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AHomayia. Y pobomi docnidxeHo napamempu pobomu d8oc-
myneHesoi 0BOKOHMYPHOI MernsaoHACOCHOI cucmemu mury
«nogimpsa — 8o00a», MPU3Ha4eHoi 019 cucmemu onasneHHA ao-
MiHicmpamuseHoi byodieni. ¥ nepwiomy KOHmMypi cucmemu 8UKo-
pucmaHo xonodoaeeHm R744 (CO,), y dpyeomy — R513a. Me-
moto 00CNiOHEHHSA € BU3HAYEHHA OCHOBHUX eKcrnayamauiliHux
napamempie mensa0HACOCHOI yCMAaHOBKU MEr080H0 MOMYyH(-
Hicmto 6au3bKko 120 KBm ma oyiHKa Moxcausocmi ii suKkopuc-
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MaHHA 8 cucmemax onasneHHa bydiseasb 3 mpaduuyiliHumu pa-
diamopHuUMU onaneanbHUMU npuaadamu. a8 00CAiOHeHHSA
pobomu cucmemu po3pobsieHo po3paxyHKos8y Mooesib mernno-
HACOCHOI ycmaHo8KU 8 npozpamHomy cepedosuwyi Flownex SE,

L343 |yctuTyT TexHiuHoi Tennodismkmn HAH
YKpainun, Kuis, YKpaiHa;

! HaujoHanbHMit TexHiuHMI yHiBEPCUTET VK-
paiHK « KMIBCbKUI NONITEXHIYHMUIA IHCTUTYT

. Lo im. i », M. Kui i
AKa dae 3mozy modenoeamu mepmoziopaeniyHi npoyecu y ™ Irops CikopcbKoro», m. Kuis, YkpaiHa

080OKOHMYPHIl cucmemi 3 ypaxy8aHHAM XAPAKMEPUCMUK KOM-
npecopis, mena006MiHHUKI8 ma peayareasnbHUX esemeHmis.
Ha ocHosi YyucenbHO20 M0Oe08AHHA BUSHAYEHO 3a1exHHoCmi
mensa080i MoMyXHOCMIi Mera08020 HACOCA; MACOBUX 8UMpPam
xoa000a2eHmis; yacmomu obepmaHHA KoMpecopie ma Koe-
hiuieHma nepemeopeHHA menaomu 6i0 memnepamypu 308Hi-
WHb020 nogimps e dianasoHi 8id =25 do +10 °C. BUKOHAHO po-
3paxyHKU — mepmoeiopasniyHux rnpouecie npu  pobomi
dsocmyneHego020 080OKOHMYPHO20 Mera08020 HACOCA mury «fnosimp — 800a» ma rnposedeHo 8anidayito
po3pobsieHoi moodesni waaxom 000amKOB8020 MOOeso8AHHA menaoeo2o Hacoca Mitsubishi ESA30E-25.
OmpumaHi pe3ynsmamu nokasyome ocobaugocmi 3miHU pexcumie pobomu nepuwio2o ma 0py2020 KOHMypie
mensa0HACOCHOI cucmemu 3a Pi3HUX memMiepamypHUX yMmos ma 0aroms 3mMoz2y oyiHUmu egpekmusHicms 3a-
CMOCYB8AHHA KACKAOHOI cxeMu 3 8UKOPUCMAHHAM xosn000az2eHmie R744 ma R513a 0a4a cucmem mensorno-
cma4yaHHA 6ydisens. [Mpakmu4yHa HOBU3HA PO6OMU M0AA2AE Y BUKOPUCMAHHI po3pobaeHoi modeni 014 no-
rnepedHb020 BU3HAYEHHA MApamempie OCHOBHUX KOMIMOHEHMIi8 ma an20pummis KepysaHHs pobomoro
mersIo0HacoCHOI cucmemu Mid Yac nNPeeKmMys8aHHA cucmem orasneHHA bydisers.
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SE; KoegpiyieHm nepemeopeHHs eHepeil

Beryn

CyyacHi TeHAEeHUii pO3BUTKY eHepreTMKM CNpAMOBaHi Ha
3HUKEHHSA CMOXMBAHHA BUKOMHUX NanvB Ta AeKapboHi3a-
Lito cMcTem TensionoctadaHHs byaisens. OaHUM 3 Halnep-
CMEKTUBHILLMX TEXHONOTNYHUX pilleHb Yy LbOMY HanpAMmi €
BMKOPWUCTaHHA TennosBux Hacocie (TH), sKki aatoTb 3mory

e(dEeKTMBHO BUKOPMCTOBYBATM HM3bKOMOTEHL,MHI BigHOB-
NOBaHI AXkepena eHeprii 4OBKINAA — TENNOTY NOBITPA, rpy-
HTy abo Boaum.

OcobnuBuiA iHTepec y CyvyacHUX OO0CAIAMKEHHAX BUKAUKA-
t0Tb TH 3 BUKOPUCTAHHAM NPUPOAHUX XONOL0areHTIB, 30K-
pema giokcuay syrneuto (R744). BukopuctaHHAa CO, sk
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pobouyoro areHTa Ma€e HW3KY Ba)KNMBWX Mepesar, cepen
AKMX EKOJI0TiYHA 6e3neyHicTb, BigCyTHICTb NOTeHLiany pyu-
HYBaHHA 030HOBOTO LWapPy Ta NPAKTUYHO HY/IbOBMIA NOTEH-
uian rnobanbHOro MOTENiHHA Yy MOPIBHAHHI 3 TPaguLin-
HUMK PpeoHoBUMM xonogoareHTamu. Kpim Toro, CO,
XapaKTepU3yEeTbCA BUCOKMMU KoedillieHTaMK Tennosigaadi
Ta MOX/MBICTIO Po6OTU B LUMPOKOMY AianasoHi Temnepa-
TYp, WO pO6UTb MOro NEPCNEKTUBHUM ANA BUKOPUCTAHHA Y
BMCOKOTEMMNEPATYPHUX CUCTEMAX OMANIEHHS.

BogHouyac 3actocyBaHHA TH y 6yaisnax 3 TpaguuinHMmu
pagiaTopHUMK CUCTEMAMM OMaNeHHA NOB’A3aHe 3 HU3KOK
TeXHIYHUX TpyAHoLiB. Taki cuctemu 3a3Bnyait NnoTpebytotb
TemnepaTyp TenJIOHOCIA Ha piBHi 60—75 °C, wo 3Ha4yHoO ne-
PEBULLYE ONTUMAbHI PeXUMM POBOTM BiNbLIOCTI HU3bKO-
TemnepatypHux TH. OgHNUM 3 MOXKANBUX TEXHIYHMX PillEHb
Liei npobnemm € BUKOPUCTAHHA KackagHUX abo gBoctyne-
HEBMX TEMJIOHACOCHUX CXEM, Y AKUX 3aCTOCOBYIOTbLCA Pi3Hi
XON040areHTN Ta NOCNIAOBHI LMKAN NEPETBOPEHHSA eHeprii.

Y 3B’A3KY 3 UMM aKTyasIbHUM 3aBAaHHAM € po3pobka Ta go-
CNiAXKeHHA ABOCTyNeHeBUX TEMIOHACOCHMUX CUCTEM Ha OC-
HoBi CO,, 3aaTHUX 3abe3nedyBaTi HeobXigHi TemnepaTypHi
napameTpu ANA CUCTEM pagiaTopHoro onaneHHA byaisens
33 HU3bKNX TEMNEePATYpP 30BHILLIHbOrO NOBITPA.

Y uint poboTi po3rnanaeTbca ABOCTYNeHeBa ABOKOHTYpHa
TEMNJIOHAaCOCHa cucTema TUMY «MOBITPA — BOAA», Y AKil y
nepwomy KOHTYpi BUKOPUCTOBYETbCA XonogoareHT R744
(CO3), a B gpyromy —R513a. MeToto fOCNiAKEHHA € PO3PO-
6ka Ta anpobauia MeToAMKN PO3PaxyHKY NapameTpiB TaKoi
CUCTEMM Ha OCHOBI KOMMN'IOTEPHOIO MOAENOBAHHA TEPMO-
rigpaBniyHMXx nNpouecis y nporpamHOMY CcepenoBMLL
Flownex SE, a TaKoK BM3Ha4Ye€HHA 3a1€XHOCTEN OCHOBHUX
eKcnayaTauinHuX Xxapaktepuctuk TH Big TemnepaTypu 30B-
HiLWHbLOro NOBITPA.

B ITT® HAH YKpaiHu € HasBHMI NeBHWUIN [,0CBIL PO3PO6KHU,
pPO3paxyHKy, YKOMMNEKTYBAHHA, BUTOTOB/IEHHSA Ta eKChaya-
TaLii TeNJI0BUX HACOCiB, @ TAKOX i HA NPUPOAHMX TEMOBUX
pecypcax AOBKiNAA, 30KpeMa TenaoTi nosiTpa. IHpopmauia
Npo OTPUMAHHI pe3ynbTaT NpeacTaBAeHa, HanpuKknag, y
poboTax [1-7]. BKa3aHi HanpaloBaHHA 6YM BUKOPUCTaHI
nif, Yac CTBOPEHHA TEN/JI0BOrO HAacoca TEMN0OBOIO MOTYMKHi-
cTto 120 KBT ona agmiHictpaTtusHoro kopnycy ITT® HAH Yk-
paiHu (m. Kuis, Byn. BynaxoBcbKoro, 2). PO60T BUKOHYBa-
INCb Ha KOHKYPCHIN ocHoBi B 2024-2026 pokax 3a
npoektom Innovate UK (nigTpnmka eHepreTM4yHoro BigHoOB-
neHHa YkpaiHu) Ne 10093186 «Dual Heat Pump for
Residential Buildings» y me»ax 4oTMPUCTOPOHHBLOTO A0rO-
BOPY MiXK ACTOH-yHiBepcuTeTOoM (Benunka E6puTaHis, bipmi-
Hrem), ITT® HAH Ykpainu, TOB «Tennosi Hacocn BOE» (YK-
paiHa) Ta Ltd «ENGINEERONICS LIMITED» (Benwuka
B6puTaHin, Hbtokacn). PiHaHcyBaHHA pobiT 3aranbHOM Ba-
prictito 890 670 mnH ¢yHTIB cTepAiHris (3okpema ITTO —
187 530 ¢yHTiB CTepAiHriB) npoBoAnaocb Ha 6e3noBoOpPOT-
Hiln ocHOBI B mesKax Innovate UK MiHicTepcTBOM 3aKOpA0H-
HUX cnpas Benunkoi bputaHnii.

BkasaHuli TH € baraTopiBHEBMM 33 061aLUTYBaHHAM, agsKe
Tenn100bmiHHMKM noBiTpAa — CO2 po3TaloBaHi Ha Aaxy BU-
xoAy 3 byaisni Ha ii naockuit gax (puc. 1, a), KomnpecopHuit
610K 3 CO2 i 3 R513a BCTAaHOB/AEHWUI Ha NAOCKOMY Aaxy by-
aisni (puc. 1, 6, 1A 38epxy), TENI006MIHHUKM APYroi CTy-
neHi— B OKpeMmili KiMHaTi TpeTboro nosepxy OyAaiBi
(puc. 1,8), a 6aKk-aKymynatop CcCUCTEMM  ONAaJIeHHA
(puc. 1, 2) — Ha nepwomy nosepci B npumilieHHi 3 ITN
(puc. 1, 0) cuctemu pagiatopHoro onaneHHs byaisni, wada
KOHTPOAIO i ynpaBniHHA — (puc. 1, e).

MeToto ujei poboTn € po3pobka Ta anpobaLis MeToanKM
po3paxyHKy NapameTpiB ABOCTYNEHEBOrO ABOKOHTYPHOrO
TEN0BOro Hacoca TUNy «MNOBITP — BOAA» 3 BUKOPUCTAHHAM
xonopoareHTis R744 (CO,) ta R513a ana cuctemu ona-
JIEHHA agMiHicTpaTUBHOI byaisni.

Ocobu1BICTIO PO3rNAHYTOI TENOHACOCHOI CUCTEMM € Kac-
KafHa cxema OpraHisauii npouecy nepeTBOpeHHsA eHeprii, y
AKIM NepLumnii KOHTYpP Npautoe Ha xonogoareHTi CO,, a Apy-
r'MiA KOHTYp — Ha xonogoareHTi R513a. Taka cxema aae
3MOry MigBULLMTU TEMMEPATypPy TEMJIOHOCIA A0 PiBHA, He-
06XiaHOro AnA poboTH TPAAMULINHUX pasiaTOPHUX cUCTeEM
onasieHHA.

KOHKpeTHO 3aaayeto AOCNiAXKEHHA € BU3HAUYEHHA napa-
MeTpiB pob0TV ABOKOHTYPHOrO TEMIOBOrO Hacoca Tenso-
BOK NOTYXHicTo 120 KBT 332 TemnepaTtypu 30BHILLHbOrO NO-
BiTpA A0 —25 °C Ana cMcTeMm onasneHHA agMiHicTpaTUBHOI
6yaisni ITTO HAH YKpaiHu.

[Ons pocsarHeHHA nocTtaBnaeHoi MeTn byan chopmMmynboBaHi
TaKi OCHOBHIi 3aBAAHHA:

—  pOo3po6MTU pO3pPaxyHKOBY MOAENb ABOKOHTYPHOrO Ten-
JIOBOrO HAacoca 3 BMKOPMUCTAHHAM MPOrpamHoOro cepe-
posuuia Flownex SE;

— BM3HAYUTM OCHOBHiI TEPMOANHAMIYHI NapameTpu LUK-
nis xonopoareHTie R744 t1a R513a B XxapaKTepHMX TOYKAxX
cucTemu;

—  [OoCniavTy BNAMB TeMNepaTypu 30BHILLHbOro NOBITPA B
AianasoHi Big —25 f0 +10 °C Ha OCHOBHI eKcnyaTaLinHi
XapaKTepuctmkm TH;

— BW3HAUYUTU 3a/IEXKHOCTI KEPYIOUMX MapameTpiB cuctemm
(obepTiB KOMNpecopiB, CTyNeHA BiAKPUTTA peryntoBab-
HWX BEHTWIB) Big TemnepaTypu 30BHILLHbOTO NOBITPSA;

— OUHMTK 3MiHY TenJ0BOi NOTYXKHOCTi, MaCOBUX BUTPAT
XO0N0A0areHTiB Ta KoedilieHTa eHeproedeKTUBHOCTI Te-
NJ0HACOCHOI CUCTEMMU.

PosrnaHyTa cuctema TH mae 6araTopiBHEBE pO3TallyBaHHA
OCHOBHUWX KOMMNOHeEHTIB y byaisni (aus. puc. 1), wo obymos-
JIIOE HeobXiaHICTb NonepeaHbOro BU3HAYEHHA MapameTpis
poboTn 0bnafHaHHA Ta aNropUTMIB KepyBaHHA CUCTEMOLO
Ha OCHOBi KOMN'IOTEPHOrO MOAE/OBAHHA.
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Puc. 1. bBaeamopisHege po3mawyeaHHsA b6s10Kie mers08020 Hacoca. [NoSACHeHHA — 8 meKcmi

Tennosuii Hacoc (TH) € 6araTopiBHEBMM 3a 0bnaLITYBaH-
HAM, agKe TennoobmMiHHMKKM noBiTpa — CO2 po3TawoBaHi
Ha Zaxy Buxoay 3 byaisni Ha ii nnockuit gax (gus. puc. 1, a),
KomnpecopHuit 610k 3 CO2 BCTAHOBNEHUIM HA MIOCKOMY
naxy éyaisni (ame. puc. 1, 6), TeNN006MIHHUKM APYroi CTy-
neHi — B OKpemilt KimHaTi TpeTboro nosepxy 6yaisni (ams.
puc.1,8), a 6ak-akymynATop CUCTEMW ONaneHHs (AuB.
puc. 2, 2) — Ha nepLwoMy nosepci B NpuMilLeHHi 3 ITIM (aus.
puc. 1, e) cuctemm pagiaTopHoOro onaneHHa byaisni.

MeToauuHi nigxogn. Ons focnifxKeHHA napameTpis po-
60TM ABOCTYNEHEBOI TEMN/IOHACOCHOI CUCTEMUW BUKOPUCTAHO
MEeTOZ KOMMN'IOTEPHOIO MOAENOBAHHA TEPMOTiAPaABAIMHUX
npouecis y nporpamHomy cepegosuuli Flownex SE. Lle npo-
rpamHe cepeZOBULLE AAE 3MOTY MOAE/NOBATU CKNAAHI eHe-
preTUYHi cMCTEeMM BKIKOYHO 3 KOMMPECOPaMU, TENN00OMIH-
HUKamu, Tpybonposoaamu Ta perytoBasibHOO
apMaTypolto, 3 ypaxyBaHHAM B3aemogii TennoBux i rigpas-
NiYHMX npouecis. Po3paxyHKoBa mogenb TENA0HACOCHOI
cuctemn byna nobyaosaHa BiAnNoBiAHO A0 NPWHLMMNOBOI
CXeMW, HaBeZeHOi Ha puc. 2. Y moaeni BpaxoBaHO OCHOBHI
enemeHT 060x KOHTypiB TH, BKAOYHO 3 KOMMNpecopamu,
BMMapHUKaMM, KOHAEHCATOPaMU, MIXKKOHTYPHUM Ten100-
6MiHHMKOM Ta peryntoBaabHOK apMaTypoio.

[BOKOHTYpHUI TH YHKLIOHYE 32 NPUHLMMOBOIO CXEMOLO,
BKNOYHO 3 BUNApPHMKOM «noBiTpa — CO2», Komnpecopamu
(Ha CO2 — nepwwii KOHTYp Ta Ha R513a — Apyruit KOHTYp),
KOHAeHcaTopom BunapHukom «CO2 —R513a», napooxono-
oxyBayem «CO2— Boga», nepeoxonogysad «R513a-—
BOAa», Ta IHWWMW AOMOMIXKHUMUK enemeHTamun. KoHTypwm
TEen/IoOHOCIA cucTeMn TensionocTadaHHs (Boaa), R513a Ta

CO2 NO3HAYaTbCA CMHIM, KOPUYHEBMM Ta 3€IEHUM KONbO-
pamu, BianoBsigHoO.

HasepeHa cxema € CNpOLLEHOO MPUHLMMNOBO, WO HAZAE
TiNIbKKM Nepenik i 3’eAHaHHA HeOHXiAHNX KOMMOHEHTIB, TOMY
He BigobOparkae BCix AeTanel Ta eNemMeHTiB KepyBaHHA,
NPUTaMaHHUX peasibHiA cucTemi TeNN0BOro Hacoca. Tomy
MOAEeNt0BaHHA ABOKOHTYpHOro TH BMKOHyBasnocb 6e3 yTo-
YHEHHA NapameTpiB Tpybonposoais (reomeTpii, JOBKMH,
AiameTpiB, maTepianis, HAABHOCTI TeN10i30NALT) MiXK OKpe-
MWUMM KOMNOHEHTaMM, @ TAaKOXK 63 YyTOUHEHHA KOHCTPYK-
TUBHUX AeTanel TensoobmiHHUKIB 3 pa3oBMMU nepexo-
Jamu.

Y Uit cxemi —aBa OCHOBHi KOHTYpPM 3 pPi3HMMM X0N040areH-
Tamu: KOHTYp CO2 (3en1eHnit Konip) Ta KoHTYp R513a (Kopu-
YHEBWIA Konip). TpeTiit KOHTY — e KOHTYP CUCTEMU Tenso-
NoCTayaHHA (CUHI Konip), LLO BWKOPUCTOBYE BOAY SK
TENIOHOCIN.

KntoyoBi KOMNOHEHTH, NO3HAYeHi Ha cxemi umubpamu, BU-
KOHYIOTb TaKi QyHKLi: BUNapHuK «nositpa — CO2» (1) nor-
JNINHAE TeNIOTy 3 HABKOJIMLLIHBOTO MOBITPA; BiA4INbHUK BO-
noru (2) 3anobirae noTpanAsHHIO PiAKOro Xxonoa0areHTy 40
Komnpecopa; Komnpecop CO: (3) cTuckae xonogoareHT
CO2; napooxonofHuK (4) oxonogxye neperpity napy CO2;
KoHZeHcaTop / BunapHuK «CO2 —R513a» (5) € Tenn1006miH-
HWKOM, Lo Nepenae TennoTy Big KOHTYpy CO2 40 KOHTYpY
R513a; 6ak-pecusep CO2 (6) cnyrye ans 3bepiraHHA pigkoro
COz; peryntoBanbHUM BEHTUAb (7) 3HUNKYE TUCK | Temnepa-
Typy xonopgoareHty CO2 nepes BMMNAapHUKOM; KOMMNpecop
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R513a (8) ctuckae xonopoareHT R513a; KoHAaeHcaTop
R513a (9) nepenae TennoTy TENJIOHOCIO CUCTEMM TENIOMO-
CTayaHHA; nepeoxonoaKysay (10) LOAATKOBO OXONOANKYE
piaKuii xonopoareHT R513a; 6aK MUTTEBOrO CKMNaHHA (11)
BUKOPUCTOBYETLCA /1A BiAAINEHHA PiAVHM Big napu nepes,

PO3WMPIOBaNbHUM MPUCTPOEM; PEry/t0BasIbHUIA BEHTU/Ib
(12) 3HMKYE TUCK | TemnepaTypy XosoaoareHTy R513a.

Lia cxema € 6a30B0t0 ANA PO3yMiHHA B3aEMOAiT KOHTYpIB Ta
dYHKLiOHaNbHOro NPU3HaYeHHA KOXKHOFO e/leMEeHTa B CUC-
Temi BOKOHTypHOro TH.

:LD CHCTEeMHM TEIIIOIIoCTa"YaHa

4 o
4

10

Bin cicTeMy TerumocTaqaHHa

P o
L

[ =)

U

Puc. 2. CnpoweHa 2idpasniyHa cxema 080KOHMYpHO20 dsocmyneHegozo TH «nosimpa —eodax» nid Yac pobomu 8 pe-
HUMi HaepieaHH: 1 — sunapHuk «nogimpa-CO2», 2 — 8id0inbHUK 80a02u, 3 — komnpecop COz, 4 — Napooxonoo0HUK, 5 —
KoHOeHcamop / sunapHuk «COz2 — R513a», 6 — 6ak pecusep CO, 7 — peayntosanbHuUli eeHmMuss, — Komnpecop R513a,
9 — KoHOeHcamop R513a, 10 — nepeoxonodxcysay, 11 — 6ak Mummeso2o KuniHHsa, 12 — peayntosanbHuli eeHmusb. Ko-
NbOPU: CUHIl — KOHMYp cucmemu mena0nocmaYvaHHA, KopuyHesuli — KoHmyp R513a, 3eneHuli — koHmyp CO:

Cnig 3a3HaunTH, WO Xo4a TensoobmiHHUKKM 4 Ta 10 BKAtO-
YeHi Yy KOHTYp TenJIOHOCiA CUCTEMM OMaNeHHA NOCNiIA0BHO,
Ha NPaKTULi NnepenbayvyaeTbCss BUKOPUCTAHHA NMLLIE O4HOIO
3 HWUX 3a pe3ybTaTaMu eKCNepuMeHTaIbHUX 3iCTaBAEHb Bi-
ANOBIAHMX BAPIaHTIB AK 3 eHepreTMYHOI, TaK i 3 NPaKTUYHOIT
TOYOK 30py. Y Uil poboTi NpuAineHo yBarn BapiaHTy BUKO-
PWCTaHHSA TenN00bMiHHMKa 4 (NapOOX0N0AHMK), TOLI AK Te-
NA006MiIHHMK 10 BBaXKAETLCA BiAKAOYEHUM.

TH cnpoeKTOoBaHWI ANA NIATPUMKM CTanoi TemnepaTypwm
BHYTPIWUHbOrO NOBITPA NPUMILLEHb BYAWHKY B Aiana3oHi
3MiH TemnepaTypu 30BHiWHbOro nositpsa —25°C — +10 °C 3a
paxyHOK AIKICHOro peryntoBaHHA TemnepaTypu nogadi ten-
JIOHOCIA B iCHYHOYY CMCTEMY PafiaTOpPHOro onasieHHs, 3a-
NPOEKTOBAHY paHille Ha »XUBJIEHHA Bif TENNOMYHKTY me-
peXi LeHTpani3oBaHOro Ten/IoNoCcTavyaHHA.

EKCNepuMeHTaIbHO BM3HAYEHUI TemnepaTypHuin rpadik
pob6oTK cucTemm HabNMKeHUI A0 cTaHAAPTHOro rpadika
paaiaTopHoro onaneHHsa 70/50 °C 3a po3paxyHKOBUX TeM-
nepaTtyp BHyTpiWwHbOro nosiTpa 20 °C Ta 30BHiLIHbOrO NOBI-
TpA ——22 °C. Po3paxyHKOBa Ten/10Ba NOTYXHICTb CUCTEMM

onasieHHs 3a TemnepaTtypu —25 °C ctaHoBuTb 120 KBT, TEM-
nepaTtypa nogauyi TennoHocia —+73 °C.

MeToanKa BU3HaUYeHHsA napameTpis cxemmn TH 6a3yeTbes Ha
TEPMOLAMHAMIYHOMY PO3PaxXyHKY NMapoOKOMMPECINHUX LMK-
niB. 3a4a€TbCA TemnepaTypa HWU3bKOMOTEHLIMHOIO AxKe-
pena TenNoTM — 30BHIWHbOrO NOBITPA. 33 MOro 3HaYeHHAM
BM3HaYatoTbCA TEMNEPATYPU NPUIAMaHHA | nogadi Ten1oHo-
cia cuctemm onaneHHs, HeobxigHa TennoBa NOTYXKHICTb Te-
NA0BOro Hacoca. TemnepaTypu KUNiHHA Y BUNAPHUKY nep-
WOro Kackagy Ta KOHAeHcauii y  KoHAgeHcaTopi
BMOMPAlOTbCA 3 ypaxyBaHHAM TemnepaTtyp Hegorpisy (5—
10 °C) BigHOCHO AxKepena TeNNOTH Ta CMOXKMBaYa TEMNA0TH,
BiAnoBigHO. Po3paxyHOK napameTpiB LUMKAIB, MAacOBUX BU-
TPAT XONOA0AreHTiB, NMOTYKHOCTI KOMNpPECopiB i TeNN10BUX
MOTOKIB BMKOHYBaBCA B MPOrpamMHOMY CepefoBULLi
Flownex SE [8], w0 Aae 3mory cTBOpUTH BipTyanbHy pobouy
cxemy (uméposBuin ABiltHMK) TH Ta onTMmisyBaTK napame-
Tpu dpasosoro cTaHy Ana koHTypie CO2 Ta R513a Ha T-S gia-
rpamax. 3arasibHuit KoediuieHT TennoTpaHcpopmaii COP
(AKMI BNM3bKMI [0 NOKasHMKa eHeproedekTMBHOCTI TH)
ONA ONafeHHA PO3PaxOBYETbCA AK BiAHOLWIEHHA CYMapHOI

368



BigHoBntoBaHa eHepretnka. Ne 2/2026 | feoTepmasnbHa eHepreTmKa

TEen/I0OBOi NOTYXKHOCTI NApPOOX0N0A4KyBada, KOHAEHcATopa
Ta NepeoxonogKysada 40 CYMApPHOI €NEeKTPUYHOI MOTYXK-
HocTi Komnpecopis CO; Ta R513a.

Ha puc. 3 npeacraBieHa 3a1eXHiCTb TemnepaTyp BOAW KO-
HTYpY OMajsieHHA Bif TemnepaTypu 30BHIWHbOrO MOBITPA
(TemnepaTtypHuit rpadik cuctemn onaseHHs).

—+—=I10J4aa BOOH 3BOPOTHA BOIA
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Puc. 3. Temnepamypa npamoi ma 380pomHoi 800U KOH-
mypy onaneHHsA 3aaeHHO 8i0 memnepamypu 308Hiu-
Hb020 nosimpAa

Puc. 3 nokasye TemnepaTtypu BogM KOHTYPY ONaneHHA Big,
pisHuui 51-73 °C 3a Temnepatypu nositpa —25 °C go pis-
Huui 35—-30 °C 33 TemnepaTypu NOBITPA OTOYYHOYOrO cepe-
posuwa 10 °C (gue. puc. 3). MaKkcumanbHa Tenaosa noTy-
KHicTb TH ctaHoBuTb 120 KBT 33 TemnepaTypu nosiTpsA
oTouytouvoro cepegosuia —25 °C.

lpadik Ha puc. 3 Bigobpakae, AK 3MiHa TemnepaTypu Kn-
niHHA CO2, WO NOI/IMHAE TeNA0Ty 3 HU3bKOMOTEHLiMHOro
Oxepena (nosiTpsa), BNAMBAE Ha TemnepaTypy TenaoHociaA
(Boam), Wo NoAaEeTbCA B cUCTEMY OMasieHHsA. Buuia Temne-
paTtypa kuniHHa CO; 3a3BuYall 3abe3nevye BULLY Temnepa-
TYpy Harpisy BOAW B KOHTYPi ONaNeHHsA, WO € BAXKANBUM
ONA NIATPUMKUM KOMPOPTHMUX YMOB Yy MPUMILLLEHHi, 0CcOb-
INBO 32 HU3bKUX TeMNepaTyp 30BHILIHbOrO MOBITPA.

AHani3 i€l 3a1eXHOCTi Aa€e 3mory onTMmisyBatM poboTy
TH, 6anaHcyoumn mixk eHeproedeKTUBHICTIO Ta HeObXigHOH
TEMNJIOBOKO MOTYXKHICTIO. 30Kpema, BOHA A0MNOMara€e BU3Ha-
YUTU ONTUMasIbHI PobBOYI TOUKM Ana cuctemu, 3abesneuy-
UM MaKCUMaNbHUI  KoedilieHT eHeproedeKTUBHOCTI
(COP) y 3apaHMx TemnepaTypHUX pexunmax. Jas nosHoro
PO3yMiHHA LbOro rpadika HeobXxiAHO BPaxoBYyBaTU TaKOXK
BNJIMB TeMMnepaTypu 30BHiLLHbOrO NOBITPA 1 TEN/IOBOrO Ha-
BaHTAXXEHHA Ha CUCTEMY OMasIeHHS.

Pe3ynbTaTu mMoAentoBaHHA PO6OTU TEeNNOHACOCHOI CUC-
TemMu

Po3paxyHok 6asyeTbca Ha TepmoAMHaMIYHOMY aHanisi na-
POKOMNPECIMHOr0 LMKAY ABOKOHTYPHOrO TEM/IOBOrO Ha-
coca. OCHOBHa meTa MOAEN0BaHHA — BU3HAYMUTU nNapame-
Tpu poboyoro npouecy (TemnepaTypu T, TUCKY P, eHTanbnii
h, eHTponii s yB KAHOYOBMX TOUKaX LMKAY), po3paxysaTu

HeobXifAHY MacoBy BMUTPATY XO/1040areHTiB M, CNOXKMBAHY
NOTYXHiCTb Komnpecopis W ana focArHeHHA 3a4aHoi Ten-
NOBOI MOTYXHOCTI KopucTyBaya Q. Anroputm noetanHmx
PO3paxyHKiB TaKuiA.

1) Kepytouncb TemnepatypHum rpadikom cuctemun ona-
JNIEHHA, TeMNepaTypoto HU3bKOMOTEHLIMHOIO ArKepena
TennotT1 (30BHIWHbOrO MOBITPA OTOYYIOYOro cepeno-
BMLLA) | TEN/IOBOKO MOTYKHICTHO KOpUCTyBaya Q BU3Ha-
YaEMO TemmnepaTypy BMMNAPOBYBAHHA B TEMN100OMiH-
HUKY, Lo po3ainAe  KOHTypn 3 pi3sHMMMK
Xo/iof0areHTaMu, Ta TemnepaTypu TENJOHOCIA Ha BXOAj
Ta BMXOAj KOPMCTYBaYa.

2) Bubupaemo TemnepaTypu KUMiHHA Ta KOHZeHcauji B
Tenno0obmiHHMKax:

— AnA TennoobmiHHWKa-BMMNapoByBaya Temnepa-
Typa KuniHHA Ha 5-10 °C meHLwe, HiX cepegHs Te-
MMepaTypa y AKepena TenNoTH (30BHIWHbOrO No-
BITPSA);

— pna  TennoobmiHHMKa-KoHAEeHcaTopa Temnepa-
Typa KoHAgeHcaLii Ha 5-10 °C 6inblue, HiX cepeHn
TemnepaTypa HarpiBaHHA NPAMOI BOAWN Y KOPUCTY-
Baya.

3) 3amaemocb NapoBMICTOM MicnsA Tenn006MiHHUKA-BU-
napoByBaya 6.am3bko X = 1,0 (neperpita napa) Ta Ten-
No0bMmiHHUKa-KoHAeHcaTopa 6amnsbko X = 0,0 (nepeo-
XONOAMKEeHa pignHa).

4) 3afaemocb 3HAaYEHHAM TeMnepaTypu KOHAEeHcau,i Xxo-
flofoareHTy neplioro KoHtypy (R744) y Tennoobmin-
HUKY, WO PO3AINAE KOHTYPU 3 Pi3HMMMU XO/I0A0areH-
TamMM Ta BU3HAYaEMO TemnepaTypy BUMNApPOBYBaHHA
xonogoareHTy (R513a) Ha 5-10 °C HUKYe, HiXK Le 3Ha-
YeHHs.

5) [JopaTKoBO 3afalouncCb 3HAYeHHAMMU agiabaTMuHOro
KK komnpecopiB 060X KOHTYpiB, BU3SHAYaEMO Heob-
XigHi TepMmogMHamiuHi napameTpu, 06’eMHi Ta macosi
BUTPATWU XO/I0A0ArEHTIB Yy K/OYOBUX TOYKAX LMKAIB,
CNOXMBAHY NOTYKHICTb KOMMNPECOPIB | TEM/IOBY NOTYK-
HiCTb TeNI006MiHHWX anapaTiB. 3a HAaABHOCTI BUTpPAT-
HUX Ta EHEPreTUYHMUX XapPaKTEPUCTUK TEXHONOTYHOro
obnafHaHHA (KOMNPeCopiB Ta PO3LIMPHOBAbHUX NPU-
CTPOIB) 3A4iMCHIOEMO iTepaTUBHE YTOYHEHHSA adiabaTu-
yHmx KKl Komnpecopis Ta pisHMUb TemnepaTyp Tenno-
06MiHHUKIB.

IHCTPYMEHTOM BM3HAYeHHA i PO3paxyHKy napameTpis TH
6yno BnubpaHo nporpamHe cepeposuile Flownex SE [8, 9],
AKe Ja€ 3MOry BCTaHOBAOBATK BCi HEOBXiAHI KOMMOHEHTH
TH y Burnaai BipTyanbHoi poboyoi cxemu (puc. 4) i niai6-
paTh oNTMMasibHI MapameTpy, Lo 3abesnevytoTb HeobXiaHi
poboui uMKAK $a3oBoOro CTaHy AN nepworo KoHTypy CO; i
Apyroro UMKy KoHTypy R513a TH Ha T-S gjarpamax (Tem-
nepatypa T Ta eHTponis S). OKpim uux diarpam ana ppeoHy
MOX/IMBO TaKOX BMKOpUCTOBYBaTM Aiarpamu P-H, T-V
(06’em), T-H, H-S.
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6) Bu3Hauyaemo 3aranbHuUi KoeodilieHT TenoBoi TpaHchop-
mauii (no cyti — eHeproedektTnsHocti) COP ans onaneHHA
TH (awms. puc. 4).

_ @t Qot@ip

CoP ;
W, +W,

pe: Qa—Tennosa NOTYXKHICTb NapOOX0N04KyBaya B KOHTYI
3 CO2; Qo — TEeNNOBa NOTYXHICTb KOHAEHCATOPa B KOHTYPI 3
R513a; Q10 —TensoBa NOTYXHiCTb NEPEOX0N0AKYBaya B KO-
HTYpi 3 R513a; W3 — NOTy»HiCTb KOMMNpecopa B KOHTYpI 3
CO2; Wg— TennoBa NOTYXHICTb KOMMNpecopa B KOHTypi 3
R513a.

Ha puc. 4 npeactaBneHa getanisosaHa poboya cxema fBo-
KOHTYypHOro TH, npusHadyeHoro ana HarpisaHHA. Lla cxema
€ PO3LKNPEHOID BEPCIEHD CMPOLLEHOI NPMUHLUMMNOBOI CXEMU,
NOKa3aHOoi Ha puC. 2, i MiCTUTb BCi OCHOBHi KOMMNOHEHTH, He-
0b6XigHi AnA moaentoBaHHA Ta aHaNi3y cMcTeMM.

YMOBHi NO3HAYEHHA Ha CXeMi 4al0Tb 3MOTY N€rko 3iCTaBUTU
efieMeHTH 3 iX BignoBiAHMMWN CTaHaMM Ha TepMOANHaAMIY-
HUX Aiarpamax.

e YopHi undpm Ha 6inomy ¢oHi NosHayalTb HOMeEpM
KOMMOHEHTIB, aHaNOriYHi cnpoLeHilt cxemi Ha puc. 2.
Lle nae amory npoctexkuTu GyHKLioHaNbHE NPU3HAYEH-
HA KOXHOro eNeMeHTa: Bif, BUNapHMKa Ta KOMMpPeCopiB
[0 KOHAEHCaTopiB Ta perytoBasibHUX BEHTUIB.

e YepBoHi unMdpu Ha 3eneHoMy QoOHI BKasyloTb Ha HoO-
Mepwu By3AiB (TOYOK) y KoHTYpi CO2. Lli Homepw BianoBi-
[Al0Tb CTaHam xonogoareHTy CO2 Ha T-S giarpami, wo
L€ 3MOry Bi3yanisyBaTu TepMOAMHaAMIYHI NpoLecK, AKi
Bi4OYBaOTLCA B LibOMY KOHTYPI.

e YepBoHi uMdpKn Ha KopMyHEeBOMY POHI MO3HAYAIOTb HO-
Mepw BY3iB (TOYOK) y KoHTYpi R513a. Lli Homepw Biano-
BifatoTb cTaHam xonogoareHTy R513a Ha T-S giarpami.
Lle pae moXnuMBiCTb NpoOaHaniayBatm TepMoanHaMIYHI
LMKAN, WO NPOTiKaTb Y ApYyromy KOHTypi TH.
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Puc. 4. Poboy4a cxema 080KoHmMypHo2o TH «nogimpa — 8oda» nid yac pobomu 8 pexumi Ha2pieaHHSA. YMOBHI M03HAYEeHHS
HOMepis YOpHUMU Yughpamu Ha binomy oHi aHano2iuHi NMO3HAYEeHHAM Ha CcripowieHili cxemi Ha puc. 2. Homepu sy3nie yep-
BOHUMU Yugpamu Ha 3eneHomy poHi 8idrnosioarome HoOMepam xapakmepHux mo4vok Ha T-S diaepami COz, a Homepu 8y3sie

YepBOHUMU YUGpamu Ha KOpUuYHes8oMy hOHI 8i0N0ei0arome HoMepam XapakmepHUxX mo4oK Ha T-S diaepami R513a

Banipauia nporpamHoro cepeaosuwia Flownex SE. Mepe-
BipKa MpWAATHOCTI M OOCTOBIPHOCTI BMKOPUCTaHHA Npo-
rpamun Flownex SE 3piiicHiOBanacb 3a pesynbTaTaMn eKc-
NAyaTauiMHUX XapaKTePUCTUK LMPOKO BXKMBaHoro TH
Mitsubishi ESA30E-25 3 TensioBoto NoTyKHicTio 30 KBT, wo
npautoe Ha R744 (CO2) [10, 11]. Pe3ynbTaTv po3paxyHKis

NoKasanu 36ixKHicTb B meXax 5...8 %, o LinKom 3a40B0/b-
HS€ BUMOTram A5 NepeanpoeEKTHOIO NPOrpamyBaHHS.

Pe3ynbTati po3paxyHKiB. [leTanisauis poboyoi cxemu aae
3MOry He aumLe 3p03yMiTU MOCNIA0BHICTb NPOLLECIB Y KOX-
HOMY KOHTYpi TH, ane 11 BisyanbHo 38’A3aTK ¢i3nUHi Komno-
HEHTU CUCTEMM 3 iX TEPMOAUHAMIYHMMM CTaHaMM, WO €
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BaXK/IVBMM A8 aHaNi3y Ta oNTMMi3aLii poboTH ABOKOHTYp-
HOro Ten/IoBoro Hacoca. Bci KOMNoOHeHTM bynn posaineHi
Ha Kepyodi KOMMNOHEHTW | KOMMOHEHTH, 3aNeXHi Big Kepy-
tounx. OCHOBHMMM KepPYHOUMMU KOMMOHEHTAMMU €:

1. 3aneHictb 06epTiB Komnpecopis TH Big TemnepaTtypu
OTOuYYOro noBiTpa gna KoHTypy CO2 i KoHTypy R513a
(puc. 5).

2. 3anexHicTb BiACOTKA BIAKPUTTA peryntoBasibHUX BEHTU-
NiB Big, TemnepaTypy OTOYYHOYOro MOBITPA ANA KOHTYPY
COz i KoHTypy R513a (pwuc. 6).
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Puc. 5. 3anexHicme obepmis komnpecopie TH 8id memnie-
pamypu omouyro4o20 nosimps 011 koHmypy CO: (3eneHa
niHifa) i koHmMypy R513a (Kopu4Hesa niHis)

Ha puc. 5 HaBeaeHO 3aneXHiCTb TeNN0BOi NOTY»KHOCTI TH
Bif, TemnepaTypu 30BHIWHbLOro NOBITPA. AK BUAHO 3 rpa-
¢diKa, NpY 3HUKEHHI TeMNepaTypu 30BHILHbOIO NOBITPA Te-
Na0Ba NOTYXKHICTb CUCTEMM MOCTYNOBO 3MeHLWYETbCA. Lle
NMOACHIOETbCA 3HMMKEHHAM TeMMepaTypHOro noTeHuiany
L)Kepena Tensa Ta BigNoOBiAHMM 3MEHLUEHHAM TENA0BOro
MOTOKY, LLO BiABUPAETLCA Y BUMAPHUKY.

BogHoyac HaBiTb 32 TemnepaTypn 30BHILLHBLOrO NOBITPA —
25 °C TensioHacocHa cuctema 3abesnedye 3HAYHY YaCTKy
HeobXiAHOi TeNn10BOT NOTYKHOCTI CUCTEMM OnasieHHA byai-
BAi. Lle niaTBepaKy€e MOXANBICTD BUKOPUCTAHHA KaCKagHoI
TEeNA0HACOCHOI cxeMn Ans poboTU B HU3bKOTEMMepaTyp-
HUX KNIMAaTUYHUX YMOBAX.

Bupas ana 3anexkHocTi obepTiB Komnpecopa Bif Temnepa-
TYpUY OTOYYHOYOro MOBITPA ANA nepworo KoHTypy 3 CO2 Ha-
BeaeHo B (1).

O6eptun ana CO2=-12,55-T (°C) + 300,9. (1)

Bupas ana 3anexxHocTi 06epTiB Komnpecopa Bif Temnepa-
TYPUY OTOYYHOUOTO NOBITPA 418 APYroro KOHTypy 3 R513a Ha-
BeAeHo B (2).

O6eptn gna R513a = 0,9105-T2 (°C) — 57,48-T(°C) + 940,9. (2)

Ha puc. 6 HaBeaeHO 3MiHY MacOBOi BUTPATM XON040areHTy
B MepLomy KoHTypi TH (R744) 3anexkHo Big TemnepaTtypu
30BHILWHbOrO NOBITPA. 3i 3HUKEHHAM TemnepaTypu 30BHiI-
LWHbOrO NOBITPA CMNOCTEPIra€ETbCA 3POCTAHHA MaCOBOI BU-
TpaTM XO/I0L0AreHTy, WO NOB’A3aHO 3 HEOBXiAHICTIO KOM-
neHcauii 3HWXKEHHA TenaoBOro noTeHuiany JAxepena
Tena. 36inbWeHH MacoBOi BUTPATU X0N040areHTy 3abes-
NneyyeTbcA LWAAXOM MiABULLEHHA 4YacToTM obepTaHHA

KoMMpecopa NepLlIoro KOHTYpY, WO A3€E 3MOry NiaTpumy-
BaTM HEObXiAHWUI piBEHb TENOBOT MOTYKHOCTI TEM/IOHACO-
CHOI cucTemm.
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Puc. 6. 3anexcHicmb 8i0comka 8iOKpumms peayno8asne-
HUX 8eHMusig 8i0 memnepamypu omoYyr4o20 nosimps
011 kKoHmypy CO:? (3eneHa niHia) i koHmypy R513a (Kopuy-
Heea AiHis)

3anexHicTb BigCOTKA BIAKPUTTA peryntoBanbHUX BEHTUAIB
BiJ, TemnepaTypu OTOYYHOUYOro MOBITPA ANA NEepLIOro KOH-
Typy 3 CO2 HaBeZeHo BMpasom (3).

BeHtunb gna CO2 > Bigcotok=-2,08T (°C) + 47,9. (3)

3anexHicTb BiACOTKA BIAKPUTTA PerynoBasbHUX BEHTUAIB
BiZ, TemnepaTypu OTOYYIOHOro MOBITPA ANA APYroro KOH-
Typy 3 R513a HaBeaeHo BMpasom (4)

BeHTunb ans R513a - BiacoTtok = 0,000878-T3 (oC) +
0,0311:T2 (oC) —1,58:T (oC) + 19,6. (4)

AIK BUAHO 3 pe3ynbTaTiB MOAENOBaHHA (4MB. puc. 5), npu
3HWKEHHi TeMnepaTypy 30BHILLIHbOro NOBITPA YacToTa obe-
pTaHHA Komnpecopa nocTynoso 36inbluyeTbea. Takui pe-
UM pobOTU € TUNOBMM ANA TEMNNOHACOCHUX CUCTEM TUMY
«NOBITPA — BOAA», Y AKUX 3HWMKEHHA TemMMepaTypu Axe-
pena Tenna KOMMNeHcyeTbeA 36iNblUEHHAM NPOAYKTUBHOCTI
Komnpecopa.

3anexKHiCcTb TeMnepaTypu 3BOPOTHOI BOAM BiZ TeMnepaTypu
MOBITPA OTOYYHOYOro cepeaoBuLLa HaBegeHa BMpasom (5)

Tss. BoAa (DC) =-0,6T (OC) + 37. (5)

PiBHAAHHA (5) € ymOBOIO BMUKaHHA abo BUMMKaHHA TH (no-
3uLiiHe peryntoBaHHsA). Take peryatoBaHHA BMUKAE TEMNNO-
BWI HAacocC, KoM TeMnepaTypa 3BOPOTHOT BOAM (Tss. soau. su-
wip.), O BUMIPIOETLCA OKPEMUM NPUNAL0M, Byae MeHLoto,
HiXK (Tss.8043), Ha 2 °C. | HaBNakKkK, BUMKUKae TH, Konn Temne-
paTypa 3B0POTHOI BOAM (Tse. soaun.sumip.), LLLO BUMIPHOETLCA OK-
pemum npunagom, byae 6inbwioto, Hix (Tss. sosa), Ha 2 °C.

HalKpalwmm € HenepepBHe peryioBaHHA — NponopuiliHe,
nponopuinHo-gudepeHLiancHe, Konn TH He BUMUKaETbCA,
a Kepytoyi KOMMOHEHTWN 3MIHIOIOTb CBIll CTaH Y peXKMMi Yac-
TOTHOrO PeryoBaHHA.
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Ha puc. 7 npeactaBaeHo 3aneXHiCTb TENA0BOI MOTYXKHOCTI,
LLLO NOJAETLCA B CUCTEMY OMA/IEHHSA, Bif, TemnepaTypu 30B-
HiWHbOro (oTOYytO4Oro) NoBiTPA. 3a3BMYal TensoBa NOTy-
MKHICTb TH, WO BMKOPUCTOBYE MOBITPA AK AXKEPENO HU3bKO-
NOTEHLUINHOI TenaoTW, 3MEHLUYETbCA 3i  3HMMKEHHAM
TemnepaTypu 30BHilWIHboOro nositpA. Lle BiabyBaeTbca
TOMY, LLO 3@ HUXKYMUX TEMMNEPATYpP NOBITPA 3MEHLLYETLCA Ki-
NIbKICTb TENNOTU, AKY MOMKHa Bigibpatn 3 nosiTpa. Kpim
TOro, Nafa€ TUCK i NyCTUHA XO/1I0A40areHTy Ha BCMOKTYBaHHi
Komnpecopa Ta 36iNblWyeTbCA Nepenaj TUCKIB, NPOTU AKNX
npaue Komnpecop. Y pesynbTaTi 3MEHLUYETbCA MacoBa
BMUTPaTa XON040AreHTy Yepes KOMMNPecop, a OTKe, i Ten-
nosa NoTy»HicTb TH. OgHo4acHo 3HMKyeTbes COP. Leit He-
OONIK YaCTKOBO KOMMEHCYE YacCTOTHUM MpUBIA Komnpe-
copa, AKMI fa€ 3Mory 36inbllyBaTh WBUAKICTL 06epTaHHA
NPy 3HUXKEHHI TemnepaTypu NoBiTpA, Wob niaTprmyBaTu
MacoBY BUTPATy XON040AreHTy Ha piBHi, AKNI 3abe3neuye
HeobXigHY TennonpoAyKTUBHICTD.
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Puc. 7. 3anexcHicmb menao080i nomyxcHocmi cucmemu ro-
CMAa4YaHHA 8i0 memrepamypu omoYyr4o20 nogimps

3anexHicTb 06epToBOI LBUAKOCTI KOMNPECOPIB Y KOXKHOMY
3 ABOX KOHTypiB TH Big TemnepaTypu 30BHILIHbOrO NOBITPA
NMOKa3Yye, AK CUCTEMA aJaNTYETbCA 0 3MIHHUX YMOB HaBKO-
JNIVLLHBbOTO cepeaoBMLa ANA NIATPUMKM HeobXiaHOI Tenio-
BOI MOTY»KHOCTI (4MB. pucC. 5). 36inblLeHHA MacoBOi BUTPATU
XONOA0areHTy MPW 3HUMKEHHI TemnepaTypu 30BHILIHbOMO
noBiTpA Nnos’s3aHe 3 HeObXiAHICTIO NiIATPMMAHHA 3a4aHOro
TEMMNEePATYPHOro PeXMMY CUCTEMM onaneHHs byaisni.

Ha puc. 8 BigobpaskeHo 3aneKHiCTb CNOXKMBAHOI MOTYKHOCTI
KOMMPEecopiB Big, TeMMnepaTypu 30BHILLUHbOTO (OTO4YHYOro)
NoBITPA 4/1A KOXHOro 3 AiBOX KOHTYPiB ABOKOHTypHOro TH.
AHani3 pesynbTaTiB MOKA3YE, WO NPU 3HUMKEHHI Temnepa-
TYpW 30BHILUHbOIO MOBITPA YacToTa 06epTaHHA Komnpecopa
[PYroro KOHTYpYy TaKoX 3pOcCTa€e. Taka 3MiHa pexunmy po-
60T KoMnpecopa 3abesneyye HeobXigHe NiABULLEHHA TeM-
nepaTypu TenjoHocia B cuctemi onaneHHs. Lleit rpadik €
KPUTUYHO BaK/IMBUM ANA OLIHKM €HEeprocroXXmBaHHA Ten-
JIOHACOCHOI cucTeMM Ta il eKcnayaTaLinHKUX BUTPAT.

Ha puc. 9 npeacraBneHo 3aieXHiCTb MacoBOi BUTPATHU XO-
NI0A0areHTiB y KOXKHOMY 3 ABOX KOHTYpiB ABOKOHTYPHOrO
TH Big, TemnepaTypu 30BHILIHLOINO OTOYYHOHOro MOBITPA.

MacoBa BUTpaTa X0/1040areHTy € KNHOYOBUM MapameTpom,
WO BM3HAYAE TENIOBY NOTYXKHICTb Ta ePEKTUBHICTb LMKNY
TENJI0BOro Hacoca. 3aBAAKM 3MiHi MacoBoi BUTPaTU CUC-
Tema peryntoe Tenno0bmiH Ta KOMNEHCYE 3MiHW B YMOBaXx
OTOYYIOUOro CepeaoBMLLa.

3i 3HUKEHHAM TemnepaTypu 30BHIWHbOro nositTpAa TH no-
BMHEH «BUYyY4aTU» TENOTY 3 AKepesa 3 MeHLLOo Temne-
paTypoto, L0 YCKNALHIOE NPOLLeC BUNApOBYBaHHA. [na nia-
TPUMKM 33ZaHOi TennoBOi MOTY)KHOCTi (AKWO BOHa He
3HUKYETBLCA 3HAYHO, AK NOKa3aHO Ha puc. 6) abo gna Kom-
neHcauii 3HUXKeHHs eeKTUBHOCTI LMKAY CUCTEMA MOXKEe
36inbLUYyBaTM MacoBy BUTPaTy XononoareHTy. Lle aae amory
nepeHocuTM BiNblly KiNbKiCTb TENIOTU Yepes cucTemy 3a
OAMHMLLO Yacy. TaKoXK, AKLWL,O0 KOMMNPEeCcopu NpautoloTb Ha
BULLMX 0bepTax, ue NpMpPoAHO NPU3BOAUTb A0 36iNblIeHHsA
MacoBOi BUTpaTw.

I~
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Puc. 8. 3anexHicme nomyxcHocmi Komnpecopie TH 8id
memmnepamypu omouyyto4o20 nogimps 6s1a koHmypy CO>
(3eneHa niHia) i KoHmypy R513a (KopuyHesa niHis)
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Puc. 9. 3anexcHicmbe macosoi sumpamu 8 KoHmypax TH
8i0 memnepamypu omo4yo4o20 nosimps 0719 KOHMypy
CO: (3eneHa niHisa) i KoHMypy R513a (Kopu4yHesa niHis)

Ha puc. 10 npeacrasneHa ogHa 3 HaMBaXKMBILLMX XapaKTe-
pUcTUK T — 3anexHicTb KoeodilieHTa nepeTBopeHHs (TpaHc-
¢dopmadii) Tennotu (Coefficient of performance COP) Big
TemnepaTypu 30BHiWHbOro (oTouytoyoro) nositpa. Len
rpadik 6esnocepesHbo BigobpaXkae eHeproepeKTUBHICTb
CUCTEMM i € KNOYOBUM MOKA3HUKOM A1A OLLIHKM i eKcnya-
TALiMHMX BUTPAT Ta EKOHOMIYHOI A0UiNbHOCTI. 3i 3HUXKEH-
HAM TemnepaTypu 30BHiWHbOrO NoBiTpa KoediuieHT COP
3a3BMYall 3HWNKYETbCA. Lle BigbyBaeTbca ToMmy, WO 3a
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HUXUYMX TemnepaTyp 3pOCTa€E PIiHUUA TemnepaTtyp Mix
AsKepenom Tenna (30BHIWHIM NOBITPAM) Ta CnoXuWBaYem
Tennotn (cMctemoto onaneHHs). Qs «nepekavyBaHHA» Te-
naoTu Yyepes HinblMii TemMnepaTypHUIA Nepenag Komnpe-
copam notpibHo BMKOHaTU Hinblue poboTu, WO npusBo-
OUTb A0 36i/NblUEHHA CMNOXMBAHOI enekTpoeHeprii i,
BignoBigHo, A0 3HMKeHHA COP. Kpim TOro, 3a HM3bKKUX Te-
MnepaTyp MoKe BigdyBaTMCA O0OMEpP3aHHA 30BHIHbOMO
610Ky, WO BUMArae UMKANIB BiATatOBaHHA, AKi TAKOX CNOXMU-
BalOTb EHEPTit0 | 3HNKYIOTb €PEKTUBHICTD.

3.6 | |
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Puc. 10. 3anexHocmi KoegiuieHmie eHepaoeghekmus-
Hocmi TH 8i0 memnepamypu omoyyro4o2o nosimps 01
KoHmypy CO: (3eneHa niHis), KoHMypy R513a (kopuuHesa
niHis) i COP 3a2anbH020 (YepB8oHa niHis)

Ha puc. 6 npeacTtaBneHO 3aneXHIiCTb BiACOTKA BIiAKPUTTA
peryntoBanbHUX BEHTUANIB Y KOXHOMY 3 KOHTYypiB TH Big, Te-
MMepaTypu 30BHIWHbOrO (0TOYYtOYOro) NoBiTpa. AK BUAHO
3 rpadika, TemnepaTypa TEMNJOHOCIA NiATPUMYETLCS Ha pi-
BHi, HeobxigHOMY Ans ebeKkTMBHOI Po6OTH pagiaTOpHOI cu-
cTeMu onasieHHa byaisni.

Ha puc. 11 npeactaBneHo 3aneXHiCTb TENA0BOI NOTYXHOCTI
KNH0Y0BUX TeN1006MiHHMX anapaTiB ABOKOHTYpHoro TH Big,
TemnepaTypu 30BHIWHbLOrO (OToYytoyoro) nosiTpsA. Liein
rpadik fae 3mory AeTanbHO NPOaHanisyBaTu, AK KOXEH 3
LMX KOMMOHEHTIB B3aEMOZIE 3 CUCTEMOIO Ta pearye Ha
3MiHY 30BHiLLHiX YMOB.

Y3aranbHEHHA OTPUMaHUX pPe3y/bTaTiB  MOZAENOBaHHA
npeacTaBieHOo Ha puc. 12, e HaBeAEeHO iHTerpanbHy 3ane-
YKHICTb OCHOBHUMX MapameTpiB poboTN TENNOHACOCHOI cuC-
TeMMU Big TemMnepaTypu 30BHILLIHbOIO NOBITPA.

OTpuMmaHi pesynbTaTv CBig4aTb NPO Te, WO 3aCTOCYBaHHA
ABOCTyNeHeBOi KaCKagHOi TEN/JIOHACOCHOT CUCTEMMU 3 BUKO-
pucTaHHam xonogoareHTie R744 (CO,) Ta R513a gae 3mory
3abe3neunTn cTabinbHy poboTy cucTemmM onaneHHs byaisni
B LUMPOKOMY Aiana3oHi TemnepaTyp 30BHiLIHbOTO NOBITPA.

AHanis puc. 11§ 12 gae 3mory NOBHICTIO OLHUTU pO3Mnoain
TENN0BMX NOTOKIB Y ABOKOHTYPHIW cuctemi TH. TOXK MOXKHa
3PO3YMITW, HACKINbKN ePEKTUBHO KOMKEH TEMIOOOMIHHMK
BUKOHYE CBOIO PYHKL,itO 32 Pi3HMX YMOB eKcnyaTauii Ta Ak
BOHW B3aEMO/,iOTb ANA 3abe3neyeHHs 3araibHOI TeNA0BOI
NOTYXXHOCTi CMCTEMM.
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KoHmypy CO; (3eneHa niHia — sunapHuUK «noeimpsa — COz» i
€asamoea AiHia — napooxonooxcyeay COz) i KoHMypy
R513a (kopuy4Hesa niHis — nepeoxonodxcysay R513A)
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Puc. 12. 3anexcHicmb mensao60i nomyxHocmi mernsa006-
MiHHUKiI8 8i0 memnepamypu omoyyro4o20 nosimps. llo-
MapaH4eaa MiHia — 0719 KoHOeHcamopa / 8UNAapHUKA
«CO2 — R513a»; Kopu4Hesa AiHis — 04158 KOHOeHcamopa 3
R513a

BucHOBKMW. Y poboTi npoBeaeHO AoCNiaKeHHA NapameTpis
[OBOCTYNEeHeBOI ABOKOHTYPHOI TEMJIOHACOCHOI CUCTEMM
TMNY «MNOBITPA — BOAA», NPU3HAYEHOI ANA CUCTEMM Ona-
JIEHHA agMiHicTpaTUBHOI 6yAiBni, 3 BUKOPUCTAHHAM XOJ10-
poarenTiB R744 (CO,) y nepwomy KoHTypi Ta R513a y apy-
romy KOHTYypi. Ha OCHOBI BUKOHAHOro A0C/iAXKEHHA MOXKHA
3p06MTU TaKi BUCHOBKM.

1. Po3pobseHOo po3paxyHKOBY MOAENb ABOKOHTYPHOI Tem-
JIOHAaCOCHOI CUCTEMWM Yy MPOrpamMHOMY CepeaoBULLi
Flownex SE, sika fae 3mory gocniasKysatu Tepmorigpa-
BNiYHI NpouecKn B cMCTeMi Ta BU3HAYaTU OCHOBHI napa-
MeTpW il poboTH 3a Pi3HUX TEMMEPATYPHUX YMOB 30BHi-
WHbOrOo MNoBIiTpA.

2. BMKOHaHO uncenbHe mopentoBaHHA poboTn TenJsoHa-
COCHOi CUCTEMM TEMNOBOK MOTYXKHiCTIO  64M3bKO
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120 KBT y Aiana3oHi TemnepaTyp 30BHIWHbLOro NoBiTpA
Bia —25 no +10 °C. OTpumaHi pe3ynbTaTi NOKa3anu, LWo
3aCTOCYBaHHA KacKaAHOI CxeMu TENJ10BOro Hacoca 3 BU-
KOPUCTaHHAM xonogoareHTiB R744 ta R513a gae amory
3abe3neunTn cTabinbHy poboTy cMcTeMun onaneHHA by-
AiBNi B LUMPOKOMY Aliana3oHi TemnepaTypHMX YMOB.

3. [ocnigXeHo 3aneXHOCTi OCHOBHUX eKcnayaTauitHux
napameTpiB TEMN/JIOHACOCHOI CUCTEMM Bif, TemnepaTypu
30BHILUHbOrO MOBITPA, 30KpPeMa Ten0BOi NOTYXKHOCTI,
MacoBMX BWUTPaT XOJ0A40areHTiB, 4acToTn obepTaHHA
Komnpecopis Ta KoeodilieHTa nepeTBOpPeHHA eHeprii
COP.

4. TlOKa3aHOo, WO 3i 3HMKEHHAM TemnepaTypu 30BHiL-
HbOFO MOBITPA CMOCTEPIraETLCA 3MEHLEHHA Koedilie-
HTa eHeproedeKTUBHOCTI TENNOHACOCHOI CUCTEMMU, LLO
nos’s3aHo 3i 36ifbleHHAM pPoboTM KomMnpecopis Ta
3HMXKEHHAM TeMnepaTypHOro NoTeHuiany gxepena Te-
nna. BogHoyac HaBiTb 33 HU3bKUX TeMMNepaTyp 30BHiLL-
HbOro NOBITPA TenJI0HacocHa cucTema 36epirae npu-
MHATHI NOKa3HUKN eDEKTUBHOCTI.

5. OTpumaHi pesynbTaTv MOAeNtOBaHHA NIATBEPANKYIOTb
MOMJ/IMBICTb 3aCTOCYBaHHA [ABOCTYNeHEeBUX KaCKagHMUX
TENNOHACOCHMX cucTem Ha b6asi xonopoareHTis R744
(CO2) Ta R513a ans TensonoctayaHHA byaisenb 3 Tpa-
OVUIMHUMW pafiaTOPHUMM CUCTEMAMM OMNaieHHS.

6. Po3pobneHa mogenb TENIOHACOCHOI CUCTEMU MONKe
6yTV BMKOPUCTaHA 415 NOAANbLIONO AOCNIANKEHHS pe-
XuUmiB pobOTH TENJIOHACOCHUX YCTAaHOBOK Ta ONTUMI3a-

noctayaHHs byaisens.

JAopaatkose 3acTtocyBaHHA. OTpMMaHi pe3ynbTaTh B YaCTUHI
OnNaHyBaHHA METOAMKM i NPOrpamun po3paxyHKy MOXKHa 3a-
CTOCYBaTW MifZ, YaCc MOAENOBAHHA TENI0TEXHIYHOro ycTaT-
KYBaHHA O/11A TEPMOMACKYBaHHA Harpitux ob6’eKTiB, 30K-
pemMa npu  BUKOHaHWHi  npoekty  Ne 2025.06/0054
«TlornnMHaHHA Ta 3anobiraHHA NOLWMPEHHIO eNIeKTPOMarHiT-
HOro BMMPOMIHIOBAHHA B iHGpayepBOHOMY Aiana3oHi Ta
CTBOPEHHA 3acobiB TENIOBOro MacKyBaHHA» KOHKypcy Ha-
uioHanbHoro ¢poHAay gocnigxeHb YKpaiHn «Hayka gna ami-
LHeHHA 060pOHO34aTHOCTI Ta HaLioHaNbHOI 6e3nekn YKpa-
iHW»,
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Abstract. The paper investigates the operating parameters of a
two-stage, dual-circuit air-to-water heat pump system intended for
heating an administrative building. The first circuit of the system
uses refrigerant R744 (CO,), while the second circuit operates with
refrigerant R513a. The aim of the study is to determine the key op-
erating parameters of a heat pump unit with a thermal capacity of
about 120 kW and to assess the feasibility of its application in build-
ing heating systems with conventional radiator heating devices. To
analyze the system operation, a computational model of the heat
pump was developed in the Flownex SE simulation environment,
which allows modeling thermohydraulic processes in a dual-circuit
system considering the characteristics of compressors, heat ex-
changers, and control elements. Based on numerical simulations,
the dependencies of the heat pump thermal capacity, refrigerant
mass flow rates, compressor rotational speed, and coefficient of
performance on the outdoor air temperature in the range from —25
°C to +10 °C were determined. Thermohydraulic processes during
the operation of the two-stage dual-circuit air-to-water heat pump
were calculated, and validation of the developed model was per-
formed by additional simulation of the Mitsubishi ESA30E-25 heat
pump. The obtained results demonstrate the features of operating
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modes of the first and second circuits of the heat pump system under different temperature conditions and allow
evaluation of the efficiency of a cascade configuration using refrigerants R744 and R513a for building heat supply
systems. The practical novelty of the work lies in the application of the developed model for preliminary determi-
nation of component parameters and control strategies of the considered heat pump system used for building

heating.

Keywords: Renewable energy; heat pump; cascade heat pump system; two-stage heat pump; building heat-
ing system; refrigerant; computer simulation; Flownex SE; coefficient of performance.

Introduction.

Current trends in energy sector development are focused
on reducing fossil fuel consumption and decarbonizing
building heating systems. One of the most promising tech-
nological solutions in this field is the use of heat pumps
(HPs), which enable the efficient utilization of low-grade re-
newable energy sources available in the environment, in-
cluding ambient air, ground, and water heat.

Particular attention in contemporary research is devoted to
heat pumps employing natural refrigerants, especially car-
bon dioxide (R744). The use of CO, as a working fluid offers
several significant advantages, including environmental
safety, zero ozone depletion potential, and an almost neg-
ligible global warming potential compared to conventional
fluorocarbon refrigerants. In addition, CO; is characterized
by high heat transfer coefficients and the capability to
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operate over a wide temperature range, making it a prom-
ising refrigerant for high-temperature heating applications.

At the same time, the implementation of heat pumps in
buildings equipped with conventional radiator heating sys-
tems is associated with several technical challenges. Such
systems typically require a heating medium temperature of
6075 °C, which significantly exceeds the optimal operating
conditions of most low-temperature heat pumps. One pos-
sible technical solution to this issue is the application of cas-
cade or two-stage heat pump configurations, in which dif-
ferent refrigerants and sequential energy conversion cycles
are employed.

In this regard, the development and investigation of two-
stage CO,-based heat pump systems capable of providing
the required temperature levels for building radiator heat-
ing systems under low outdoor air temperature conditions
constitute a relevant and important research task.

This paper considers a two-stage dual-circuit air-to-water
heat pump system, in which refrigerant R744 (CO,) is used
in the first circuit and R513A in the second circuit. The ob-
jective of the study is to develop and validate a methodol-
ogy for calculating the operating parameters of such a sys-
tem based on computer simulation of thermohydraulic
processes using the Flownex SE software environment, as
well as to determine the dependence of the main perfor-
mance characteristics of the heat pump on the outdoor air
temperature.

The Institute of Engineering Thermophysics of the National
Academy of Sciences of Ukraine (IETP NASU) has accumu-
lated considerable experience in the development, design,
calculation, assembly, manufacturing, and operation of
heat pumps, including systems utilizing renewable environ-
mental heat sources, particularly ambient air. Information
on the obtained results has been presented in a number of
publications, including references [1-7]. These develop-
ments were utilized in the design and construction of a heat
pump with a heating capacity of 120 kW intended for the
administrative building of the Institute of Engineering Ther-
mophysics of the NAS of Ukraine (2 Bulakhovskoho Street,
Kyiv). The work was carried out on a competitive basis dur-
ing 2024-2026 within the framework of the Innovate UK
project No. 10093186, “Dual Heat Pump for Residential
Buildings” (Supporting Ukraine’s Energy Recovery), under a
four-party collaboration agreement between Aston Univer-
sity (Birmingham, United Kingdom), the Institute of Engi-
neering Thermophysics of the NAS of Ukraine, Renewable
Energy Heat Pumps LLC (Ukraine), and ENGINEERONICS
LIMITED (Newcastle, United Kingdom). The project, with a
total budget of £890,670, including £187,530 allocated to
IETP NASU, was funded on a non-repayable grant basis
through Innovate UK with financial support from the UK
Foreign, Commonwealth and Development Office (FCDO).

The heat pump under consideration has a multi-level instal-
lation configuration. The air-to-CO, heat exchangers are

located on the roof structure, providing access from the
building to the flat roof (Fig. 1, a). The compressor unit con-
taining the CO, and R513A circuits is installed on the build-
ing’s flat roof (Fig. 1, b, top view). The second-stage heat
exchangers are situated in a dedicated room on the third
floor of the building (Fig. 1, c), while the heating system
buffer storage tank (Fig. 1, d) is installed on the first floor in
the room housing the individual heating substation (IHS) of
the building’s radiator heating system (Fig. 1, e). The con-
trol and monitoring cabinet is also shown in Fig. 1, f.

The objective of this study is to develop and validate a
methodology for calculating the operating parameters of a
two-stage, dual-circuit air-to-water heat pump utilizing re-
frigerants R744 (CO,) and R513A for the heating system of
an administrative building.

A distinctive feature of the proposed heat pump system is
its cascade configuration for energy conversion, in which
the first circuit operates with CO, as the refrigerant, while
the second circuit employs refrigerant R513A. Such a con-
figuration enables the heating medium temperature to be
increased to the level required for the operation of conven-
tional radiator heating systems.

The specific objective of the research is to determine the
operating parameters of a dual-circuit heat pump with a
heating capacity of 120 kW at outdoor air temperatures
down to -25 °C for the heating system of the administrative
building of the Institute of Engineering Thermophysics of
the National Academy of Sciences of Ukraine.

To achieve the stated objective, the following main tasks
were formulated:

— todevelop a computational model of a dual-circuit heat
pump using the Flownex SE software environment;

— to determine the principal thermodynamic parameters
of the R744 and R513A refrigerant cycles at the charac-
teristic points of the system;

— to investigate the effect of outdoor air temperature in
the range from -25 to +10 °C on the main performance
characteristics of the heat pump;

— to establish the relationships between the system con-
trol parameters (compressor rotational speed and con-
trol valve opening degree) and the outdoor air temper-
ature;

— to evaluate variations in heating capacity, refrigerant
mass flow rates, and the coefficient of performance
(COP) of the heat pump system.

The heat pump system under consideration features a
multi-level arrangement of its main components within the
building (Fig. 1), which necessitates the preliminary deter-
mination of equipment operating parameters and control
algorithms through computer-based simulation and model-

ing.
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Fig. 1. Multi-level arrangement of the heat pump components. Explanations are provided in the text

The heat pump (HP) features a multi-level installation con-
figuration. The air-to-CO, heat exchangers are located on
the roof structure, providing access from the building to the
flat roof (Fig. 1, a). The CO, compressor unit is installed on
the building's flat roof (Fig. 1, b). The second-stage heat ex-
changers are situated in a dedicated room on the third floor
of the building (Fig. 1, c), while the heating system buffer
tank (Fig. 1, d) is located on the first floor in the room hous-
ing the individual heating substation (IHS) (Fig. 1, e) of the
building's radiator heating system.

Methodological Approach. To investigate the operating
parameters of the two-stage heat pump system, a com-
puter-based simulation method of thermohydraulic pro-
cesses was employed using the Flownex SE software envi-
ronment. This software platform enables simulation of
complex energy systems incorporating compressors, heat
exchangers, pipelines, and control valves, while accounting
for the interaction between thermal and hydraulic pro-
cesses. The computational model of the heat pump system
was developed in accordance with the schematic diagram
shown in Fig. 2. The model includes the principal compo-
nents of both heat pump circuits, including compressors,
evaporators, condensers, the inter-circuit heat exchanger,
and control valves.

The dual-circuit heat pump operates according to a sche-
matic configuration comprising an air-to-CO, evaporator,
compressors (a CO, compressor in the first circuit and an
R513A compressor in the second circuit), a CO,—R513A con-
denser/evaporator, a CO,—water gas cooler, an R513A-wa-
ter subcooler, and other auxiliary components. The heat

transfer fluid (water), R513A, and CO; circuits are indicated
in blue, brown, and green, respectively.

The presented diagram is a simplified schematic represen-
tation that provides only the list of required components
and their interconnections; therefore, it does not reflect all
details and control elements inherent to an actual heat
pump installation. Consequently, the simulation of the
dual-circuit heat pump was performed without specifying
the parameters of the connecting pipelines, such as geom-
etry, length, diameter, construction materials, and thermal
insulation characteristics. Furthermore, the detailed design
features of the heat exchangers involving phase-change
processes were not considered in the model.

The schematic comprises two main refrigeration circuits
utilizing different refrigerants: the CO, circuit (green) and
the R513A circuit (brown). The third circuit is the heating
system circuit (blue), which uses water as the heat transfer
fluid.

The key components indicated in the schematic perform
the following functions: the air-to-CO, evaporator (1) ab-
sorbs heat from the ambient air; the moisture separator (2)
prevents liquid refrigerant from entering the compressor;
the CO, compressor (3) compresses the CO, refrigerant; the
desuperheater (4) cools the superheated CO, vapor; the
CO,—R513A condenser/evaporator (5) acts as an inter-cir-
cuit heat exchanger, transferring heat from the CO, circuit
to the R513A circuit; the CO, receiver tank (6) serves for the
storage of liquid CO,; the expansion valve (7) reduces the
pressure and temperature of the CO, refrigerant before it
enters the evaporator; the R513A compressor (8)
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compresses the R513A refrigerant; the R513A condenser
(9) transfers heat to the heat transfer fluid of the heating
system; the subcooler (10) provides additional cooling of
the liquid R513A refrigerant; the flash tank (11) is used to

separate liquid and vapor phases upstream of the expan-
sion device; and the expansion valve (12) reduces the pres-
sure and temperature of the R513A refrigerant.
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Fig. 2. Simplified hydraulic diagram of the dual-circuit two-stage air-to-water heat pump operating in the heating mode; 1 -
«air-CO,» evaporator, 2 — moisture separator, 3 — CO, compressor, 4 — desuperheater, 5 — «CO,—R513A» condenser/evapo-
rator, 6 — CO;, receiver tank, 7 — expansion valve, 8 — R513A compressor, 9 — R513A condenser, 10 — subcooler, 11 — flash
tank, 12 — expansion valve. Color coding: blue — heating system circuit; brown — R513A circuit; green — CO; circuit

This schematic serves as the basis for understanding the in-
teraction between the circuits and the functional role of
each component within the dual-circuit heat pump system.

It should be noted that although heat exchangers 4 and 10
are connected in series within the heating system circuit,
practical implementation envisages the use of only one of
these units based on experimental comparisons of the cor-
responding configurations from both energy-efficiency and
operational perspectives. In the present study, attention is
focused on the configuration employing heat exchanger 4
(the desuperheater), whereas heat exchanger 10 is as-
sumed to be disconnected from operation.

The heat pump system was designed to maintain a constant
indoor air temperature within the building over an outdoor
air temperature range from -25 °C to +10 °C by means of
qualitative control of the supply temperature of the heat
transfer fluid delivered to the existing radiator heating sys-
tem. This heating system had originally been designed to
operate from a district heating substation connected to a
centralized heat supply network. The experimentally deter-
mined heating curve of the system is close to the standard
radiator heating schedule of 70 °C/50 °C (supply/return
temperatures) for a design indoor air temperature of 20 °C

and a design outdoor air temperature of =22 °C. The design
heating capacity of the heating system at an outdoor tem-
perature of =25 °C is 120 kW, while the required supply
temperature of the heat transfer fluid is +73 °C.

The methodology for determining the operating parame-
ters of the heat pump system is based on the thermody-
namic analysis of vapor-compression refrigeration cycles.
The temperature of the low-grade heat source, i.e., the out-
door air, is specified as an input parameter. Based on this
temperature, the required return and supply temperatures
of the heating system heat transfer fluid, as well as the re-
quired heating capacity of the heat pump, are determined.
The evaporation temperature in the evaporator of the first
stage and the condensation temperature in the condenser
are selected by considering approach temperature differ-
ences (5-10 °C) relative to the heat source and heat sink,
respectively. The calculation of cycle parameters, refriger-
ant mass flow rates, compressor power consumption, and
heat transfer rates was performed using the Flownex SE
software environment [8], which enables the creation of a
virtual operating model (digital twin) of the heat pump sys-
tem and the optimization of phase-state parameters for the
CO, and R513A circuits using T—s diagrams. The overall co-
efficient of performance (COP), which is closely related to
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the energy efficiency of the heat pump system in heating
mode, is calculated as the ratio of the total heating capacity
delivered by the desuperheater, condenser, and subcooler
to the total electrical power consumption of the CO, and
R513A compressors.

Fig. 3 presents the dependence of the heating circuit water
temperatures on the outdoor air temperature (the heating
curve of the system).
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Fig. 3. Supply and return water temperatures of the heat-
ing circuit as a function of outdoor air temperature

Fig. 3 illustrates the variation of heating circuit water tem-
peratures from 51-73 °C at an outdoor air temperature of
-25°Cto 30-35 °C at an ambient air temperature of +10 °C.
The maximum heating capacity of the heat pump is 120 kW
at an outdoor air temperature of -25 °C.

The graph in Fig. 3 demonstrates how variations in the
evaporation temperature of CO,, which absorbs heat from
the low-grade heat source (ambient air), affect the temper-
ature of the heat transfer fluid (water) supplied to the heat-
ing system. In general, a higher CO, evaporation tempera-
ture results in a higher heating water temperature in the
heating circuit, which is essential for maintaining comfort-
able indoor conditions, particularly under low outdoor air
temperature conditions.

Analysis of this relationship enables optimization of heat
pump operation by balancing energy efficiency and the re-
quired heating capacity. In particular, it facilitates the iden-
tification of optimal operating points that ensure the maxi-
mum coefficient of performance (COP) under specified
temperature conditions. For a comprehensive interpreta-
tion of this relationship, the influence of outdoor air tem-
perature and the heating load imposed on the heating sys-
tem must also be taken into account.

Results of Heat Pump System Simulation.

The calculations are based on a thermodynamic analysis of
the vapor-compression cycle of a dual-circuit heat pump.
The primary objective of the simulation is to determine the
operating process parameters (temperature T, pressure P,
enthalpy h, and entropy s at key points of the cycle), as well

as to calculate the required refrigerant mass flow rates m
and compressor power consumption W necessary to
achieve the specified heating capacity of the consumer, Q.
The step-by-step calculation procedure is as follows.

1) Determination of boundary conditions. Based on the
heating curve of the heating system, the temperature
of the low-grade heat source (ambient outdoor air), and
the required heating capacity Q, the evaporation tem-
perature in the heat exchanger separating the circuits
with different refrigerants is determined, together with
the supply and return temperatures of the heat transfer
fluid at the consumer side.

2) Selection of evaporation and condensation tempera-
tures.

— For the evaporator heat exchanger, the refrigerant
evaporation temperature is selected to be 5-10 °C
lower than the average temperature of the heat
source (outdoor air).

— For the condenser heat exchanger, the refrigerant
condensation temperature is selected to be 5-10 °C
higher than the average heating temperature of the
supply water delivered to the consumer.

3) Specification of refrigerant phase conditions. The vapor
quality downstream of the evaporator is assumed to be
close to x = 1.0, corresponding to superheated vapor,
while the refrigerant condition downstream of the con-
denser is assumed to be close to x = 0.0, corresponding
to subcooled liquid.

4) 4) Selection of inter-circuit operating temperatures.
The condensation temperature of the refrigerant in the
first circuit (R744) is specified for the heat exchanger
that separates the two refrigerant circuits. The evapo-
ration temperature of the second-circuit refrigerant
(R513A) is then selected to be 5-10 °C lower than this
condensation temperature.

5) Calculation of thermodynamic and performance param-
eters. By additionally specifying the isentropic efficien-
cies of the compressors in both circuits, the required
thermodynamic properties, volumetric and mass flow
rates of the refrigerants at key points of the cycles, com-
pressor power consumption, and heat transfer rates of
the heat exchangers are determined. When flow-rate
and energy-performance characteristics of the actual
equipment (compressors and expansion devices) are
available, iterative refinement of the compressor isen-
tropic efficiencies and heat exchanger temperature ap-
proaches is performed.

The Flownex SE software environment [8, 9] was selected
as the primary tool for determining and calculating the heat
pump parameters. This software enables all required heat
pump components to be assembled into a virtual operating
scheme (Fig. 4) and facilitates the selection of optimal op-
erating parameters that ensure the desired thermody-
namic cycles for both the first-stage CO, circuit and the sec-
ond-stage R513A circuit. The operating cycles are analyzed
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using T-s diagrams (temperature T versus entropy s). In ad-
dition to T—s diagrams, other thermodynamic representa-
tions commonly used for refrigerants can also be em-
ployed, including P-h, T-v (specific volume), T-h, and h—s
diagrams.

6) Determination of the overall coefficient of performance.
The overall coefficient of performance (COP), which char-
acterizes the thermal energy conversion efficiency of the
heat pump in heating mode, is determined (Fig. 4).

COP = 04"'09"'01:};
W5+,

where: Qs — heating capacity of the desuperheater in the
CO; circuit; Qg — heating capacity of the condenser in the
R513A circuit; Qio— heating capacity of the subcooler in the
R513A circuit; W3 — power consumption of the compressor
in the CO; circuit; Wg — power consumption of the compres-
sor in the R513A circuit;

Fig. 4 presents a detailed operating scheme of the dual-cir-
cuit heat pump designed for heating applications. This
scheme represents an extended version of the simplified
in Fig.2 and

schematic shown includes all major

components required for the simulation and analysis of the
system.

The symbols used in the diagram facilitate the correlation
of system components with their corresponding states on
the thermodynamic diagrams:

e Black numbers on a white background denote compo-
nent numbers corresponding to those used in the sim-
plified schematic in Fig. 2. This allows the functional
purpose of each component to be readily identified,
from the evaporator and compressors to the conden-
sers and expansion valves.

e Red numbers on a green background indicate node
(state point) numbers within the CO, circuit. These
numbers correspond to the thermodynamic states of
the CO; refrigerant on the T—s diagram, enabling visual-
ization of the thermodynamic processes occurring
within this circuit.

e Red numbers on a brown background designate node
(state point) numbers within the R513A circuit. These
numbers correspond to the thermodynamic states of
the R513A refrigerant on the T—s diagram, providing the
basis for analyzing the thermodynamic cycles occurring
in the second heat pump circuit.
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Fig. 4. Operating scheme of the dual-circuit air-to-water heat pump in heating mode. The component numbers indicated
by black digits on a white background correspond to those used in the simplified schematic shown in Fig. 2. Node num-
bers indicated by red digits on a green background correspond to the characteristic state points on the CO, T—s diagram,
whereas node numbers indicated by red digits on a brown background correspond to the characteristic state points on
the R513A T-s diagram
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Validation of the Flownex SE Software Environment. The
applicability and reliability of the Flownex SE software were
verified using the operating characteristics of the widely
used Mitsubishi ESA30E-25 heat pump with a heating ca-
pacity of 30 kW and operating on refrigerant R744 (CO,)
[10, 11]. The comparison of simulation and reference data
demonstrated agreement within 5-8%, which is fully satis-
factory for preliminary engineering design calculations.

Calculation Results. The detailed operating scheme makes
it possible not only to understand the sequence of pro-
cesses occurring in each heat pump circuit but also to es-
tablish a visual correspondence between the physical com-
ponents of the system and their thermodynamic states.
This is essential for the analysis and optimization of the op-
eration of the dual-circuit heat pump. All system compo-
nents were classified into control components and compo-
nents dependent on the control variables. The primary
control components are:

1. Dependence of compressor rotational speed on out-
door air temperature for both the CO, circuit and the
R513A circuit (Fig. 5).

2. Dependence of the opening percentage of the expan-
sion/control valves on outdoor air temperature for both
the CO; circuit and the R513A circuit (Fig. 6).

Compressor speed, rpm

0 ‘ ‘ | | ‘ | | ]
25 20 -15 -10 -5 0 3 10
Ambient temperature, °C

Fig. 5. Dependence of heat pump compressor rotational
speed on outdoor air temperature for the CO; circuit
(green line) and the R513A circuit (brown line)

Fig. 5 presents the dependence of the heat pump compres-
sor rotational speed on outdoor air temperature. As can be
seen from the graph, the compressor speed increases as
the outdoor air temperature decreases. This control strat-
egy compensates for the reduction in the thermal potential
of the heat source and ensures that the required heating
capacity is maintained under low-temperature operating
conditions.

Even at an outdoor air temperature of -25 °C, the heat
pump system is capable of providing a substantial portion
of the heating demand of the building. This confirms the
feasibility of employing a cascade heat pump configuration
in cold-climate conditions.

The relationship between compressor rotational speed and
outdoor air temperature for the first (CO;) circuit is given
by Equation (1).

CO, compressor speed, rpm =-12.55-T (°C) + 300.9. (1)

The relationship between compressor rotational speed and
outdoor air temperature for the second (R513A) circuit is
given by Equation (2).

R513A compressor speed, rpm =0.9105-T2 (°C) —

57.48-T(°C) + 940.9. (2)
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Fig. 6. Dependence of the opening percentage of the ex-
pansion/control valves on outdoor air temperature for the
CO; circuit (green line) and the R513A circuit (brown line)

Fig. 6 presents the variation in the refrigerant mass flow
rate in the first heat pump circuit (R744) as a function of
outdoor air temperature. As the outdoor air temperature
decreases, an increase in the refrigerant mass flow rate is
observed. This behavior is associated with the need to com-
pensate for the reduction in the thermal potential of the
heat source. The increase in refrigerant mass flow rate is
achieved by increasing the rotational speed of the first-cir-
cuit compressor, thereby maintaining the required heating
capacity of the heat pump system.

The dependence of the opening percentage of the control
valve on outdoor air temperature for the first CO, circuit is
described by Equation (3).

CO; valve opening - percentage=-2.08T (°C) + 47.9.
(3)

The dependence of the opening percentage of the control
valve on outdoor air temperature for the second R513A cir-
cuit is given by Equation (4).

R513a valve opening - percentage = 0.000878-T3(°C) +
0.0311-T?(°C) - 1.58:T (°C) + 19.6. (4)

As follows from the simulation results (Fig. 5), the compres-
sor rotational speed gradually increases as the outdoor air
temperature decreases. Such an operating mode is typical
of air-to-water heat pump systems, in which the reduction
in the temperature of the heat source is compensated by
an increase in compressor capacity.

The dependence of the return water temperature on the
ambient air temperature is given by Equation (5)
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Treturn water (°C) =-0,6-T (°C) + 37. (5)

Equation (5) represents the condition for switching the HP
on or off (on-off control). This type of control turns the heat
pump on when the return water temperature (T ret. water
meas), measured by a separate device, is
2 °C lower than (T ret. water). Conversely, it turns the HP off
when the return water temperature (T ret. water meas.), meas-
ured by a separate device, is 2 °C higher than (T ret. water).

A preferable approach is continuous control, including pro-
portional or proportional-derivative regulation, in which
the heat pump is not switched off, and instead the control
components continuously adjust their operating states us-
ing frequency (variable-speed) regulation.

Fig. 7 presents the dependence of the heating capacity sup-
plied to the heating system on outdoor (ambient) air tem-
perature. Generally, the heating capacity of an air-source
heat pump decreases with a reduction in outdoor air tem-
perature. This occurs because, at lower air temperatures,
the amount of heat that can be extracted from the air de-
creases. In addition, both the suction pressure and refriger-
ant density at the compressor inlet decrease, while the
pressure ratio against which the compressor operates in-
creases. As a result, the refrigerant mass flow rate through
the compressor decreases, leading to a reduction in the
heat pump’s heating capacity. Simultaneously, the coeffi-
cient of performance (COP) also decreases. This limitation
is partially mitigated by the use of a variable-speed com-
pressor drive, which allows an increase in rotational speed
as the outdoor air temperature decreases, thereby main-
taining the refrigerant mass flow rate at a level sufficient to
ensure the required heating capacity.
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Fig. 7. Dependence of the system heating capacity on
outdoor air temperature

The dependence of compressor rotational speed in each of
the two heat pump circuits on outdoor air temperature
demonstrates how the system adapts to varying environ-
mental conditions in order to maintain the required heating
capacity (Fig. 5). The increase in refrigerant mass flow rate
with decreasing outdoor air temperature is associated with
the need to sustain the specified thermal regime of the
building heating system.

Fig. 8 illustrates the dependence of compressor power con-
sumption on outdoor (ambient) air temperature for each of
the two circuits of the dual-circuit heat pump. The analysis
shows that, as the outdoor air temperature decreases, the
rotational speed of the compressor in the second circuit
also increases. This change in compressor operating condi-
tions ensures the required increase in the heating medium
temperature within the heating system. This graph is criti-
cal for assessing the energy consumption of the heat pump
system and its operational costs.
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Fig. 8. Dependence of heat pump compressor power on
outdoor air temperature for the CO; circuit (green line)
and the R513A circuit (brown line)

Fig. 9 presents the dependence of the refrigerant mass flow
rate in each of the two circuits of the dual-circuit heat pump
on outdoor air temperature. The refrigerant mass flow rate
is a key parameter determining the heating capacity and ef-
ficiency of the heat pump cycle. Variation in mass flow rate
enables the system to regulate heat exchange and compen-
sate for changes in environmental conditions.

As the outdoor air temperature decreases, the heat pump
must extract heat from a lower-temperature source, which
complicates the evaporation process. To maintain the re-
quired heating capacity (if it does not decrease signifi-
cantly, as shown in Fig. 6), or to compensate for the reduc-
tion in cycle efficiency, the system may increase the
refrigerant mass flow rate. This allows more heat to be
transferred through the system per unit time. Additionally,
when the compressors operate at higher rotational speeds,
this naturally results in an increase in mass flow rate.

Fig. 10 presents one of the most important performance
characteristics of the heat pump system—the dependence
of the coefficient of performance (COP) on outdoor air tem-
perature. This graph directly reflects the energy efficiency
of the system and serves as a key indicator for evaluating
its operating costs and economic feasibility. As the outdoor
air temperature decreases, the COP generally declines. This
occurs because, at lower temperatures, the temperature
difference between the heat source (outdoor air) and the
heat sink (heating system) increases. To transfer heat
across a larger temperature lift, the compressors must per-
form more work, which leads to higher electrical energy
consumption and, consequently, a reduction in COP. In ad-
dition, at low ambient temperatures, frost formation on the
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outdoor unit may occur, requiring defrost cycles that also
consume energy and further reduce system efficiency.

<
.
h

o
[
o

™~

0.

S i, ©
h 2
/

/

0.1

o @

S o=
.
./

Heating capacity, kW

o

Mass flow rate in the circuit, kg/s

o

25 20 -15 -10 -5 0 5 10

Ambient temperature, °C

Fig. 9. Dependence of the refrigerant mass flow rate in the
heat pump circuits on outdoor air temperature for the CO,
circuit (green line) and the R513A circuit (brown line)
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Fig. 10. Dependence of the energy efficiency coefficients of
the heat pump on outdoor air temperature for the CO; cir-
cuit (green line), the R513A circuit (brown line), and the
overall COP (red line)

Fig. 6 presents the dependence of the opening percentage
of the control valves in each heat pump circuit on outdoor
(ambient) air temperature. As can be seen from the graph,
the heating medium temperature is maintained at the level
required for the efficient operation of the building’s radia-
tor heating system.

Fig. 11 presents the dependence of the thermal capacity of
the key heat exchangers in the dual-circuit heat pump on
outdoor air temperature. This graph enables a detailed
analysis of how each component interacts with the system
and responds to changes in external operating conditions.

A summary of the obtained simulation results is presented
in Fig. 12, which shows the integrated dependence of the
main operating parameters of the heat pump system on
outdoor air temperature.

The obtained results indicate that the application of a two-
stage cascade heat pump system using refrigerants R744
(CO,) and R513A enables stable operation of the building
heating system over a wide range of outdoor air tempera-
tures.
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Fig. 11. Dependence of the heat exchangers’ thermal ca-
pacity on outdoor air temperature for the CO; circuit
(green line — air-to-CO, evaporator; light green line — CO,
desuperheater) and the R513A circuit (brown line — R513A
subcooler)
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Fig. 12. Dependence of the heat exchangers’ thermal capac-
ity on outdoor air temperature. Orange line — CO,—R513A
condenser/evaporator; brown line — R513A condenser

The analysis of Figs. 11 and 12 enables a comprehensive as-
sessment of the distribution of heat flows within the dual-
circuit heat pump system. This makes it possible to under-
stand how effectively each heat exchanger performs its
function under different operating conditions and how they
interact to ensure the overall thermal capacity of the sys-
tem.

Conclusions. This study investigated the operating param-
eters of a two-stage, dual-circuit air-to-water heat pump
system intended for the heating of an administrative build-
ing, using refrigerants R744 (CO,) in the first circuit and
R513A in the second circuit. Based on the conducted anal-
ysis, the following conclusions can be drawn.
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1. A computational model of the dual-circuit heat pump
system was developed in the Flownex SE software envi-
ronment, enabling the study of thermohydraulic pro-
cesses within the system and the determination of its
key operating parameters under varying outdoor air
temperature conditions.

2. Numerical simulation of the heat pump operation with
a heating capacity of approximately 120 kW was per-
formed over an outdoor air temperature range from
-25°Cto +10 °C. The obtained results demonstrate that
the use of a cascade heat pump configuration employ-
ing R744 and R513A refrigerants ensures stable opera-
tion of the building heating system across a wide range
of climatic conditions.

3. The dependencies of the key operating parameters of
the heat pump system on outdoor air temperature
were investigated, including heating capacity, refriger-
ant mass flow rates, compressor rotational speeds, and
the coefficient of performance (COP).

4. It was shown that a decrease in outdoor air tempera-
ture leads to a reduction in the energy efficiency coeffi-
cient of the heat pump system, which is associated with
increased compressor work and a reduction in the ther-
mal potential of the heat source. Nevertheless, even at
low ambient temperatures, the heat pump system
maintains an acceptable efficiency level.

5. The obtained simulation results confirm the feasibility
of applying two-stage cascade heat pump systems
based on R744 (CO;) and R513A refrigerants for heating
buildings equipped with a conventional radiator heating
system.

6. The developed model of the heat pump system can be
used for further investigation of operating modes and
optimization of system parameters in the design of
building heating systems.

Additional Application. The obtained results, particularly
regarding the development of the calculation methodology
and software-based modeling approach, can be applied to
the simulation of thermal engineering equipment for ther-
mal masking of heated objects. This is relevant, in particu-
lar, to the implementation of project No. 2025.06/0054
“Absorption and Prevention of the Propagation of Infrared
Electromagnetic Radiation and Development of Thermal
Masking Means” within the framework of the competition
“Science for Strengthening Defense Capability and National
Security of Ukraine” of the National Research Foundation
of Ukraine.
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