BigHoBntoBaHa eHepretuka. Ne 4/2025 | feotepmasnibHa eHepreTvKa

YOK 556.506; 620.92; 620.987

https://doi.org/10.36296/1819-8058.2025.4(83).263-274

EKONIOrYHI ACMEKTU BUKOPUCTAHHA NIA3EMHUX BOA AK TEMNJ/IOHOCIA Y
HU3bKONOTEHLINHUX TEOTEPMA/IbHUX CUCTEMAX 31 3BOPOTHUM 3AKAYYBAHHAM

OTpumaHo 23 nuct. 2025 p.; pekomeHA0BaHoO Ao ny6nikauii 09 rpya. 2025 p.
[ocTynHo oHnaiH 31 rpya. 2025 p.

3yp’aH O. B.

ABTOp AN1A KopecnoHAaeHLii: 3yp’aH Onekcii,
e-mail: alexey_zuryan@ukr.net

[O-p. TEXH. HaYK
https://orcid.org/0000-0002-2391-1611

IHCTUTYT BigHOBAIOBAHOI eHepreTukn HAH
YKpaiHn, m. Kuis, YKkpaiHa

AHomayis. [licnssoeHHe 8i0HO8AEHHA YKpaiHu nepedbavae nobydosy cyyacHoi eHepeemu4yHoi iHGppacmpyk-
mypu HA NPUHYUNAX cmasoao Po38UMKY, eHep2oepheKmusHOCMi ma KaimamuyHoi HelimpaasHocmi. Ocobnusuli
aKyeHm pobumbecsa Ha pO38UMKY mexHOos0eill meraosux Hacocis, deyeHmpanizoeaHuUx cucmem mersnonocmMa-
YOHHA MQa 8UKOPUCMAHHI TI0KAAbHUX 8iIOHOB/108AHUX HU3bKONOMeHUiliHux pecypcis. ¥ ybomy KOHmMeKcmi noc-
mae HeobxiOHicmb 8cebiiH020 OOCNIOHEHHA eKOM0R2IYHUX ACreKmMis 2eomepmMasibHUX Mers0HACOCHUX CUCmeM
Ha nid3emHux 800ax, 8UHAYEHHA Mex ix be3neyHoi ekcrayamauii ma obrpyHmMyeaHHs yMo8 ix ornmumasnbHo20
3acmocysaHHA 8 MalibymHili cucmemi cmanoeo eHepzao3abesneyeHHA YKpaiHu.

Y pobomi 30ilicHeHo KomnneKcHUl aHanimuyHuUl 027190 eKoa02iYHUX acriekmie 8UKOPUCMAHHA 2e0mMepManbHUX
MeraA0HACOCHUX cucmem 8iOKpUMOo20 mury, Wo nNpaytorme 3d NPpUHYUNoM «8U00bymoK — Ha2HIMaHHA» meri-
/I0HOCIiA Y BOOOHOCHI 20pU30HMU. LOCAIOHEHHS I'PYHMYEMbCA HA Y302abHEHH] CYy4aCHUX C8IMOBUX HAYKOBUX
nybaikayili Wodo noabosux cocmepexceHs, 1abopamMopHuUxX 00CAIOHeHb Ma MaMemMamu4yHo20 MOOest08AHHS,
00M0BHEHUX €K0/102i4YHO-HOPMAMUBHUM GHAI30M MOOEes08AHHSA Mers08uX 8auUeie Ha Nid3eMHi 800U, aHANI3i
HOpMamuegHo-rpasosoi 6asu YKpaiHu ma KpaiH €sponelicbkozo Coto3y. Ocobnusa ysaza rnpudineHa nuUmMaHHAM
memnepamypHo20 Ma XiMiyHO20 8rau8y Ha 8000HOCHI 20pU30HMU Mi0 Yac 00820MpuUBasoi eKcriayamauii maxkux
cucmem, 0 MAKoM OUIHIOBAHHIO iX eK0s102i4HOI be3rneKu 8 KOHMeKCM| yKpaiHCbKUX 2idpoeeosoeiyHux ymos. po-
QHQs1i308GHO YUHHY HOpmMamusHy 6a3y YKpaiHu u,000 0xopoHU nid3emHux 800, B0OOKOPUCMYBAHHS, peKpeayli-
HO20 Ma mexHi4H020 8000NOCMAYAHHSA, 0 MAKOHXC 8U3HAYEHO NPO2asAUHU, M08’A3aHi 3 8idcymHicmio creyiane-
HO20 pe2ysIto8aHHSA 2e0MepPMasIbHUX CUCMEM 3 pPeiH’EKYiEr0 mernaoHOoCIA.

Y pobomi chopmo8aHO KOMIIfIeKC Kpumepiie eKkos102i4Hoi 06eperHOCMI, BKAOYHO 3 0bMeXeHHAM Ha meMiepa-
mypy nosepHeHHA 800U, 8UMO2aMu 00 8idCymHoCMI XiMiYHUX 3MiH, KOHMpPOoseM 3a pisHem ma 0ebimom ceepo-
/I08UH, 0 MAKOX HeobxiOHicMto 2i0po2eos102iYH020 MOHIMOpPUH:2Y. 3arnpPONnoOHOBAHO adaNMAuio Kpauyux espo-
nelicekux npakmuk (HioepaaHou, HimeuvuHa, LLseliyapis) 0o ymoe YkpaiHu. AHanimu4yHuli 02150 0eMOHCMPYE,
W0 8MPOBAdHEHHA 3AMKHEHUX 2e0MepMasbHUX CUCMeM 3 108EePHEHHAM MernaoHOCiA Moxe bymu eKonozi4Ho
besneyHUM ma edpeKmusHUM pilIeHHAM 0715 PO38UMKY CManoi eHepaemuKku YKpaiHu 3a ymosu 00MpuMaHHSA
8U3HAYeHUX Kpumepiie ma HanexHo20 HOPMAMUBHO20 CyrnpPos8oody.

Knroyoei cnoea: zeomepmasnbHi mensaoHacocHi cucmemu, 000HOCHI 20pU30HMU, Ni03eMHi 800U, eKos102iuHull
PU3UK, peiH’ekyis, menanoea aHoMarisi, HU3bKonomeHUyiliHa eHepzemuka, cmanuii po3eUumok.

MNocraHoBKa npobaemum

Y cyyacHUx ymoBax TpaHcdopmaluii rnobanbHoi eHepreTukn
NUTAHHA BIAMOBM Bif, BUKOMHUX pecypcis Ta nepexoay A0
BiAHOBNOBAHUX AyKepen eHeprii HabyBatoTb CTpaTeriYHOro
3HaYeHHA. EBPOMNENCbKUIA A0CBIA, LEMOHCTPYE, WO came
TeXHO/Oorii HM3bKOMOTEHLIMHOrO Tenna BiAirpatoTb KAto-
YoBY poJib Y AeKapboHi3auii byaiBebHOro CEKTOPY, AKUN €
OAHWM 3 HalbinblMX croXuBadiB TennoBoi eHeprii. Y
LbOMY KOHTEKCTi reoTepMasibHi TENIOHACOCHI CMCTEMU Ha
OCHOBI NiA3EeMHUX BOA, € BaXKAMBUM PECYPCOM, L0 A03BO-
NAE OTPUMYBATM TEMNJI0BY EHEPrilo He3aseXKHo Bif noroa-
HUX yMOB, 3abe3neyyBaTh cTabibHICTb TenaonocTayaHHsA
Ta 3HMXKYBATM HaBaHTA*KEHHA Ha eHeprocucTemy. leoTep-
ManbHi CUCTEMU HA MiA3EMHUX BOAAX PO3rAA[atoTbCA AK

OfHa 3 TEeXHONOrIN, 34aTHMX 3abe3neunTun ctabinbHe, ae-
WeBe i HU3bKOBYI/IELLEBE ONAJIEHHSA A5 KUTIOBUX, KOMEp-
LiHKUX | npoMUcNoBUX 06’ eKTiB.

Mopan 3 oyeBMAHUMMW NepeBaramu BUHWKAE KOMIMJIEKC
E€KONOrIYHMX, TiAPOreosioriYyHNX i perynAtopHMX MNUTaHb,
OCKiNIbKM NiA3eMHi BOAW € LiHHMM NPUPOAHMM PECYPCOM i
BiirpaloTb BaXMBY posib y 3abe3neyeHHi BOAHOT be3neku
KpaiHKM. Ocob6aMBO LEe CTOCYETbCA CUCTEM 3 LMPKYAALIEHD
BOAM uYepe3 Mapy CBepANOBMH — BMAOOYBHY Ta HarHiTa-
NIbHY, — WO NoTpebytoTb HAYKOBO O6I'PYHTOBAHOrO aHanisy
X BNAIMBY Ha TeMNepaTyPHUI PEXUM i XiMIYHWI CTaH BOAO-
HOCHWMX TOPU3OHTIB, @ TaKOX Bi4MNOBIAHOCTI Cy4aCHUM BU-
MOFam YKpaAiHCbKOrO i €BPOMENCbKOro 3aKOHOAABCTBA
LLLOZ10 OXOPOHM NiA3EeMHUX BOA,
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AHani3 ocTaHHiX gocniaxKeHb i nybnikauin

MpobnemaTtnka BUKOPUCTAHHA reoTepMasnbHOi eHeprii, 30-
Kpema HMW3bKOMOTEHLIMHOrO Tenaa FPyHTY Ta NiA3eMHUX
BOA, NOCIfAE NOMITHE MiCLLe B CYH4ACHUX MiXKHAPOAHUX J0-
CNipXKeHHAX. Y3aranbHeHWN OrNAL CTaHy Ta TEHAEHLIN npa-
MOFO BUKOPUCTAHHA reoTepmanbHOI eHeprii NogaHo B po-
60Ti [1], Ae NOKa3aHO, WO TEXHO/IOFIT TENN0BUX HACOCIB Ha
OCHOBI I'pYHTY 1 NiA3EMHUX BOA, € OAHMMM 3 HalANHaAMIY-
Hille 3poCTatoumx cermeHTiB cekTopy. A B poboTax [2, 3] aB-
TOPW AeTaNbHO PO3rA4a0Tb TEPMOreosiorivyHi OCHOBM pPo-
60TM  rpyHTOBMX | BOAAHWX  TEMJOBWUX  HACOCIB,
NiAKPECNOYN BaXKAUBICTb MigpOreonoridHMX ymosB, Biac-
TMBOCTEN Nopig, i Nia3emMHuX Bog, Ans ebeKTUBHOCTI Ta 4,0B-
rOCTPOKOBOI CTiIMKOCTi TaKMUX CUCTEM.

Y KOHTEKCTi CTanoro po3BUTKY Ta eK00riYHOT 6e3nekun 3Ha-
YHa yBara NPUAINAETbCA OLiHLI BNAMBY reoTepMasibHUX CU-
CTeM Ha foBkKinna. Astop [4] ogHUM i3 nepLInMX CUCTEMHO
chopmyntoBaB Niaxia, 40 PO3yMiHHA reoTepmasibHOT eHeprii
AK pecypcy, Wo Mo¥Ke ByTH CTaIMM 32 YMOBU LOTPUMAHHA
6anaHcy mix Bigbopom i NpUPoAHUM abo WITYYHUM BiaHO-
BNeHHAM. Noaanblumii PpO3BUTOK LiEl NpobiemaTnKK Bigo-
6pakeHo B ornAaai [5], Ae HaBeaeHo pi3Hi nigxoan Ao oui-
HIOBAHHA CTANOCTi reoTepMasbHUX CUCTEM, BKJIIOYHO 3
€KOJIOFYHUMM, EKOHOMIYHMMM Ta COLLiQIbHUMKU KpuTepi-
AMU. MUTaHHA EKOHOMIYHMX acneKTiB cTanoro GyHKLoHyY-
BaHHA reoTepmanbHUX CTaHLiN po3rnaHyTo B npaui [6], ae
NMoKa3aHo, WO came ONTUMI3aLif PerMMIB eKkcniyaTauii 1
CTPYKTYpPM BUTPAT A,03BOJIAE NOEAHATM €KOJOTYHI 1 diHaH-
COBi BUMOTW.

OKpemuii HanpAM AOCNigKeHb MOB’A3aHUN 3 TEPMIYHUM
BMKOPWUCTaHHAM Mig3eMHUX BOA, Ta OLLHKOW MOro Bh/vMBy
Ha AKiCTb BOAM. ABTOpPM AOCNIAMKEHHA [7] cTaBnaTb nu-
TaHHA, YN MOXKHA BBaXKaTW TePMiYHE BUKOPUCTAHHA IPyH-
TOBMX BOA, «3a6pyAHEHHAM» Y HOPMAaTUBHOMY Ta €KONOTiY-
HOMY CEeHCi, i AOXOAATb BWCHOBKY, WO 33 AOTPUMAHHA
NeBHMUX TeMnepaTypHMX Ta MPOCTOPOBUX OOMEKEHDb TaKUi
BMJINB € NPUMHATHUM i KepoBaHUM. TaKoxK y poboTi [8] Ha
OCHOBi N1abOPATOPHMX | NOILOBMX AOCAIAKEHD aBTOP NOKaA-
3Y€, WO 3MiHa TemnepaTypu B aHOKCUYHMX BOJOHOCHMX ro-
PU30HTaX MOKe BMN/IMBaTU Ha MOBINIbHICTb AeAKUX MiKpoe-
NleMeHTIiB (30Kpema apceHy Ta 3ani3a), ane macwrtabu n
3HAYYLLICTb UMX 3MiH 3a/1eXKaTb Big, KOHKPETHUX rigporeoxi-
MiYHUX YMOB naacTa.

Yumano pobiT npucBAYEHO aHanisy 1 MoAesitoBaHHIO Npo-
LeciB peiH’eKUii B reoTepmanbHUX pesepsByapax. Tak, Ha-
npuknag, y poborti [9] po3rnsaaerbca TemnepaTypHa peak-
Lia nilaHWMKOBUX pe3epByapiB Ha TpuBasie HarHiTaHHA
0XON04KEHOI BOAM; Ha OCHOBI YMC/IOBOrO MOAENIOBAHHA
aBTOpPM MOKa3ylTb BMJIMB BiACTaHI MiX CBepA/IoOBMHaAMK,
0ebiTiB i TeNN10BOro HaBaHTa*KeHHA Ha GopMyBaHHA TepMi-
YHOro GPOHTY Ta MOMKIMBICTb TEPMiYHOro NPopuBy. Y3ara-
NIbHEHWUI OrNAA PO3BUTKY reoTepMasibHUX CUCTEM LLeHTpa-
Ni30BaHOro TeM/IONOCTAYaHHA, 30KpPEMA 3 BUKOPUCTAHHAM
nia3eMHUX Bog, i peiH’ekuii, HaBeaeHo B poborTi [10], Ae Ha-
FONIOLWYETLCA, WO Came LMPKYAALIMHI CXeMWU 3 NOBEPHEH-
HAM BOAM B FOPU3OHT € CTaHAAPTOM B EBPOMEMNCHKIN NpaK-
TULi 3aBASKN NOEAHAHHIO BUCOKOI eHeproedeKTUBHOCTI Ta
KOHTPO/1IbOBAHOIO BM/IMBY Ha A0BKINNA.

MWUTaHHA 4OBrOCTPOKOBOI «CTa/IOCTi» reoTepMasibHUX CUC-
Tem, 3 3 ypaxyBaHHAM BM/IMBY Ha pecypcu Tenna Ta nigsem-
HUX BOA, O0AATKOBO aHani3ywTbcAa B nybnikauii [11], ge
OKpEec/sIeHO K/YO0BI AOCAIAHULUDBKI 3aBAAHHA, NOB’A3aHIi 3
OLLiIHKOIO BiLHOB/IFOBAHOCTI reoTepMaibHUX pecypcis. Y go-
cnigykeHHi [12] po3rnagatoTbesa reoTepmasibHi TeXHONOrT 3
NO3WLIM aHanNi3y }KUTTEBOTO LMKNY 3 NOPIBHAHHAM iXHbOTO
CYMapHOro eKo/IoriYHOro cnigy (BKMOYHO 3 NapHUKOBUMM
BMKMAAMMU Ta iHWWMMW BRAMBaMMW) 3 afbTEPHATUBHUMMU
AxKepenamu reHepadii, i 06rpyHTOBYETbCA BUCHOBOK MPO
KOHKYPEHTOCMPOMOKHICTb Fe0TePManbHUX CUCTEM Y HU3b-
KOBYIneueBux CLLeHapisx.

dopmMynIOBaHHA METU A0CNIAXKEHHA

BpaxoBytoun pesynbtaTM NpoBeAeHOro aHanisy HayKoBuX
JsKepes, MOXKHA 3a3HaunTH, Lo Xxo4a epeKTUBHICTb reoTe-
pMasibHMX TEMJIOHACOCHUX CUCTEM Ta iX eHepreTUYHi nepe-
Barv BMBYEHi AOCUTb LUMPOKO, 3a/IMLLAETLCA HMU3KA acneK-
TiB, AKi He4OCTaTHLO OMpaLbOBaHi B KOHTEKCTI rigporeo-
NOTYHUX YMOB YKpPaiHW Ta BUMOT YKPAiHCbKOro NpMpoao0o0-
XOPOHHOr0 3aKOHOAABCTBA. 3HAYHO Mipoto Hepo3pobe-
HUMM 33/1MLLIAIOTLCA MUTAHHA, NOB’A3aHi 3i CTBOPEHHAM Ha-
LiOHAaNbHMX METOAMYHUX ObMeeHb i CcTaHpapTiB AnA
NPOEKTYBaHHA Ta eKCMJyaTal,ii CUCTem Lboro Tuny.

OT}Ke, MeTO LbOro AOCAIAXKEHHA € KOMNJAEKCHUI aHani-
TUYHWI OrNAA CY4aCHUX HAYKOBUX, TEXHIYHUX Ta HOPMATK-
BHUX NiAX04iB A0 OLiHIOBaHHA eKON0oriYHOT 6esneKku reote-
PMasibHMUX TEMJIOHAaCOCHUX CUCTEM 3 BUKOPMUCTAHHAM
Nia3eMHUX BOA, Y LUPKYNALIMHUX CXeMax «BUA0OYTOK — Ha-
FHITAHHAY, @ TAKOX BM3HAYEHHA YMOB, OODMEXKeHb Ta Kpu-
Tepiis ix 6e3neyHoro 3acTocyBaHHA Y BOAOHOCHUX FOPU30-
HTax, Wo GOopMylOTb pPecypcu MNUTHUX NiA3EMHUX BOA,
YKpaiHn. JocnigKeHHA cnpAMoBaHe Ha iHTerpauito rigpo-
reoNOoriYHMX, FiAPOreoximiyHMX Ta HOPMaTUBHO-NPABOBUX
acnekTiB 3 meTolo GopMyBaHHS LiNICHOrO ysiBAE€HHA Npo
NOTEHLi/HI eKONOTiYHI PU3MKN K MOMKNMBOCTI Be3neyHol
eKCnlyaTalii TakMxX CUCTEM Y KOHTEKCTi Cy4acHUX BMMOT
CTa/I0ro PO3BUTKY.

HaykoBa HOBM3Ha aHaNITMYHOrO AOCNIOMKEHHA NONATAE B
TOMY, WO Ha BigMiHY Big, HAaABHUX PODIT, sIKi 3a3BMYa PoKycy-
t0TbCs 260 Ha di3NYHMX NpoLecax TenonepeHeceHHs, abo Ha
rNNBOKUX reoTepMabHUX CUCTEMAX, Lie AOCIAXKEHHA NPONo-
HYE LiNiCHMI MiXXOUCUMNAiHapHUIA aHani3, WO OXOMJIE He-
rNMBOKI NpPiCHi BOAOHOCHI FOPU30HTU, XapaKTepHi Ans YyMOB
YKpaiHu Ta BaXKAuBi 3 nornsgy BoAHOI 6esneku.

Y pocnigeHHi cMcTeMHO 3icTaB/IEHO MiXKHapOAHWI A0CBIA,
3 HaLiOHANbHUMM YMOBaMK YKPaAiHK, BKAOYAOYW CyYacCHi
CTpaTerivyHi 4OKYMEHTM WOA0 iHTerpauii YKpainm o €C, ge-
KapboHisauii, 36inbweHHA yacTkn BAE Ta nobyaosu crilikoi
NiCNABOEHHOI eHepreTUKU. TaKuii KOHTEKCTyani3oBaHWM
niaxiz, 403BONSAE HE IMLIE ONMCATM HAyKOBI TEHAEHL,T, @ 1
BM3HAUYUTU iX pesIeBaHTHICTb A/1A YKPATHCbKUX peanii.

MpaKTMYHa LUiHHICTb pO6OTM NoNATAE B TOMY, WO BOHA dop-
MYE aHaNiTUYHY OCHOBY ANA NOAANbLIOI PO3POOKM MeTo-
OVNYHUX MaTepianis, peKkomeHaaui abo enemeHTiB Manby-
THbOr0 HOPMAaTUBHOIO PErytoBaHHA 3aCTOCYBaHHA reoTep-
ManbHUX CUCTEM 3 NOBEPHEHHAM BOAM Y BOAOHOCHUI ro-
pu30HT. OTPUMaHI y3arasibHEHHA MOXYTb BYyTM BUKOpPUC-
TaHi AK Nig 4Yac nonepesHbOro O6IPYHTYBaHHSA NPOEKTIB
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TennonocTavyaHHA Ha 6a3i nig3emHux Bog, Tak i Nifg yac ou,i-
HKW €KONIOTIYHUX PU3UKIB Y MiCTax Ta perioHax YKpaiHu, Wwo
nparHyTb BNPOBAaA)KyBaTU HU3bKOBYrAeLeBi TeXHOAOrii 3
YypaxyBaHHAM BUMOT CTa/IoOr0 PO3BUTKY.

BUKnaa OCHOBHOro maTtepiany AOCNiAXKEHHA

OujiHKa BNAWBY reoTepmMabHUX CUCTEM Ha Nig3eMHI BOAN Y
CBIiTOBI HAYKOBIl NpaKTULi 6a3yeTbCcA Ha MOEAHAHHI TPbOX
OCHOBHWX Fpyn METOAiB: NO/IbOBUX CNOCTEPENKEHDb, labo-
PaTOPHUX AOCNiIAKEHDb TAa MAaTEMATUYHOIO MOAENIOBAHHSA,
[0NOBHEHMX €KOJIOMNYHO-HOPMATUBHUM aHani3oM.

Y cBiTOBI NiTepaTypi 3 NUTaHb HernMMBGOKOI reoTepmii Ta
eKcnayaTauii BIGKpUTUX cucTem «BUAOOYTOK — HarHiTaHHA»
HaBOAMTLCA LWUMPOKE, ane B LLJIOMY Y3rofKeHe Koo 3Ha-
YeHb TEMMNEePATYPHMUX Ta XiMIYHUX 3MiH Y BOLOHOCHUX ropu-
30HTaxX, AKi BUHWKAIOTb Nif Yac poboTM reoTepManbHUX Te-
naoHacocHUx cuctem. Li gaHi fgo3sonsatoTb chopmyBaTu
peanicTMyHi gianasoHW BNAMBIB, AKi, 3 ypaxyBaHHAM rigpo-
reoNoriYHMX XapaKTePUCTUK YKpaiHWU, MOXYTb ByTH opieH-
TUPaMK ANA NonepeaHbOi eKONOMYHOT OLIHKM.

BinbuwicTb gocnigrkeHb, BUKOHaHUX y EBponi, MiBHIYHIK Ame-
pvui Ta As3ii, NOKa3yloTb, WO TUMNOBE 3HUKEHHA abo nigsu-
LLEHHA TEMMEepaTypy NiA3eMHMX BOA, Nif Yac poboTn cuctemm
cTaHoBUTb BiA +1 Ao +5 °C y 30Hi 6e3nocepegHbOro BNAUBY
CcBEPANOBUHU. PObOTH [2, 4] NoKasytoTb, Wo npu aebitax 20—
50 m3/rof, TepMiUHMIA GPOHT Y HErNIMBOKMX BOAOHOCHMX rOpu-
30HTax POPMYE NIOKaNbHY 30HY 3MIHEHUX TeEMMepaTyp pasiy-
com 20-80m 3anexHo Big napametpis nnacta. Migreep-
[)KEHHA UMX 3HaYyeHb MICTUTbCA W Y YUCIOBUX MOAENAX,
30Kpema B [8], Ae, 33 YMOBM CTafIoro pexxmmy Bigbopy Ta Ha-
rHiTaHHA, amMnNAiTyAa TemnepaTypHUX 3MiH He NepeBULLYE fe-
KiNIbKOX rpaayciB HaBiTb Y A,0BFOCTPOKOBIN NepCneKTUBI.

XapaKTePHUM € TaKOX CMOCTEPENKEHHA, LLLO TEMMEPATYPHI
3MiHW MatOTb YiTKO JIOKaNi30BaHMI XapaKTep i 3aTyxalTb Yy
HaNPAMKYNPUPOAHOro NOTOKY FPYHTOBUX BOA, L0 NiaTBEp-
OKeHo pocnigxeHHamu [12, 13] Ta iHwwux asTopis. Le
03Hayae, Wo macwTab BNAMBY BM3HAYAETLCA Hacamnepes,
riapoAMHAMIYHHUMM YMOBAMM KOHKPETHOTO FOPU30HTY, KO-
ediuieHTom PinbTpaLii, rpagieHTOM NPMPOAHOro NOTOKY Ta
BOAOMPOHMKHIcTIO nnacTa [14].

LLlogo ximiyHOro cknagy nia3emHux Bog, aHani3 nitepatypu
MOKas3ye, WO Npu 3MiHi TemnepaTypu B mexax +2—4 °C ximi-
YHI MApameTpu 3a/MLWATLCA B MeXKax NpUpoaHoi Bapiabe-
NIBHOCTI, 32 BUHATKOM OKPeMWX BMMAAKIB, Ae TemnepaTypa
nigsuwLyetbca noHag, 10 °C abo cuctema npautoe y Bogax 3
BMCOKOI MiHepanisaLi€to ym cneundiyHoto miHepanorieto. Y
[ocniaxKeHHsx [15] npocTeskyeTbea, WO HanuyTAUBILLMMW €
KOMMOHEHTW, NOB’A3aHi 3 pegoKC-Npouecamu: 3aniso, map-
raHeub, apceH. lNporte ix mobinisauia cnocrepiraeTsca Auwe
3@ YMOB iCTOTHOI 3MiHM TemnepaTtypu (noHag 10 °C) abo no-
pYLIEHHA TiAPOXiMIYHOI PiBHOBArM 3a paxyHOK BTPy4YaHHA Y
BOL0006MIH, TOAI AK Y CXeMaX 3 NOBEPHEHHAM BOAW B ropu-
30HT XiMiuHa cTabiNbHICTb 3a3BKYalt 36epiraeTbea.

3icTaBNeHHA UUX JAHUX 3 TiJPOreonoriYHMMM ymosamu YK-
paiHK CBiAYNTb, WO BiNbLUICTb eKCnayaTawiMHUX TOPU3OHTIB
y BepxHix 100-150 m, aki popmytoTb pecypcu nNpicHUX nia-
3eMHUX BOA, MatloTb KoediuieHTn ¢inbTpauii Big 1 go 10—
20 m/n06y, wo 6An3bKi 10 NOKa3HMKIB BOAOHOCHMX ropu-
30HTIB y LleHTpanbHiit Ta MiBHi4HIK EBponi. Lle o3HavaE, Wwo

MacliTab TemMnepaTypHOro BM/IMBY B YKPAIHCbKUX YMOBaxX
6yae 611M3bKMM A0 EBPONENCbKUX AaHUX, TOBTO 3 XapaKTe-
pHUMK amnniTygamu £1-4 °C Ta pafiycom nowmpeHHs ae-
KifibKa gecaTKiB MeTpiB 3a cepeaHix AebiTis.

KnimatuuHi ymoBu YKpaiHn TaKoXK cnpuatoTb cTabinbHOCTI
TAKMX CUCTEM, OCKIIbKM aMnAiTyAa NPUPOAHUX CE30HHUX
3MiH TeMnepaTypu IPYHTY Y BEPXHiX Wwapax carae 15-20 °C,
ane BXe Hux4ye 15-20 m BoHa 3meHLWwyeTbea go 1-2 °C. Ue
03HAYaE, W0 BOAOHOCHI FOPU3OHTU Ha rMnbuHax 30-80 m €
NPUPOLHO TEPMOCTAbiNbHUMM, @ TOMY 3MiHA TEMMepaTypu
Ha KifibKa rpagyciB y NOKaNbHIN 30HI BN/IMBY HE BUXOAUTb
33 MeXi NPUPoAHUX GAYKTyaLin Y NPUBEPXOBUX YAaCTMHAX
po3pi3y.

Cnig TaKoX 3a3HaUMTH, WO B YKPaiHi rOPU3OHTaMKU NMUTHUX
BOZ, 3a3BMYall BUCTYMNalOTb a/ltoBiasibHi, 1€coBO-antoBiasbHi
Ta NiWaHO-I/IMHNUCTI TOBLLi YETBEPTUHHOIO Ta YaCTKOBO HEO-
reHoBOro BiKy. Y TaKuMX BigKnagax NowmpeHi miHepanbHi
$asm — KanbuMT, A0NOMIT, IMHUCTI MiHepann, cUaepwuT, —
ONA AKWX 3MIHW PO3YMHHOCTI NPU HE3HAYHUX TemnepaTyp-
HuX rpagieHTax (1-4 °C) He NpU3BOAATL OO CYTTEBUX 3py-
weHb Yy pH, Eh abo miHepanizalii, Lo y3roaKyeTbcs 3 KOHLe-
MNuisMW TEPMOYYTIMBOCTI, 3aNPONOHOBaHMMK Y [2] Ta [12].

TaKnUM YMHOM, NiTepaTypHi AaHi JAtOTb NiACTABU CTBEPANKY-
BaTW, LLLO B MEXKAX TUX TEMMNEPATYPHUX aMNAiTya, AKi Xxapa-
KTEPHi ANA TUNOBMX reoTepMasibHUX CUCTEM HU3bKOrO Mo-
TeHUiany, XimiYHMI cknag NPiCHUX Nia3emMHUX Bog, YKpaiHu
3anMWaEeTbcA cTabinbHUM, TOA AK 3MiHWM TemnepaTypu Ma-
I0Tb IOKa/IbHUI | NnepeabavyBaHuii xapakTep. s iHdopma-
uia dopmye nNiarpyHTA ANA BU3HAYEHHA KpuTepiiB ekonori-
YHOi 0b6eperKHOCTiI Ta NoAaNbWoT aganTaLil MiXKHapoAHOro
[0CBiAY 0,0 YMOB YKpaiHu.

PeryntoBaHHA BMKOPUCTaHHA Nig3eMHUX BOA Yy reotepma-
NIbHUX TENJIOHACOCHUX cUCTeMaXx B YKpaTHi 6asyeTbcA Ha BU-
morax BogHoro Kogekcy YkpaiHu, Kogekcy YKpaiHu npo
Hagpa, 3akoHy YKpaiHn «l1po OXOPOHY HABKOAMLLHLOrO
NPUPOAHOro cepefoBuMLLAY, @ TAKOXK MNiA3aKOHHMUX HOpMa-
TUBHUX aKTIiB, LWLO CTOCYIOTbCA OXOPOHU NiA3eMHUX Boa,
crneuianbHOrO BOAOKOPMCTYBAHHA Ta [eOJIONYHOro BU-
BYEHHA Hagp. Y KOHTEKCTi QYHKLiOHYBaHHA cucTemM TUNy
«BMAOBYTOK — HarHiTaHHA» KNIOYOBMMMW € NMUTAHHA 36epe-
YKEHHA AKOCTi MUTHUX NiA3eMHUX BOA, HeJOoNnyWweHHA 3a-
6pYyAHEHHA TAa AOTPUMAHHA EKONOTiYHUX obmexkeHb nig,
yac 3aKayyBaHHA BOAM B HaApa.

HopmaTuBHMI aHani3 NoKasas., WO YNHHE 3aKOHOLABCTBO
YKpaiHuM LWe He Ma€e cnewianizaoBaHMx BUMOr 40O reotepma-
NIBHUX CUCTEM TUMNY «BUAOOYTOK — HarHiTaHHA». OfHaK 3a-
ranbHi nonoxeHHa BogHoro Kopekcy, Kogekcy YKpaiHu
Npo Hapa Ta NiA3aKOHHMX aKTiB WOA0 OXOPOHU NiA3eMHUX
BOA, [03BONAKOTb BUKOPMUCTOBYBATU 3a3HAYEHi TEXHONOTrii
33 YMOBM HenoriplweHHA AKOCTI BOA, AOTPMMAHHA BUMOT
€KONOriYHOi 6e3nekn Ta NpoBeaeHHA PeryiapHOro MoHiTo-
PUHry NnapameTpiB Nia3eMHux Bog,. Lle cTBOptOE A0CTaTHIO
6a3y 4na aganTaii Kpalwmux eBPONENCbKUX NiAXOAiB A0 YK-
PAiHCbKUX YMOB.

PeryntoBaHHA reouMpKyNALIMHUX cucTem y KpaiHax EBpo-
nericbkoro Coto3y Ta LLBeliuapii 6a3yeTbc Ha NOEAHAHHI
BOAOOXOPOHHOrO 3aKOHOAABCTBA Ta CneLialbHUX TexHiu-
HUX HOPM, L0 BU3HAYalOTb €KO/ONiYHI KpUTepii BUKOpUC-
TaHHA nig3emHux  BoA  ANA HU3bKONOTEHLiNHOI
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reoTepmanbHOi eHepreTMKW. Haibinbl ycTaneHi Ta TeXHo-
NIOrYHO PO3BMHEHI HOPMATMBHI Moaeni copmyBanuca B
HigepnaHgax, HimeuunHi Ta Lsenuapii. AHanis ix niaxoais
[,03BONAAE BUSHAUNUTU Ti PETYNATOPHI €1eMEHTMU, LLLO MOXKYTb
6yTV aganToBaHi Ta iMN/eMeHTOBaHI B HOPMaTMBHO-MNpa-
BOBe noJsie YKpaiHu.

HizepnaHamn BBaKalOTbCA EBPOMNENCHKMM NifEPOM Y BNPO-
BagKeHHi cuctem Tuny ATES (Aquifer Thermal Energy
Storage), f,e OCHOBHMI aKLLEHT pOBUTLCA HA iHTErpoBaHOMY
ynpasAiHHI Nig3eMHUMM Bogamu. Ha piBHi 3aKOHOAaBCTBA
us chepa peryntoetbca Waterwet (BogHMM 3aKOHOM), AKUIA
BWM3HAYaE 3araJibHi BUMOTM 4,0 OXOPOHU MiA3eMHUX BOA, Ta
HeobXiAHICTb OTPMMaHHS BOAHOrO A403BONY AAs Biabopy i
pein’eKw,ii. CneuianbHi pernameHTn — Besluit
bodemenergiesystemen Ta Waterregeling —3aaatoTb TexHi-
YHi Ta eKoNoriyHi KpuTepii poboTn cnctem, BKAKOYHO 3 A0-
NyCTUMUMM 3MiIHAMU TEMNEPATYPU Ta BUMOraMM 10 MOHi-
TopuHry. Hanpuknag, y ctaTTi 6.27 1 6.29 Waterregeling [16]
3a3Ha4YeHo, WO, NoJAYM 3aABKY Ha BCTAHOBNEHHA CUC-
TEMMW, MOTPIOHO BKasaTU «CXemMy MNOBEPHEHHA Boaw, ii
CKNag, TemnepaTtypy Ta 3axogm ANnA 3anobiraHHsA HeraTue-
HUX BNAuBIB». KntouoBa 0co6AUBICTb HigepaHACbKOT MO-
Oeni NonAra€ y CTBOPEHHI TaK 3BaHMX iHTepdepeHLUinHuX
30H, [l PO3MILLEHHA CUCTEM KOOPAMHYETbCA Aaa 3anobi-
raHHs B3aEMHOMY HeraTMBHOMY BN/AMBY Ta 3abe3neyeHHs
TensoBoro 6anaHcy nigzemHoro cepegosuila. Llen niaxia
[,A€ 3MOTY YHUKATU HaAMIPHOIo HaKOMUYEHHA «TenoBUX
wnendis» i € Hag3BMYaMHO ePEKTUBHUM Yy rycTO 3abya0Ba-
HUX MICbKMX palioHax.

Niaxia HimeuynHn 6asyetbca Ha KOMBiHaU,i 3arasibHOro BO-
AHoro npasa (Wasserhaushaltsgesetz, WHG) Ta 0608’sa3Ko-
BOro AOTPMMaHHA TEXHIYHMX CTaHAApPTIB Acouiauii HimeLb-
Kux iHxeHepis (VDI 4640) Ta craHgaptis DVGW. WHG
BCTAHOB/IHOE MPUHLMNOBY BUMOTY HENOTIPLUIEHHA XiMIYHOTO
Ta KiNbKICHOTo CTaHy MiA3eMHUX BOA, TOAi AK TEXHIYHI HO-
PMW PernameHTYoTb KOHCTPYKLLKO CBEPA/IOBUH, A,0MYCTUMI
TemnepaTypHi HaBaHTaXKeHHA, MiHIMaNbHi BiACTaHi A0 30H
MUTHOrO BOAONOCTAYaHHA Ta npoueaypu KoHTponaw [17].
MNopisHAHO 3 HigepnaHoamu HimeubKa cUCTEMA MeEHLU
LeHTpasizoBaHa 11 binblue 3anexuTb Big, pilleHb 3emesib-
HUX OpraHiB, NPOTE MAE YiTKi TEXHIYHI BUMOTM, WO 3abe3ne-
YYIOTb €KONOTIYHY 6e3neKy cucTemM 3a paxyHOK CTaHAaAPTU-
3aLii NPOEKTHUX pilleHb.

LLiBeiuapis BUKOPMCTOBYE OAHY 3 HAMXKOPCTKILWMX y EBpONI
MoZenen OXopoHu nig3emHux Boa. depepanbHi 3aKoHU
(GSchG, GSchV) 3agatoTb cyBopi TemnepaTypHi 0bMeKeHHs
[ON5 BOAHMX 06’€EKTIB, TOAi AK TEXHIYHI cTaHAapTv LWsenuap-
CbKOro TOBapuCTBa iHXeHepis Ta apxiTekTopis (SIA 384/6,
SIA 384/7) BcTaHOBAOIOTb AeTa/bHi BUMOTU ANA reoLUpPKY-
NAUIMHUX cUcTeM — Big, AONYCTUMMX 3MiH TemnepaTtypu y
BOAOHOCHOMY FOPU3OHTI 0 ObMeXKeHb Ha PO3MILLEHHA
CBEPA/IOBUH Y 30HaX OXOPOHU MUTHUX Bog [18]. 3HauHa
PO/Ib KAHTOHANIbHUX KKOHLLEMNLLIM TENNOBUKOPUCTAHHA» A0-
3BOJIAE aflanTyBaTN pPerytoBaHHA 40 N0KaIbHUX rigporeo-
noriyHmx ymos. LLsenuapcbka mogenb 0cobimBo LiHHA
CBOIM YiTKMM 30HYBaHHAM TepuTopin (S1-S3), ae npasuna
eKcnayaTalii cucTem BM3HAYeHi BigNoBiAHO A0 piBHA Bpas-
JIMBOCTI NiA3EMHMX BOA,

MopiBHAHHA TPLOX MOAEe/Iei A€ 3MOry BU3HAUUTM HUBKY
NPUHUMNIB, AKI € PENeBaHTHUMU ANA YKPATHCbKUX YMOB.

Mo-nepLe, KNOYOBUM EIEMEHTOM EKO/IOTIYHOT 06epekHO-
CTi € BCTQHOB/IEHHA A0NYCTUMUX TEMMNEPATYPHUX Aianaso-
HiB i MakcumanbHoro AT npu Big60pi Ta NOBEPHEHHI BOAM.
Y Bcix aHani3oBaHMX KpaiHax peiH’€KTOBaHa Boga He mno-
BMHHA 3MiHIOBATU TeMNepaTypy rOPU30HTY BinbL HiXK Ha Ki-
NbKa rpagycis, a abcontotHa TemnepaTtypa mae nepebysatu
B MeXKax, L0 YHEMOKIMBIOKTb 6iON0OriYHY YM XiMiYHY ae-
rpagauito nigzemHnx sog. Mo-apyre, 060B’A3KOBMM € [10-
TPUMAHHA NPUHLMNY, 338 AKUM AKICTb peiH’eKTOBaHOI BOAM
He NOBWHHA OYTM TipPLIOIO 3@ NPUPOLHY, WO YHEMOXKANB-
NIOE HAAXOAKEHHSA Y BOLOHOCHUIM TOPU3OHT PEYOBUH, 34a-
THUX CNPUYNHUTK 3abpyaHeHHA abo mobinisauito HebaxKa-
HUX KomnoHeHTiB (As, Fe, Mn Towo). [o-TpeTe, y
HigepnaHgax, HimeyunHi Ta Lseluapii cuctemmn Takoro
TUMNY HE MOKYTb NpaLtoBaTh 6e3 perynapHOro MOHITOPUHTY
TemnepaTypw, piBHA Ta XiMiYHOro CK/iagy niA3emHuX Boa,
Wwo 3abe3neyye CBOEYACHE BMABNEHHA pu3MKiB. Mo-yeTBe-
pTe, y BCiX KpaiHax A4itoTb MPOCTOPOBi 06MeXKEHHS: cMcTEMMU
3ab0opoHeHi abo cyTTeEBO 0BMeKEHI B 30HAX OXOPOHU MUT-
HOi BOAM, a B HigepnaHaax 404aTKOBO BMNPOBAAKEHO 30HY-
BaHHA BiANOBIAHO A0 WiIbHOCTI PO3MILLLEHHA CUCTEM.

OmKe, ANa YKpaiHM HalinepcrneKTUBHILLIOW € MoAesb, Lo
NOEAHYE HiMeLbKMI Niaxia Ao CTaHAapPTM3aL,ii KOHCTPYKTU-
BHUX | TEXHIYHUX pilLeHb, WBENLLAPCbKe 30HYBaHHA TEPUTO-
pili 3a piBHEM riaporeonoriyHoi BpasIMBOCTI Ta HigepnaHa-
CbKi NPUMHUMNM ynpaBAniHHA iHTepdepeHLieo 1 TenaoBum
6anaHcom. Lle fo3BonnTb cHopMyBaTU KOMMAEKCHY HOP-
MaTMBHY 6a3y, y AKili BUMOrM A0 TemnepaTypu, XimidyHoro
CKNafy Ta MOHITOpUHIy ByayTb YiTKO BM3HA4YeHi Ha piBHi
JepKaBHUX CTaHZapTiB, a A03BiNbHI Npoueaypu b6yayto
npo3opumu, nependayyBaHMMM Ta OPIEHTOBAHUMMU Ha 3a-
XWUCT NiA3E€MHWUX BOA. HA2HIMAHHA» 8 YKpaiHi

3 ypaxyBaHHAM aHani3y CBITOBMX MPAKTUK, Figporeosnoriy-
HWUX ocobmBocTel YKpaiHM Ta BUMOT YNHHOIO 3aKOHOAaB-
CTBa AOLiNbHUM € GOPMYBAHHSA KOMMAeKcy 6a30BUX peKo-
MeHAaUil, CNpsAMOBAHMX Ha MiHIMIi3aLil0 eKOooriYHMX
PU3MKIB Mif Yac yNpoBaXKeHHA reoTepMasibHUX CUCTEM 3
[BOMA CBEpPA/IOBUHAMM — BUAODOYBHOW Ta HarHiTa/sbHO.
Li pekomeHaauji He 3aMiHIOIOTb COBOD HOPMATUBHUX BU-
MOT, afie MOXYTb C/NyryBaTM OCHOBOK A/1A HALiOHANbHUX
METOANYHUX MiAXOAiIB, @ TAKOXK OPIEHTUPOM A1 NPOEKTAH-
TiB, €KON0TIB Ta OPraHiB NOroAKeHHA.

1. TigporeonoriyHi KpuTepii eKkonoriyHoi obeperKHOoCTi

1.1. Bubip BogoOHOCHOrO ropu3oHTy. (MepeBara mae Haga-
BATUCA FOPM3OHTAM 3 BMCOKOK MPOHMKHICTIO Ta cTabinb-
HUM febiTom, e BNAMB TeMnepaTypHUX KONIMBaHb LBUAKO
3racae. Hegonyctume BUKOPUCTAHHA rOPU30HTIB, WO € OC-
HOBHMM [KEepPenoM LEeHTPani3oBaHOro MUTHOTO BOAOMO-
CTa4yaHHsA, abo TUX, Ae iCHYE PU3MK 3MiLYBAHHA 3 MTUTHUMMU
BOZaMM).

1.2. ObmeKeHHA Ha BiAcTaHi Mix ceepanosuMHamu. (Biac-
TaHb mae 3a6e3nevyBaTh BiACYTHICTb KOPOTKOTO rifpaB/iy-
HOro 3aMWKaHHA. 3 ypaxyBaHHAM EBPONENCHKOT MPAKTUKM
peKomeHAoBaHa MiHiManbHA AMCTaHuia cTaHoBUTbL 40—
80 M, 0iHaK BOHa Ma€ byTK yToYHEHa MOAEeNOBaHHAM).

1.3. YpaxyBaHHsA riapoanHamiku ropmnsoHTy. (0608B’s3KoBe
BM3HAYEHHA LWBMAKOCTI pyXy NiA3eMHUX BOA, TPALIEHTIB,
HanpPAMKY nNpupogHOro noToky. HeobxigHO YyHWMKATK
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CUTYyaUil, KONU 3MiHa TeMMepaTypy MOKe NoWMpPOBATUCA
B HANPAMKY iCHytouMX Bogo3abopis).

2. TemnepaTypHi KpuTepii ekoNoriyHoi obepeXkHOCTi

2.1. Mexi [onycTMmoro TemnepaTypHoro Bnauey. (3
ornsAy Ha BiACYTHICTb HaLiOHA/IbHUX HOPM i 6a3ytoumnCb Ha
NPaKTUL,i, AK peKOMeHA0BaHi OPIEHTUPU MOXKHA NPUNHATU:
+2-3 °C AK Aiana3oH, Lo BBAXKAETbCA EKO/IONYHO HenTpa-
NbHWUM; A0 =5 °C — AONYCTUMWI BNAIMB 32 YMOBM, LLLO He 3a-
¢dikcoBaHO 3MiH Ximi4HOro cknaay; noHag =5 °C — noTpebye
cnewianbHOro 0brpyHTYBaHHA Ta MOAENOBAHHSA).

2.2. KOHTponb Ce30HHUX KosMBaHb. (Baxaneo He gonyc-
KaTW HAaKOMUYEHHA Tenj0Boro eGpeKkTy 3a POKM eKcnyaTta-
uii. Cuctema noBMHHaA MaTh BanaHC MiK ce30HHMM Bigbo-
POM i MOBEPHEHHAM TENIOTH).

3. XimiuHi Ta mikpobionoriyHi KpuTepil

3.1. CrabinbHicTb ximiuHoro cknaay. (Boga, wo nosepra-
€TbCA B FOPU30HT, MAE BiANOBIAATU BUXIAHMM NapameTpam
32 OCHOBHMMM iOHamM, MiHepanisauieto Ta pH. PekomeHao-
BaHO NPOBOAMUTU LLLOHAMMEHLLE KBAPTaibHUA MOHITOPUHT
y nepui ABa POKW eKcnyaTadii).

3.2. KoHTpob MiKpobionoriyHux pusmkis. (MigBuLLeHHA Te-
MMepaTypu MOXKe aKTMBYBATU 6aKTepiasbHi npouecw,
TOMY: Cnif, perynapHo nepesipaTM bGakTepianbHe uucno,
YHWKaTK 3aCTiHUX 30H Y CUCTEMIi, BUKOPUCTOBYBaTU MaTe-
pianu Tpy6 3 HU3bKMM BIOKOPO3iliHMM NOoTeHLUianoM).

4. TexHi4Hi KpuUTepii 4NA NPOEKTYBaHHA CBEPA/I0BUH i 061a-
AHaHHA

4.1. KoHCTpYKLUiNHI BUMoru. (CeBepanoBMHN NOBUHHI MaTu
repmeTuYHi KOMOHU ANs 3anobiraHHA nepeTikaHHAM MiXK
ropu3oHTamMun. PEKOMeHAYETbCA BUKOPUCTAHHA BUCOKOTeE-
MMepaTypHUX NONIMEPHMX MaTepianis, CTINKUX 40 AOBro-
CTPOKOBMX KO/IMBAHb TEMMEPATYPU.

4.2. 3axucT Big 3abpyaHeHHs. (HarHitanbHa cBepanoBMHa
Ma€e B6yTM ocHalleHa NpucTpoammM 3anobiraHHA NigCMOKTY-
BaHHIO MoOBEpPXHEBUX BOA. Y 30HI BNAMBY 3abOPOHAETHCA
po3milLleHHA 06’€eKTiB, WO CTAaHOBAATb PUSUK ANA SAKOCTI
niasemHux Bog (cknagis MMM, BurpibHMX Am, aBTonapkis
TOLLO).

5. MOHITOPUMHT Ta ekcnayaTauitHUM KOHTPOb

5.1. Mporpama MOHITOPUHTY. (PEKOMEHA0BAHO KOHTPOIO-
BaTK: TemnepaTypy (NocTinHUIA aaTunK abo womicauHi 3a-
Mipu), piBHI BOAM, €NEKTPOMNpPOBIAHICTb, MiHepanisauiio,
pH, ocHoBHi ioHu (Ca?*, Mg?*, HCOs™, SO427, CI7), nokasHMKm
Mikpobionorii.

5.2. CTBOpeHHA A,OBrOCTPOKOBMX CMOCTEPENKHUX CBEPAJIO-
BMH. (laeanbHo — ABi MOHITOPMHIOBI CBEPA/IOBUHN: OAHA
MiX BUAOOYBHOIO Ta HArHiTaNbHOO, Apyra — HUXKYe 3a no-
TOKOM).

6. PekomeHaaLii WoA0 HOPMATUBHOIO PO3BUTKY B YKpPaiHi

Ha ocHoBi nopiBHAHHA 3 peryatoBaHHAM EC AouinbHUMK €
TaKi npono3uuy,ii:

— Po3pobutK yiTKi TemnepaTtypHi mexi BnauBy (aHanor
DVGW W 120-2).

— BBecTM NOHATTA «reoTepmasibHOro BNAMBY Ha NiA3eMHi
BOAMY.

— P03pobuTH OKpemuit CTaHaAPT 418 CUCTEM TUMY KBUAO-
OYTOK — HarHiTaHHA».

— Bwu3HaunTM 060B’A3KOBI MapameTpu Ta NepioaNYHICTb
MOHITOPWUHTY.

— |HTerpyBaTtu Ui cMcTemm B HaLiOHAAbHI CTpaTerii gekap-
60Hi3auii Ta eHeproedeKTUBHOCTI.

OTKe, BUKOPUCTAHHA reoTepMasibHMUX TENIOHACOCHMX CUC-
TEM 3 NOBEPHEHHAM BOAM Y BOAOHOCHWI FTOPU3OHT MOXKe
6yTV eKoNoriYHO 6e3NeYHNM, AKLLO AOTPUMYBATUCA KOM-
NAEeKCy NPEeBEeHTUBHMX 3axoiB. 3anpoOnoHOBaHI KpuTepii
eKo/10riyHOi obeperkHOCTI BigobpakatoTb HaMKpaLli Mix-
HapoAHi NPaKTUKM M MOXKYTb CTaTU OCHOBOI Ana dopmy-
BaHHA YKPAIHCbKMX HOPMATUBIB Y KOHTEKCTi EBPOIHTErpaLLii.
Ix 3acTocyBaHHA [,03BOMUTL MiHIMi3yBaTU PU3MKM A8 Mig-
3eMHUX BoZA, 3abe3neunTu cTabinbHIcTb rigporeosoriyHoro
cepenoBuLLa Ta NiABUWMTU ePEKTUBHICTb BNPOBaAKEHHSA
reoTepmasibHMX TeEXHONOri B YKpaiHi.

BucHoOBKMU

MpoBeneHUit aHanis HayKOBUX AOCAIAKEHb, HOPMATUBHO-
NPaBOBUX BMMOT Ta €KONOrYHMX aCneKTiB BUKOPUCTAHHA
reoTepmanbHUX TEMJOHACOCHUX CUCTEM TUMNY «BUA0OY-
TOK — HarHiTaHHA» A03BONAE CPOPMYNIOBATM TaKi OCHOBHI
BMCHOBKMU:

leoTepmanbHi cucTeMM 3 NOBEPHEHHAM BOAM Y BOAOHOC-
HWI TOPU3OHT € NEPCNEKTUBHOI TEXHO/IOFED HU3bKOBYT-
/leL,eBoro TenIonocTavyaHHA, AKa BiZNOBiAaE cTpaTEriyHUM
uinAam Ykpainu wopao aekapboHisauii, niasuWweHHs eHepro-
edeKTMBHOCTI Ta AnBepcudikaLlii Axepen Tennotu. Ix wu-
pOKe 3acTOCYBaHHA MOTEHLIMHO 34aTHE 3MEHLUNTU 3a/1eX-
HiCTb BiZ, BMKOMHWX BUAIB NanvMBa Ta 3HU3UTU BUKMAMU
NMapHMKOBUX rasiB y CEKTOPi Tena0nocTavaHHA.

TemnepaTypHUii BNANB reoTepmMasibHUX CUCTEM MAE JIOKa-
JIbHUI XapaKTep, a Moro macwTab BU3HAYAETLCA rigporeo-
JNIOFYHMMM OCOBNMBOCTAMMU TOPU3OHTY, AebITOM i peru-
MOM poboTn cucTemu. CBITOBI A0CNIOKEHHA MOKA3YIOTh,
Lo TennoBi 36ypeHHA y mexax £2—5 °C He npu3BoaATb 40
CYTTEBMX 3MiH XiMIYHOro CKNaAgy Nig3eMHUX BOA, WO NiaT-
BEPAKYE EKONOTiYHYy 6e3neyHicTb TakMX CUCTEM 33 YMOBM
NPaBU/IbHOTO NPOEKTYBAHHA.

XimiyHi 3MiHM Y BOAOHOCHUX FrOpM30HTax Nig, Yac poboTu
cncTem «BUMAOGYTOK — HarHiTaHHA» MepeBaXKHO He3HauHi,
OCKIiNbKM BOZA3, LLLO NOBEPTAETLCA B NAACT, 3a3BM4Yait 36epi-
rae NPUPOAHUIA iIOHHO-CONbOBMI CKNaf,. MoTeHLiMHI Mmikpo-
6io/10riYHi PU3NKK MOXKYTb BYTU MiHIMi30BaHi 3aBAAKM A0-
6opy BignoBigHMX MaTepianis Tpy6, BiACYTHOCTI 3aCTiMHUX
30H i HaNeXHil ekcnayaTau,ii cuctemu.

YKpaiHCbKe 3aKOHOAaBCTBO MOKM L0 HE MICTUTb cneLiani-
30BaHWX HOPM, fIKi 6 pernameHTyBaaM AONYCTUMI Temnepa-
TYpHi 3MiHK abo BUMOTM A5 CUCTEM PeiH’ekLil Nia3eMHNX
BOJ, Y KOHTEKCTi reoTepmanbHux TexHonorin. OgHak 3ara-
NbHi nonoxkeHHA BogHoro Kogekey YKpaiHu Ta Kogekey Yk-
paiHu Npo Hagpa ¢opmMyHOTb NPaBOBY OCHOBY, L0 [,03BO-
JIA€ BNPOBAAKYBATU TaKi CUCTEMM 33 YMOBM HEMOTIPLUEHHA
AKOCTI NiA3EMHMX BOA Ta HEAONYLEHHA NOPYLIEHHA iX Npu-
pPOAHOrO pexumy.
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ApanTauis eBPONeNCbKUX PEryiATOPHUX MPAKTUK (30Kpema
Bumor HimeuumHu, Higepnanais, AscTpii Ta JaHii) oo yKpa-
THCbKMX YMOB MOXe CTaTh OCHOBOI A/1A CTBOPEHHSA HaLio-
Ha/NbHUX CTaHAAPTIB. PEKOMEHA0BaHNMM € BBEAEHHA TEM-
nepaTypHuUx Mex BnauBy, GOpMyBaHHA EAMHWUX NpPaBUA
ONA NPOEKTYBAHHA CBEPAJIOBMH Ta BCTAHOBEHHA YITKUX
npoueayp MOHITOPUHIY AKOCTI MiA3eMHUX BOA.

Ha ocHoBi aHanisy chopmynboBaHO KOMMAEKC KpuTepiis
€KoJI0riYHOi 0bepeKHOCTI BKKOYHO 3 TigporeosoriyHumm,
TEMMEepPaTyPHUMM, XIMIYHUMM, MIKpOBioNOriYHMMHK Ta Tex-
HIYHUMK BUMOTramn. JOTPUMAHHA LUX KPUTEPIiB € KNOYO-
BOO YMOBOLO 15 3abe3neyeHHA eKonoriyHoi besneku cuc-
TEM «BUA0OYTOK — HarHiTaHHA». i Lli Kputepii MoXKyTb 6yTH
BMKOPUCTaHi ANA CTBOPEHHA METOAUYHMX peKoMeHAaLlii
ana GopmyBaHHA HOPMaTUBHOI H6asu.

3anponoHOBaHMM aHaNITUYHWUI NiAXif CTBOPIOE OCHOBY A/1A
NnoAanblOro PO3BUTKY PEryNaATOPHUX AOKYMEHTIB y cdepi
nig3eMHOi reoTepmasibHOI EHEPreTUKM, a TaKOX BU3HAYaE
HanNpAMK NoAanblUNX HAaYKOBUX AOCAIAMEHb — YAOCKOHa-
NIeHHA moaenein TenaonepeHocy, aHanis MikpobionoriyHnx
npouecis, ONUC TPMBAINX LUUKAIB eKCnayaTaLii Ta iHTerpa-
LiA reoTepmasibHUX CUCTEM Y PO3NOAiNEHI eHepreTUyHi
KOMMNEKCH.

Y uinomy pesynbtatv poboTu NigTBEPAKYIOTb, WO TEXHO-
fioria reoTepmManbHUX TEMNOHACOCHUX CUCTEM 3 peiH’eK-
Lieto Nig3emMHUX BOJ, € eKoJ1oriYHO 6e3neyHoto Ta nepcnex-
TMBHOIO AnA YKpaiHM, a cPopmoBaHi B AOCAIAMKEHHI
NiAXo4uM MatoTb BaXKMBE HaYKOBO-METOAUYHE | NpaKkTU4He
3HaYeHHA 4014 il N0AaNbLIOro BNPOBAAMKEHHSA.

MNOCUNAHHA

1. LundJ.W., Freeston D. H., Boyd T. L. Direct utilization of
geothermal energy 2010 worldwide review. Geother-
mics. 2011. Vol. 40. No. 3. P. 159-180.
https://doi.org/10.1016/j.geothermics.2011.07.004

2. Banks D. An Introduction to Thermogeology: Ground
Source Heating and Cooling. 2nd ed. Wiley-Blackwell,
2012. https://doi.org/10.1002/9781118447512

3. Zurian, O. Technical, economic and environmental anal-
ysis of the implementation of a geothermal heat pump
system. Ecological Sciences. 2023. No. 50. P. 37-47.
https://doi.org/10.32846/2306-9716/2023.ec0.5-50.6

4. Rybach L. Geothermal energy: sustainability and the en-
vironment. Geothermics. 2003. Vol. 32. P. 463-470.
https://doi.org/10.1016/50375-6505(03)00057-9

5. Shortall R., Davidsdottir B., Axelsson G. Geothermal en-
ergy for sustainable development: a review. Renewable
and Sustainable Energy Reviews. 2015. Vol. 44. P. 391-
406. https://doi.org/10.1016/j.rser.2014.12.020

6. Hackstein F. V., Madlener R. Sustainable operation of
geothermal power plants. Geothermal Energy. 2021.
Vol. 9. P. 10. https://doi.org/10.1186/s40517-021
-00183-2

10.

11.

12.

13.

14.

15.

16.

17.

18.

Blum P. et al. Is thermal use of groundwater a pollution?
Journal of Contaminant Hydrology. 2021. Vol. 239. Arti-
cle 103791.
https://doi.org/10.1016/j.jconhyd.2021.103791

Bonte M. Temperature-induced impacts on groundwa-
ter quality. Water Research. 2013. Vol. 47. P. 5088—
5100. https://doi.org/10.1016/j.watres.2013.05.049

LiJ. et al. Geo-temperature response to reinjection. Ge-
othermal Energy. 2023. Vol. 11. P. 35.
https://doi.org/10.1186/s40517-023-00277-z

Kassem M. A., Moscariello A. Geothermal-powered dis-
trict heating and cooling networks: a systematic review.
International Journal of Sustainable Energy. 2024.
https://doi.org/10.1080/14786451.2024.2417436

Rybach L., Mongillo M. Geothermal sustainability — re-
search needs. GRC Transactions. 2006. Vol. 30. P. 1083—
1090. https://www.researchgate.net/publica
tion/283177278_Geothermal_sustainability-A_re-
view_with_identified_research_needs

Tomasini-Montenegro C. et al. Life cycle assessment of
geothermal power generation technologies. Applied
Thermal Engineering. 2017. Vol. 114. P. 1119-1136.
https://doi.org/10.1016/].ap-
plthermaleng.2016.12.112.

Bonte, M., Stuyfzand, P. J., van den Berg, G. A., Hijnen,
W. A. Environmental impacts of aquifer thermal energy
storage investigated by field and laboratory experi-
ments. Journal of Hydrology, 2011, 409(3—4), 457—-470.
DOI: https://doi.org/10.1016/j.jhydrol.2011.08.00

Zurian, 0. V., & Barilo, A. A. (2022). Impact of the natural
temperature regime of the upper layers of Earth on ef-
ficiency of a hydrothermal heat pump system. Journal
of Geology, Geography and Geoecology, 2022. 31(3).
575-584. https://doi.org/10.15421/112254

Blum, P., Campoyo-Moreno, M. |., Zhu, K., Bauer, S.
Temperatures in aquifers: Heat transport processes, de-
velopment of geothermal technology and impacts of cli-
mate change. WIREs Water, 2021, 8(2), e1507. DOI:
https://doi.org/10.1002/wat2.1507

Special regulations « Waterkwantiteit». URL:
https://repository.officiele-overheidspublicaties.nl/ex-
ternebijlagen/exb-2017-573/1/bijlage/exb-2017-
573.pdf?utm

Water law. Wasserhaushaltsgesetz, WHG. URL:
https://www.vdi.de/en/home/vdi-standards/de-
tails/vdi-4640-blatt-1-thermal-use-of-the-under-
ground-fundamentals-approvals-environmental-as-
pects?utm

Burkhard Sanner. Standards and Guidelines for
UTES/GSHP wells and boreholes. 14th International
Conference on Energy Storage. 25-28 April 2018, Adana,
TURKEY. URL: https://sanner-geo.de/me
dia/82adf22blec3dfecffff8010fffffff1.pdf?utm

268



BigHoBntoBaHa eHepretuka. Ne 4/2025 | feotepmasnibHa eHepreTvKa

UDC 556.506; 620.92; 620.987 https://doi.org/10.36296/1819-8058.2025.4(83).263-274
ENVIRONMENTAL ASPECTS OF USING GROUNDWATER AS A HEAT CARRIER IN LOW-
TEMPERATURE GEOTHERMAL SYSTEMS WITH REINJECTION

Received Nov. 23, 2025; accepted Dec. 09, 2025
Available online Dec. 31, 2025

1Dr. of Sciences (Eng)
https://orcid.org/0000-0002-2391-1611

Hnstitute of Renewable Energy of NAS of
Ukraine, Kyiv, Ukraine

Zurian 0.1

Author for correspondence: Zurian Olekcii,
e-mail: alexey_zuryan@ukr.net

The post-war recovery of Ukraine envisions the development of a modern energy infrastructure based on the
principles of sustainable development, energy efficiency, and climate neutrality. Particular emphasis is placed on
the advancement of heat pump technologies, decentralized heating systems, and the use of local renewable low-
grade energy resources. In this context, there arises the need for a comprehensive study of the environmental
aspects of geothermal heat pump systems operating on groundwater, the determination of the limits of their safe
operation, and the justification of conditions for their optimal application within the future sustainable energy
supply system of Ukraine.

This work presents a comprehensive analytical review of the environmental aspects of using open-loop
geothermal heat pump systems operating on the “extraction—injection” principle, in which the heat carrier is
extracted from and reinjected into aquifers. The study is based on a synthesis of current global scientific
publications involving field observations, laboratory research, and mathematical modeling, complemented by
environmental-requlatory analysis of thermal impacts on groundwater and an examination of the regulatory
frameworks of Ukraine and European Union countries. Special attention is devoted to issues of thermal and
chemical impacts on aquifers during long-term operation, as well as to assessing their environmental safety within
the context of Ukrainian hydrogeological conditions. The current regulatory framework of Ukraine concerning
groundwater protection, water use, recreational and technical water supply is analyzed, and gaps related to the
absence of specific regulations for geothermal systems with reinjection of the heat carrier are identified.

The work proposes a set of environmental precaution criteria, including limits on groundwater return temperature,
requirements to prevent chemical alterations, monitoring of water levels and well discharge, and the necessity of
hydrogeological monitoring. Adaptation of the best European practices (Netherlands, Germany, Switzerland) to
Ukrainian conditions is suggested. The analytical review demonstrates that the implementation of closed-loop
geothermal systems with heat-carrier reinjection can be an environmentally safe and efficient solution for the
development of sustainable energy in Ukraine, provided that the defined criteria are met and appropriate
regulatory support is ensured.

Keywords: geothermal heat pump systems, aquifer thermal energy storage, groundwater, environmental
assessment, reinjection, thermal plume, low-grade energy, sustainable development.

Problem Statement . . . .
Alongside their obvious advantages, a range of environ-

In the modern context of global energy transformation, the
issues of phasing out fossil fuels and transitioning to renew-
able energy sources are becoming strategically significant.
European experience demonstrates that low-grade heat
technologies play a key role in decarbonizing the building
sector, which is one of the largest consumers of thermal
energy. In this regard, geothermal heat pump systems
based on groundwater represent an important resource,
enabling the extraction of thermal energy independent of
weather conditions, ensuring a stable heat supply, and re-
ducing the load on the energy system. Groundwater-based
geothermal systems are considered one of the technolo-
gies capable of providing stable, low-cost, and low-carbon
heating for residential, commercial, and industrial facilities.

mental, hydrogeological, and regulatory challenges arises,
as groundwater is a valuable natural resource and plays a
critical role in ensuring the country’s water security. This is
particularly relevant for systems that circulate water
through a pair of wells—production and injection—which
require scientifically grounded analysis of their impacts on
the temperature regime and chemical state of aquifers, as
well as their compliance with modern Ukrainian and Euro-
pean legislation on groundwater protection.

Analysis of Recent Studies and Publications

The issue of geothermal energy utilization, particularly low-
grade heat from soil and groundwater, occupies a promi-
nent place in contemporary international research. A
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comprehensive overview of the status and trends in the di-
rect use of geothermal energy is presented in study [1],
which shows that heat pump technologies based on soil
and groundwater are among the most rapidly growing seg-
ments of the sector. In works [2, 3], the authors examine in
detail the thermogeological foundations of ground and
groundwater heat pumps, emphasizing the importance of
hydrogeological conditions, rock properties, and ground-
water characteristics for the efficiency and long-term sus-
tainability of such systems.

In the context of sustainable development and environ-
mental safety, considerable attention is devoted to as-
sessing the environmental impacts of geothermal systems.
Author [4] was among the first to systematically articulate
an approach to understanding geothermal energy as a re-
source that may remain sustainable, provided that a bal-
ance is maintained between extraction and natural or arti-
ficial replenishment. Further development of this topic is
reflected in review [5], which presents various approaches
to assessing the sustainability of geothermal systems, in-
cluding environmental, economic, and social criteria. The
economic aspects of sustainable operation of geothermal
plants are examined in [6], where it is shown that optimiza-
tion of operating modes and cost structures plays a decisive
role in reconciling ecological and financial requirements.

A separate line of research concerns the thermal use of
groundwater and the assessment of its impact on water
quality. The authors of study [7] raise the question of
whether the thermal use of groundwater may be consid-
ered “pollution” in a regulatory and environmental sense,
concluding that, under certain temperature and spatial lim-
itations, such impacts are acceptable and manageable. Fur-
thermore, study [8], based on laboratory and field experi-
ments, demonstrates that temperature changes in anoxic
aquifers may affect the mobility of certain trace elements
(particularly arsenic and iron), though the magnitude and
significance of these effects depend on the specific hydro-
geochemical conditions of the formation.

A substantial body of research is devoted to analyzing and
modeling reinjection processes in geothermal reservoirs.
For example, study [9] examines the thermal response of
sandstone reservoirs to long-term injection of cooled wa-
ter; numerical modeling shows how well spacing, flow
rates, and thermal load influence the development of a
thermal front and the potential for thermal breakthrough.
A comprehensive overview of the development of geother-
mal district heating systems, including those using ground-
water and reinjection, is presented in [10], which empha-
sizes that circulation schemes with reinjection into the
aquifer have become the standard in European practice
due to their combination of high energy efficiency and con-
trolled environmental impact.

Issues of the long-term sustainability of geothermal sys-
tems, including their impact on heat and groundwater re-
sources, are further analyzed in publication [11], which
identifies key research tasks related to assessing the renew-
ability of geothermal resources. Study [12] considers

geothermal technologies from the perspective of life-cycle
assessment, comparing their overall environmental foot-
print (including greenhouse gas emissions and other im-
pacts) with alternative energy sources, concluding that ge-
othermal systems remain competitive under low-carbon
development scenarios.

Analysis of Recent Studies and Publications

The issue of utilizing geothermal energy, particularly low-
grade heat from soil and groundwater, occupies a promi-
nent place in contemporary international research. A com-
prehensive overview of the current state and trends in the
direct use of geothermal energy is presented in study [1],
which shows that heat pump technologies based on soil
and groundwater are among the fastest-growing segments
of the sector. In works [2, 3], the authors examine in detail
the thermogeological foundations of ground and ground-
water heat pumps, emphasizing the importance of hydro-
geological conditions, rock properties, and groundwater
characteristics for the efficiency and long-term sustainabil-
ity of such systems.

In the context of sustainable development and environ-
mental safety, considerable attention is devoted to as-
sessing the environmental impacts of geothermal systems.
Author [4] was among the first to systematically articulate
an approach to understanding geothermal energy as a re-
source that may remain sustainable provided that a bal-
ance is maintained between extraction and natural or arti-
ficial replenishment. Further development of this topic is
reflected in review [5], which presents various approaches
to assessing the sustainability of geothermal systems, in-
cluding environmental, economic, and social criteria. The
economic aspects of sustainable operation of geothermal
plants are examined in [6], where it is shown that the opti-
mization of operating regimes and cost structures plays a
decisive role in harmonizing ecological and financial re-
quirements.

A separate research direction concerns the thermal use of
groundwater and the assessment of its impact on water
quality. The authors of study [7] pose the question of
whether the thermal use of groundwater can be considered
“pollution” in normative and environmental terms, con-
cluding that under certain temperature and spatial limita-
tions, such impacts are acceptable and manageable. Fur-
thermore, in work [8], based on laboratory and field
experiments, the author shows that temperature changes
in anoxic aquifers may affect the mobility of certain trace
elements (particularly arsenic and iron), though the scale
and significance of these changes depend on specific hydro-
geochemical conditions of the formation.

A substantial body of work is dedicated to analyzing and
modeling reinjection processes in geothermal reservoirs.
For example, study [9] examines the thermal response of
sandstone reservoirs to long-term injection of cooled wa-
ter; numerical modeling demonstrates the influence of well
spacing, flow rates, and thermal load on the formation of a
thermal front and the potential for thermal breakthrough.
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A comprehensive overview of the development of geother-
mal district heating systems, including those using ground-
water and reinjection, is provided in [10], which empha-
sizes that circulation schemes with water returned to the
aquifer have become the European standard due to their
combination of high energy efficiency and controlled envi-
ronmental impact.

Issues of long-term “sustainability” of geothermal systems,
including their impact on heat and groundwater resources,
are further analyzed in publication [11], which identifies
key research tasks associated with assessing the renewabil-
ity of geothermal resources. Study [12] examines geother-
mal technologies from the perspective of life-cycle analysis,
comparing their overall environmental footprint (including
greenhouse gas emissions and other impacts) with alterna-
tive energy sources, concluding that geothermal systems
remain competitive under low-carbon development sce-
narios.

Presentation of the Main Research Material

The assessment of the impact of geothermal systems on
groundwater in global scientific practice is based on a com-
bination of three principal methodological groups: field ob-
servations, laboratory studies, and mathematical modeling,
complemented by environmental and regulatory analysis.

International literature on shallow geothermal energy and
the operation of open-loop “extraction—injection” systems
presents a wide, yet generally consistent, range of temper-
ature and chemical changes in aquifers that occur during
the operation of geothermal heat pump systems. These
data make it possible to define realistic ranges of impacts
which, considering the hydrogeological characteristics of
Ukraine, may serve as benchmarks for preliminary environ-
mental assessment.

Most studies conducted in Europe, North America, and Asia
indicate that typical temperature increases or decreases in
groundwater during system operation range from +1 to 5
°C within the zone of direct well influence. Studies [2, 4]
show that at flow rates of 20-50 m3/h, the thermal front in
shallow aquifers forms a local zone of altered temperature
with a radius of 20-80 m, depending on the properties of
the formation. These values are also confirmed by numeri-
cal models, including those in [8], which demonstrate that
under stable extraction and injection conditions, the ampli-
tude of temperature changes does not exceed several de-
grees even in the long term.

Another characteristic observation is that temperature
changes are highly localized and dissipate in the direction
of natural groundwater flow, as confirmed by studies [12],
[13], and others. This indicates that the scale of impact is
primarily determined by the hydrodynamic conditions of
the specific aquifer—its hydraulic conductivity, natural flow
gradient, and transmissivity [14].

Regarding the chemical composition of groundwater, the
literature review shows that when temperature changes
remain within £2—4 °C, chemical parameters typically fall

within the range of natural variability, except in cases
where temperature increases exceed 10 °C or where the
system operates in highly mineralized waters or aquifers
with specific mineralogy. Studies [15] indicate that the
most sensitive components are those associated with redox
processes: iron, manganese, and arsenic. However, their
mobilization is observed only under conditions of signifi-
cant temperature alteration (over 10 °C) or disruption of
hydrochemical equilibrium due to interference with
groundwater flow, whereas in systems with reinjection into
the aquifer, chemical stability is generally preserved.

Comparison of these findings with the hydrogeological con-
ditions of Ukraine shows that most productive aquifers
within the upper 100—-150 m, which constitute the primary
reserves of fresh groundwater, have hydraulic conductivity
values ranging from 1 to 10-20 m/day—similar to aquifers
in Central and Northern Europe. This implies that the scale
of thermal impact under Ukrainian conditions will be com-
parable to that in Europe, with typical amplitudes of +1-4
°C and a radius of influence of several tens of meters at
moderate flow rates.

Ukraine’s climatic conditions also support the stability of
such systems, as the amplitude of natural seasonal soil tem-
perature fluctuations in the upper layers reaches 15-20 °C,
but below 15-20 m it decreases to 1-2 °C. This means that
aquifers at depths of 30—-80 m are naturally thermally sta-
ble, and thus a temperature change of several degrees
within the local zone of influence does not exceed the nat-
ural fluctuations typical for the shallow subsurface.

It should also be noted that in Ukraine, drinking-water aqg-
uifers are typically represented by alluvial, loess—alluvial,
and sandy—clayey sequences of Quaternary and partly Ne-
ogene age. These deposits commonly contain mineral
phases such as calcite, dolomite, clay minerals, and siderite,
whose solubility changes under minor temperature gradi-
ents (1-4 °C) do not lead to significant shifts in pH, Eh, or
mineralization. This is consistent with the concepts of ther-
mal sensitivity proposed in [2] and [12].

Thus, the literature data provide grounds to assert that
within the temperature amplitudes characteristic of typical
low-temperature geothermal systems, the chemical com-
position of fresh groundwater in Ukraine remains stable,
whereas temperature variations are localized and predict-
able. This information forms the basis for defining environ-
mental precaution criteria and for further adapting interna-
tional experience to Ukrainian conditions.

The regulation of groundwater use in geothermal heat
pump systems in Ukraine is based on the requirements of
the Water Code of Ukraine, the Code of Ukraine on Subsoil,
the Law of Ukraine “On Environmental Protection,” as well
as subordinate regulatory acts concerning groundwater
protection, special water use, and geological exploration of
subsoil. In the context of operating “extraction—injection”
systems, the key issues include preserving the quality of po-
table groundwater, preventing contamination, and
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complying with environmental restrictions during water
reinjection into the subsurface.

Regulatory analysis has shown that current Ukrainian legis-
lation does not yet contain specialized requirements for
“extraction—injection” geothermal systems. However, the
general provisions of the Water Code, the Code on Subsoil,
and subordinate acts on groundwater protection allow the
use of such technologies provided that water quality is not
degraded, environmental safety requirements are met, and
regular monitoring of groundwater parameters is con-
ducted. This creates an adequate foundation for adapting
the best European approaches to Ukrainian conditions.

Regulation of geocirculation systems in the European Un-
ion and Switzerland is based on a combination of water pro-
tection legislation and specialized technical norms that de-
fine environmental criteria for the use of groundwater in
low-temperature geothermal energy. The most established
and technologically advanced regulatory models have been
developed in the Netherlands, Germany, and Switzerland.
An analysis of their approaches makes it possible to identify
regulatory elements that can be adapted and implemented
within the legal framework of Ukraine.

The Netherlands is considered the European leader in the
development of ATES (Aquifer Thermal Energy Storage) sys-
tems, where the primary emphasis is placed on integrated
groundwater management. At the legislative level, this
sphere is regulated by the Water Act (Waterwet), which de-
fines general requirements for groundwater protection and
the obligation to obtain a water permit for extraction and
reinjection. Specialized regulations—Besluit bodemener-
giesystemen and Waterregeling—set technical and envi-
ronmental criteria for system operation, including allowa-
ble temperature changes and monitoring requirements.
For example, Articles 6.27 and 6.29 of the Waterregeling
[16] specify that an application for system installation must
include “a scheme of water reinjection, its composition,
temperature, and measures to prevent adverse impacts.” A
key feature of the Dutch model is the creation of so-called
interference zones, where system placement is coordi-
nated to avoid mutual negative impacts and to maintain the
thermal balance of the subsurface environment. This ap-
proach helps prevent excessive accumulation of thermal
plumes and is highly effective in densely built urban areas.

Germany’s approach is based on a combination of general
water law (Wasserhaushaltsgesetz, WHG) and mandatory
compliance with technical standards issued by the Associa-
tion of German Engineers (VDI 4640) and the German Tech-
nical and Scientific Association for Gas and Water (DVGW).
WHG establishes a fundamental requirement that ground-
water’s chemical and quantitative status must not deterio-
rate, whereas technical standards regulate well construc-
tion, permissible thermal loads, minimum distances to
drinking-water protection zones, and monitoring proce-
dures [17]. Compared to the Netherlands, the German sys-
tem is less centralized and more dependent on decisions of
regional (Land) authorities, yet it has clear technical re-
quirements that ensure environmental safety through
standardized design practices.

Switzerland employs one of the strictest groundwater pro-
tection frameworks in Europe. Federal laws (GSchG, GSchV)
impose stringent temperature limits for water bodies,
while technical standards of the Swiss Society of Engineers
and Architects (SIA 384/6, SIA 384/7) establish detailed re-
quirements for geocirculation systems—from permissible
temperature changes in aquifers to restrictions on well
placement within drinking-water protection zones [18]. The
significant role of cantonal “thermal use concepts” allows
the regulation to be adapted to local hydrogeological con-
ditions. The Swiss model is particularly valuable due to its
clear zoning system (S1-S3), where operational rules for
geothermal systems are defined in accordance with
groundwater vulnerability levels.

A comparison of the three models makes it possible to identify
several principles that are relevant to Ukrainian conditions.

First, a key element of environmental precaution is the es-
tablishment of permissible temperature ranges and maxi-
mum AT for both extraction and reinjection. In all analyzed
countries, reinjected water must not alter the aquifer tem-
perature by more than a few degrees, and its absolute tem-
perature must remain within limits that prevent biological
or chemical degradation of groundwater.

Second, it is mandatory that the quality of reinjected water
must not be worse than the natural groundwater quality,
preventing the introduction of substances that could cause
contamination or mobilize undesirable components (As, Fe,
Mn, etc.).

Third, in the Netherlands, Germany, and Switzerland, such
systems cannot operate without regular monitoring of
groundwater temperature, levels, and chemical composi-
tion, ensuring timely detection of potential risks.

Fourth, spatial restrictions are applied in all three countries:
systems are prohibited or strongly limited within drinking-
water protection zones, and in the Netherlands, additional
zoning is implemented depending on system density.

Thus, for Ukraine, the most promising model is one that
combines the German approach to standardizing design
and technical solutions, the Swiss system of zoning territo-
ries according to hydrogeological vulnerability, and the
Dutch principles of managing interference and thermal bal-
ance. This would make it possible to develop a comprehen-
sive regulatory framework in which requirements for tem-
perature, chemical composition, and monitoring are clearly
defined at the level of national standards, while permitting
procedures remain transparent, predictable, and oriented
toward groundwater protection.

Preliminary Recommendations and Environmental Precau-
tion Criteria for “Extraction—Injection” Systems in Ukraine

Considering the analysis of global practices, the hydrogeo-
logical features of Ukraine, and current legal requirements,
it is advisable to formulate a set of basic recommendations
aimed at minimizing environmental risks when implement-
ing geothermal systems with two wells—production and in-
jection. These recommendations do not replace formal reg-
ulatory requirements but may serve as a foundation for
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national methodological guidelines and as a reference for
designers, environmental specialists, and permitting au-
thorities.

1. Hydrogeological Criteria for Environmental Precaution

1.1. Selection of the aquifer. Preference should be given to
aquifers with high permeability and stable yield, where the
effect of temperature fluctuations dissipates rapidly. The
use of aquifers that serve as primary sources of centralized
drinking water supply, or that pose a risk of mixing with po-
table groundwater, is not permissible.

1.2. Restrictions on the distance between wells. The dis-
tance must ensure that there is no short-circuiting of hy-
draulic flow. Based on European practice, a recommended
minimum separation is 40-80 m; however, it must be re-
fined through modeling.

1.3. Consideration of aquifer hydrodynamics. It is manda-
tory to determine groundwater flow velocity, gradients,
and natural flow direction. Situations in which thermal
changes could propagate toward existing water intakes
must be avoided.

2. Temperature Criteria for Environmental Precaution

2.1. Limits of permissible thermal impact. Given the ab-
sence of national standards and based on international
practice, the following ranges may be used as recom-
mended benchmarks: +2-3 °C — considered environmen-
tally neutral; up to 5 °C — acceptable provided no changes
in chemical composition are detected; beyond 5 °C — re-
quires detailed justification and modeling.

2.2. Control of seasonal variations. It is important to pre-
vent long-term accumulation of thermal effects over the
years of operation. The system must maintain a balance be-
tween seasonal heat extraction and reinjection.

3. Chemical and Microbiological Criteria

3.1. Chemical stability. Water reinjected into the aquifer
must correspond to the initial parameters in terms of major
ions, mineralization, and pH. At least quarterly monitoring
is recommended during the first two years of operation.

3.2. Control of microbiological risks. Temperature increases
may activate bacterial processes; therefore, total bacterial
count must be monitored regularly, stagnant zones in the
system should be avoided, and piping materials with low
biocorrosion potential should be used.

4. Technical Criteria for Well Design and Equipment

4.1. Structural requirements. Wells must have sealed cas-
ings to prevent inter-aquifer flow. High-temperature, long-
term temperature-fluctuation-resistant polymer materials
are recommended.

4.2. Protection against contamination. The injection well
must be equipped with devices preventing the intrusion of
surface water. No facilities posing a risk to groundwater
quality (fuel storage, septic tanks, vehicle depots, etc.) may
be located within the zone of influence.

5. Monitoring and Operational Control

5.1. Monitoring program. It is recommended to include the
following parameters: temperature (continuous sensor or

monthly measurements), water levels, electrical conductiv-
ity, mineralization, pH, major ions (Ca?*, Mg?*, HCOs",
S0,4%7, CI7), and microbiological indicators.

5.2. Establishment of long-term observation wells. Ideally,
two monitoring wells should be constructed: one located be-
tween the production and injection wells, and another posi-
tioned downstream relative to natural groundwater flow.

6. Recommendations for Regulatory Development in
Ukraine:

— Based on comparison with EU regulatory frameworks,
the following proposals are advisable:

— Develop clear temperature impact limits (analogous to
DVGW W 120-2).

— Introduce the concept of “geothermal impact on
groundwater.”

— Develop a dedicated standard for “extraction—injec-
tion” geothermal systems.

— Define mandatory monitoring parameters and monitor-
ing frequency.

— Integrate these systems into national decarbonization
and energy efficiency strategies.

Thus, the use of geothermal heat pump systems with
reinjection into the aquifer can be environmentally safe if a
comprehensive set of preventive measures is followed. The
proposed environmental precaution criteria reflect best in-
ternational practices and may serve as a foundation for
shaping Ukrainian regulations in the context of European
integration. Their implementation will help minimize risks
to groundwater, ensure the stability of the hydrogeological
environment, and enhance the effectiveness of deploying
geothermal technologies in Ukraine.

Conclusions

The analysis of scientific research, regulatory frameworks,
and environmental aspects of using “extraction—injection”
geothermal heat pump systems allows the following key
conclusions to be formulated:

Geothermal systems with reinjection into the aquifer rep-
resent a promising low-carbon heating technology that
aligns with Ukraine’s strategic goals of decarbonization, en-
ergy efficiency improvement, and diversification of heat
sources. Their widespread adoption has the potential to re-
duce dependence on fossil fuels and lower greenhouse gas
emissions in the heating sector.

The thermal impact of geothermal systems is localized, and
its extent is determined by the hydrogeological character-
ristics of the aquifer, system flow rate, and operational re-
gime. Global studies indicate that thermal disturbances
within £2-5 °C do not lead to significant changes in ground-
water chemistry, confirming the environmental safety of
such systems when properly designed.

Chemical alterations in aquifers during the operation of ex-
traction—injection systems are generally minimal, since the
reinjected water typically retains its natural ionic and saline
composition. Potential microbiological risks can be mini-
mized through the appropriate selection of piping materi-
als, prevention of stagnant zones, and proper system oper-
ation.
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Ukrainian legislation currently lacks specialized norms reg-
ulating permissible temperature changes or requirements
for groundwater reinjection in the context of geothermal
technologies. However, the general provisions of the Water
Code of Ukraine and the Code of Ukraine on Subsoil provide
a legal foundation that allows the implementation of such
systems, provided groundwater quality is not degraded and
natural hydrogeological conditions are not disrupted.

Adapting European regulatory practices—particularly the
requirements used in Germany, the Netherlands, Austria,
and Denmark—to Ukrainian conditions can serve as a basis
for establishing national standards. Recommended
measures include introducing temperature impact thresh-
olds, defining unified rules for well design, and establishing
clear procedures for groundwater quality monitoring.

A comprehensive set of environmental precaution criteria
has been formulated, including hydrogeological, thermal,
chemical, microbiological, and technical requirements.
Compliance with these criteria is essential for ensuring the
environmental safety of extraction—injection systems and
can serve as methodological guidance for the development
of regulatory documents.

The proposed analytical approach provides a foundation
for further development of regulatory documents in the
field of subsurface geothermal energy and outlines direc-
tions for future research, including improved heat-transfer
modeling, analysis of microbiological processes, long-term
operational cycle assessment, and integration of geother-
mal systems into distributed energy networks.

Overall, the results confirm that geothermal heat pump sys-
tems with groundwater reinjection are environmentally
safe and promising for Ukraine. The approaches developed
in this study have significant scientific, methodological, and
practical value for their further implementation.
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