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MpepnosxkeHa oueHKa 3HeproebipaboTkm
MHoOronepexogHbiMu COJIHEYHbIMU 3/1IEMEHTaMU
C yY4eTOM COBOKYMHOI0O CNeKTpa/ibHOro cocraBa
NpsIMOro CO/IHeYHOr 0O U3J/ly4eHUs B ro40BOM
nepuope. NokasaHo, 4To Ko3ppuuneHT
3HeprosbIpaboTKM YeTbipexnepexoaHOro
COJIHEYHOT O 3/1IeMeHTa B6/1M3n 3kBaTopa
cocTtaBnseTt 45% B ciydyae atMocdepbl C HASKUM
a3p030/1bHbIM COCTAaBOM U 44% B ciy4ae
aTMocdepbl C a3p030/1bHbIM HanoJIHeHNEeM,
XapaKTepHbIM A5 yp6aHU3MPOBaHHbIX
Tepputopui. Ha wupoTe +30° rogoBas
3HeprosbipaboTKka AAHHOr0 COJIHEYHOro
3/1leMeHTa MOXeT cocTaBuTb 1001 KBT-yac/ M2
[nsa pacyeta 3HeproBbIpaboTKN yCTaHOBOK

1 $OTO31eKTPUYECKMX MOAY el C JaHHbIMU
COJIHEYHbIMU 3/IeMeHTaMun TpebyeTcs Koppekuus
3TOW Be/INYMHDI B CBSA3U C SHEpPreTUYeCKUMU
notepsAMu, 06yC/IOB/IEHHbIMU KOHCTPYKLUen
3HeproycTtaHOBKU.
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An energy yield assessment of the multijunction
solar cells is proposed with allowance for the
total spectral composition of direct solar
radiation during the annual period. It is shown
that the energy vyield ratio of a four-junction
solar cell near the equator is 45% in the case of
an atmosphere with a low aerosol composition
and 44% in the case of an atmosphere with an
aerosol filling typical for the urban areas. At

a latitude of +30°, the annual energy yield of this
solar cell can be 1001 kWh/m?2. To calculate the
energy vyield of installations and photovoltaic
modules with such solar cells, this value
adjustment is required due to the energy losses
caused by the power plant design.
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INTRODUCTION

At present, the highest efficiency of solar radiation
photoelectric conversion is provided by the solar cells
(SCs) based on the A’B°® semiconductor compounds with
several active p-n junctions generated for individual
parts of the solar spectrum [1]. The evaluation of pro-
spective ground-based application of a solar energy
system requires an assessment of its energy yield. The
energy yield of multijunction solar cells under consid-
eration is not fully determined by the integral photo-



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
. PHOTOVOLTAICS
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

yeHHUs 0becIIeunBAIOT COJHeUYHBble 371eMeHTH (CD)
Ha OCHOBe II0JIyIIPOBOJHUKOBBIX COeAUHeHUM A3B°
C HEeCKOJIPKMMHM aKTHBHBIMHU p-n-IepexojaMu, coop-
MHPOBAHHBIMH [IJISI OTHE/NbHBIX y4YacTKOB COJHeY-
Horo crekTpa [1]. OLieHKa IepcreKTHUBb Ha3eMHOI0
HCII0/Ib30BAaHHUS COJTHEYHOMN 3HEepProcHucTeMbl TpebyeT
OLleHKH ee 35HeproBelpaboTKH. DHeproBbIpaboTKa
paccMaTpuBaeMbIX MHOromepexogHeix C3 He B IO~
HeHM Mepe OIpefie/sieTcd UHTeIPaJbHOU (GOTOMETpPH-
YecKor 0b6mydeHHOCTBIO. MIX QOTOTOK oOIlpefesnseTcs
HaMMeHbIIHUM QOTOTOKOM OTHE/IbHBIX p-n-IIepexoloB,
[I03TOMY MIpaeT pojib elle U COOTHOIIeHHEe YH(Ia
$OTOHOB B yyacTKax CIIEKTPA COTHEYHOIO U3yUYeHHUs,
OTHOCAIIMXCA K PpasHBIM p-fi-miepexomaMm. Ho cmek-
TPaJIbHEIM COCTaB Ha3eMHOIO COJIHEYHOIO H3jyde-
HUS IIOCTOSSHHO HAXOAUTCS B COCTOSHUH M3MeHeHUS .
B romosom ImepHoje H3MeHEHHEe CIIeKTpa CBSA3aHO
B IIepPBYIO O4Yepelb C OCEBBIM K OpOHTa/JbHBIM Bpallle-
HHeM 3eM/IH, IIPUBOSALIMM K 3aBUCHMOCTH I'OF,0BOI0
CIIEKTPaJIbBHOTO COCTaBa COJIHEYHOTO H3JIyYeHHs OT
reorpagu4ecKko MHPOTHI.

B Texkyller 3KOHOMHKO-TEXHOTOTHYECKOM TOYKe
Pa3sBUTHUS «Ha3eMHOe» IIPUMeHeHHe KaCKaJHBIX COMI-
HEYHBIX 3JIeMEHTOB OIIPAaBJAHO TOJIBKO IIPH IIpeob-
Pa3soBaHUM COJHEYHOIO M3/1y4eHHsl, KOHLIeHTPHUPO-
BaHHOIO C BBICOKOM KpaTHOCTBIO. B sTom ciydae C3
pacrionioskeH B ONTHYECKOM (OKyce KOHLIEHTPaTOopa,
U amepTypa goporocrosuiero C3 3aMeHSETCS allepry-
POH [lelIeBOro KOHIeHTpaTopa. OnThYeckas CHUcTeMa
C $OoKyCcHMpPOBKOM M3/1y4deHHUsl TpebyeT cOOpKM B KOH-
LIeHTpaTOpHble (POTO3IEKTPUYECKHE MOAYIH, TEeXHO-
JIOTHUYecKy HecKOJbKo 6osiee C/IOKHBIE, UeM COTHEY-
Hble ITaHe/M Ha OCHOBe KpeMHHeBhIX C3, a Takke
TpebyeT HCIIONb30BAHHUS CHUCTEM C/IeKEHHS 3a I10JI0-
skeHreM ConHua. IIpu npeobpa3oBaHHUU KOHIIEHTPH-
POBaHHOTO CoMHeYHOro usnydeHus KIIJ mMHorormepe-
xXoAgHBIX CD ocTaeTcs HaubOJIBIIIHUM.

Llesnecoobpa3sHOCTb CO3JAHUSI COMHEUHBIX 3/1eKTPO-
CTAaHLIMM C MHOTOIlepeXogHbIMU C3 ompezenseTcs Mo
1x 9HeproseIpaboTke. KIIJ C3 1 GOTO/1eKTPHUUECKHX
MOZAY/Ier Ha X OCHOBe OIpefesieTcd KaK OTHOLIeHHe
IIOIJIOLIEeHHON U BHIPAOOTaHHOM 3HEpPruu, rje IorJo-
[IeHHas 3Heprus UMeeT CTaHJaPTH3MPOBaHHOe CIIeK-
TpajibHOe pacipeneneHure, Hamnpumep IEC 60904-3.
JTo mpsiMoe COJIHEeYHoe H3ydyeHHe, Iajfallee Ha
IUIOIIAAKY, IIePIeHAUKYIAPHYI0 HAIIPaBIEHUIO €ro
pacmpocTpaHeHMs, C I[apamMeTpomM aTMocdepHas
macca (AM) - 1,5. B [2] moka3aHO, YTO [JISI OLIeHKU
3QPEeKTUBHOCTH QYHKIMOHUPOBAHHS MHOIOIIEPEXOZ-
HbIX CO U OJI OIITUMMU3ALUU pa60T I10 co3maHuw CO
C OONBIIMM KOJIHMYECTBOM p-N-II€PeX0foB BasKHO Pac-
CMaTpHBaTh COBOKYIIHBIM Ha3eMHBIM CIIeKTPAJIbHBIN
COCTaB COJTHEYHOIO M3/IyYeHHS. ITO MOXKHO OTHECTH
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metric irradiance. Their photocurrent is determined by
the smallest photocurrent of individual p-n junctions,
so an important role is played by the photon ratio in
sections of the solar radiation spectrum belonging to
various p-n junctions. However, the spectral composi-
tion of ground-level solar radiation is constantly in
a state of flux. During the annual period, any spectrum
change is associated, first of all, with the axial and
orbital Earth’s rotation, leading to the dependence of
annual spectral composition of solar radiation on a geo-
graphic latitude.

At the current economic and technological point of
development, the terrestrial use of multijunction solar
cells is justified only when converting solar radiation
concentrated with a high multiplicity. In this case, the
solar cell is located at the concentrator’s optical focus
and the expensive solar cell aperture is replaced by the
aperture of a cheap concentrator. An optical system
with radiation focusing requires assembly into the
concentrating photovoltaic modules that are techno-
logically somewhat more complicated than the solar
panels based on the silicon solar cells, and also requires
application of the Sun tracking systems. When convert-
ing the concentrated solar radiation, the multijunction
solar cell efficiency remains at the highest level.

The development feasibility of solar power plants
with the multijunction solar cells is determined by
their energy yield. The efficiency of solar cells and rel-
evant photovoltaic modules is determined as the ratio
of absorbed and generated energy, where the absorbed
energy has a standardized spectral distribution (for
example, IEC 60904-3). This is a direct solar radiation
incident to an area perpendicular to its propagation
direction, with an air mass (AM) parameter of 1.5. The
paper [2] shows that, in order to assess the operating
efficiency of multijunction solar cells and to optimize
the solar cell development process with a larger number
of p-n junctions, it is important to consider the total
ground-based spectral composition of solar radiation.
This activity can also be attributed to the study of the
existing multijunction solar cells.

The purpose of this work is to develop an energy yield
assessment method for the highly efficient multijunc-
tion solar cells at various geographical latitudes during
the annual period.

1. INFLUENCE OF THE SPECTRAL
COMPOSITION OF DIRECT SOLAR
RADIATION ON THE SOLAR CELL
PHOTOCURRENT

The article discusses the up-to-date high-performance

solar cells with 2, 3, 4, 5 and 6 active p-n junctions

and a high-performance silicon solar cell with an HJT
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M K MCCIeOBAaHHIO PaboThl CyLIeCTBYIOLUIUX MHOIO-
nepexonHsix C3.

3amavya maHHOM PaboTel - pas3paboTKa MeToma
OLIEHKH 3HEepProBBIPAabOTKHU BBICOKOIPEKTHBHBIMU
MHoOToIepexoaHsIMH C3 B pa3sIHMUYHBIX reorpaduye-
CKHX IIXPOTaX B FOJJOBOM II€PHOJE.

1. BJIMAHUE CNEKTPAJIbHOIO COCTABA
NMPAMOIO COJIHEYHOI O U3JTYHEHWNA
HA ®OTOTOK C3

B craTrhe pacCMOTpPeHBI COBpPeMEHHBIe BBICOKO3d-
dextuBHBIe C3 ¢ 2, 3, 4, 5, 6-10 aKTUBHBIMHU p-fi-
IlepexofaMH K BBICOKO3)PEeKTHBHBIN KpPeMHHEeBBIH
C3 c HJT-cTpyKkTypoH, IpelCcTaBleHHble B MepHOAU-
YecKoM 0030pe ¢ peKOpAHBIMH 3HaueHHsIMH KII[ as
coero Tuma C3 [1]. CpaBHeHHe yKkasaHHBIX CO IIO
pasMepy 3HeproBeIpabOTKH B TOJOBOM IIepHOfie BO3-
MOSKHO IIPH yC/IOBHUU obecIiedeHUs UIeHTUYHOIO Clle-
skeHus 3a ConHueM. HccremoBaHyue U MHOTOIIEPEXO[-
HeIX C3, U omHorepexogHoro C3 IIPOBOOHJIOCH IIPHU
aHanu3se GpoTorpeobpasoBaHUS IIPSIMOIO COMHEYHOIO
M3ny4deHusa. [ pacyeTa TOKOB KOPOTKOIO 3aMbIKa-
HHUS MCII0Tb30BA/IMCh CIIEKTPHI BHEIITHEI0 KBAHTOBOTO
BBIXOZIa, OIybaHKoBaHHEIe B paborax [1, 4-6] mms C9
c2,3,4,5, 6-10 p-n-nepexomamu 1 C3 c HJT-cTpyKTypoi
COOTBETCTBEHHO. [l pacdyeTa >HEProBbIPabOTKU
HCIIO/Ib30BA/IMCh 3HA4YeHMs] HAIPSDKeHHEH XO0JI0CTOTO
xoma (U,) u daxropoB 3amonHeHuss BAX (FF) mpu
TaKKMX KPAaTHOCTSX KOHLIEHTPHUPOBAaHUS, [IPHU KOTOPBIX
YCTaHOBJIEHBI 3asiBJIeHHbIe PeKOpAHble Ha HacTosllee
BpeMs 3HayeHus KIIJ (cm. Tabim.).

B rogoBoM Ieproje MOLIHOCTh M CIIEKTP IIPSIMOIO
conHeuHoro usnydeHus (IICH) B mepBylo odepelb
OIIPeNe/IAIOTCA COBOKYIIHBIM IIyTeM CKBO3b aTMOC-
depy, KOTOpBIH oOIpelesseTcs COBOKYIIHOCTBIO 3Ha-
YeHHUH 3eHUTHOro yria ConHIaA, CIelUPUUIHOMN I
PasIMyYHBIX reorpapuyeckux IWHpOT. IIyTh H3myde-
HHS B aTMocdepe ompenenseTcs mapaMeTpoM aTMOC-
depHOI1 Macchl (AM), 3aBUCSIIMM OT 3eHUTHOIO yIJa,
B JAHHOM paboTe pacCUMUTHIBAIOIIMMCS II0 popMyrie
(Kasten, 1989) [8]. PaccmaTpuBanoch H3MeHeHHe AM
oT 1 1o 6 ¢ marom 0,01. BepxHee orpaHu4eHre AM 06y-
CJIOBJIEHO TeM, 4YTO Ipu AM>6 CojiHIle pacIioioskeHO
Ha BBICOTe HaJ TOPU30HTOM MeHee 10°, a 3T0, KakK IIpa-
BHJIO, COIIPSDKEHO C 3aTeHeHHeM COJTHEeYHOH baTapen
Ha3eMHBIMH 0OBEKTaMH.

Bo BTOpyI0 0uepens [ICH ompenenseTcs a3po307IbHOU
HAIIOJIHeHHOCTBIO aTMOChEPHI, SIBJISIOLIEKCS OCHOB-
HBIM dakTopoMm paccessHusa IICH B atMocdepe. Aspo-
30/IBHBIM COCTaB aTMOCQephl MMeeT KaK IIOCTOSIHHBIH,
TaK YU U3MEHSIOIUNICS XapaKTep, IIpu4YeM B FOfl0BOM
IlepHofe IepBBIM IpeBalHpyeT. BbUIM pPacCMOTpeHEI
JiBa THUIIa CcOCTaBa aTMocdeprl. ATMocdepa C HHU3KOU
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structure given in a periodic review with the record-
breaking efficiency values for their SC type [1]. Com-
parison of the indicated solar cells by the energy yield
during an annual period is possible provided for the
identical Sun tracking. The study of both multijunc-
tion solar cells and single-junction solar cells has been
performed with the photoconversion analysis of direct
solar radiation. To calculate the short-circuit cur-
rents, we have used the external quantum efficiency
spectra published in [1, 3-6] for SCs with 2, 3, 4, 5, 6
p-n junctions and SCs with HJT-structure, respectively.
To calculate energy yield, we have used the values of
open-circuit voltage (U,,) and fill factors of the current-
voltage curve (FF) at the concentration ratios at which
the declared current record-breaking efficiency values
have been established (see table).

During an annual period, the power and spectrum
of direct solar radiation (DSR) are primarily deter-
mined by the total path through the atmosphere
that is based on the variety of the Sun zenith angle
values specific for different geographical latitudes.
The radiation path in the atmosphere is determined
by the air mass (AM) parameter that depends on the
zenith angle. In this work this angle is calculated by
the formula (Kasten, 1989) [8]. A change in AM from 1
to 6 with a step of 0.01 has been considered. The upper
AM limit is due to the fact that when AM>6 the Sun is
located at a height above the horizon of less than 10°.
As a rule, this fact is associated with the solar battery
shading by the ground-based facilities.

Secondly, the DSR is determined by the aerosol
atmospheric content being the main factor in the
DSR dispersion in the atmosphere. The aerosol atmo-
spheric composition has both a constant and chang-
ing nature, and the first one prevails during the
annual period. Two types of atmospheric composi-
tion have been considered, namely an atmosphere
with the low aerosol turbidity complying with
IEC60904-3 (B(500 nm)=0.084, oy/a,=0.94/1.42) [9],
and an atmosphere with aerosol turbidity typical for
the urban areas, with the aerosol specifications of
(B(500 nm)=0.20 [10], o,/ x,=0.84/1.19 [11]).

The DSR spectra have been determined by the
SMARTS2.9.5 program with the adjustment of scat-
tering and absorption calculation function ratios [9].
The spectra have been presented as the number of pho-
tons in a wavelength interval with the width of 1 nm
crossing an area of 1x1 m? in 1 second (Fig. 1). In the
shaded area between the spectra with AM1 and AM6,
the arrows show the changes in the photon flux spec-
tral distribution that occur twice a day. The straight
arrows indicate a decrease in the maximum point of
the AMI and AMG6 spectra during the transition from



a’p030/IbBHOKM MYTHOCTBIO COOTBETCTBYIOLIAs CTaH-
napry IEC60904-3 (B(500um)=0,084, oy /a,=0,94/1,42)
[9], u aTMocdepa ¢ a3p0O30BPHON MYTHOCTBIO, Xapak-
TepHOM [ysi ypOaHU3HUPOBAHHBIX TEPPUTOPHH,
C XapakTepucThukaMu asposons (B(500HM)=0,20 [10],
o/ a,=0,84/1,19 [11]).

CrnexTpsl IICH ompenensiiMCch IIPOTPaMMOM
SMARTS2.9.5 ¢ KoppeKklyer Ko3QPHLIHEHTOB QYHK-
LMK pacyeTa paccesHHs U nornomeHus [9]. CrekTpsl
IIPeACTAB/IS/IMCE B popme urcia GOTOHOB B MHTEPBAIe
UIMH BOJIH IMIHPHHOM 1 HM, IepeceKamoIlMx 3a 1 ¢
mtomaaky 1x1 m? (puc. 1). Ha 3amITpuxoBaHHOM 061a-
CTH MEeXAy CIekTpaMu ¢ AMl u ¢ AM6 cTpe/iKaMu-
JyraMM IIOKa3aHO ITPOMCXOAAINee IBa pasa B CYyTKHU
M3MeHeHHe CIIeKTPaJIbBHOTO pacIpele/ieHHs I[O0TOKA
¢oToHOB. IIPAMBIMH CTPE/IKAMH [I0KA3aHO CHHKEHHE
MaKCHMMaJbHOM TOYKH CIIeKTpoB AMl m AMG mpu
repexojme OT aTMOCQephl IIePBOr0 THIIA KO BTOPOMY.
TakuMm o6pa3oM IMPOIeMOHCTPHUPOBAHO, UTO H3MeHe-
HHe IIyTH U3Jy4YeHHs B aTMocdepe HMeeT IIpeUMY-
IIeCTBeHHOe BJMSHHE Ha CIeKTPaJIbHBIN cocTas IICH
B TOZ0BOM IIepHOJe II0 CPAaBHEHMIO C a3PO30JIbHOU
HAIIOJIHEHHOCTBIO.

ToKH KOPOTKOro 3aMbIKaHUS (I,) TpH 06/1yueHHOCTH
¢ mapamMeTpoM AM oT 1 0 6 cHayaja pacCUMTHIBA/IMCh
OTIe/IBHO JJIs KaKA0ro p-n-repexona C3 yMHOKeHHEM
CIIeKTP/IbHOM XapaKTepPUCTHUKH p-n-Iepexofa Ha
CIIeKTPBI COTHEYHOI0 U3/TyYeHH, 3aTeM BhIIe/sIcs I,
Bcero C3 10 MUHUMaJIbHOMY 3HaUYeHHIO I, BCeX aKTHB-
HEIX p-n-TiepexofioB (pHUC. 2). B oTinM4uMe OT ogHOIepe-
xXopHbIx C3, 3aBUCUMOCTH I, 0T AM MHOTOIIepexo[-
Hplx CO MOIYT MMeTb TOUKHU Ilepernba B MecTe IIO
mIkayie AM, roe npyu U3MeHeHHH ojaokeHus ComHIA
obecrieyeHHe MUHHMMAIBHOTO 3HAUEHHS [, TIepexofUT
OT OLHOIO p-fi-liepexoja K Apyromy. Kak roxasaHo Ha
puc. 2, y C3 ¢ 3-Mq HIH 5710 p-n-IepexogamMu cieBa
OT TOUKH Ieperrba I, ompenmensercs 2-M WIH 3-M p-ni-
repexofaMu, a cipasa 1-m p-n-miepexonoM. YHC/IOBbIE

Ta6nuua. Paboyne napametpbl C3 npu pekopaHom Kz,
Table. Operating parameters of SC with record-breaking efficiency
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Puc. 1. CnekmpanbHoe pacnpedeaeHue nomoka ¢pomo-

Hos Nph ¢ AM om 180 6 (3aWMmpuUx08aHo) Yepe3 ammoc-
depbl ¢ Hu3kol (caesa) u 8bicokoll (cnpasa) a3po30AbHoL
MYMHOCMb}0

Fig. 1. Spectral distribution of Nph photon flux with AM
from1to 6 (shaded) through the atmospheres with low (left)
and high (right) aerosol turbidity

the first type of atmosphere to the second one. Thus,
it has been demonstrated that any changes in the
radiation path in the atmosphere have a predominant
effect on the DSR spectral composition during the
annual period compared to the aerosol filling.

The short circuit currents (I) under irradiation with
an AM parameter from 1 to 6 have been first calculated
separately for each SC p-n junction by multiplying
the spectral specification of p-n junction by the solar
radiation spectra, after which I of the entire solar
cell has been isolated based on the minimum I, value

p-n nepexopgbl CTpyKTYypa KoHLeHTpupoBaHue Kha
p-njunctions Structure Concentration Efficiency
2 GalnAsP/GalnAs 38 2,23 85,7 35,5% [7]
3 GalnP/GalnAs/Ge 500% 3,08 88,4 43,9% [4]
4 GalnP/GalnAs; GalnAsP/GalnAs 665> 4,25 83,2 47,6% [1]
5 AlInGaP/InGaP/AllInGaAs/InGaAs/Ge 1000* 5,55 85,0 42,6% [5]
6 AlGalnP/AlGaAs/GaAs/GalnAs(3) 143~ 6,29 87,2 47,1% [6]
1 n-type HJT Si 1 0,75 86,1 26,8% [1]
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3Ha4eHHUs 3aBUCHUMOCTH [ (AM) BMecTe C COBOKYIIHO-
CThIO ITOoNIO>KeHUH COJHIIA HaJl TOPU30HTOM B JaHHOM
reorpadHU4ecKor TOYKe OIpefe/IsoT TOKOBYIO COCTaB-
JISIOIIYIO SHEProBhIX0/Ia CHCTEMBI.

I[Tepexon K COCTOSTHHIO aTMOCepsI ¢ 60IBIINM a3po-
30/IbHBIM HaIlOJIHEHHEM IIPHUBOAUT K YMeHbIIeHHUIO [
M, YTO XapaKTEePHO TOJIBKO [IJis MHOTomepexogHbx C3,
K M3MeHeHHI0 ¢opMel I, (AM) 3a cyeT cABUra TOUKH
neperuba BIeBO M BO3MOXKHOM CMEHBI p-n-TIepexofia,
obecrieqnBaIoONero MUHUMa/IbHOE 3HaYeHue I, Biaus-
HHe a9P030/IbHOM MYTHOCTH B pa3bpoce, XapaKTepHOM
IJIsT PasHUILBL MeXAy ypOaHHU3UPOBAHHON MeCTHO-
CTBIO U OTHAJIeHHBIX OT Hee TePPUTOPHH, OTPa’kKeHO
Ha rpuMepe C3 ¢ 3-M4 U 5-10 p-n-riepexofamu (puc. 2).
C3 ¢ 510 p-n-repexofaMH IIOKa3bIBaeT MeHbIIee CHH- oL 1 v
>KeHHe I, TI0 CPaBHEHHIO C IIPO3PavHOM aTMOCPepoH,

B IIepBYIO Ouepelb O1aromapst MEHBIIMM abCOTIOTHBIM
3HaYeHUsIM .

2. COBOKYMHOCTb NOJIOXXEHUN CONMHUA
HAA TOPN3OHTOM
Brogosom rnepPNOAE

I[lomuHyTHBEIE ITOJIOKeHHS ColHIIA OBLIH orpene-
JIeHBI I10 ITapaMeTpy AM C IIOMOIIbI0 061eJOCTYIIHOTO
BBIUKC/IUTENBbHOrO 6710Ka [12], cocTaB/IeHHOTO I10 MaTe-
puanam (Meeus, 1991) [13]. Be16Op MHHYTHI, KaK IIara
I BBIYMCIeHHST AM, obecrieduBaeT [OCTATOUHYIO
TOYHOCTh OTPasKEHHS XapakKTepa M3MeHeHHs AM Bo
BCeX perroHax ItaHeThl. Ha puc. 3 rpagpuvecku mmoka-
3aHO, YTO YMC/IO MHUHYT B IOAY CO 3HaYeHUAMU AM
B MHTepBa/Ie MIKMPHUHOM 0.01 3HAUUTe/IbHO OT/IMYaeTCsl
B pasHBIX IIMPOTaxX W IO CYMMe, U I10 GpopMe CTaTH-
CTHYeCKoro pacrpesenenus N(AM). Hampumep, aig
¢=10, 40, 60° cpegHeronoBeie 3HaYeHUsA AM B IIpenesie
1-6 cocraBnsiorT 1.85, 2.21, 2.66, a obIee YHUCI0 MUHYT
cusiHusg ¢ AM 1-6 coctasnsier 235103, 226-103, 191-103
COOTBETCTBEHHO. [[/Isi pacueTa 3HeproBbIpaboTKH Ha
HM3BECTHOMU MM POTe COBOKYITHOCTD IT0JI0KeHH M CoNTHIIa
B FOJJ0BOM IIepHojie YA0OHO IIpe/ICTaBUTh KaK COBOKYII-
HOCTb 3HaueHUH AM ot 1 10 6 ¢ marom 0,01 1 Konuye-
CTBA MHHYT, B KOTOpble IojiokeHHe COlHIA OIpefe-
nseTcst JaHHBIM AM (puc. 3).

3. 3ABUCMOCTb SHEPITOBbIPABOTKHA
MHOTIOMEPEXOAHbIX C3 OT LUNPOTDI
OcobeHHOCTb CYTOUHOTO M TOA0BOIO BPAIleHUs 3eMJIH
JaeT IIOCTOSIHHBIe B TOIOBOM IIepHOfie CTaTHCTHYe-
CKYe pacrmpefeneHus] MONoKeHUH COMHIA B Pa3HBIX
IMHpOTax. PacCUMTaHHOe II0 3TUM CTaTHCTHYECKUM
pacmpeneneHUsSM TIOfOBOe IIOCTyIUIEHHE SHepruu
SIBJISIETCS IIOCTOSIHHOM BEJIMYKMHOM, PaBHOM YCIOBHO
IIpefie/IbHON O6Ty4eHHOCTH U1l 3a[JaHHOTO IIHPOT-
HOTO HMHTepBaja, eCIH aTMmocdepa paccMaTpHBaniach
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AM
Puc. 2. Toku kopomko2o 3ambikarus (I..) C3 ¢ 3-ms u 5-to
p-n-nepexodamu npu 06ay4eHHocmu ¢ napamempom AM om
100 6 npu ammocgepax ¢ HU3KUM U 8bICOKUM a3p030AbHbIM
HanonHeHuem (3dLWMpUX08aHo)
Fig. 2. Short circuit currents (I,) of solar cells with 3 and
5 p-njunctions in the case of irradiation with the AM
parameter from1to 6 in the atmospheres with low and high
aerosol filling (shaded).

of all active p-n junctions (Fig. 2). In contrast to the
single-junction solar cells, the dependences of I, on
the AM of multijunction solar cells may have inflec-
tion points on the AM scale, where the minimum I,
value is transferred from one p-n junction to another,
when the Sun position is changed. As shown in Fig. 2,
for the SCs with 3 or 5 p-n junctions to the left of the
inflection point, I, is determined by the 274 or 31 p-n
junction, and to the right - by the 15t p-n junction. The
numerical values of the I, (AM) dependence, together
with the set of Sun positions above the horizon at
a given geographic point, determine the current com-
ponent of the system’s energy output.

The transition to an atmospheric condition with
a large aerosol filling leads to a decrease in I, and,
that is typical only for multijunction solar cells, to
a change in the I, (AM) shape due to the shift of
inflection point to the left and a possible change in
the p-n junction providing the minimum I value. The
influence of aerosol turbidity in the spread typical for
the difference between an urban area and remoted
regions, is shown by the solar cells with 3 and 5 p-n
junctions (Fig. 2). The solar cell with 5 p-n junctions
demonstrates a smaller decrease in I, compared to the
transparent atmosphere, primarily due to the lower
absolute I values.
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B CcocTaBe, obecrleuMBaOMIMM HHU3KUH yPOBeHb pacce-
SIHUSL M TIOI/IOUeHHs. [1epBbIM U3 pacCMaTpHBaeMBbIX
THUIIOB aTMOCQEpEHI yIOBIETBOPSET 3TOMY YC/IOBHIO,
T.K. ellle MeHBIIHK a3pO30JIbHBEIM COCTaB aTMocdepa
vMeeT B HeOOIBIIOM KOMIHYECTBE reorpapuuecKux
JIOKAITHH.

[IpemenbHas romoBast 3Heproelpaborka CD
B M3BeCTHOM LIMPOTHOM HMHTEepBaJie pacCUMThIBA/IACh
II0 COOTBETCTBYIOILEMY CTaTUCTHYECKOMY pacIpene-
nenuto N(AM) u I, (AM) nns atmochepsl IIepBOro THUIIA
(puc. 2). Hcrnonp3oBanuch 3HaueHus U, U FF BAX,
IIpefiCTaB/IeHHbIE B TabI.

KosdpduireHT sHeprobbipaborku C3 - Kw pac-
CYMTBIBa/ICA I10 aHasoruu ¢ KIIJl, Kak OTHOIIeHHe
IIpefie/IbHOM TO/I0BOM SHEProBHIPAOOTKH U IIpefieNib-
HOH T0f0BOM 00/y4eHHOCTH. M30IHYTOCTh IIMPOT-
HOM 3aBHCHUMOCTH Kw U CHI>KeHHoOe 3HadueHHe Kw I1o
cpaBHeHHI0 ¢ KIIJ] C3 (moKasaH IyHKTHPOM) OTpa-
>KaeT BIIMSHUe CIIeKTpasibHoro coctasa I1ICH B romosom
Iepuojie Ha 3HeproBbIpabOTKYy MHOTOIEPeXOAHBIMU
C3 (puc. 4). PopMa MMPOTHOM 3aBHCHUMOCTH Kw 00y-
C/I0BJIeHA CTPYKTypol CD B YaCTH CXeMBl pa3feneHHs
MM COJIHEYHOIO CIIeKTpa Ha 06JacTH IIOIJIOIIeHUS
OTHE/NbHBIMHU p-n-epexofgamMu. Y pacCMOTpeHHBbIX C3
Kw BOO/Ib MIMPOTHOIO AMAlla30HA M3MEHSETCs B IIpe-
Jlenax 3 MPOLeHTHBIX IYHKTOB.

dopMma IIMPOTHBIX 3aBHCHUMOCTEM IIpeJeIbHBIX
TOJOBBIX SHEProBbIPaboToK CO GpaKTHUeCKH IIOBTOPSIET
bopMy IIMPOTHOM 3aBHMCHMOCTH TOLOBOrO IOCTYILIe-
HHS HEPrUH C TOYHOCThIO mo Kw(y) (puc. 5). Hawm-
Oonplirie 3Ha4YeHHUs IIpele/IbHOM TOHOBOM SHEpro-
BBIPAaO0OTKM B HU3KHUX HMIMPOTaX CBSI3aHBI C OOJBIIMM
BK/IaZlOM B FOJOBOM CIIeKTPAJIBHBIM COCTaB MOILIHOIO
COJTHEYHOTO0 H3nydeHus ¢ AM ot 1 10 1.5. MUHHMYMBI
Ha IIMpOTaX MHpUMepHO 70° CBsI3aHBI C BO3POCIIMM
BKJIaZIoM HeyuuTeiBaemoro IICH c AM bosee 6, a mociie-
Aylollee BO3pacTaHHe IIpee/bHbIX TOJOBBIX JHEp-
roBbIPabOTOK CBSI3aHO C yBeJIHM4YeHHEM BPeMeHHBIX
neproaoB, Koraa ColmHIe He 3aX0AUT 32 TOPU30HT.

4. KOSOPPULMEHT SHEPIrOBbIPABOTKHN
C3 B ATMOC®EPE BTOPOI'O TUMNA

s cnydast aTMocepbl BTOPOTO THIIA, XapaKTepHO
111 ypbaHU3UPOBAHHON TePPUTOPHUH, TakKe ITpOBe-
IeH pacdeT Ko3dPHUIHeHTa SHeproBeipaboTku Kw C3.
Kospdpunument Kw paccuutaH gag ¢ ot 0° mo 90° c. mi.,
HO B BBICOKMX IIMPOTaX Pe3y/bTaThl [y aTmocdep
IOBYX THUIIOB MMeIOT YMO3PUTeTbHBIN XapaKTep H3-3a
0cobeHHO IPO3payvyHOM aTMocheprl B [EHCTBUTEIb
HoCTH. Ha puc. 6 B BU/e 3aIUTPUXOBAHHOM 0671acTH
II0KA3aHO, YTO IIPHU IIepexofe OT COCTaBa aTMOChepE
IIepBOTro THUIIA KO BTOPOMY IIPOMCXOOUT CHIKeHHe Kw,
BO3pacTaplllee Py YAaJeHHUH OT 3KBaTopa. B mmpo-
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2. POSITIONS OF THE SUN ABOVE THE
HORIZON DURING THE ANNUAL PERIOD
The minute-based Sun positions have been determined
on the basis of the AM parameter using a publicly
available computing unit [12] consisting of the materi-
als (Meeus, 1991) [13]. The selection of a minute as an
AM calculation step provides sufficient accuracy in
reflecting the nature of AM changes in all regions of
the planet. Figure 3 graphically shows that the number
of minutes per year with the AM values in an interval
with the width of 0.01 differs significantly at various
latitudes both in the amount and in the shape of sta-
tistical distribution N(AM). For example, for ¢ =10, 40,
60°, the average annual AM values in the range of 1-6
are 1.85, 2.21, 2.66, and the total number of radiance
minutes with AM 1-6 is 235103, 226-103, 191-103, respec-
tively. To calculate energy yield at a known latitude, itis
convenient to represent the set of Sun positions during
an annual period as a set of AM values from 1 to 6 with
a step of 0.01 and the number of minutes in which the

Sun position is determined by this AM (Fig. 3).

3. ENERGYYIELD DEPENDENCE OF THE

MULTI JUNCTION SOLAR CELLS

ON LATITUDE
The feature of the daily and annual Earth’s rotation
leads to the statistical distributions of the Sun posi-
tions at various latitudes that are constant over the
annual period. The annual energy input calculated on
the basis of these statistical distributions is a constant
value equal to the conditionally maximum irradiance
for a given latitude interval, if the atmosphere con-
sidered has a composition that ensures a low scatter-
ing and absorption level. The first considered atmo-
spheric type complies with this condition, since the
atmosphere has an even lower aerosol composition in
a small number of geographical locations.

The maximum annual energy yield of SCs in a known
latitude interval has been calculated according to the
relevant statistical distribution of N(AM) and I, (AM) for
the first type of atmosphere (Fig. 2). The values of U,
and FF of the current-voltage curve given in the table
have been used.

The energy yield ratio (Kw) of SCs was calculated
similar to the efficiency as the ratio of the maximum
annual energy yield and the maximum annual irra-
diance. The curvature of the latitude dependence Kw
and the reduced Kw value compared to the solar cell
efficiency (shown by the dotted line) indicates the
influence of the DSR spectral composition during the
annual period on the energy yield of multijunction
solar cells (Fig. 4). The type of the Kw latitude depen-
dence is determined by the SC structure in terms of its
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TaX BOKpPYyr 3KBaTopa Kw MHoromepexogHsix C3
MeHblIIe IIPUMepHO Ha 1,5% myHKTa, a Ha mupote 30°
Kw C3 c1, 2,...6-10 p-n-TiepexofaMu CHHKaeTcs Ha 0,5;
1,9; 1,3; 2,0; 2,0; 2.5% IIyHKTA COOTBETCTBEHHO.

basoBast mpuymrHa CH>RKeHHS Kw B TOM, YTO YMEHbB-
HIeHHe [I0CTYNALel SHEPIrUH C POCTOM a3pO30JIbHOU
MYTHOCTH MPEeMMYILIeCTBEHHO MPUXOOHUTCI Ha yd4a-
cToK crekTpa IICH, oTHOCSIIMMHICS K 00J1aCTH IIOIJIO-
IIeHU p-n-Tiepexosa, OrpaHUYHBaIoIero ¢oroTox CI.
A T.K. pacyueT IIOCTYIAIOIIEro H3Jy4YeHUS BeLeTCs
B IIMPOKOM AuamasoHe 280-4000 HM, 3HAYMUTEIBHO
[IPeBBIIIAIIIMHA y4acTOK IIOIVIOLIeHHSI OJAaHHBIM p-f-
IIepexoioM, TO 00JIy4eHHOCTh YMEHBIIAeTCSl MEeHbIIIe,
4YeM 3HeproBelpaboTka. B cilyuae MHOIOIIEPeXOLHBIX
CD pomoyiHUTe/IbHAs IIPUYMHA CHM>KeHUSI Kw — CIBUT
TOYKM CMEHBI p-fi-liepexoja, OrpaHHYHBAIOIIEr0 TOK
C3, B/eBO IO MmKajle AM, NPUBOASAMIUN K yMeHbIIe-
HHUI0 Toka C3 (puc. 2).

5. TMPOBJIEMA OLLEHKN PEAJIbHOM
SJIEKTPOreHEPALLUN

PeanbHas 3/1eKTporeHepalus B TOJOBOM II€PHOAE

HIDKe IIpefle/IbHOM, OIIMCAHHOM B II. 3, M3-3a TOTr0, 4YTO

nubo YCHIMBAIOTCS IOIVIOMIAOIIKE U paccerBaloLIue

CBOMCTBA aTMocdepel, 160 IIpsIMOe HU3TyueHHe OTCYT-

CTBYeT IIOJTHOCTBIO M3-3a 3aTeHeHHs obmakamu. [is
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N, min
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1,0 1,5 2,0 2,5 3,0

AM

Puc. 3. HYucno munym 8 200y N co 3HayeHusimu AM 8 uHmep-
eane wupuHot 0,01 8 wupomax 10°, 40°, 60°

Fig. 3. Number of minutes per year N with AM values in an
interval with the width of 0.01 at the latitudes 10°, 40°, 60°

30 -

25 I I I I I I I I
0 10 20 30 40 50 60 70 80 90

9,°

Puc. 4. Kos¢ppuuueHm Kw 3Hepzosbipabomku C3 ¢1,2,..6
p-n-nepexodamu 8 3agucumocmu om zeozpaguyeckoli
wupomul (cnaowHasg aunus) u Kz C3 (nyHkmupHas AuHus)
Fig. 4. Energy yield ratio Kw of the solar cells with 1, 2, .6
p-n junctions depending on the geographic latitude (solid
line) and solar cell efficiency (dashed line)
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solar spectrum division into the absorption areas by
individual p-n junctions. For the considered SCs, the
Kw value varies within the latitudinal range within 3
percentage points.

The shape of the latitudinal dependences of the
maximum annual SC energy yield actually follows
the shape of the latitudinal dependence of the annual
energy input with an accuracy of Kw(y) (Fig. 5). The
highest values of the maximum annual energy yield at
low latitudes are associated with a large contribution
to the annual spectral composition of powerful solar
radiation with AM from 1 to 1.5. The minima at the lati-
tudes of approximately 70° are related to an increased
contribution of unaccounted DSR with an AM greater
than 6, and a subsequent increase in the maximum
annual energy yield is associated with an increase in
the time periods when the Sun does not set below the
horizon.

4. ENERGYYIELD RATIO OF SOLAR CELLS
IN THE SECOND TYPE ATMOSPHERE.

In the case of the second type atmosphere typical for
the urban area, the energy yield ratio Kw of the solar
cells has also been calculated. The Kw ratio is calculated
for ¢ from 0° to 90° N, but at the high latitudes the
results for the two types of atmospheres are specula-
tive due to the actually particularly transparent atmo-
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sphere. Figure 6 shows in the form of a shaded area
o L ey that when transferring from the first type atmospheric
composition to the second one, there is a decrease in
Kw that increases with the distance from the equator.
At the latitudes around the equator, Kw of multijunc-
tion solar cells is less by about 1.5 percentage points,
and at a latitude of 30°, Kw of solar cells with 1, 2, ...6
p-n junctions is reduced by 0.5, 1.9, 1.3, 2.0, 2.0, 2.5
percentage points, respectively.

The basic reason for the decrease in Kw is that the
decrease in incoming energy upon increasing the aero-
- T— sol turbidity predominantly occurs in the DSR spectral
region related to the absorption region of the p-n junc-

1600

1200

800

400 - ) o

tion that limits the solar cell photocurrent. However,

L since the incoming radiation is calculated in a wide

range of 280-4000 nm significantly exceeding the

e T o0 a0 20 <0 0 0 = absorption region of this p-n junction, the irradiance is
0 10 20 30 40 50 60 70 80 90 P g p) ’

5 decreased less than the energy yield. In the case of mul-

@, . . -
tijunction SCs, an additional reason for the decrease

Puc. 5. MNpedenbHas 20008as1 3Hep208bipabomka

W, kBm -uac/m? C3 c1,2,..6 p-n-nepexodamu 8 3a8ucl-
mocmu om 2eozpagudeckol Wupomsl npu ammocgepe Kw, %
cmaHdapma IEC 60904-3
Fig. 5. Maximum permissible annual energy yield W, 45 C
kWh/m? of the solar cells with 1, 2, ..6 p-n junctions a0l g
depending on the geographic latitude in an atmosphere E . F
determined in [EC 60904-3 35
30
E 1
OLIEHKU pEeaJIbHOM 3/IeKTPOreHepalliy B BhIOpAaHHOM 25 ' ! ' :
perruoHe Heob6XOOHMO y4uecTh QaKTHUeCKOoe TOfI0BOe
[IOCTYIUIeHHe 3Hepruu. IIpu 3TOM MOSKHO BOCIIOJIb30- 45
BaThCS UMEIOIIMMHMCS JAHHBIMH O TOLOBOM IIOCTYILIe- r 6
HUM 5Heprud I1CH [14] 1 MCTI0/1b30BaTh pacCYMTaHHbIE 40 i <~
KO3)QUIIHEHTHI SHeproBbIPAbOTKU. B pernoHax ¢ BBICO- 35 i
KO Ce30HHOCTBI0 aTMocdepsl (HarlpuMep, Ce30HBI [I0K- = 5
Ziet) BO3MOYKHO I10TpebyeTcst yTouHeHHUe, /151 KOTOPOro 30 - 2
HeobOXOIMMO IIOBTOPHUTH OIIKMCAHHYIO B CTaTbe IIPO- - | , J J ‘ ‘ \ , .
Lieflypy pacdeTa ¢ pa3bUBKOM II0 Ce30HaM. BenuuuHy 0 10 20 30 40 5 60 70 80 90
K03QQUIIMEeHTa SHEProBbIPabOTKY MOSKHO BBIOHPATh 9,°
KCXOMsI M3 ad9P030JIbHOM HAIIOJTHEHHOCTH aTMOCdepsl
B peruoHe. HeobXOmIMMO Takke y4ecTb, YTO IIPOHC- Puc. 6. CHuxeHue KoagpduuueHma 3Hep208bipabomiku Kw
XOOUT CHIDKEHHE 3HEeproBBIPAb0TKH B 3aBHCHMOCTHU C3 ¢1,3,4 p-n-nepexodamu (8sepxy) ¢ 2,5,6 p-n-nepexodamu
OT THIIA SHEPrOyCTAaHOBKH, H3-3a OIITHYeCKHX II0Tephb (8HU3y) npu nepexode om HU3KOL K 8bICOKOL A3p030AbHOL
IIPH KOHIIeHTPHUPpoBaHUHU [ICH M 371eKTPOTeXHUYeCKUX HanoAHeHHoCcMu ammocgepbl (3awmpuxosaro). Mpumeya-
II0Teph Ha KOMMYyTaLuo C3. Hue: 8 OelicmaumMenbHOCMU, 8 8bICOKUX WUpomMax 6nazodaps
Hampumep, Ha mwupore 30°, B CIydae aTMOC- npo3pavHoli ammocdepe Kw He cHUXKaemcs
deprl BTOpOro THUIIa B TeYeHUH Bcero roga, C3 Fig. 6. Decrease in the energy yield ratio Kw of SCs with1, 3, 4
¢ 4-M4 p-n-niepexofaMHU HMeeT KW(P=4-Z,59°/0 (puc. 6), p-n junctions (top), with 2, 5, 6 p-n junctions (bottom) during
a romoBasg ob6MydeHHOCTh II0 MaTepruaiam [14] the transition from the low to high atmosphere aerosol filling
coctaBisieT 2350 KBT-yac/m?. Torga romoByio 3Hep- (shaded). Note: in practice, the Kw value is not decreased at
roBeIpaboTKy HJaHHOrO CD MOKHO OLEHHUTh KakK the high latitudes due to the transparent atmosphere
1001 kBT 4ac/Mm? ¢ TOUHOCTBIO 10 OT/IHUMUS PeaIbHOIO
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cocTtaBa aTtmocdepbl OT aTMocdepbl BTOPOTO THIIA.
SHeproBeIpaboTka (GOTOITEKTPUUECKOI0 MOAYIIS
Y BCe SHEProyCTaHOBKH C JaHHBIM CD bymeT CHIKeHa
Ha BeJIMYMHY Iopsaka 10-20%, ompenesnseMyo Iiapa-
MeTPaMHU KOHCTPYKLIMH KOHKPETHOM CHCTEMBI.

3AK/TIOYEHUE

ITpensioskeHa MeTOIMKaA OLIeHKH IOfl0BOM SHEProBbIpa-
60TKM MHOTOIIepexOfHBIMH QoToIrpeobpa3oBaTensiMu
Ha nmpumepe C3 ¢ 1-6 p-n-miepexofaMu C PeKOPAHBIMU
KILA. IToka3aHo, YTO FOJOBYIO FreHePALMI0 MOKHO OLe-
HHBATh C [IOMOIIBIO K03GUIIHEeHTa SHEProBbIPaboTKH,
KOTOPBIM OKa3blBaeTCs HUKe 3HaueHMs, OIpefieseH-
Horo njs crekrpa AMIL.5. Ko3pPuUIMeHT 3HepProBhbI-
paboTku M3MeHSeTCs B 3aBUCHUMOCTH OT a3P030JIbHOM
HaIIOJITHEHHOCTH aTMOChEepHI.
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in Kw is the break shift of the p-n junction that limits
the SC current, to the left on the AM scale, leading to
a decrease in the SC current (Fig. 2).

5. ASSESSMENT ISSUE OF ACTUAL ENERGY
GENERATION

The actual electricity generation during the annual
period is lower than the limit value described in para-
graph 3, due to the fact that either the absorbing and
scattering atmospheric properties are enhanced or the
direct radiation is completely absent due to shading by
the clouds. To assess the actual power generation in
the selected area, it is necessary to consider the actual
annual energy input. In this case, it is possible to use
the available data on the annual energy input of direct
solar radiation [14] and use the calculated energy yield
ratios. In the regions with high atmospheric seasonality
(for example, rainy seasons), the clarification may be
required, for which it is necessary to repeat the calcula-
tion procedure described in the article with a breakdown
by season. The energy yield ratio value can be selected
based on the atmospheric aerosol content in the region.
Moreover, it is necessary to consider a decrease in the
energy yield depending on the type of power plant, due
to the optical losses when concentrating the DSR and
electrical losses for the solar cell switching.

For example, at a latitude of 30° (in the case of a sec-
ond type atmosphere throughout the year), a solar
cell with 4 p-n junctions has Kw,=42.59% (Fig. 6), and
the annual irradiation in relation to the materials [14]
is 2350 kWh/m?. Thus, the annual energy yield of
a given solar cell can be estimated as 1001 kWh/m?
with an accuracy up to the difference between the real
atmospheric composition and atmosphere of the sec-
ond type. The energy yield of the photovoltaic module
and the entire power plant with this solar cell will be
reduced by the value of about 10-20%, determined by
the design parameters of a particular system.

CONCLUSION

This paper proposes the annual energy yield assessment
method for the multijunction photoconverters by the
example of solar cells with 1-6 p-n junctions and record-
breaking efficiency. It is shown that the annual genera-
tion can be estimated on the basis of energy yield ratio
that turns out to be lower than the value determined
for the AML1.5 spectrum. The energy yield ratio varies
depending on the atmosphere aerosol filling.
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