant

Pharmaceutical enterprises belong to the category of in-
dustrial facilities with high energy consumption, driven by
stringent requirements for the stability of technological
processes, microclimate parameters, and sanitary-hygienic
production conditions. Unlike many other industrial
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electricity consumption by refrigeration equipment, and
substantial thermal energy expenditures.

In the energy consumption structure of pharmaceutical en-
terprises, refrigeration systems play a crucial role, provid-
ing process cooling, air conditioning, and maintaining prod-
uct storage temperature regimes. During the operation of
refrigeration equipment, a significant amount of heat is re-
jected into the environment via condenser circuits or cool-
ing systems. In most cases, this heat is unutilized, although
it can be considered a secondary energy resource.

Amid rising energy resource costs, tightening requirements
for greenhouse gas emissions reduction, and the necessity
to enhance the energy resilience of enterprises, the imple-
mentation of waste heat recovery technologies, Free Cool-
ing, heat pumps, energy storage systems, and automated
energy management systems gains particular relevance [1-
5, 28-33].

Modern research indicates that the integration of heat and
cold generation systems allows for a significant increase in
the primary energy utilization factor, a reduction in natural
gas consumption, and a decrease in operational expendi-
tures [6—-10, 29-33]. At the same time, the adaptation of
such solutions specifically to pharmaceutical enterprises
requires additional generalization, as this industry exhibits
specific requirements for the reliability, redundancy, and
continuity of production processes.

In this regard, the objective of this work is to systematize
modern technological solutions in the field of heat recovery
and refrigeration supply, evaluate the feasibility of their ap-
plication at pharmaceutical enterprises, and identify prom-
ising directions for enhancing the energy efficiency of such
facilities.

A literature review was conducted to systematize current
approaches to improving the energy efficiency of industrial
facilities with substantial thermal and cooling loads, specif-
ically pharmaceutical enterprises.

The search for scientific publications was carried out in in-
ternational scientometric and information databases, in-
cluding Scopus, ScienceDirect, Web of Science, and Google
Scholar, as well as in open industry sources and technical
reports from equipment manufacturers. The primary
chronological scope of the search covered the period of
2018-2026, which allowed for the inclusion of contempo-
rary trends in the development of energy technologies.

The following keywords and their combinations were used
for the selection of sources:

— heat recovery;

— waste heat utilization;

— pharmaceutical HVAC;

— industrial cooling systems;
— free cooling;

— heat pump integration;

— trigeneration;

— SCADA energy management;

thermal storage;

decarbonization of industry.

At the initial stage, more than 70 sources were identified.
Following a preliminary content analysis, excluding dupli-
cate materials, irrelevant publications, and sources with an
insufficient level of technical detail, 33 of the most relevant
sources were selected for in-depth analysis.

The selection criteria included:

— availability of a quantitative assessment of the energy
effect;

— practical implementation or experimental modeling of
systems;

— compliance with industrial or near-industrial operating
conditions;

— availability of data regarding economic efficiency or
technical limitations.

To systematize the selected materials, a comparative anal-
ysis method was applied, according to which the technolo-
gies were evaluated based on the following criteria:

— energy-saving potential;

— integration complexity;

— technology readiness level (TRL);

— capital expenditure (CapEx) requirements;

— feasibility of application in the pharmaceutical industry.

The obtained results formed the basis for establishing a
classification of modern technological solutions and deter-
mining promising directions for their implementation.

Main Body / Presentation of Main Material

Pharmaceutical enterprises belong to the category of in-
dustrial facilities with a complex energy consumption struc-
ture, which is determined by a combination of technologi-
cal, sanitary-hygienic, and regulatory requirements for
production processes. Unlike many other industrial sectors,
the energy systems of pharmaceutical manufacturing must
ensure not only the supply of thermal and electrical energy
but also the stable maintenance of internal environment
parameters across a wide range of premises.

A significant share of energy consumption is attributed to
ventilation, air conditioning, and refrigeration systems.
This is due to the necessity of continuously maintaining
temperature, relative humidity, air purity, and pressure dif-
ferentials in production zones, laboratories, sterile prem-
ises, and warehouse complexes. For specific categories of
premises, only minor deviations in microclimate parame-
ters are permissible, which necessitates the round-the-
clock operation of climate control equipment.

A substantial characteristic feature of pharmaceutical enter-
prises is the presence of simultaneous demand for both ther-
mal and cooling energy throughout the year. Thermal energy
is utilized for hot water supply, technological heating, the op-
eration of ventilation units, and maintaining the tempera-
ture regime during the cold season. Cooling energy is
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required for premises air conditioning, technological equip-
ment cooling, and maintaining storage conditions for raw
materials, intermediate products, and finished goods.

In many cases, heat supply and refrigeration systems are
designed and operated independently of each other, lead-
ing to inefficient energy use. Specifically, the heat rejected
by chillers through condenser circuits is frequently dis-
carded into the environment without further utilization,
while a parallel demand for thermal energy simultaneously
exists at the enterprise.

An additional factor influencing the energy consumption
structure is the high requirement for reliability and redun-
dancy. A shutdown of refrigeration or ventilation systems
can lead to a violation of technological regulations, loss of
product quality, or production downtime. Therefore,
backup power sources, equipment redundancy, and multi-
circuit energy supply systems are widely implemented at
pharmaceutical enterprises.

Under modern conditions of rising energy tariffs, tightening
environmental requirements, and the necessity to reduce
the carbon footprint, optimizing the energy consumption
structure of such enterprises gains particular importance.
The most promising directions include the integration of
combined heating and cooling systems, the utilization of
waste heat, the application of heat pumps, energy storage,
and the implementation of intelligent management systems.

Thus, pharmaceutical enterprises are characterized by a
complex and continuous pattern of energy consumption,
the existence of simultaneous demand for heat and cold,
high requirements for the stability of internal environment
parameters, and increased reliability demands. It is these
specific characteristics that determine the feasibility of im-
plementing integrated energy-efficient solutions, which
are examined in the subsequent sections of this work.

Waste Heat Recovery in Refrigeration Systems

One of the most promising directions for improving the en-
ergy efficiency of industrial enterprises is the utilization of
secondary energy resources, particularly waste heat gener-
ated during the operation of refrigeration and technologi-
cal equipment. For pharmaceutical enterprises, this ap-
proach is of particular significance, as refrigeration,
ventilation, and air conditioning systems operate year-
round and generate a stable thermal flux that, in most
cases, remains unutilized.

The primary source of waste heat in refrigeration systems
is the condensers of compressor chillers, where the heat
extracted from the cooled media, combined with the com-
pressor work, is rejected to the environment. The temper-
ature level of this thermal flux depends on the equipment
type and the system operating mode, and typically falls
within a range sufficient for subsequent utilization after an
additional temperature lift.

Recent practice demonstrates that the waste heat from re-
frigeration plants can be effectively utilized to provide hot
water supply, preheat intake air, provide technological

heating, preheat water, and cover a portion of the space
heating system load. Its implementation is most feasible in
cases of simultaneous demand for cold and heat, which is
highly characteristic of pharmaceutical manufacturing pro-
cesses.

An analysis of sources [1-4, 7, 28, 33] allows for the classi-
fication of key resources for secondary utilization and the
methods of their integration into the enterprise's thermal
network.

Classification of Secondary Energy Sources:

— Among the technical solutions for heat recovery, the
most common are:
— direct utilization of condensation heat;
— recovery via intermediate heat exchangers;
— integration with heat pumps;
— combined systems with thermal energy storage.

Direct heat utilization is the simplest solution; however, it
is limited by the temperature level of the source and the
seasonality of demand. Significantly broader opportunities
are offered by the application of heat pumps, which allow
for raising the coolant temperature to the required level
and ensuring a more flexible integration into existing heat
supply systems.

For pharmaceutical enterprises, a significant advantage of
waste heat recovery is the ability to reduce the load on
boiler equipment and decrease natural gas consumption
without disrupting the technological stability of produc-
tion. Since refrigeration systems at such facilities operate
continuously or quasi-continuously, the source of second-
ary heat is sufficiently stable and predictable. Specifically:

— condensation heat from chillers: The most stable
source, which in conventional schemes is dissipated
into the atmosphere via cooling towers or air-cooled
condensers. The utilization of this energy allows not
only for obtaining "free" heat but also for reducing the
thermal load on the environment [1, 5, 8, 21, 32];

— effluent water and ventilation emissions: Pharmaceuti-
cal processes (sterilization, equipment washing) gener-
ate substantial volumes of wastewater with tempera-
tures of 30-50°C. Sources [3, 8, 15, 16] indicate high
efficiency in utilizing these streams as a primary circuit
for heat pumps;

— geothermal potential: Utilizing groundwater or closed-
loop boreholes as a heat sink or source allows for stabi-
lizing the operation of air conditioning systems inde-
pendently of seasonal fluctuations in ambient outdoor
temperatures [8, 32, 33].

At the same time, the implementation of heat recovery sys-
tems requires consideration of a number of technical fac-
tors, including alignment of temperature profiles, load fluc-
tuations, redundancy requirements, sanitary regulations,
as well as integration with the enterprise's existing engi-
neering networks.
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Studies [2, 4, 6, 33] emphasize the transition from direct
heat exchange to complex thermodynamic cycles. In partic-
ular, the following are considered:

— sorption technologies (Absorption and adsorption chill-
ers): These allow for converting high-grade waste heat
(for instance, from cogeneration units or technological
steam) directly into cooling. This is critically important
for enterprises with a surplus of thermal energy during
the summer period [4, 6, 7, 10, 12, 14, 16, 19, 24];

— Organic Rankine Cycle (ORC): Utilizing low-grade heat
to generate additional electricity. Although this solution
may be redundant for the scale of an individual produc-
tion workshop, on a plant-wide scale, it significantly in-
creases the overall capacity utilization factor [4, 10];

— industrial symbiosis systems: Integration of refrigera-
tion centers into a plant-wide 5th generation network,
where the return water of the cooling system serves as
an energy source for preheating intake air in cleanroom
ventilation systems [8, 25, 33].

The standardization of heat recovery approaches allows
not only for reducing natural gas consumption for hot wa-
ter supply and space heating requirements but also for ex-
tending the operational lifetime of refrigeration equipment
by optimizing condensation temperature regimes.

The conducted analysis of literature sources indicates that
the utilization of waste heat allows for a reduction in the
overall energy consumption of enterprises by 10-30%, de-
pending on the system configuration, load structure, and
automation level. The maximum effect is achieved in the
case of a comprehensive combination of heat recovery
with heat pumps and intelligent management systems.

Thus, waste heat recovery is one of the fundamental direc-
tions for modernizing the energy infrastructure of pharma-
ceutical enterprises and establishes the framework for cre-
ating integrated heating and cooling systems.

Free Cooling Technologies

One of the most accessible and economically viable direc-
tions for improving the energy efficiency of refrigeration
systems is the application of Free Cooling technology,
which involves utilizing the low temperature of ambient
outdoor air or other natural cold sources to cover a partial
or full cooling load without the operation of compressor
equipment.

For pharmaceutical enterprises, this technology is of par-
ticular significance, as the demand for cold for air condi-
tioning, ventilation, technological cooling, and product
storage persists throughout the entire year. During transi-
tional and winter periods, ambient temperature conditions
frequently allow for partially or completely meeting the
cooling demand without the use of conventional chillers.

The operating principle of Free Cooling consists of transfer-
ring cold from the external environment to the internal
cooling circuit via heat exchangers, dry coolers, cooling
towers, or intermediate glycol loops [16, 23, 26, 27, 32].

Depending on the configuration, these systems are classi-
fied according to the following types:

Direct Free Cooling: Supplying outdoor air directly into the
premises after filtration. Despite its high efficiency, this
method is limited in pharmacy due to stringent require-
ments for air purity and humidity (GMP standards) [23, 32].

Indirect Free Cooling: Utilizing an intermediate coolant
(glycol loop) or air-to-air heat exchangers. This allows for
separating the airflows and ensuring the sterility of zones
while maintaining a high energy-saving effect [16, 23, 27,
32].

Adiabatic Free Cooling: Spraying water onto the air stream
before the dry cooler heat exchanger, which allows for uti-
lizing the Free Cooling mode even at ambient outdoor air
temperatures that are 5-7°C higher than the standard tran-
sition point [16, 21, 27].

Hybrid Schemes

For pharmaceutical enterprises, the indirect or hybrid
mode is the most feasible, as it ensures a high level of san-
itary safety and parameter stability, while eliminating the
risks of direct outdoor air exposure on clean production
zones.

The practical effect of implementing Free Cooling lies in a
significant reduction of electricity consumption by com-
pressor equipment during the cold season. According to lit-
erature sources, depending on climatic conditions, system
type, and the share of annual operating time in Free Cool-
ing mode, electricity savings can range from 15 to 45% [16,
21, 23, 27].

Modern research focuses on the synergy of passive and ac-
tive systems:

- series hybridization: A mode in which free cooling pro-
vides preliminary lowering of the coolant temperature,
while the compressor chiller performs only the final sub-
cooling to the setpoint. This radically increases the system's
total Energy Efficiency Ratio (EER) [16, 33].

- hybrid Solar-Desiccant Cooling Systems (SDCS): Utilizing
solar energy for the regeneration of air-drying adsorbents
in combination with indirect evaporative cooling. Such
schemes allow for precision humidity control, which is crit-
ical for the manufacturing of solid dosage forms [6, 12, 33].
- integration with ground heat exchangers: Utilizing sta-
ble ground temperatures for pre-cooling intake air in sum-
mer and preheating it in winter, which mitigates peak loads
on the grid [6, 8, 15, 25, 31, 32].

For the conditions of Ukraine, this technology is particularly
promising due to the prolonged heating and transitional
seasons, during which the ambient outdoor air tempera-
ture remains below the level required for the operation of
cooling systems for a significant portion of the time.

An additional advantage of Free Cooling is the reduced load
on chiller compressors, which extends the operational life-
time of the equipment, decreases maintenance expendi-
tures, and enhances overall system reliability.
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At the same time, the effectiveness of Free Cooling de-
pends on the correct choice of temperature profiles, hy-
draulic schemes, automation systems, and alignment with
existing refrigeration equipment. In the case of pharma-
ceutical enterprises, it is also essential to consider require-
ments for redundancy, operational continuity, and the ac-
curacy of microclimate parameter maintenance.

A promising direction is the integration of Free Cooling with
automated control systems, which enable automatic
switching of operating modes depending on ambient out-
door air temperatures, current load, and economic opera-
tional criteria.

Thus, Free Cooling technology is one of the fastest-payback
and technically viable measures for modernizing the refrig-
eration systems of pharmaceutical enterprises, and can be
considered a baseline stage for further comprehensive en-
ergy modernization.

Heat Pumps and Cascade Heat Utilization

One of the most promising directions for decarbonization
and improving the energy efficiency of industrial enter-
prises is the utilization of heat pumps, which allow for con-
verting low-grade heat from the environment or secondary
energy resources into useful thermal energy with a high ef-
ficiency ratio.

For pharmaceutical enterprises, the application of heat
pumps is particularly relevant due to the simultaneous
presence of substantial demands for both thermal and
cooling energy. At such facilities, sources of low-grade heat
can include chiller condenser circuits, ventilation emis-
sions, effluent water, technological streams, as well as am-
bient outdoor air or soil.

For pharmaceutical enterprises, water-to-water systems
and cascade heat pump plants are the most promising, as
they allow for utilizing stable internal sources of waste heat
and ensuring more predictable operating regimes com-
pared to air-source systems.

Practical directions for the utilization of heat pumps at
pharmaceutical enterprises include:

— preparation of hot water for domestic and technologi-
cal needs;

— preheating of intake air in ventilation units;

— covering a portion of the space heating system load;

— heat recovery from refrigeration equipment;

— simultaneous production of cold and heat in integrated
systems.

According to the results of published research, the applica-
tion of heat pumps at industrial enterprises allows for re-
ducing natural gas consumption by 20-60%, depending on
the load structure, temperature profiles, and system inte-
gration levels. The maximum effect is achieved in the pres-
ence of a stable internal source of low-grade heat, which is
characteristic of enterprises with a constant cooling load
[3, 8, 15, 16, 21, 25, 27, 28, 29, 30, 31, 32, 33].

At the same time, the implementation of heat pumps re-
quires consideration of a number of technical factors: heat
source temperature, the required temperature level of the
consumer, seasonal load variations, redundancy modes,
and power supply parameters. For pharmaceutical enter-
prises, requirements for operational continuity and the
possibility of equipment duplication are of additional im-
portance.

Key Aspects of Heat Pump (HP) Application:

— Stabilization of the Coefficient of Performance (COP):
Utilizing the return water of cooling systems with a rel-
atively stable temperature (15—-25°C) as a source for the
HP allows for maintaining a high and predictable COP
(at the level of 4.5-6.0) regardless of the season. This is
significantly more efficient than air-source HPs, the ef-
ficiency of which drops at sub-zero temperatures [3, 15,
27, 28,29, 31, 32, 33];

— High-Temperature Heat Pumps (HTHP): Sources [6, 23,
28, 32] describe the implementation of cascade
schemes that allow for obtaining a coolant with a tem-
perature of 80-90°C for hot water supply needs and
preheating in ventilation systems. This minimizes the
utilization of gas boilers, which represents a direct step
toward production decarbonization;

— Synchronous Generation (Trigeneration): Implementa-
tion of a concept where a single plant simultaneously
produces cold for technological lines and useful heat for
administrative or auxiliary buildings. This approach al-
lows for recovering up to 100% of condensation heat
that was previously considered lost [1, 10, 14, 27, 28,
32].

A promising direction of development is the combination
of heat pumps with Free Cooling systems, energy storage,
and automated control. In this case, the heat pump plant
becomes part of the integrated energy system of the enter-
prise, which allows for optimizing energy expenditures and
increasing operational flexibility.

Thus, heat pumps represent one of the key technological
solutions for modernizing the energy infrastructure of
pharmaceutical enterprises and can deliver significant eco-
nomic and environmental benefits, provided the correct
choice of heat source and operating modes is made.

Thermal and Cold Energy Storage

One of the important directions for improving the effi-
ciency of modern energy systems is the utilization of en-
ergy storage technologies, which allow decoupling the pro-
cesses of generation and consumption of thermal, cooling,
or electrical energy over time. For industrial enterprises,
this creates an opportunity for more flexible load manage-
ment, a reduction in peak expenditures, and an increase in
the reliability of energy supply.

For pharmaceutical enterprises, the application of storage
systems is particularly relevant due to the combination of
round-the-clock cold consumption, variable demand for
thermal energy, and high requirements for production
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process continuity. Under such conditions, energy accumu-
lation allows for compensating short-term load peaks, lev-
eling the equipment operating profile, and mitigating the
risks of technological disruptions.

In combined heating and cooling systems, the most com-
mon types of accumulation include [5, 10, 13, 17, 19, 20,
22, 23,24, 26, 27, 30, 31, 32]:

— thermal energy storage, implemented via hot water or
coolant storage tanks;

— cold energy storage, based on the accumulation of
chilled water or ice;

— phase-change materials (PCM) storage, which utilize
the latent heat of fusion or crystallization of materials;

— electrical energy storage, specifically battery systems
for power redundancy and load balancing.

Thermal energy storage units can be effectively utilized in
conjunction with boiler plants or heat pumps, allowing for
thermal energy production during periods of minimal tariff
loads or the most efficient equipment operation, with sub-
sequent utilization during hours of peak demand [28, 33].

Cold energy storage is particularly promising for pharma-
ceutical enterprises, as a significant portion of the cooling
load occurs during daytime hours. In this case, chillers can
operate during the night period with lower electricity tar-
iffs, accumulating cold that is subsequently utilized during
the day. This allows for reducing the load on compressor
equipment during peak electricity consumption hours.

Special attention is drawn to phase-change materials
(PCMs), which are characterized by high specific energy
density and compactness. Such systems can be applied in
warehouse premises, cold storage rooms, and ventilation
units to stabilize temperature regimes.

For pharmaceutical enterprises, an important advantage of
storage systems is the enhancement of energy supply reli-
ability. In the presence of a cold or heat reserve, the enter-
prise gains additional response time in the event of an
emergency equipment shutdown or short-term power sup-
ply interruptions.

At the same time, the implementation of energy storage
systems requires consideration of capital expenditures,
available space for equipment placement, thermal losses,
load cycling, and integration with existing management
systems. For pharmaceutical facilities, sanitary regulations
and ensuring the stability of technological parameters are
of additional importance.

According to literature sources, the utilization of storage
systems within integrated energy solutions allows for a re-
duction in peak electrical loads by 10-25%, decreases en-
ergy resource expenditures, and enhances the overall op-
erational flexibility of the enterprise.

Thus, energy storage systems represent an important ele-
ment of modern combined heating and cooling complexes
and can significantly improve the efficiency and resilience
of the energy supply at pharmaceutical enterprises,

particularly when combined with heat pumps and auto-
mated control systems. The integration of storage units al-
lows for a reduction in the installed capacity of the primary
equipment (chillers) and provides a cold reserve in case of
short-term power supply disruptions, which is critical for
pharmaceutical product safety standards.

Intelligent Control and Predictive Modeling (SCADA/MPC)

A further increase in the energy efficiency of industrial en-
terprises is associated not only with equipment moderniza-
tion but also with the implementation of advanced auto-
mated control systems that ensure the coordinated
operation of all elements of the energy infrastructure. For
pharmaceutical enterprises, where engineering systems
operate continuously and must maintain strictly regulated
microclimate parameters, the role of automation is partic-
ularly critical.

In conventional heating and cooling schemes, individual
plants often operate autonomously without sufficient co-
ordination. This can lead to the simultaneous production of
redundant heat and cold, inefficient utilization of energy
resources, frequent cycling of compressor equipment, and
system operation in inefficient regimes.

The utilization of modern control systems enables a transi-
tion from the local regulation of individual units to the cen-
tralized management of the enterprise's entire energy sys-
tem. The most common solution is the application of SCADA
(Supervisory Control and Data Acquisition) class systems,
which provide data collection, dispatching, parameter ar-
chiving, deviation alarming, and remote equipment control.

In combined heating and cooling systems, SCADA allows for
controlling the operation of chillers, pumping equipment,
heat pumps, ventilation units, energy storage systems, and
auxiliary engineering systems within a unified information
environment. This provides the capability to align the oper-
ating modes of individual subsystems depending on the
current load, ambient outdoor air temperature, electricity
tariffs, and technological needs of production.

For pharmaceutical enterprises, an additional advantage of
automated systems is the capability of continuous monitor-
ing of critical microclimate parameters, product storage
temperature regimes, pressure differentials in cleanrooms,
and the operation of backup equipment. This is of major
importance from the standpoint of compliance with GMP
requirements, process validation, and ensuring the tracea-
bility of operational regimes.

A promising direction of development is the application of
predictive and optimization control algorithms, particularly
MPC (Model Predictive Control), which allow for consider-
ing load variations, weather conditions, and energy re-
source costs in advance. In this case, the system not only
reacts to parameter changes but also establishes the most
efficient operating mode proactively.

An analysis of sources [3, 4, 8, 14, 15, 17, 25, 27, 29, 33]
indicates a transition toward intelligent control strategies
based on big data and real-time analytics.
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The key directions of digitalization include:

— Model Predictive Control (MPC): Unlike standard PID
controllers, MPC utilizes a mathematical model of the
system to predict its behavior. This allows for switching
to Free Cooling mode or activating thermal storage
units in advance, taking into account weather forecasts
and production load schedules [21, 27];

— Integration with SCADA: Modern dispatch systems
function as an "energy hub" that balances the electric-
ity consumption of chillers and the heat production of
heat pumps in real time. Sources [3, 4, 8, 32] emphasize
that automation allows for achieving additional energy
savings of up to 12-15% solely through the optimization
of operating algorithms;

— Machine Learning (ML) algorithms: The application of
neural networks for anomaly detection in refrigeration
cycles and predictive maintenance forecasting. This is
critical for pharmacy, where a failure of the cooling sys-
tem can result in the spoilage of high-value medical
products [25].

The implementation of integrated automated control sys-
tems can provide an additional reduction in energy con-
sumption by 5-20% even without significant replacement
of primary equipment, and when combined with modern-
ized heat generation and refrigeration supply systems, this
effect is even higher.

An important contemporary tool is also the creation of dig-
ital models or digital twins of the enterprise's energy sys-
tems, which allow modeling operating modes, testing mod-
ernization scenarios, and evaluating the impacts of changes
without intervention into the actual technological process.

At the same time, the implementation of automated con-
trol systems requires a high-quality sensor infrastructure,
reliable communication channels, cybersecurity, personnel
training, and integration with the enterprise's existing sys-
tems.

Thus, automation, SCADA systems, and intelligent control
algorithms represent a necessary element of the modern
upgrade of combined heating and cooling systems at phar-
maceutical enterprises. Their utilization allows not only for
reducing energy consumption but also for ensuring the sta-
bility of technological processes, enhancing equipment op-
erational reliability, and establishing the foundation for the
further digital transformation of enterprises.

Despite a significant number of publications, a critical anal-
ysis of 33 sources revealed a substantial scientific gap:

- fragmentation of solutions: The majority of studies fo-
cus on individual components (for instance, solely on PCM
materials or exclusively on heat pump parameters) without
proposing a holistic methodology for their coordination
within a single industrial hub;

- lack of applied methodologies for GMP: There is a gap
between complex theoretical models and the require-
ments of pharmaceutical regulations (temperature stabil-
ity, system validation), which restrains the implementation
of innovations at real enterprises;

- economic dynamics: The issues of adapting systems to
dynamic electricity markets, where the control algorithm
must select the operating mode based on the current cost
per kWh, are insufficiently addressed.

Comparative Analysis of Modern Technologies for Enhanc-
ing the Energy Efficiency of Pharmaceutical Enterprises

To determine the most feasible directions for modernizing
the combined heating and cooling systems of pharmaceu-
tical enterprises, a comparative analysis was performed
on the primary technological solutions examined in the
previous sections. The evaluation was carried out based
on the following criteria: energy-saving potential, capital
expenditure level, complexity of integration into existing
systems, payback period, technology readiness level (TRL),
and suitability for application in the pharmaceutical indus-
try. The obtained results are summarized in Table.

Table. Comparative assessment of modern energy modernization technologies for pharmaceutical enterprises

Technolo Energy-saving po- | Implementation Capital expenditures Main advantage for
8Y tential complexity (CAPEX) pharmaceuticals
Free Cooling (indirect) 20-40% Medium Low/Medium High reliability, ease of
validation
Heat pumps (Heat Re- 30-50%* High High Full replacement of gas
covery) heating for DHW
Thermal storage sys- 10-20% Medium Medium Peak shaving, cooling
tems (PCM) backup
Sorption chillers 40-60%** Very high Very high Utilization of high-po-
tential steam heat
Intelligent control 10-15% High Medium Optimization of complex
(MPC) hybrid schemes

* Relative to the total expenditures on heat and cold.

** Subject to the availability of a low-cost thermal energy source.
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The comparative analysis demonstrated that the most ver-
satile solutions for pharmaceutical enterprises are waste
heat recovery, Free Cooling, heat pumps, and automated
control systems, as these specific technologies provide a
combination of a high energy effect, an acceptable payback
period, and the capability of integration into existing engi-
neering systems without significant disruption to produc-
tion processes.

Free Cooling technology is characterized by one of the
shortest payback periods and relatively low capital expend-
itures, making it highly feasible as an initial stage of mod-
ernization. Its implementation is especially effective for en-
terprises with a constant cooling load and climatic
conditions characteristic of Ukraine.

Heat pumps and waste heat recovery systems provide a
more significant long-term effect, particularly in the pres-
ence of a stable internal source of low-grade heat. Such so-
lutions allow for a substantial reduction in natural gas con-
sumption and decrease the carbon footprint of the
enterprise.

SCADA and predictive control systems can be implemented
either independently or in combination with other technol-
ogies. Their defining feature is a relatively short payback
period due to the optimization of the operating modes of
existing equipment without large-scale reconstruction.

Cogeneration, trigeneration, and digital twin technologies
possess significant potential; however, they require higher
investments, more complex integration, and a high level of
technical training for personnel. Therefore, it is advisable
to consider them primarily for large-scale enterprises or as
a subsequent stage of comprehensive modernization.

Thus, the choice of a specific direction for energy modern-
ization must be carried out taking into account the enter-
prise's energy consumption structure, the technical condi-
tion of existing systems, financial capabilities, and
production process continuity requirements. In most cases,
a phased approach is most effective, where rapid-payback
solutions are implemented first, while more capital-inten-
sive technologies are realized during subsequent stages of
modernization.

Despite the significant technical potential of modern en-
ergy-efficient solutions, their implementation at pharma-
ceutical enterprises involves a number of specific features
that distinguish this industry from most other industrial
sectors. This is driven by high requirements for product
quality, production process continuity, regulated microcli-
mate parameters, and the necessity of strict compliance
with industry regulations.

One of the key specific features is the necessity of main-
taining stable temperature and humidity conditions in pro-
duction premises, laboratories, sterile zones, warehouse
complexes, and cold storage rooms. For specific technolog-
ical processes, even minor parameter deviations can affect
product quality, control results, or storage conditions for
raw materials and finished medicinal products. In this

regard, any modifications to combined heating and cooling
systems must be executed without the risk of disrupting
technological regimes.

An important factor is the requirements of GMP (Good
Manufacturing Practice) standards, which stipulate the
controllability, traceability, and validation of engineering
systems that influence the manufacturing environment.
This means that the modernization of ventilation, air con-
ditioning, heat supply, or refrigeration systems frequently
requires not only technical retrofitting but also requalifica-
tion of equipment, as well as updating control procedures
and documentation support.

A substantial constraint is also the requirement for high en-
ergy supply reliability. A shutdown of chillers, ventilation
units, or microclimate maintenance systems can lead to
product defects, production line downtime, or the loss of
product storage conditions. For this reason, equipment re-
dundancy, duplication of pump groups, the presence of an
emergency power supply, and a multi-level alarm system
are critically important at pharmaceutical enterprises.

The organizational aspect of modernization plays a distinct
role. The execution of energy efficiency measures at an op-
erating pharmaceutical enterprise is often complicated by
the necessity of performing installation works without
stopping the primary production or within short technolog-
ical windows. This requires a phased implementation of so-
lutions and high coordination between technical services
and production departments.

The economic evaluation of projects in the pharmaceutical
industry also has its specific features. Unlike many other
enterprises, an important criterion here is not only the pay-
back period but also the impact of modernization on pro-
duction stability, the mitigation of downtime risks, the im-
provement of product storage conditions, and the
enhancement of compliance with international standards.

In this regard, technologies that can be integrated transla-
tionally and in phases without substantial intervention into
production processes are the most feasible. Such solutions
include Free Cooling systems, waste heat recovery, mod-
ernization of automation systems, the implementation of
heat pumps in a parallel operating mode with existing heat
sources, as well as the utilization of energy storage sys-
tems.

Practice demonstrates that the most successful projects
are those implemented on the basis of a comprehensive
energy audit of the enterprise with a phased modernization
roadmap. This approach allows for combining short-term
measures with a rapid payback and long-term strategic so-
lutions aimed at deep decarbonization and digital transfor-
mation.

Thus, the implementation of energy-efficient technologies
in the pharmaceutical industry requires not only technical
viability but also the consideration of product quality re-
quirements, production continuity, regulatory compliance,
and risk management. A comprehensive approach is
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precisely the determining factor for the successful modern-
ization of enterprises of this profile.

Prospects for Further Research

A systematic analysis of contemporary scientific literature
allows for stating a fundamental paradigm shift in the field
of industrial refrigeration supply: from the search for iso-
lated high-efficiency units toward the creation of complex
multi-energy ecosystems.

The conducted analysis has enabled the classification of the
examined solutions according to their degree of practical
availability and economic feasibility:

- Highest priority for implementation: Hybrid free cooling
systems with adiabatic support (papers No. 26, 27) and
thermal energy storage systems (papers No. 20, 23). These
technologies demonstrate a stable technology readiness
level (TRL) and a direct economic impact in the form of a
20-30% reduction in OPEX.

- Medium-term perspective: Implementation of model
predictive control (MPC) algorithms and digital twins (pa-
pers No. 17, 23). Although they provide an additional en-
ergy saving of up to 10%, their implementation is con-
strained by the complexity of integration into existing
BMS/SCADA systems.

- Theoretical and strategic level: Concepts of Small Mod-
ular Reactors (SMR, paper No. 24) and hydrogen storage
systems (paper No. 19). At this stage, they remain objects
of mathematical modeling due to high regulatory barriers
and capital intensity.

The conducted analysis of modern technologies for en-
hancing the energy efficiency of pharmaceutical enter-
prises demonstrated that recent years have witnessed the
active development of solutions in the fields of waste heat
recovery, the utilization of heat pumps, Free Cooling, en-
ergy storage systems, and the digital management of en-
ergy processes. At the same time, a number of scientific
and practical issues remain insufficiently explored, which
restrain the wide implementation of such solutions under
industrial conditions.

One of the primary gaps is the limited number of works
dedicated specifically to pharmaceutical enterprises. A sig-
nificant share of published research concerns office build-
ings, data centers, the residential sector, or general indus-
trial facilities, whereas pharmaceutical manufacturing is
characterized by specific requirements for microclimate,
room cleanliness, equipment redundancy, and production
process continuity. This complicates the direct transfer of
obtained results to enterprises of this profile.

The integration of heat supply, refrigeration supply, and
ventilation systems into a unified energy complex remains
insufficiently studied. In practice, these systems are fre-
quently designed and operated separately, leading to a loss
of internal energy balancing potential. Future research re-
quires methods for synchronizing the operation of heat
pumps, chillers, energy storage units, and ventilation plants
under variable load conditions.

A distinct promising direction is the development of predic-
tive energy consumption management models for enter-
prises using artificial intelligence algorithms and Model
Predictive Control (MPC). Such systems can account for
weather conditions, production schedules, electricity tar-
iffs, and the technical condition of equipment, establishing
optimal operating regimes in real time. However, for the
pharmaceutical industry, such solutions are currently pre-
sented to a limited extent.

The economic efficiency of comprehensive enterprise mod-
ernization also remains insufficiently explored. In most
cases, individual technologies are considered separately,
whereas the combined application of heat pumps, Free
Cooling, storage systems, and digital control can provide a
synergistic effect. Future research requires the creation of
life-cycle models for such systems, taking into account cap-
ital expenditures, operational expenditures, downtime
risks, and environmental effects.

For the countries of Central and Eastern Europe, particu-
larly Ukraine, the adaptation of modern energy-efficient
technologies to conditions of unstable power supply, high
depreciation of engineering infrastructure, and limited in-
vestment resources is highly relevant. In this context, solu-
tions that can be implemented in phases and ensure rapid
economic results are of particular significance.

The utilization of digital twins of enterprises represents a
promising direction, allowing for the creation of virtual
models of energy systems to test modernization scenarios
without intervening in actual production processes. The
combination of digital twins, SCADA systems, and intelli-
gent data analysis can form the foundation for a new gen-
eration of energy-efficient pharmaceutical enterprises.

Thus, further research should be directed toward creating
integrated models of energy systems for pharmaceutical
enterprises, evaluating combined technological solutions,
developing adaptive control algorithms, and forming prac-
tical roadmaps for decarbonization of the industry.

This work has performed an analysis of modern technolog-
ical solutions aimed at enhancing the energy efficiency of
pharmaceutical enterprises, specifically waste heat recov-
ery systems, Free Cooling, heat pumps, energy storage, and
automated energy consumption management.

CONCLUSIONS

1. It has been established that pharmaceutical enterprises
are characterized by a complex energy consumption
structure that combines substantial demands for
thermal and cooling energy, continuous operation of
engineering systems, and increased requirements for
the stability of microclimate parameters in accordance
with GMP standards.

2. It has been shown that one of the most accessible
internal energy-saving reserves is the utilization of
waste heat from refrigeration equipment, ventilation
systems, and other technological processes. Its
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recovery allows for reducing the load on conventional
heat sources and decreasing fossil fuel consumption.

It has been determined that Free Cooling technology
represents an effective solution for enterprises with a
constant cooling load and can ensure a significant
reduction in the electricity consumption of compressor
equipment, particularly under the climatic conditions of
Ukraine.

It has been substantiated that heat pumps are one of
the key tools for the decarbonization of pharmaceutical
enterprises, as they allow for utilizing low-grade heat
sources and integrating heat and cold generation
systems into a unified energy complex.

It has been demonstrated that the application of energy
storage systems enhances the operational flexibility of
the enterprise, reduces peak loads, and improves the
reliability of the energy supply, which is critical for
continuous production processes.

It has been established that automation systems,
SCADA, and predictive control algorithms provide an
additional energy-saving effect by optimizing
equipment operating modes and coordinating the
interaction between individual energy subsystems.

It has been shown that the most effective approach for
the pharmaceutical industry is not the implementation
of isolated technologies, but rather a comprehensive,
phased modernization that takes into account the
technical, economic, and regulatory specifics of the
enterprise.

Promising directions for further development include
the creation of digital twins of the enterprise's energy
systems, the utilization of artificial intelligence for load
management, and the formation of roadmaps for the
decarbonization of the pharmaceutical industry.

The obtained results can be utilized as an analytical foun-
dation for developing energy modernization programs for
pharmaceutical enterprises, selecting priority technologi-
cal solutions, and planning the long-term transition to low-

carbon production models.
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