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Mcnonb3oBaHue BbICOKO3PPeKTUBHbIX

(KN4 >40%) noNIHOCMNEKTPabHbIX CO/THEYHbIX
3/1eMeHTOB B HA3eMHOM CO/THEeYHOMN
3HepreTuke COnpsXeHO C YCI0XKHEHUEM
KOHCTPYKL MU CONTHEYHOW 3/IeKTPOCTAHL UM,
YTO MOXXEeT NPpUBECTU K BO3pacTaHUIo
KanuTasibHbIX 3aTpaT, He NOKpbIBaeMbiX
yBeJIM4eHUEM 3HeproBbipaboTku. MpepsnoxkeHo
MCNO/1b30BaTb OTHOCUTENbHbIN LCOE
(cpepHeB3BelleHHas ce6eCTOMMOCTb
3/1eKTpO3Hepruu, aHra. — Levelised Cost of
Energy) Kak KpuTepuii, MO3BOJISIIOWUIA OLLEHUTD
KOHKYPEHTOCNOCO6HOCTb 3/IEKTPOCTAHLMM HA
Ha4yasibHOM 3Tane ee pa3paboTku. MokasaHo,
YTO KOHKYPEHTOCNOCO6HOCTb 3/1eKTPOCTaHL UM
C NOJIHOCNEKTPa/ibHbIMU CO/IHEYHbIMU
3anemeHTamMmu B reorpaduydeckoi Touke (51 c. w,
108 B. 4.) 6yaeT obecneyeHa B c/iyyae, ecnm
KanuTanbHble 3aTpaTbl B pacyeTe Ha 1 M2
anepTypbl Moaynsa He 6osee yem B 1,9 pas
npesbiWAlOT KanuTasbHble 3aTpaTbl Ha 1 M2
CpaBHUBAeMOro KpeMHMEeBOro Moays.

KntoyeBble cnoBa: COMHEYHas 31eKTpoCTaHLms,
LCOE (cpeaHeB3BeLleHHas ce6eCTOMMOCTb
371eKTPOo3Heprum, aHrn. — Levelised Cost of Energy),
CONTHEYHbIN 31eMEHT

CTaTbs nonyyeHa: 26.02.2025
CTaTbs NpuHATa: 26.04.2025

BBEAEHWE

ConHeuyHasi SHepreTHKa BKIIOYAeT B cebs reHepHpy-
olye 06beKTbl MajoM MOILIHOCTH, KOTOpble MOLYT
paccMaTpUBaThCSl KaK 4acThb pacIIpefie/ieHHOLM 3Hep-
reTUKH. B paMKax AaHHOM KOHLENIIUH Pa3BUTHS
OTpacid ILeHTpPaJM30BaHHAs CHCTeMa MAOIOJIHS-
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The use of highly efficient (efficiency > 40%)
full-spectrum solar cells in the ground-based
solar power engineering is associated with the
sophisticated design of the solar power plant
that can lead to the increased capital costs

not covered by the boosted energy yield. It is
proposed to use the relative LCOE (Levelised
Cost of Energy) as a criterion for evaluating

the competitiveness of a power plant with
full-spectrum solar cells at its initial stage of
development. It is shown that if the power
plantis located at the geographic point with
the coordinates (51N, 108E), the power plant
competitiveness with full-spectrum solar cells
shall be ensured already when the capital costs
per 1 m? of the module aperture exceed the
capital costs per 1 m? by no more than 1.9 times
in comparison with a silicon module.

Key words: solar power plant, solar cell, multi-
junction solar cell, power generation, efficiency,
LCOE (Levelised Cost of Energy)

Article received: February 26, 2025
Article accepted: April 26, 2025

INTRODUCTION

The solar power engineering includes the low-power
generating facilities that can be considered as a part of
distributed power generation. Within the framework
of this industrial development concept, the centralized
system is supplemented by the energy production close
to its consumers. The distributed electric power industry
can be related to the smart power transmission networks
that allow for prompt changes in the current specifica-
tions in the electric network, while reducing the energy
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eTCs reHepalllel SHepruu BOMH3U OT ee IIOTpebH-
Teslelt. PaclpefeneHHas 3/MeKTPOSHEPreTHKa MOXKeT
OBITH CBSI3aHA C AKTHBHO-QJAIITHBHBIMHU («YMHBIME»)
CeTSAMH Iepelayy 3JIeKTPOSHePryuH, I103BOJISIOIHNMU
OIlIepaTUBHO MEHSATb XapPaKTePUCTHUKH TOKa B 3JIeK-
TPUYeCKOU CeTH, CHK>KAas SHeprosaTparsl 3a C4eT
repepacnpefeneHyss Harpyskd MeXAY HCTOYHH-
KaMH. AKTHBHO-aJalITHUBHBIE CeTH II03BOJISIT BCTPO-
HTb B 3HEPreTHKY CONIHeYHbIe 3/eKTpocTaHuuu (CIC),
XapaKkTepU3ylomyecs: OOMBIIMM Pa3bpocoM Kak II0
3HaYeHHUSIM YCTAaHOBJIEHHOHN MOLIHOCTH — OT HeCKOJIb-
Kkux KBT 10 gecsiTKoB MBT, Tak U 110 3Hepr0Bblpa60TKe
B TeueHMe CYTOK, obecreynBasi UX QyHKLIHOHHPOBA-
HHe B LIeHTPaJKM30BaHHOM CHCTeMe WIH B H30TIHUPO-
BaHHOM peXuMe [1-2].

B HacTosiIee BpeMs ysKe CYIIECTBYIOT MJIM HaXo-
IOSATCS Ha 3aKIIOYHTENBHBIX 3Tamax pa3pabotku [3-6]
colHeuyHBle 371eMeHTHl (CJ) ¢ HeCKOIbKUMHU (3-6)
aKTUBHBIMH Pp-N-TlepexoJaMu C COBOKYIIHBIM CIIeK-
TPpaJIbHBIM HHTepBaaoM ¢oTooTBeTa 380-1850 HM.
OHU NOITIOIAIOT COJMHEYHBIM CIIEKTP B ero sHep-
reTUYeCKOM HAIlOJTHEHHHU IIPaKTUYeCKHU IIO0JHO-
CTBIO, B OTJIMYHE OT KpeMHUeBHIX (C3), paboTamIux
B MHTepBasie criekTpa 350-1100 HM, u apyrux C3 c emre
bosee y3KMM HHTepBarioM dpoToorBeTa. H X015 KI1JI CD
TOJIPKO OTYACTH 3aBHCHUT OT MHTepBaJla CIIeKTPaIbHOro
OTKJIMKA, MHOroIepexonHsle CO UMeIT CaMbIH 00/Ib-
mow KIIJ - 40% u BbIle, IIPOAO/DKAIOTCS PaboThL 110
Ja7bHeHIIeMy ero yBeJlHM4eHHI0. Mooyl Ha OCHOBe
TaKUX MHoOromepexonHbslx C3 B AalbHeHIeM 6y,£LeM
Ha3bIBaTh IOJHOCIIEKTPAJTbHBIMU MOIY/ISIMH (TICM),
HCII0/Ib3YSI 3TOT IIPHU3HAK KaK OIlpe/le/sIIoII L .

[Tpobnematnka wucronb3oBaHus CIC Ha OCHOBe
IICM B COTHEYHOI SHepreTHUKe A1 pealHu3aldu IIpe-
MMYIIeCTB uX BbIicOKOro KIIJI ripeacTaBiageT He TOIbKO
MIPaKTH4YeCKUM, HO M HAay4YHBIM HHTepec, TaK KakK
IICM MMeIOT 3HaUUTe/IbHbIe OT/IMYM S OT KPeMHHEBbIX
1 IPYTHUX COJTHEeUHBIX 6aTaperi. [la K BBIXOJ Ha PBIHOK
C3C Ha ocHoBe [ICM 6y,ue'r OT/IMYATBCA: XOTs OBI TEM,
YTO CBOe MECTO B HEeM IIO0TpebyeTcsl «3aBOEBBIBATh» 32
CYeT CBOMX KOHKYPeHTHBIX IIPeMMYILECTB.

OcoberHocTts CIC Ha ocHoBe IICM COCTOUT B TOM,
YTO OHU ITPAKTHYECKH BCETAa BKIIOYAIOT B Cebs ONTH-
YecKoe KOHLIeHTPHUPOBAaHHE COJIHeYHOro M3/Iy4YeHHs
U cnexxeHHe 3a noiokeHueM ConHpa. Crnenuduy-
HOCTb IIPOSBJISAETCS M M3-3a CaMHMX IIPOLIeCCOB KOH-
LIEHTPUPOBAHUSA U CJIeSKeHHS, KOTOpPhIe IIPOTEeKAIoT
OINHOBPEMEHHO C TeHepUpOBaHMEM 3JIeKTPO3HEepPrUH,
M H3-32 HaJIMYMUs COOTBETCTBYIOIIMUX KOHCTPYKIIMOH-
HBIX 3/1eMeHTOB (CM. PUCYHOK).

CrneskeHHe HeobXOAMMO M3-32 KOHIIEHTPHPOBAHHUS
IIPSIMOTO COJIHEYHOIO H3J/IyYeHHUSI Ha IIOBEePXHOCTh
MHoromnepexonHelx C3, a KOHIeHTPHPOBaHHe Heob-

i g

Puc. 1. lMpomomun C3C c ocembto NMCM ¢ ycmaHoeneHHol
molHocmpto 1-2 KBm. KoHUueHmpuposaHue COAHe4H020
U3Ay4eHust obecnequsaemcs naHenbto AUH3 Opexensl,
osyxocesoe caexxeHue 3a ConHu.em obecneyusaemcsl
credsiweli onopoli [7, 8]

Fig. 1. A prototype solar power plant with eight FSMs and an
installed capacity of 1-2 kW Concentration of solar radia-
tion is provided by a Fresnel lens panel, and the two-axis Sun
tracking process is provided by a tracking support [7, 8].

costs by the load redistribution between the sources. The
smart networks shall allow for the integration of solar
power plants (SPP) into the power engineering sector
specified by a wide range of both installed capacity val-
ues (from several kW to tens of MW), and energy produc-
tion during the day, while ensuring their operation in
a centralized system or in an isolated mode [1-2].

At present, the solar cells (SC) with several (3-6) active
pn junctions and a total spectral range of spectral
response of 380-1850 nm are already available or in the
final stages of development [3-6]. They absorb the solar
spectrum in terms of its energy content almost com-
pletely, unlike the silicon SCs operating in the spectral
range of 350-1100 nm, and other SCs with an even nar-
rower range of spectral response. Although the efficiency
of SCs only partly depends on the spectral response range,
the multijunction SCs have the highest efficiency (40%
and higher), the works are being carried out for its fur-
ther increase. The modules based on such multi-junction
SCs, shall be further called the full-spectrum modules
(FSM) by using this attribute as a determinant one.

The problem of using the FSM-based solar power
plants in the solar power engineering to implement the
advantages of their high efficiency is of not only practical
but also scientific interest, since the FSMs have signifi-

PHOTONICs vOL. 19 NO.4 2025 325



=

XOAMMO HM3-3a MHUHMATIOPDHOCTH Takux C3 M H3-3a
Ttoro, 4to KII[| mpeobpa3oBaHHs IIpH KOHLIEHTPH-
POBaHMM H3My4YeHHUs IOBBIIIAETCA. OTMETHM, YTO
C3C Ha ocHoBe apyrux C3 mpakTHUYeCKHd HUKOIIA He
KICII0JIB3YIOT KOHIIEHTPHPOBAHME COJTHEUHOIO HK3JIy-
YeHHs, HO cClekeHHe 3a ColHIleM, Yallle OJHO0OC-
HOe, MOXKeT KMeTb MeCTO 1Sl yBeIMYeHH s CYTOYHOMU
3JIeKTPOreHepaltH.

Enre ogHa ocobeHHOCTh TaKHX COC COCTOUT B TOM,
4yTO paspaborka IICM ycrnoskHeHa OOIIMPHOM BapHa-
THUBHOCTBIO IIapaMEeTPOB KOHCTPYKLIMHU I10 TUIIY U pa3-
Mepy ero KOMIIOHEeHT: KOHLIeHTpaTopa, €3, clendien
omnopsl. Kak c/lefcTBHe 3TOM BapHaTHUBHOCTH GOpMHU-
pyercsa Hay4dHas 3afava I10 CO3JAHHIO CIIelMaJbHOro
KpUTepus olleHKH IICM, yUYHTBHIBAIOIIETO U CBOMCTBA
KOHCTPYKILIMHM, U BO3MOXKHOCTE BHegpeHHsa CIC Ha HUX
OCHOBE B pacIIpefie/IeHHYI0 SHEPreTHUKY.

OTHOCUTE/IbHbIN LCOE KAK KPUTEPUIA
NP PASPABOTKE C3C HA OCHOBE lNCM

B HacTosIee BpeMsi OCHOBHBIM KPUTEpPHEM IIPH pas-
paboTke CONHEUHBIX MOAYIeH TPAaZULIMOHHO BBICTY-
naeT CTaHAApTU3WpoBaHHBIM KIIJ mns CO u gng
mopnyns (ctanmapr ASTM G 173-03). HalleneHHOCTb
Ha JaHHBIN KPUTEPHUH [JaeT BO3MOXKHOCTb IPOBOJUTD
KCC/IeNOBaHMs, HAIlpaBjeHHble Ha CHIMKeHUE OIITH-
YeCKHX II0TePh IPHU KOHLIEHTPUPOBAHUU H3/TYYEHUS,
Ha yBenu4YeHHe 3PPeKTHUBHOCTH ¢oTompeobpasoBa-
HUs. ECIM Ipy 3TOM JOIIONHUTENBHBIM KPUTEepHUEM
BBICTYIIaeT TOYHOCTD CIeskeHHus 3a ColHIIeM, TO IpHU
obecrieyeHHUU ee IIPHEeM/IEMOr0 3HaUeHHUS ClefsIas
oI10pa ¢ MOLy/IsMH HauBeIciero KI1/] BOIUIOTUT cob0it
3aBeplIeHHe 3Tama npoToTunrpoBaHusa C3C. Ha cre-
AyIolleM 3TaIie pa6OTI>I Hapa mnpoektoM CIC mpen-
niosiaraercs: pacuer KUYM (ko3pdUIIMEHT UCIIOIB30-
BaHHS YCTAaHOBJIEHHOM MOIIHOCTH) B joKanuu C3C
M pacyeT YKPYyIHEHHBIX 3KOHOMHYECKHX II0Ka3aTe-
Jel B M3BECTHBIX PBIHOUHBIX YCJIOBHUSIX JJISL 0OOCHO-
BaHHUS 1le71ecooOpa3sHOCTH ITpoekTa. Hampumep, As
CpPaBHEHUSI JHepreTU4YeCKHUX TEeXHOJIOTUM IIHPOKO
IpHUMeHsieTcsl moKas3aTenb LCOE (cpenHeB3BelleHHas!
cebecTOMMOCTb 371eKTPO3Hepruu, aHrl. - Levelised Cost
of Energy).

OnHako Mpolecc YCOBepIIeHCTBOBAHHUS MOZY/IS
1o Kputepuio KIIJ| MoykeT IofpasyMeBaTh BBIXOH, Ha
MaKCHMaJIbHOe 3HaUeHHe B yIIepb 3KOHOMHYECKOMY
$axkTOpy: POCT CTOMMOCTH KOMIIOHEHT W TeXHOJIOTH-
YeCKHUX IIPOLIeCCOB MOXKeT HMMEeTh I[IPeMMYILeCTBeH-
HBII BKIaf B pasMep LCOE, He IIOKPbIBaeMBIL YBeJIH-
YyeHKeM 3HeproBbIPabOTKHU.

Kpome TOro, HpH IIOMHOCIEKTPaJbHOM Ipeobpa-
30BAaHUM B OOJNBIIEN CTeIleHH IPOSIBISETCS! 3aBHUCH-
MOCTb 3HEProBBIPAabOTKH OT CIIEKTPAJIBHOIO COCTAaBa
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cant differences from silicon and other solar cell batteries.

Moreover, the market entry of the FSM-based solar power

plants shall be different, at least since its stall shall be
“conquered” due to its competitive advantages.

The peculiarity of the FSM-based solar power systems
is that they almost always include optical concentration
of solar radiation and the Sun position tracking. The
specificity is demonstrated both due to the concentration
and tracking processes that occur simultaneously with
the power generation, and due to the availability of the
relevant structural elements (see the figure).

Tracking is necessary as a result of the direct solar
radiation concentration on the surface of multijunction
solar cells, and concentration is required due to the small
size of such solar cells and due to the increased conver-
sion efficiency in the case of radiation concentration. It
should be noted that the solar power plants based on
other solar cells almost never use the solar radiation
concentration. However, the Sun tracking (often uni-
axial process) can take place: to increase the daily power
generation.

Another feature of such solar power plants is that the
FSM development is complicated by the extensive vari-
ability of design parameters by the type and dimensions
of its components: a concentrator, a solar cell, a tracking
support. As a consequence of this variability, a scientific
mission is determined to create a special FSM evaluation
criterion with due regard to both the design proper-
ties and possible integration of the solar power plants
based on them into the distributed power generation
industry.

RELATIVE LCOE AS A CRITERION

FOR DEVELOPING THE FSM-BASED

SOLAR POWER PLANTS

At present, the main criterion in the development
of solar modules is conventionally the standard-
ized efficiency for the solar cell and for the module
(ASTM G 173-03). Focusing on this criterion makes it
possible to conduct research aimed at reducing the
transmission losses during the radiation concentra-
tion process, and increasing the photovoltaic conver-
sion efficiency. If the additional criterion is the Sun
tracking accuracy, then, upon ensuring its acceptable
value, a tracking support with the highest efficiency
modules shall represent completion of the SPP proto-
typing stage. The next stage of the SPP project involves
calculation of the plant capacity factor at the SPP location
and calculation of the aggregated economic indicators
in the well-known market conditions to justify the
project feasibility. For example, the following indica-
tor is widely used to compare the power engineering
technologies: LCOE (Levelised Cost of Energy).
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COJIHEYHOI'0 M3/lydeHHs B FofoBoM Ilepuofe [9]. 3To
OTpa3UTCA Ha 3HaueHHH KMYM, HO He Ha HOMHHAJIb-
HoM KIIJI, TaK KaK IIOCIeTHUI KaK KpI/ITepHI?I OILIeHKH
paspaboTku BKIHOYaeT B cebsi HMHGOPMALIMIO TOJIBKO
0 ToM, KaK paboraeT Momyn1b IpU crekTpe AML.S,
coryiacHo ctanaapty ASTM G 173-03.

HaxkoHer, makcumu3anus KIIJI C3 u IICM B kaye-
CTBe OCHOBHOT'O KPUTepHs He pelllaeT I1pobieMy ONTH-
MaJIbHOCTH KOHCTPYKLIHMH II0 THUIIy U pa3sMepy KOM-
IIOHEeHT, TaK KaK JOCTHXXKeHHe MaKCcuMaabHOoro KII
CTaHET pe3y/JIbTaTOM COBEPLIEHCTBOBAHMS TEXHOJIO-
THH W3TOTOBJIEHUS] BApHAHTA KOHCTPYKLIMH, BbIOpaH-
HOrO0 eIUHOXOB Ha CaMOM paHHeM 3Talle IIPOoeK-
THPOBaHMS, YTO [e/1aeT HEeBO3MOXKHBIM IIPOBECTH
Pa3paboTKy C y4eToM TeKyleH H/IH IIPOrHO3HpyeMOk
PBIHOYHOM CHUTYaLHH.

YKa3zaHHBIe BBIIIEe 3aJayd, KaK MBI II0Jlaraem,
MOTyT ObITh pellleHbl TaKMM 00Opa3oM, UTO yKe Ha
HAa4aJIbHOM »3Tame pa3paboTky KOHCTpPyRouu CIC
IIPUHHUMaeTCs BO BHUMaHUe ee 6yayIasi KOHKYPeHTO-
cr1ocobHOCTb. OJHHUM M3 OCHOBHBIX KPHUTEPHEB OINTH-
MH3aLKK MOXeT BbeIcTynath LCOE (py6./kBT-4). 3Ha-
yeHHe LCOE B abCOTIOTHOM BBIPa’KEHHH 3aBHCHUT OT
PBIHOYHBIX YC/IOBHH Ha 3Tarie 060CHOBAHHS 3KOHOMHU-
YeCKOro IIPOeKTa M OT Pe3y/bTaTOB HX IIPOrHO3MPOBa-
HMSI, a TakoKke, He B MeHbIel CTelleHH, OT yCIOBHH
HMHCOMALMK MecTa pacrosnoxkeHns CIC. BpeMeHHon
JIar oT Haudana pa3paboTKu [0 060CHOBAHHS 3KOHO-
MHYeCKOro IIpoeKTa M OTCYTCTBHEe CBeleHHI O TOM,
roe 6y,ueT pacrionoxkeHa C3C, menaroT Ha HaYaJIbHOM
3Tarle HeBO3MOXKHBIM orpeneneHue LCOE B abconmiot-
HOM BBIPaSKEHHH.

B cBa3u C 3TUM Ipenjaraerca ouleHHBaTh LCOE
C3C Ha ocHoBe IICM B oTHoIueHUHU K LCOE ogHOM U3
BOCTpeOOBAaHHBIX Ha pbIHKe CIC, pelrast TeM CaMbIM
pobeMy OLleHKH KOHKYPeHTOCIIOCOBHOCTH B OJIMHa-
KOBBIX M M3BECTHBIX YCIOBUSIX, KOTOPble UMEIOT CXOZ-
HBIM [POrHOCTUYECKUM IIOTeHIIHaJ, IIPOsIB/ISeMBIH
B CXONHBIX aTMOCQEPHBIX YCIOBUSAX, BAMAIOIIUX Ha
MHCOJIALIMIO.

I[Tokasarens LCOE (py6./KBT 4) yIHUTBIBAET 3aTPATHL
Ha IIPOM3BOACTBO 3JIEKTPO3HEPTHUH, pa3HeCeHHbIe Ha
IIPOTSDKEHHe SKM3HeHHOro yKiaa C3C, mpeacTaBiseT
cobor1 CpeIHIOI PACUeTHYI0 CTOMMOCTb IIPOK3BOACTBA
eOUHULBL 3JIEKTPOSHEPIUU C YYeTOM KMHBeCTHIIMOH-
HBIX yCJIOBUH.

LCOE=%, (1)

CAPEX,+OPEX, /_n E/(1-d)t-
(L+r)t t=1 - (1+r)t

IJe 3aTpaThl B rof t 6ynyT cnenyromux TUos: CAPEX, -
yZAenbHble KallMTa/lbHble, py6./KBT; OPEX, - yAenbHbIe
omneparuoHHsble, pyb./KBT; E; - ymenpHas BeIpaboTka
37IeKTPO3HEePIUH B IIEPBHIH TOf, pabOTHI 31€KTPOCTaH-

=

However, the module improvement process based on
the efficiency criterion may imply reaching the maxi-
mum value to the detriment of economic factor: the
increase in the cost of components and technological pro-
cesses may have a predominant contribution to the LCOE
value, not covered by the increased energy yield.

In addition, in the case of full-spectrum conversion,
the dependence of energy yield on the spectral composi-
tion of solar radiation during the year is demonstrated
to a greater extent [9]. It shall have impact on the
plant capacity factor value, but not the nominal efficiency,
since the latter as a development evaluation criterion
includes information only about the module operation
in a spectrum of AML.5 according to ASTM G 173-03.

Finally, the efficiency maximization of solar cells
and FSMs as the main criterion does not solve the opti-
mal design issue in terms of the component type and
dimensions, since the maximum efficiency shall result
from improving the production technology of a design
option selected once at the earliest design stage that
makes it impossible to develop with due regard to the
current or expected market conditions.

In our opinion, the above tasks can be solved by tak-
ing into account the future SPP competitiveness already
at the initial stage of its design development. One of
the main optimization criteria can be the LCOE (RUB/
kwh). The LCOE value in absolute terms depends on the
market conditions at the economic project justification
stage and on the results of its forecasting, as well as,
just as much, on the insolation conditions of the solar
power plant location. The time lag from the start of
development to the economic project justification and
the lack of information about where the solar power
plant will be located make it impossible to determine
the LCOE value in absolute terms at the initial stage.

In this regard, it is proposed to evaluate the LCOE
of the FSM-based SPPs in relation to the LCOE of one
of the commercially successful SPPs, thereby solving
the competitiveness evaluation issue in the same and
well-known conditions that have similar predictive
potential, manifested under the similar atmospheric
conditions affecting the insolation process.

The LCOE indicator (RUB/kWh) shall consider the
costs of power production, distributed throughout the
life cycle of the solar power plant, and represent the
average estimated manufacturing costs of a unit of
electric energy with due regard to the investment
conditions.

@

n
LCOE=X

CAPEX,+OPEX, /_n E/(1-d)t!
(1+r)t t=1 (1+r)t

where the costs during the year t shall be of the
following types: CAPEX, - specific capital outlays,
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UMM KBT-4/KBT; r - CcTaBKa AHUCKOHTHUPOBAHHA, %
B TOJ; N — KOJIHMYEeCTBO JIeT 3KCIUTyaTauuu; d - Ko3d-
OUIIMEHT Jerpafalluu 31eKTPOCTaHIUM, % B rof, [10].
KamuTasipHeEIe 3aTpaThl - enuHopasoBele: CAPEX; =
CAPEX, CAPEX,=CAPEX;=...=CAPEX,=0, oIepanuoH-
Hble 3aTpaThl 3a KaKABIM TOf AOIYCTUMO IPHUHATDH
OOMHAKOBBIMH: 14 t=1..n OPEX,;=OPEX. Torga ¢op-
Mmyna (1) TpUHUMAaeT BUJ:

1
LCOE= 1+r CAPEX N
no (1-d)! E
t=1 (1+r)t
.
t=1(1+r)t OPEX
: = + , @)
 (d) E, Reapex+ Ropex
=1 (1+r)t

rae Reappx — KaIllUTaIbHAS COCTABsIOIAs cebecTorMO-
CTH 3JIeKTPO3HEPIUH, a Ryppy — YCIIOBHO-IIOCTOSHHAS
COCTaB/SIOIAs Ce0eCTOMMOCTH.

YcmoBre KOHKYPEHTOCIIOCOOHOCTH J1060k HOBOM
KOHCTpYKIUHU CIC U pedepeHTHOM

LCOE < LCOE™ unu Regpey < R capex— (Ropex = R¥opex) . (3)

To ecTh KaIMTajJbHasl COCTaBisiomas cebecto-
MMOCTH 3JIeKTpPOSHepruu paspabarteiBaemort CIC
OoJkKHa ObITH He 6oJIbIlle AHAJIOTMYHOIO I1apaMeTpa
y pebepenTHOI CIC 3a BBIUETOM Pa3HOCTH YCIOBHO-
IIOCTOSIHHBIX COCTaB/SIIOMINX Ce6ecTOMMOCTH HOBOK
1 pedepeHTHOM TeXHOJOrMH. OIepallHOHHBIE pac-
xompl (OPEX) Ha C3C co ciekeHHEM OIpefeleHHO
BBILIE M OXKUAAETCS, YTO Roppy OymeT Gosbiue Refoppy,
OfIHAKO MOKeT ObITb M Ha0b6OpPOT, eClIH SHEProBbIpa-
60TKa IepBOro roja 3KCIIyaTal[MX HOBOM TEXHOJIO-
ruu E, 6ymeT B HOCTAaTOYHOM CTelleHHU IIPeBhIIIATh
AQHAJIOTUYHBIN IapaMeTp pedepeHTHOM TeXHOJIOTHH.
B mocienHeM ciydae yClIoBHe KOHKYPEHTOCIIOCOOHO-
cTHU (3) HOBOM TeXHOJIOTUU CMSATYUTCH.

Xapaktep TexHonoruil COC TakoB, YTO OIepalii-
OHHBI® PACXOJbl MHOIO HMKe KallKMTa/IbHbIX, I103-
TOMY, He OTpaHHYMBasi OOLIHOCTH, MOXHO B Kaye-
CTBe YCJIOBHSI KOHKYPEHTOCIIOCOOHOCTH HCIIOTbh30BaTh
OTHOLIEHWEe KalHUTaJIbHBIX COCTaBASIOIIUX cebe-
CTOMMOCTH 3/IeKTPOIHePIHH HOBOU M pedepeHTHOU
TexXHoIoruu (4).

Reapex = RrerCAPEX (4)

YcnoBre KOHKYPEHTOCIIOCOOHOCTH HOBOM TEeXHOJIO-
TUU NPU PaBHBIX GHUHAHCOBBIX YCIOBUSX (1), Koaddu-
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RUB/kW; OPEX, - specific operating costs, RUB/kW;
E, - specific power generation during the first year
of power plant operation, kWh/kW; r - discount
rate, % per year; n - number of operating years;
d - power plant degradation factor, % per year [10].
The capital costs shall be one-time: CAPEX;= CAPEX,
CAPEX,=CAPEX;=...=CAPEX; =0, the operating costs for
each year can be taken to be the same: for t=1..n

OPEX,=OPEX. Then formula (1) shall be as follows:

1
LCOE = 1+r 'CAPEX N
no (1-d)t-1 E
t=1 (1+r)t
n L
t=1(1+r)t OPEX
+ . = + , )
o (1)1 E, Reapex+ Ropex
t=1 (1+r)t

where Re,ppy is the capital component of the power
cost, and Rypgy is the semi-constant component of the
cost.

The competitiveness condition of any new and ref-
erence solar power plant design shall be as follows:

LCOE < LCOE" vt R uppx < R cuppx = (Ropex = R opex) . (3)

That is, the capital component of the power cost
of the developed SPP shall not be greater than the
similar parameter of the reference SPP minus the dif-
ference between the semi-constant cost components
of the new and reference technologies. The operating
expenses (OPEX) for the SPP with the tracking func-
tion are definitely higher. It is expected that Rypgy
shall be greater than Ry, but it may also be the
other way around if the power production during the
first operating year of the new technology E, shall
significantly exceed the similar parameter of the
reference technology. In the latter case, the competi-
tiveness condition (3) of the new technology shall be
softened.

The feature of SPP technologies is such that the oper-
ating costs are much lower than the capital costs. There-
fore, without restricting the generality, the ratio of
the capital power cost components of new and refer-
ence technologies (4) can be used as a competitiveness
condition.

Reapex= Rl CAPEX (4)

The competitiveness condition of new technology
under the equal financial conditions (r), degradation
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LIMeHTax Aerpaganuiu (d), pacyeTHBIX CPOKOB IKCILIY-
aranuu (n):

CAPEX < CAPEX /", [ El (5)

JlJ1s1 KOHKYPeHTOCIIOCOOHOCTH yZebHble KaIluTalb-
Hble 3aTpaThl Ha COC HOBOM TeXHOJIOTHH He JOJIKHBL
IIPeBBIIIATE yHe/lbHble KaIllUTa/lbHble 3aTpaThl Ha
pedepentHyio COC, yMHOXeHHBIe Ha KO3QPHUIIHEHT
Cp=E,/E"f, orpaxkaromuin npupoct (Cp>1) Wiu Hemo-
cratok (Cp<1) TOmOBOIM 3HEProBBIPAOOTKH II0 HOBOMU
TEeXHOJIOTHH.

YoenpHas (Ha eIHHMIy YCTAaHOBJIEHHOK MOIIHO-
CTH) rofioBas 3HeproBbIpaboTKa E, cBsi3aHa C IoKa3aTe-
neM KMYM: E;=KHYM-365-24 4-1 KBT.

YCTaHOB/IEHHAsI MOIIHOCTh OIIpeNeaseTcss MAjs
IUIOTHOCTH ITOTOKA COTHEYHOro M3ay4eHHUs 1 KBT/Mm?.
Tak Kak pacCMaTpUBAeTCS eJUHUIA YCTaHOBJIEH-
HOM MOIIHOCTH, TO BAMSHHe pasHuIpl B KII[ C3
U B [PYruX TeXHUYeCKHX IlapaMeTpax CpaBHHUBae-
MbIX C3C IpoABIsieTCS B pasHHUILIE obmen IuIomagu
amepTyp MOAy/lIeH, KoTopasi TpebyeTcs [si TeHepH-
poBaHus 1 KBT IIpU MOIVIOEHHUH KM3/y4eHHs C IIJIOT-
HOCTBIO MOIIHOCTH 1 KBT/M?. [l IIpeBapUTeIbHOM
OLIEHKH MOKHO JOIYCTUTh, YTO peajbHas 3JIeKTpore-
Hepauus U3MeHSeTCS IIPYU eCTeCTBeHHOM M3MeHeHU U
IUIOTHOCTH MOIIHOCTH IIOCTYMAIOIIEro M3/IyYeHHs
JTUHENHO C KOIQPHILIMEHTOM IIPONOPLKOHATBHOCTH
epquHuLa. Torga KosdpduneHT C; paBeH OTHOLIEHUHIO
daKTUYecKku IOCTyNaloIleH 3a Iofi COTHEUHOH 3Hep-
rud, P u P, KBT-4ac/ M? B pacyeTe Ha eIHHUIY yCTa-
HOBJICHHOM MOIIHOCTU cpaBHHBaeMbIX C3C.

Cp=E,/Erf, =KUYM /KUY M =P/ Pre, (©)

st 6onbller TOUHOCTH IIpU ompexaeneHUu Cp
PeKOMeHAYeTCsd  OLleHMBATh  yAe/lbHble  BbIpa-
OOTKM 371eKTPOHEPTHMU B IMepBHI Troj PpaboTel
snekTpocTaHuui E; u Ef).

dopmynbl (3-6) IPUTOAHBI IJISI OLIEHKH 3aTpaT Ha
CMeHY JIOKallMU 1151 u3BecTHOM COC. Mum mis ompe-
IeneHuUs 1e/1eco0bpasHOCTH YCTAaHOBKH Ha CllefisIIHe
CHCTeMBl H3BECTHBIX COJTHEUHBIX MOyJei, OO6bIYHO
YCTaHOBJIEHHBIX CTaTU4YHO. B 3Tom ciydyae P - 3To
SHePrus IIaJaloIlero COJTHeYHOro u3nyyeHus Ha C3C
C YCTPOHCTBOM C/I€XKeHHs, IMOoNafalollero Ha Iep-
[IeHAUKY/SIPHYIO JIyd4aM IUIOWAAKY, a P - sHeprus
COJIHEYHOI'0 U3/IyYeHHs, II0MafAIoNIero Ha CTAaTUYHO
3aKpeIIeHHYIO [IOBePXHOCTb.

YT10oOBl BBIPA3UTh KaIllMTanibHble 3aTpaThl (CAPEX)
Ha 1 M? aneptypsl C3C, ucxoguM U3 Toro, uto CAPEX
B pacyeTe Ha 1KBT yCTaHOBIEHHOI MOLIHOCTH 6osblre
CAPEX B pacdeTe Ha 1 M? amepTyp BO CTOJIBKO 3Ke Pas,

=

factors (d) of the estimated service life (n) shall be as
follows:

CAPEX < CAPEX™“E, / ¥ (5)

To be competitive, the specific capital costs of a tech-
nologically new solar power plant shall not exceed the
specific capital costs of a reference solar power plant
multiplied by the coefficient C=FE,/E™ that indicates
the increase (C;>1) or shortfall (C;<1) of annual power
production using the new technology.

The specific (per unit of installed capacity) annual
power production E, is related to the plant capacity factor:
E, =plant capacity factor -365-24 h-1 kW.

The installed capacity is determined for a solar
radiation flux density of 1 kW/m?. Since a unit of
installed capacity is considered, the effect of effi-
ciency difference of the solar power plant and other
technical parameters of the compared solar power
plants is demonstrated by the difference in the total
area of module apertures that is required to generate
1 kW when absorbing radiation with a power density
of 1 kW/m?. For a preliminary evaluation, it can be
assumed that the actual power generation is changed
with a natural change in the power density of incom-
ing radiation linearly with a proportionality coef-
ficient of one. Then the coefficient C; is equal to the
ratio of the solar energy actually received per year, P
and P, kWh/m? per unit of installed capacity of the
compared solar power plants.

Cp=E,/E™f,=plant capacity factor  plant capacity factor =
=P/P, (6)

For greater accuracy in determining Cg, it is recom-
mended to estimate the specific power generation dur-
ing the first operating year of power plants E; and E™f,.

The formulas (3-6) are suitable for estimating
the costs of changing the location of a well-known
solar power plant or for determining the feasibility
of installing the well-known solar modules (usu-
ally of static type) on the tracking systems. In this
case, P is the energy of incident solar radiation on
a solar power plant with a tracking device, falling
on a site perpendicular to the rays, and P is the
energy of solar radiation falling on a statically fixed
surface.

To express the capital expenses (CAPEX) per 1 m? of
SPP aperture, it shall be assumed that CAPEX per 1 kW
of installed capacity is greater than CAPEX per 1 m? of
apertures by the same number of times as the area
of apertures in m? that isrequired to generate 1 kW of
installed capacity.
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CKOJIPKO IUIOWIAAM aIlepTyp B M? Heobxomummo s
BBIPab0TKU 1 KBT yCTAaHOBIEHHOMN MOILIHOCTH.

CAPEX/CAPEX, 2=
=1kW (ycr. momH.)/(1 kW/m? (conre4H. u3n.)xn), (7)

roe CAPEX, ? - KaIllUTaJbHBIE 3aTpaThl Ha eSUHHUILY
IUIOIAAX amepTyp (OTO3MeKTPUUEeCcKUX MOAYIeH,
1N — KILJ $oTosneRTpruyecKkoro Monys. Torma, MCXons
u3 popmyi (5) u (6),

CAPEX,,2 < CAPEX"f 2-P/Pref-n/nr, (8)

OcHOBHOe BHHMaHHe IpU HpoeKTHpoBaHuUs CIC
Ha ocHoBe IICM npeziaraercst o6paTHUTb Ha ee HaJex-
HOCTb, KaK CIIOCOBHOCTb COXPaHSTh TpebyeMble CBO-
CTBa M BBINIOJHATHL IIpefHa3sHayeHHble QYHKIHU
B TeYeHHe 3aJaHHOro cpoka. B ciy4yae C3C 3TOT CPOK
cocTaB/sieT Iopsifka 25 neT. Takum obpasom, BHHU-
MaHHe pa3paboTUHKOB O/KHO ObITh HAIIPABJI€HO HA
obecrieyeHre 6€30TKA3HOCTH, PEMOHTOIPUTOLHO-
CTH U JOJIFOBEYHOCTH YCTAHOBKH, HeOIlpele/lsieMbIX,
K COKJIEHHIO, B TeKyIleM MOMEHTe BpeMeHH H3-3a
OTCYTCTBHS CTAaTUCTHUYECKUX JAHHBIX O IIapaMeTpax
HaJe>KHOCTH.

OcrasibHble XapaKkTepucTHKH C3C, a HMeHHO,
roJ0Bast SHEProBeIpaboTKa M KaIlUTAIbHBIE 3ATPATHI,
BK/IIOYAIOIIHe CTOMMOCTb KOMIIOHEHT 1 TeXHOJIOTHH
(Ha TekyIIMM MOMEHT pa3paboTKu), Ipennaraercs
paccMaTpHBaTh B KauecTBe 6a3HCHBIX U 3aBUCHMBIX
IIepeMeHHBIX IIpU pacyere U MUHHUMH3anuu LCOE.
PaccuutaHHoe LCOE KaK KpUTEPUM KOHKYPEHTOCIIO-
cobHOCTHU KOHCTpYKUMH CI3C Ha ocHoBe IICM moin-
>KeH YZ,0BIEeTBOPSTh HepaBeHCTBaM (1-8). CpaBHeHUe
MOXKeT mpou3BoguTcsa ¢ C3C, KOTOpBIE BBHIIIIMA M3
CTagUU Pa3paboTKU U y KOTOPHIX M3BECTHBI TOUHBIE
LCOE u CAPEX, a Takxke c¢ CIC, Haxomsfllencd Ha
CTaguu Ppa3paboTKu, TOrga 3TH IMapaMeTpel OymyT
MMeTb OLleHOYHBIH XapaKTep. OLleHOYHBIU XapaKTep
TaKKe 4acTU4YHO 6ynmeT umeTs CAPEX paspabaTeiBae-
Mmort COC Ha ocHoBe IICM, c TOUKH 3peHHUs ero byny-
IIero CHIDKEHUS 3a cueT 3ddekra macmraba mpu
YKPyIIHEHUH IIPOU3BOACTBA.

IIpumep oueHKHn 1o ¢opmyne (8) IOKasaH
IJ1sl JIOKallMKM B 3abarkanbckoM Kpae (51 c.mi,
108 B. m.), rHoe ycpenHeHHas 3a HEeCKOJIBKO JIeT
IUIOTHOCTh IIPSIMOTO COJIHEYHOTO M3JIyUYeHHS -
1636 KBr-yac/m?/ron, a ycpemHeHHas IUIOTHOCTh
COTHEYHOTO H3/IyuYeHHWs, Iafaplnas Ha CTaTh4-
HYI0, HaKJOHEHHYIO Ha ONTHMIBHBIN yTOJ IIJIO-
maaky, - 1717 KBt gac/m?/rox [11]. B pabore [12]
npenctasinedH IICM ¢ n=36%, KOTOpPBIM HIKe, UYeM
KIIJ ucmonp3yeMoro B sTom Moayse C3 (42,7%), u3-3a
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CAPEX/CAPEX, 2=
=1kWw (installed capacity)/
/(1 kW/m? (solar radiation)xn), 7)

where CAPEX 2 - capital costs per unit area of the aper-
tures of photovoltaic modules, n - efficiency of the
photovoltaic module. Then, based on the formulas (5)
and (6),

CAPEX,2< CAPEX"®f 2-P/Pref-ny /el (8)

When designing the FSM-based solar power plant,
it is proposed to focus mainly on its reliability as the
ability to maintain the required properties and perform
the intended functions during the specific period of
time. In the case of a solar power plant, this period is
approximately 25 years. Thus, the attention of develop-
ers shall be directed to ensuring the installation failure-
free operation, maintainability and durability that,
unfortunately, cannot be currently determined due to
the lack of statistical data confirming the reliability
parameters.

The remaining specifications of the solar power
plant, namely, annual energy yield and capital costs,
including the cost of components and technologies
(at the current stage of development), are proposed
to be considered as the basic and dependent variables
when calculating and minimizing LCOE. The calcu-
lated LCOE as a competitiveness criterion of the design
of a FSM-based solar power plant shall comply with
the inequalities (1-8). The comparison can be made
with the solar power plants that have left the develop-
ment stage and obtained the well-known exact LCOE
and CAPEX values, as well as with the solar power
plants that are at the development stage, then these
parameters shall be of an evaluative nature. The CAPEX
value of the FSM-based SPP being developed shall also
partially have an evaluative nature in view of its future
reduction due to the scale effect during the production
concentration.

An example of evaluation using the formula (8) is
shown for a location in the Zabaikalskiy region (51N,
108E), where the average direct solar radiation density
over several years is 1636 kWh/m?/year, and the average
solar radiation density falling on a static area inclined
at an optimal angle is 1717 kWh/m?/year [11]. The paper
[12] presents a FSM with n = 36% that is lower than the
efficiency of solar cell used in this module (42.7%) due
to the transmission losses during the solar radiation
concentration process. A widely used silicon module
with an efficiency of nrf=18% [1] was used for a compar-
ison. Then, as for the competitiveness in terms of cost
factor, it is possible that the capital costs per 1 m? of the



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
I PHOTOVOLTAICS
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

OIITHYECKHX II0TePh IPH KOHLIEHTPUPOBAHHH COJI-
HEYHOTO HU37y4YeHHUs. B KayecTBe CpaBHEHHS KCIIO/Ib"
30BaH HIMPOKO PaCIpOCTPaHEHHBIM KpeMHHEeBBbIH
moayns ¢ KI1J nf=18% [1]. Torga yis KOHKYPEHTO-
CI10co6HOCTH 10 GaKTOPy cebeCTOMMOCTH JIOIYCTUMO,
4yTOOBI KAaIIUTAJIbHBIE 3aTPATHL B pacueTe Ha 1M? amep-
Typsl IICM OBIIM BbINle KAIKTAAbHBIX 3aTpaT Ha
CpPaBHHBaeMBbIHl KpeMHHEBBIN MOJY/Ib He bojiee, uem
B 1,9 pas.

Ilig 6oiee TOUHOM OLIEHKH OTHOCUTeNIbHOro LCOE
C3C Ha ocHoBe IICM TpebyeTcs yuecTb CIIeKTPasib-
HBIH COCTaB TONOBOIO COJTHEYHOIO M3/ydeHMs, TaK
KaK B PervoHax C BHICOKMM IIOKa3aTeJeM MYTHOCTH
atmocepsl KIIJI IICM cHuxkaercs [9]. Takke Heob-
XOOMMO Yyd4YeCcTh TeMIlepaTypHoe u3MeHeHue KIII
C2, B 6ombIIeN CTeNeHH XapaKTepHOe IJIsT KpeM-
HHeBbIX Mopyner. CHukeHHI0 LCOE crocobcTByeT
ONITUMH3ALM KOHCTpYKUMM CIC 110 THIIAM M pas-
MepaM I1apel KOHLeHTpaTop -~ C3 U pasMelneHue C3C
B JIOKAIlMM C BBICOKMM YPOBHEM IIPSIMOTO COJHEeY-
HOro usny4yeHus. OTMETHM, UYTO B MUPE eCTh TeppHU-
TOPHH, Ile B OTJIM4YHe OT PAaCCMOTPeHHOM JIOKALIUH
B 3abalika/bCKOM Kpae TOfloBOe IPsSIMOe H3jyde-
HHe BBIIe TOL0BOTO M3/Iy4YeHHS, I1afaloIlero OITH-
MaJIbHO HAaK/JIOHEHHYIO CTATUYHYIO IIJIOMAKY .

3AK/TIOYEHUE

s ympolneHus: BhIXofa Ha peIHOK C3C Ha ocHOBe
IICM c BeicokuM KIIJl 6bLIO IpenIoKeHO yske Ha
CTafiuK Pa3paboTKU ITPOBOAUTLH OLIEHKY CpefHeB3Be-
IIeHHOM cebecTOMMOCTH, C KOTOpoH OymeT reHepu-
poBaThcs 3/1eKTpo3Heprus Ha C3C, M MCII0/Ib30BaTh
ee OTHOIIEHHE K Cpe/lHeB3BeIleHHON CebecTOMMOCTH
KOHKYPEHTHBIX TexHO/MOTHH CIC KaK KPUTEPHH IIpU
nposegeHun HHMOKP. Hcrionb3oBaHMe OTHOCHTEIb-
Horo LCOE B KayecTBe KpuUTepHus oueHKH CI3C Ha
ocHose IICM Ha 3Tale IPoeKTUPOBAHU L KOHCTPYKIIUH
obecrieundT palMOHAJbHBIN IOAXOA K JOCTHKEHHIO
Lie/IM 110 pa3paboTke U BHeApeHHO IICM.
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FSM aperture are higher than the capital costs of the
compared silicon module by no more than 1.9 times.

For a more accurate assessment of the relative LCOE
of the FSM-based SPP, it is necessary to consider the
spectral composition of the annual solar radiation,
since in the regions with a high atmospheric turbidity
index, the FSM efficiency is decreased [9]. Moreover,
it is necessary to take into account the temperature
changes in the SPP efficiency that is more typical for
the silicon modules. The reduction of LCOE value is
facilitated by optimizing the SPP design by the types
and dimensions of the concentrator-SPP pair and plac-
ing the SPP in a location with a high level of direct
solar radiation. It should be noted that there are some
territories in the world where the annual direct radia-
tion is higher than the annual radiation falling on an
optimally inclined static site, unlike the location con-
sidered in the Zabaikalskiy region.

CONCLUSION

In order to simplify the market entry of the highly-
efficient FSM-based solar power plants, it is proposed
to conduct an evaluation of the average weighted cost
at which the power shall be generated at the solar
power plant already at the development stage and to
use its ratio to the average weighted cost of the com-
petitive solar power plant technologies as a criterion
when conducting R&D. Application of the relative
LCOE as the evaluation criterion for the FSM-based
SPPs at the design stage shall ensure a sustainable
approach to achieving the goal of the FSM develop-
ment and implementation.
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CMHHaeMble KOHCTPYKLIHH —
OT/IHYHBIE YCTPOHCTBA
AJISI IOTJIOLEeHHSI SHEPIrHH

3D-nevarb ke bonee ABYX ACCATUNETMI UCTIONL3YETCS A1 CO3AAHNS U3LENUNA KOC-
MUYECKOro MALIMHOCTPOEHMS! B JTabopaTopvn peakTUBHOTO ABMXEeHMs NASA [NASA

Jet Propulsion Lab (JPL)], HO B NOC/EHWE rOfbl €8 poNb 3HAYMTE/LHO BO3pOC/a. XoTs

nepBoe 13BECTHOE MCNOAb30BaHMe 3D-NeyaTit B MpoekTax Jlabopatopuy peakTus-
HOTO [BVKEeHWA OTHOCUTCS K 1999 rogy, HO ToNbKko B 2009 rogy Ha4annCh 3HAUUTeNIb-
Hble BAMBAHNS GUHAHCOBLIX CPEACTB B 3Ty TEXHONOTMIO.

HoBoe npumeHeHie AT-METOA0B OTPaXKEHO B CO3AaHMN PeLLETHATbIX KOHCTPYK-
L. TaKie U3Lenns — OTAUYHOE pelLieHne 415 NOTNOLLEHUS IHEPrui MU KECTKUX
yaapax. CMMHaeMble NOFNOTUTEM 3HEPTIM 00N3AAI0T MAEIbHBIMU XapaKTEpUCTU-
Kamv NOMOLLEHNS 3HEPriM 61aroAaps CBOEI Pa3peXXeHHON 1 NepUoAMIECKon CTpyK-
Type. OHY TaKoKe LIMPOKO MCTIONL3YIOTCS B KOCMOCE 415l CMSITYeHs YAapOB BO Bpems
pa3BepTbIBAHNA KOCMUYECKIX aNMapaTos, NOCAAKM Ha MIAHETbI 1 OTAENEHIS PaKeTbl-
HocuTens. 3D-Neyarb ApObUMbLIX MaTepHasioB 0COBEHHO MHTEPECHA TeM, YTO OHA 3Ha-
YUTENLHO PACLUIMPSIET BO3MOXHOCTW MHXXEHEPHOTO NPOeKTMPOBaHNS. Mpy nCnonb-
30BaHUM TPAMULIMOHHBIX METOL0B NPOV3BOACTBA KOHCTPYKLIMS APOOUMbIX PELLeToK
OrpaHM4MBANACL NEHONAACTaMM 1 coTamu. C MoMOLLbI0 3D-Nevarin CneLmanmncTbl nia-
HUPYIOT NeyaTarb bonee WMPOKWIA CIEKTP PeLLIeTOK C Pa3NYHOM reoMeTpueN, YTo
M03BONSET JONOAHUTENLHO OMTUMM3UPOBATb CBOMCTBA MO NOFNOLLEHMHO 3HEPTUM.

Ho ecTb npenaTcTaus, KOTOpbIe MPeACTOUT NPEeofoNeTb TEXHONOTaM Mpi
3D-neyaru, — 06LLMA TeXHONOrMYECKUA NpoLiecc. XoTd cam npoviecc 3D-neyaru
OTHOCUTE/ILHO BbICTPbIA, TPEHOBAHNS K NOCTOBPAOOTKE 3HAUUTELHO YBENMUMBAIOT
BPeMS BbINONHEH!S! 3aKka3a. B JlabopaTopuy peakTUBHONO ABUXEHNS A1S HaneyaTaH-
HbIX METANIMYECKX AeTanelt YacTo TpebyeTcs ropsuee U30CTaTuyeckoe npeccoBa-
Hute (HIP) s NOBbILIEHIS YCTANOCTHOI NPOYHOCTM, Pe3ka NPOBOSIOKO A CHATUS
WX € InatQopmbl, TepMUyeckast 06paboTka Ans yIpOUHeHNs Matepuanos, GuHUL-
Hast 06paboTKa NOBEPXHOCTM 1S YYHLLEHMS! YCTANOCTHDIX XapaKTEPUCTUK U OKOHYA-
TeNbHast 06paboTka A1s NoyyeHms TOUHbIX PasMepoB. Kaabll 13 3TUX 3TarnoB yBe-
JIMYUBAET BPEMS M CTOMMOCTD. B3 YCOBEPLUEHCTBOBAHMIA, KOTObIE COKPATST Bpems
nocTobpaboTKi MK COXpaHeHWN XapaKTepuCTUK MaTepuana, LWnpoKoe pacnpocTpa-
HeHWe aAUTUBHBIX TEXHONOTA BYAET NO-NpeXHeMy CAepPKMBATLCS IOOEKTUBHO-
CTbHO MPOM3BOACTBA M AOCTYMHOCTbHO. TpeofoneHue 3TUX 6apbepos CTaHET KOHOM
K PacKpbITIIO BCEro NoTeHLmana 3D-neyar Ang byayLLmx KOCMUYECKUX MUCCURA.

https://www.tctmagazine.com/




