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TEINVIOEJIEKTPOLEHTPAJII HA BA3I IPOTUTUCKOBUX ITAPOBHUX
TYPBIH I TYPBIH 3 HU3BbKOTEMIIEPATYPHUM POBOYUM TIVIOM

Busnaueno noxaznuxu pobomu KOMOIHOBAHUX OIHAPHUX YCMAHOBOK HA OA3I NPOMUMUCKOBUX MYPOIH |
mypoOin, AKi npayiooms i3 HU3bKOMeMNepamypHum pooouum miiom.

Knwuoei cnosa: npomumuckoga mypoina, OiHapHULl YUK, MenioeieKmpoyeHmpans, Hu3bKomemnepa-
mypHe poboue mino, KOHOeHCamop, yMo8He NAaU6o.

Beryn

3aranpHOBIIOMUM € ¢akT, mo noHag 90 % TemIoeHepreTHYHOro YCTaTKyBaHHS Ha TEIUIOBHX
€JIEKTPOCTAHIIAX YKpaiHu BUYEpHaM HOPMaTHUBHUIA pecypc pobotn, a 6mmsbko 70 % iioro — mo-
JBIHHMNA. 3riIHO 3 MEPCHEKTUBHUM IIJIAHOM PO3BUTKY eHepreThku 1o 2030 poky BUPOOHUITBO
eJIeKTpOoeHeprii B KpaiHi Mae 30uIpmuTHCh y 2 — 2,5 pasu mopiBasHO 3 2005 p. [1]. Hapomenus
€JIEKTPOreHEePYBAIbHUX MOTYKHOCTEH 32 paxyHOK PEKOHCTPYKIII cTapux abo BBEIEHHS B JIil0 HO-
BUX €HEProOJIoKiB MOTpedye 3HAYHHUX KaIliTAIOBKIA/ICHb, SIKUX B YKpaiHi ChOTO/IHI HeMmae. 3ayBa-
AKHUMO TaKOX, III0 Yepe3 MOTipIIeHHs ra3onocradyadHs 3 Pocii onaneHHs 1 rapsiue BOJIONOCTayaHHs B
OKpEMHX pailloHaX MOKe 3/11HCHIOBATHUCS BiJl €J1EKTPOKOTEJICHb.

OnHUM 13 IPIOPUTETHUX HAMPSIMKIB MOJIEpHI3allii BITYM3HIHOI €HEPreTUKU BBAXKAIOTh KOMOIHO-
BaHE BUPOOHMIITBO EIIEKTPOEHEPTii Ta TEIIOTH Ha 0a3l HasBHOTO TEIUIOEHEPTETUYHOTO YCTaTKY-
BaHHs HEBEJUKOI MOTYKHOCTI. CaMe TYT ICHYIOTh peajibHI MOXIIMBOCTI 3aCTOCYBaHHS HOBUX e(ek-
TUBHUX TEXHOJIOTIH 32 KOIITH BITYM3HSHUX, a HE 1HO3eMHUX 1HBecTOpiB. Cepell TaKMX TEXHOJIOTIN
aKTyaJbHHUM € 3aCTOCYBaHHS OIHApHMX LUKIIB, SIKI MPALIOIOTh HA HU3BKOTEMIIEPATYPHUX POOOUMX
timax (HPT) [2 — 4]. Ha Tepenax Ykpainu npairoe 6arato mpoOMHCIOBUX TEIIOCIEKTPOIIEHTpaIeH
(TELl) HeBenuKoi MOTYHOCTI 3 MPOTUTUCKOBUMU TypOiHaMH, SIKi TOCTA4alOTh BOJASIHY Mapy Mpo-
MUCIIOBHM TiepepoOHUM TianpueMcTBaM. OHAK HA CHOTOJHI CKJIajacs CUTYallist, KOJIM BHACIIIOK
CKOpOUYEHHsI BUPOOHHMIITBA ab0 HOro mepeopieHTalii CKOPOTHIOCH a00 MOBHICTIO MPUIHHUIOCH
CTIOKMBaHHS TIapu 3a7aHoro THCKy. Hacammepen, e crocyeTbess TypOiH 3 mpoTHTHCKOM 1,5 —

1,8 MIla. Bukopucranus Takux TypOiH Uit notped Temnodikanii HeoIIbHE Yepe3 3HauHi BTpaTu
TETUTOTH B TIPOIIECaX JPOCETIOBAHHS i OXOJIOKSHHS TTapH.

OCKUIbKH B JIITEpATypl HaBEIEHO JIMILE OKPEMi 3arajibHi MPUHIMIIM 3aCTOCYBAHHS OIHAPHUX IH-
k1B 3 HPT, To Ha mijcraBi BHIEBUKIIAICHOTO ITOCTABIICHO 3aB/IaHHS BH3HAYCHHS TOKAa3HUKIB PO-
060TH OiHApPHUX YCTaHOBOK, CTBOPEHHMX Ha 0a3l MPOTUTHCKOBUX TypOiH HEBEJHMKOI MOTY>KHOCTI Ta
npudyaoBaHuX napoTypOiHHuX ycTanoBok (I1TVY), siki nparorots Ha HPT.

OcHoBHI pe3yJbTaTn

3a 6a30Bi BUOpAHO THUIIOBI MPOTUTUCKOBI TypOiHU 3 mpotuthckoM 1,5 Mlla. Metoauky pospa-
XYHKIB TEIJIOBUX CXEM MapoTypOIHHUX YCTaHOBOK BHKJIaneHO B [5]. st po3paxyHKiB BUOpaHO:
TeMIepaTypy BOJSHOI mapu mnepeln TypOiHamu #,=435 °C; mNOuYaTKOBY €HTajbIil0 Mapu
h,=3305 xJIx/Kr; Temmeparypy 3BOPOTHOTO KOHJCHCATY #,=103 °C; TeMnepaTypy *KHUBHIHLHOI BOIN
tiee=104,8 °C; koedinient kopucHoi aii (KK) napoux kotniB — 0,92. Jlesiki NOKa3HUKH pOOOTH
IITY nHaBeneHo B Tabdu. 1.
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Tabmums 1
Jesiki xapakTepucTHKH i MOKa3HUKHU podoTu 6azoBux IITY
Tun TypOinu / HoMep BapiaHTa
[Moka3nuku P-6-35/15 P-4-35/15 P-2,5-35/15 P-1,5-35/15
1 2 3 4
[NoTyxHicTh enekTporeHeparopa, MBT 6 4 2,5 1,5
Temreparypa rapu B POTHTUCKY, °C 335 338 342 345
Burpara napu Ha TypOiHy, T/TOA 123,5 85,4 56,3 35,5
Tennosa TOTYKHICTb IPOMHCITIOBHX 89,21 61.81 40,90 25.87
crioxuBadis, MBT
EnekTpuyHa MOTY>XHICTh BIIaCHUX MOTpeO, KBT 652 473 378 226
Butpara yMoBHOrO nanmsa, T/rox 13,272 9,178 6,052 3,815
ITutoma BUTpaTa yMOBHOTO TaJIMBa HA
BHUPOOHHIITBO €IEKTPIYHOI Ta TEIUIOBOT 38,72 38,73 38,735 38,74
eneprii, kr/I' [k

[Ipunnunosa remnnoBa cxema OiHapHOI ycTaHOBKHM Ha 6a3i Tunosoi IITY 1 mpulynoanoi I1TVY 3
HU3bKOTEMIIEPATypHUM LIMKJIOM IOKa3aHa Ha puc.l, Je TakoXK HaBEJCHO MO3HAYEHHS MapameTpiB
TEIUIOHOCIiB: P — TUCK; { — TeMIIepaTypa; / — eHTalbIis Napy; A’ — eHTajbMis PIAUHU; a TAKOXK BU-
tpat D 1 G B XxapakTepHux Toukax 1ukiiB. ¥ sskocti HPT Bubpano 6enson (CeHs), 60 € dipma, sika
IPOEKTYE 1 BUTOTOBJISIE TYpOIHH, 1110 MPaLIO0Th Ha mapi OeHzouy [6].

[TapoBuii koten 1 reHepye BoJsHY napy 3 mapamerpamu P, f,, h, 1 Butpartoo D,. L{g napa Hana-
XOJIUTh B MPOTUTUCKOBY (0a30By) TypOiHy 2. [lapa 13 npoTUTUCKY TypOIHU MOKE HAIXOAUTHU SIK J0
INPOMHCIIOBUX CIOXHBAUiB I10 JiHIi 4, Tak 1 B OEH30J0BUI KOTEN 9, SIKUil reHepye napy 3 napamer-
pamu Py, t5, hs1 BuTpaTOro Ds.

Pl by

Puc. 1. IlpuHimmnosa TerioBa cxeMa OiHAPHOT YCTAHOBKH: | — MapOBHiA KOTET, 2 — MPOTUTUCKOBA TYpOiHa; 3 — eNleKTporeHepa-
TOp; 4 — NiHIA oA Mapy MPOMHCIIOBHM CIIOXKHBadaM; 5 — JIiHis 3BOPOTHOTO KOHIEHcATy; 6 — eaeparop;

77 — XUBWJIBHHI Hacoc; § — penykTop; 9 — koTen 6eH301m0B0i mapy; 10 — Hacoc 3BOpOTHOTO KoHAEHcaty; 11 — GeH3omnoBa TypOi-
Ha; 12 — koHneHcarop; 13 — enexrporeneparop; 14 — koHneHcaTHMIA Hacoc; 15 — IMpKysiiHMi (MepesxHuii) Hacoc; 16 —
3aripHa apMarypa

SIKII0 TMO3HAYWTH YACTKY MapH, IO HAIXOIUTH 10 MPOMHUCIOBUX CIIOKHBAYIB 4epe3 O, TO BH-
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TpaTH BOISHOI NapH, SIKI HAAXOAATH 0 MPOMHUCIIOBUX CIIOYKMBAUiB 1 B OEH30JI0BUI KOTEJ JOPIBHIO-
BaTUMYTh BIIIOBIIHO:

D, =a-Dy; D, =(1-a)-D,. (1)

3BOPOTHHIA KOH/ICHCAT BOASHOT MTAPH 3 TEMIIEPATYPOIO £; MOBEPTAETHCS MO TPyOOTIpoBOAY S 1 1O
HaIipHii JiHii Hacoca 3BopoTHOTo KoHaeHcaty 10. [Tapa 6eH30iy 13 KOTIa 9 HATXOIUTh Y TYpOiIHY
11, a motim y xongencarop 12. Uepe3 koHaeHCaTOp HACOCOM 15 mMpoKadyeThCsi OXO0JI0JHA BOJA, SKa
i girpiBaeThes Bif TeMiepaTypu f, 1o temmeparypu t",. KoHeHcaT GeH30I0BOI IapH 3 mapamer-
pamu ¢, 1 h’, 3a momomoror Hacoca 14 moBepraeThes B KoTen 9. SKio KoHIeH caIito 0eH30ITy 3/1i-
CHIOBaTH 3 TUCKOM P, > 0,2 MIla, To Temneparypa konuaeHcaiii nepesuirye 100 °C. V npomy pasi
KOHJICHCATOP MOXKE MPAIIOBATH SIK JHKEPENIo Terutodikallii, migirpiBaloun 3B0pOTHY MEPEKHY BOAY.
Taka koMOiHOBaHa yCTaHOBKA Oyjle¢ HA3MBAaTHUCh YCTAHOBKOIO 3 TEIIO(IKAMIHHIM OlHAPHUM IHK-
aoM. OTxKe, CHif pO3pI3HATH JBa TUMH KOMOIHOBaHMX YCTAHOBOK: 1) i3 YMCTO KOHICHCAIIITHUM
OlHApPHUM ITUKIIOM; 2) 13 TeTuIo(iKaiiHUM O1HAPHUM ITUKJIOM.

Mertonuka po3paxyHKiB OiHApHUX IHUKIIIB BUCBITICHA B [7]. Po3rissHeMo criodaTky 0cOOIHMBOCTI
po6oTH OGIHAPHUX YCTAaHOBOK MEPIIOTO TUITY IS BHMAAKY, Koy O6er3osioBa [1TY Bupobiise Tiibku
enekTpoeHeprito. s poro BuOpaHi Taki napamerpu 6ensonosoi napu: P; = 0,6 Mlla; 75 = 327 °C;
hs = 656 x[Ix/xr; P, =0,0135 Mlla; t, = 25 °C; h, = 183 xJIx/kr [8]. [lepenan Temnepatypu BOIH B
xouziencaropi ckinanae 12 °C. Pe3ynbratd po3paxyHKiB poOOTH YCTaHOBOK MEPILOrO TUILY 338 YMOBH
o = 0 (ycs mapa 3 MPOTUTUCKY 0a30BOi TypOiHM HAAXOIAUTH y OCH30JIOBHM KOTEJ) HABEJICHO B
Taby. 2, 1e Hymepallisi BapiaHTiB BillIOBi1ae Hymepallii BapiaHTiB TypOiH y Tabi. 1.

Taomuus 2
IToxa3HuKH POOOTH YCTAHOBOK i3 YMCTO KOHAeHcAliiiHUM OiHapHuUM nuk/oM (o =0)
Bapiaatn
Ioxa3nuku ) N 3 4
Butpara 6en3ony, kr/c 98,83 68,47 4531 28,86
Enexrprana motyxHicts 0er3onoBoi IITY, MBT 43,11 29,81 19,75 12,49
EnextpuuHa noty>xHicTh BacHuX notped oenzonosoi [1TY, kBt 385 267 175 112
EnextpudHa oTyKHICTB BIaCHHX NOTpeO OiHapHOi ycTaHOBKH, KBT 1037,2 739,8 553 337,6
3aranbHa eeKTpUYHA OTYXHICTh, BUPOOJIEeHA OIHAPHOIO YCTAHOB-
k010, MBT 49,1 33,8 22,25 13,995
[Tutoma BUTpaTa yMOBHOTO TAJIMBA: 0 4 4
Kr/TJIK; 75,07 75, 75,55 75,7
kr/(kBt'Tom) 0,2673 0,271 0,272 0,2725
Piuna exoHOMisl YMOBHOTO TTaJIBa Ha BUPOOHMIITBO ENEKTPOEHEPTil
TIOPiBHSHO 3 Ti BUPOOHUIITBOM B €HEPTOCUCTEMI, T/PiK 31609 20996 11650 8954
PiurHe 3MeHIIICHHS BUKU/IIB, T/PIK:
OKHCY BYTJIELIIO; 3,87 2,484 1,378 1,11
ABOOKHCY BYTIICIHO, 6757 4378 2408 1915
OKCHJIIB a30Ty 7,652 4,948 2,725 2,169

Hacamnepen, npuBeprae yBary BOCbMUKPAaTHUN MPUPICT €IEKTPUYHOI MOTYKHOCTI 32 paxyHOK
3MIMCHEHHsS] O1HApHOTO MHKIY. Pa3oM 3 TUM, 3a BIACYTHICTIO MPOMUCIOBUX CIIOKMBAYIB BOJSHOL
napy 3poCTa€e MUTOMA BUTPaTa YMOBHOTO MajiMBa Ha OMHUINIO BUPOOJIEHOI eHeprii, Xxoua J0JaTKo-
BY €JICKTPUYHY MOTY)KHICTh 1 BUPOOJISIFOTH 0€3 T0AaTKOBOT BUTPATH TMaJIMBA.

Ane saxOU 10 JOJATKOBY MOTYKHICTh BHPOOJISIIM Ha eJIeKTpocTaHIisx eHeprocuctemu 3 KKJI
0,35, To muTOMa BUTpaTa yMOBHOro maymBa ckiagana 6 97,6 kr/I'[Ix ado 0,3154 kr/(kBt-roxn). ¥
IIbOMY pa3i piuHa €eKOHOMIisl YMOBHOT'O NaJIMBa MOPIBHIHO 3 BUPOOHULITBOM €JIEKTPOCHEPrii B eHep-
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TOCUCTEMI Ma€ CKJIaIaTH, T/piK.
AB=(03514-b)-N, 1, (2)

ne b — muTOMa BUTpaTa YMOBHOIO MaJMBa Ha KOMOiHOBaHii OiHapHii ycraHOBLI, Nj—
noTyxHicTh 6eH30108B0i IITY, MBT; 7, — piuHa KiIbKICTh pOOOYHX T'OJHH.

BinmoBigHO 110 1i€i eKOHOMIT ManuBa MaiM O 3MEHIIMTUCS IIKIUIUBI BUKUAM B atMocdepy. 3a
YMOBH, II0 pOOOYMM MAJIMBOM € TPHUPOAHHHN Ta3 13 TEIUIOTOK 3ropaHHs Ha cyxy macy 33,4
MI{)K/M3 i TeopeTHUHMMHU 00’ eMamu TIOBITpst V°=9,52 MM i razie 77,=10,6 M>/M°, BeMUUHE 1HX
BukuAiB obuncaeno 3a ['JIK 34.02.305-2002 «Bukuau 3a0pyaHIOIOUHUX PEUOBHH B aTMOCheEpy Bia
€HEepPreTUYHUX YCTAaHOBOK» 1 TAKOK HaBelIeHO B TalI. 2.

o HemomikiB poOOTH OIHAPHUX ITUKJIIB 32 PO3TIITHYTUMH BapiaHTaMmu 3a o = () HaJeXaTh JTyKe
Benuki Butpatu HPT, siki 3yMOBIIOIOTH HEBUIPABJaHy TI'POMI3JIKICTh yCTAaTKyBaHHS OEH30J0BOT
[ITY, 30inbleHHsT BUTPAT €IEKTPOSHEPTii Ha BiacHI MOTpeOH, 3MEHIICHHs €()eKTHBHOCTI pOOOTH
HOPIBHSAHO 3 0a30BUM IMKIJIOM. Lli HEONIKK IESKOI0 MIpOI0 MOXKHA YCYHYTH B pa3i 3aBaHTa)KEHHS
MIPOMHMCJIOBHX CIIOKMBAYiB MapH 13 MPOTUTHCKY 0a30Boi TypOiHH, TOOTO 3a yMOBU poboTH 0 < a <
1.

Ha puc. 2 nns npukiany HaBeIeHI 3aKOHOMIPHOCTI 3MiHHM OCHOBHHUX ITOKa3HUKIB OiHApHOI ycTa-
HOBKH 3 6a30B010 TypOiHoto P-4-35/15 (BapianT 2 B Ta0u. 1) 3a51€KHO BiJ 3HAYCHBD O.
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Puc. 2. TlotouHi 3Ha4EHHSI: €IESKTPUYHOT TOTYKHOCTI OeH30710B01 [ITY — N, (JtiHis 1); TEImIoBoi MOTY>KHOCTI, BIIIMYIIEHOT TIPO-
MHCJIOBUM crioxkuBadaM — O, (JiHist 2); MUTOMOT BUTPATH YMOBHOTO ManuBa — b (J1iHist 3)

I3 puc. 2 HaouHO BUIHO, 11O 31 30UIBLICHHSM YacCTKU MapH, KA HAAXOJIUTH O MPOMHUCIOBUX
CTHOXHBAYiB, EIEKTPUYHA TMOTYKHICTh OeH3010B01 [ITY miHIMHO 3MEHIIYETHCS, a TEIUIOBA MOTYX-
HICTh OlHApPHOI YCTAHOBKH JIiHINHO 3pocTtae. [Ipu mpomy Temm 3poctaHHs (J; BHUIIEPEHKAE TEMIT
3MEHIICHHSI Ng. YHACHIIOK IOTO 30UTBIIYETHCS CyMapHa (TEIUIoBa + €JIEeKTPHYHA) MOTYXKHICTb,
Ky BUpoOssitoTh Ha TEL] 13 G1HapHUM ITUKIIOM, a, OT)Ke, 1 €peKTUBHICTD i po6oTH. 3a ymoBH a = 0
3HAYCHHSl IOKa3HUKIB pOOOTH OiHApHOI YCTAaHOBKM BiANOBIJAIOTh 3HAYEHHSM, HAaBEICHHUM Y
Tabn. 2, a 32 yMOBH o = | — 3Ha4YCHHSAM, HaBeJIeHUM Yy Ta0J. 1.

AHaJIOT4HI 3aKOHOMIPHOCTI 3MiHU TIOKAa3HUKIB pOOOTH yCTAaHOBOK 3 OiHAPHUM KOHICHCAIIITHUM
THTIOM CIIOCTEPIraeMO 1 /IS 1HIIUX BapiaHTIB 13 0OA30BUMH MPOTUTHUCKOBUMH TypOiHaMH, HaBee-
HUMH B Ta0n. 1. OnTumMaibHUMH peXuMaMH poOOTH OIHAPHUX YCTAaHOBOK CJIiJI BBaXKATH PEXHUMH,
koiu o = 0,5 — 0,6. [Ipu oMy eNeKTpUYHA MOTYKHICTh 3pocTae y 2 — 2,35 pa3u 1 npuOIU3HO B
CTUTBKH K pa3iB 3MEHIIY€E€THCS TPOMIZIIKICTh 1 BApTICTh ycTaTKyBaHHs OeH30510B01 [ITVY.

EdexTuBHicTh poOOTH O1HAPHOT YCTAHOBKH, SIKa XapaKTEPU3YEThCS MUTOMOIO BUTPATO) YMOB-
HOTO NajuBa, 3poctae B 1,5 — 1,65 pazu.
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PosrasreMo Tenep ocoOmMBOCTI poOOTH O1HAPHUX YCTAHOBOK 13 TeIUIo(iKamiiHUM KoM, J{7st
IIbOTO BHIIAJAKYy BHOMpaeMO Taki mapamerpu mnapu Oemzomy: Ps = 1 Mlla; #; = 327°C;
hs= 651,4 xJlx/kr; P,= 0,215 Mlla; t,= 117 °C; h,= 365 xJx/xr [8]. Teruodikariiina moTy>KHICTbh
6en3onoBoi IITY nopiBHIOBaTHME MOTYXKHOCTI KOHJAeHcaTopa 3 ypaxyBaHHAM Horo KKJI. ¥V koHn-
JIEHCATOP1 3BOPOTHY MEPEKHY BOJy cucTeMH Terutodikailii 3 temmneparypor 55 °C migirpiBaroTh
1o temnepatypu 110 °C 1 cupsIMOBYIOTB IO CIIO’KMBAiB rapsiuoi Bogu. Y Tabi. 3 HaBeACHI pe3yJib-
TaTH PO3pPaxyHKIB OCHOBHHX IMOKA3HUKIB POOOTH OIHAPHMX YCTAaHOBOK 3a3HAYEHOTO THITY 32 YMO-
BU, 1110 BCS Napa i3 MPOTUTUCKY HAJAXOIUTh Y OCH30JI0BUIA KOTEII.

Jani, HaBeeHi B Tabi. 3, CBiIYaATh MPO TE, IO 3aCTOCYBaHHS TETUIO(MIKAIIHHOTO O1HAPHOTO IH-
Ky nigsuinye edexruBHicts podotu TEL] yHacainok 3011bIeHHS CyMapHOi TETJIOBOT Ta eNEKTPU-
yHOT moTy>kHocTi. Crin 3a3HaunTu 30imbeHHss BUuTpaT HPT 1 BUTpat enexTpoeHeprii Ha BJIacHI
notpedu. [lpu npoMy yckiIaqHIO€ThCS pobiiemMa peaiizallii IIboro BapiaHTa Ha MPAKTHULI, TOMY, SIK
1 B TIEPIIIOMY BHITAJIKY, PO3TIITHEMO pOOOTY KOMOIHOBAHOT YCTAaHOBKH B jiana3oni 0 <o < 1.

Tabmuus 3
IMoxa3Hunku podoTu GiHapHOI yCTAaHOBKH 3 Teluiopikaniiitnum nukiom (a=0)
Howmep BapianTta
IokazHukn 1 ) 3 4

Butpara 6enzomny, kr/c 117,38 81,32 53,81 34,04

Enexrprana notyxHicts 6erzonoBoi [ITY, MBt 3145 21,79 14,42 9,12
Terutodikamiiiia NoTyKHiCTh, MBT 46,95 32,53 21,52 13,61

Enextpuuna notysxHicTh BacHuX notped 6enzonosoi [1TY, KBt 459 254 232 148
Enexrprana notyxHicts BiaacHux motped TEL], MBT 1,111 0,827 0,610 0,374
CymapHa NOTYXHICTb, BUpoOJIeHa OiHapHOIO ycTaHOBKOIO, MBT 84,402 58,326 38,440 24,237
[Turoma BuTpaTa ymMoBHOTO manwsa, Kr/T J[x 43,68 43,70 43,73 43,74

Ha puc. 3, sk i Ha puc. 2, a1 NpUKIaay o0yJI0BaHO PO3PAXYHKOBI 3aJICKHOCTI 3MIHH OCHOB-
HUX MOKa3HUKIB POOOTH OIHAPHOI YCTAHOBKHU 3 TEIUIO(IKAL[IIfHUM LIMKIOM Ha OCHOBI 0a30BOi Typ-
6iam P-4-35/15.
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Puc. 3. 3HaueHHs OCHOBHMX MOKa3HUKIB POOOTH OIHAPHOT YCTAHOBKH 3 TEILIOMIKALIHHIM IIMKIIOM (TTO3HAYECHHS Ha puc. 2.)
TyT, 4K 1 paHie, rpaHUYHUM yMoBaM o = 0 1 o = 1 BINOBIJaIOTh 3HAYEHHS TOKa3HUKIB pOOOTH,
HaBe/eHuX y Tabm. 3 i Tabmn. 1 BiAmoBimHO.
AHaJIOT14HI CMIBBIIHOIIEHHS CTIpaBeIMBI I s 1HIIMX BapiaHTiB O1HApHUX YCTaHOBOK i3 0a3o-
BUMH MIPOTUTUCKOBUMH TypOiHamu. EdexkTHBHICTD poOOTH YCTAaHOBOK i3 TerutodikamiitauM OiHap-
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HUM IUKIoM Ha 20 — 25 % Oinbina 3a epeKTUBHICTh YCTAHOBOK 13 KOHJIGHCAIIIHUM IIMKJIOM. Y CTa-
HOBKaM 13 TerutoQikaiifauM OiHApHUM IIUKJIOM BJIACTHBI HEJONIKH, 3a3HAY€Hl Ui yCTaHOBOK i3
KOHJIEHCAIMHUM LUKIOM. ONTHUMaJbHUMU PEXUMaMH POOOTH PO3MISHYTHX YCTAaHOBOK MO>XKHA
BBAXKaTH pexumiu 3 o = 0,6.

3ayBakxuMo, 110 OiHApHI YCTAaHOBKU Ha 0a31 MPOTUTUCKOBHUX TYpOiH, SKi MarOTh 3Ha4Hi BUTPATH
BOJISTHOT TTapH, HE MOKYTh OyTH peaii30BaHMMH Ha MPAKTHIII 32 YMOBH, IO BCS Mapa BUTPAYAETHCS
Ha re”epanito HPT.

3a3HaYMMO TaKOX, 10 OIHApHI IUKIM MOXHA 3ICHUTH Ha 0a3i MPOTUTHCKOBHUX TYpOiH 3
O11b11 HU3BKUM npoTuTHCKOM (0,3 — 0,7 MIIa) i MmeHmmu BuTpatamu napu. OfHaK y 1[bOMY BHU-
NaJIKy BUHUKA€E HEOOXITHICTh MMOBHOTO 200 YACTKOBOTO IMEPETPiBy IMapH i3 MPOTUTUCKY JO TEMIIe-
patyp 340 — 350 °C. Taki BapiaHTH OTPEOYIOTH OKPEMOTO PO3TISLY.

BucHoexku

1. 3acrocyBanHs OiHapHUX ycTaHOBOK 13 HPT 103BOJIsIE CyTTEBO 30UTBIIMTH BUPOOHHIITBO €lIe-
KTpOeHeprii 6e3 101aTKOBOr0 CHAIOBAHHS MaJIiBa.

2. 3acrocyBanHs Terutodikamiifaux OiHapHUX 1HKIiB Ha 20 — 25% edexTuBHime, HiX KOHACH-
carifHuX.

3. Jlns po3risHYyTHX BapiaHTIB MpakTHYHA peajrizamis OiHapHUX IMKIIIB 32 YMOBH, IO BCS Hapa
13 IPOTUTUCKY 0a30BUX TypOiH BUTpadaeThcs Ha reHepartito mapu HPT, nocuts npoGiematnyHa.

4. HaliekOHOMIYHIIIIMMHU peXHUMaMU POOOTH 3a3HAYEHUX YCTAHOBOK € PeKUMH 3 o =0,6.

5. OTpumaHi pe3ynpTaTé — HEOOX1/Ha NepeayMoBa Ul PO3B’SA3aHHS MUTAHHA JOLIBHOCTI 3a-
cTocyBaHHs OiHapHUX ycTaHOBOK i3 HPT Ha 6a3i mpoTHTHCKOBUX TypOiH 31 3HAYHUM THCKOM Tapu
13 IPOTUTHUCKY.
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POWER ENGENEERING AND ELECTRICAL ENGINEERING
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THERMOELECTRIC PLANTS ON THE BASE OF BACK-PRESSURE
STEAM TURBINES AND TURBINES WITH LOW TEMPERATURE
WORKING MEDIUM

Operating indexes of combined binary units on the base of back-pressure steam turbines and turbines,
functioning with low temperature working medium have been determined.

Key words: back - pressure turbine, binary cycle, thermoelectric plant, low temperature working
medium, capacitor, equivalent fuel.

Introduction

It is a well known fact, that more than 90% of the equipment, installed at thermoelectric plants
depleted normative operation recourses and approximately 70% - depleted double operation
resource. In accordance with development strategy of energy sector for the period till 2030, the
generation of electric energy in the country must increase 2-2.5 times as compared with 2005 [1].
Increase of energy generating capacities as a result of reconstruction of existing generation facilities
or putting into operation new generation units will require considerable investment, not available in
Ukraine now. It should also be mentioned that as a result of gas supply decrease from Russia,
heating and hot water supply in certain regions could be provided from boiler facilities, operating on
electricity.

One of the priority guidelines of modernization of energy sector is considered to be the combined
generation of electric energy and heat on the base of available low power equipment. There exist
real possibilities for application of new efficient technologies for money of Ukrainian and not
foreign investors. Among the above-mentioned new technologies the technology of binary cycles
application , operating on low-temperature working media (LTM) [2 — 4] is very actual. In Ukraine
many industrial low-power thermoelectric plants with back-pressure turbines operate, supplying
water steam to industrial enterprises. However, nowadays as a result of reduction of industrial
production or its reorientation the consumption of the steam of the set pressure decreased or
suspended. First of all this concerns back-pressure turbines of 1.5 -1.8 MPa. Usage of such turbines
for power-heat supply is not expedient due to considerable heat losses in the processes of throttling
and steam cooling. In literature only separate general principles of binary cycles with LTM
application are described, then, proceeding from the above- mentioned the task to determine
operation indices of binary installations, created on the base of low power back-pressure turbines
and attached steam turbines units (STU), operating on LTM.

Main results

Typical 1.5 MPa back-pressure turbines are chosen as basic ones. The calculation technique of
thermal circuits of steam turbine installations is presented in [5]. The following parameters are
taken for calculation: temperature of water steam before the turbines t,=435 °C; initial enthalpy of
the steam h,=3305 kJ/kg; temperature of reverse condensate t,.=103 °C; temperature of feed water
taw—=104,8 °C; efficiency of steam boilers — 0.92. Certain indices of STU are presented in Table 1.
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Tablel
Certain characteristics and indices of basic STU operation
Turbine type / number of the variant
Indices P-6-35/15 P-4-35/15 P-2,5-35/15 P-1,5-35/15
1 2 3 4

Power of electric generator, MW 6 4 2,5 1,5

Steam temperature in backpressure, °C 335 338 342 345

Turbine steam losses, t/hr 123,5 85,4 56,3 35,5
Thermal capacity of industrial consumers, MW 89,21 61,81 40,90 25,87

Electric power of auxiliaries, kW 652 473 378 226
Equivalent fuel consumption, t/hr 13,272 9,178 6,052 3,815

Specific consumption of equivalent fuel for

generation of electric and thermal energy, kg/GJ 38,72 38,73 38,733 38,74

Flow thermal diagram of binary unit based on typical STU and attached STU with low
temperature cycle is shown in Fig. 1, where symbols of heat-transfer agents parameters are given: P
— pressure; t — temperature; h — steam enthalpy; h' — liquid enthalpy and also consumption of D and
G in characteristic points of cycles. Benzene (C¢Hg) has been chosen as low — temperature working
medium (LWM) because of the company, that designs and manufactures turbines, operating on
benzene vapour [6].

Steam boiler 1 generates water steam with parameters P,, t,, h, and consumption D,. This steam
enters backpressure (basic) turbine 2. Steam from the backpressure of the turbine may be supplied
both to industrial consumers by the line 4 and to benzene boiler 9, that generates steam with
parameters Py, ty, hy and consumption Dy, .

Fo. . hy
7 II %
x
%
N 4
g G
N

Fig. 1 —Flow thermal diagram of binary unit : 1 — steam boiler; 2 — backpressure turbine; 3 — electric generator; 4 — steam supply
line to the consumers; 5 — condensate backflow line; 6 — deaerator;
7 — feed pump; 8 — pressure regulator; 9 — benzene vapour boiler; 10 —condensate backflow pump; 11 —benzene turbine; 12 —
condenser; 13 —electric generator; 14 — condensate pump; 15 — circulating (networking) pump; 16 — shut-oft valves.
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If we denote by a the portion of steam, supplied to industrial consumers then the consumption of
water steam, arrived to industrial consumers and in benzene boiler will equal correspondingly:

D, =a-D,; Dbb:(l_a)'Doa (1)

Back flow condensate of water steam with the temperature t,. returns along the pipeline 5 and
pressure line of backflow condensate pump 10. Benzene vapour from the boiler 9 arrives to the
turbine 11 and then to condenser 12. Cooled water is pumped by means of pump 15 across the
condenser, this water is heated from the temperature t,, to temperature t *“,,. Condensate of benzene
vapour with the parameters t, and h, by means of pump 14 returns to the boiler 9. If benzene
condensation is performed under the pressure P, > 0.2 MPa, then the condensation temperature
exceeds 100 °C. In this case, the condenser may operate as the source of power-and heat supply,
heating return water. Such combined installation will be called installation with binary power and
heat supply cycle. Thus, we should distinguish two types of combined installations: 1) with
completely condensate binary cycle: 2) with power and heat supply cycle.

Technique of binary cycles calculation is given in [7]. First, we will consider the characteristic
operation features of binary units of the first type for the case when benzene STU generates only
electric energy. For this purpose such parameters of benzene vapour have been chosen: P, = 0.6
MPa; t, = 327 °C; hy, = 656 kl/kg; P, =0.0135 MPa; t. = 25 °C; h, = 183 kJ/kg [8]. Temperature
difference in condenser is 12 °C. The results of the calculations of the first type units operation on
condition that a = 0 (all the steam from backpressure of the basic turbine arrives to benzene boiler)
are given in Table 2, where variants enumeration corresponds to enumeration of turbines variants in
Table 1.

Table 2
Operation indices of the units with completely condensate binary cycle (a =0)
) Variants
Indices ) ) 3 4
Benzene consumption, kg/s 98,83 68,47 45,31 28,86
Electric power of benzene STU, MW 43,11 29,81 19,75 12,49
Electric power of in-house load of benzene STU, kW 385 267 175 112
Electric power of binary unit auxiliaries, KW 1037,2 739,8 553 337,6
Total electric power, generated by binary unit, MW 49,1 33,8 2225 13,995
Specific equivalent fuel consumption:
. 75,07 75,42 75,55 75,74
kg/GJ;
kg/(kW-h) 0,2673 0,271 0,272 0,2725
Annual saving of equivalent fuel for electric energy generation, as
compared with its generation in energy system, t/yr 31609 20996 11650 8954
Annual reduction of pollutant emissions, t/yr:
CO; 3,87 2,484 1,378 L11
COy; 6757 4378 2408 1915
nitrogen oxide 7,652 4,948 2,725 2,169

First of all we should pay attention to eightfold increase of electric power at the expense of
binary cycle realization. At the same time, in case of absence of industrial consumers of the steam,
specific equivalent fuel consumption per unit of the generated energy increases, although additional
electric power is generated without additional fuel consumption.

But, if this additional power was generated at the power plants of energy system with the
efficiency of 0.35, then specific consumption of equivalent fuel would be 97.6 kg/GJ or
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0.3154kg/(kW-h). In this case, annual economy of equivalent fuel, as compared with electric energy
generation in energy system must be, t/yr.

AB=(03514-b)-N, -7, 2)

where b — specific consumption of equivalent fuel at the combined binary unit, Ny — power of
benzene SPU, MW; 1, — annual amount of working hours.

According to this fuel saving harmful emissions in the atmosphere must have been reduced. On
condition that working fuel is natural gas, having heat of combustion on dry mass 33.4 MJ/m’ and
theoretical volumes: air V°=9.52 m*/m’ and gases V°,=10.6 m*/m’, values of these emissions were
calculated according to the norms 34.02.305-2002 “Emissions of pollutant substances in the
atmosphere from power units”, and are also given in Table 2.

Operation of binary cycles according to considered variants at o = 0 has the following
drawbacks: large consumption of LTM, that stipulate cumbersome equipment of benzene STU,
increase of energy consumption for in-house needs, decrease of operation efficiency as compared
with the basic cycle.

These drawbacks can be eliminated to some extent, in case of loading industrial consumers of
steam from the back pressure of basic turbine, i.e., on condition of 0 < o < 1 operation.

Fig. 2 contains the regularities of main parameters of binary unit with basic turbine P-4-35/15
(variant 2 in Table 1) change, depending on o values.

= = T1.)
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10 / e 20 | 50
—
—
5 A *\}& 10 | 40

0 0.2 0.4 0.6 0.8 1

Fig. 2. Current values of: electric power of benzene STU - N,, (line 1); thermal capacity, supplied to industrial consumers — Q; (line
2); specific consumption of equivalent fuel — b (line 3)

It is seen from Fig. 2, that with the increase of the share of steam, supplied to industrial
consumers, electric power of benzene SPU linearly decreases and thermal capacity of binary unit
linearly increases. Rate of Q; increase leaves behind the rate of Ny, decrease. As a result, total
(thermal and electric) power, generated at thermal power plant with binary increase, thus, the
efficiency of its operation increases too. On condition o = 0 values of binary unit operation indices
correspond to the values, given in Table 2, and on condition a = 1 — to the values given in Table 1.

Analogous regularities of operation indices change of the units with binary condensate type are

also observed for other variants with basic back-pressure turbines, given in the Table 1. Optimal
operation modes of binary units is considered to be the mode, when a = 0.5 — 0.6. In this case
electric power increases 2 — 2.35 times , the cost of equipment of benzene — operated SPU and
dimensions decrease 2 - 2.35 times.
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Binary units operation efficiency, characterized by specific consumption of equivalent fuel
increases 1.5 — 1.65 times.

Now we will consider characteristic features of operation of binary units with heat recovery
cycle. For this case we will choose such parameters of benzene vapour: P, = 1 MPa; t, = 327°C;
hy=651.4 kJ/kg; P, = 0.215 MPa; t,= 117 °C; h, = 365 klJ/kg [8]. Cogeneration power of benzene
STU will equal the condenser capacity, taking into account its efficiency. In the condenser return
heating water of cogeneration system with the temperature 55 °C is heated to the temperature of 110
°C and is directed to hot water consumers. Table 3 contains the results of calculation of basic
indices of binary units of the given type on condition that all the steam from the back pressure
enters the benzene boiler.

Data, given in Table3 affirms that the application of cogeneration binary cycle improves the
efficiency of thermal power plant (TPP) operation as a result of the increase of total thermal and
electric power. We should note the increase of low-temperature working medium consumption and
auxiliary power consumption. In this case the realization of this variant in practice becomes rather
complicated. That is why, as in the first case we will consider the operation of cogeneration unit in
the range of 0 <a < 1.

Table 3
Indices of binary unit with cogeneration cycle (¢=0) operation
) Number of the variant
Indices ) 5 3 4
Benzene consumption, kg/s 117,38 81,32 53,81 34,04
Electric power of benzene-operated STU, MW 31,45 21,79 14,42 9,12
Cogeneration capacity, MW 46,95 32,53 21,52 13,61
Auxiliary power of benzene-operated STU, kW 459 254 232 148
Auxiliary power of TPP, MW 1,111 0,827 0,610 0,374
Total power, generated by binary unit, MW 84,402 58,326 38,440 24237
Specific consumption of equivalent fuel, kg/GJ 43,68 43,70 43,73 43,74

Calculated dependences of basic operation indices change of binary unit with cogeneration cycle
on the base of basic turbine P-4-35/15 are constructed as an example in Fig.3 as in Fig.2.
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Fig.3. Values of basic operation indices of binary unit with cogeneration cycle (designations in Fig.2.)
Here, as before, values of operation indices, given in Table 3 and Table 1 correspond to limiting
conditions of a=0and a.=1.
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Analogous ratios are valid for other variants of binary units with basic back-pressure turbines.
Operation efficiency of the units with cogeneration binary cycle is 20 — 25 % greater than the
efficiency of the units with condensation cycle. Units with cogeneration binary cycle have
disadvantages which were determined for the units with condensation cycle. Optimal operation
modes of the studied units are considered to be modes with o = 0.6.

It should be noted, that binary units, based on back-pressure turbines, having considerable
consumption of water steam, cannot be realized in practice, on condition, that all the steam is spent
for generation of low temperature working medium.

We would like to underline that binary cycles can be realized on the basis of back-pressure
turbines with lower back-pressure (0.3 — 0.7 MPa) and less steam consumption. However, in this
case there arises the need of the complete or partial superheat with back pressure up to temperatures
340 — 350 °C. These variants require separate study.

Conclusions

1. Application of binary units with LTM allows to increase considerably generation of electric
energy without additional fuel burning.

2. Application of cogeneration binary cycles is 20 — 25 % more efficient than application of
condensation cycles.

3. For the considered variants practical realization of binary cycles, on condition that all the
steam from the backpressure of basic turbines, is spent for generation of LTM steam, 1is rather
problematic.

4. The most efficient operation modes of the considered units are operation modes with o =0.6.

5. The results obtained are necessary precondition for the solution of the problem, dealing with
the expediency of application of binary units with LTM on the base of back-pressure turbines with
considerable steam pressure from the back-pressure.
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