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AHomayia. Memoro pobomu € aHanNI3 enekmpu4HUX XapaKkmepucmux ¢pomoenekmpudyHo20 MoOYsA 3 KOHUeH-
mpamopom coHAYHOI eHepeii. 06’ekm docniomeHHs — npocmuli pomoenekmpuyHUl Modysb 3 Halinpocmiwum
KOHUEHmMpamopoM COHAYHOI eHepaii 6e3 000amKo8UX CUCMEM OX0/00MH(EeHHS, W0 pobumbs make pilleHHs mex-
HiYHO npocmum i KomepuiliHo npusabausum. 3adaua pobomu noaAA2a€ 8 OYiHUi mexHiYHoi douinbHocmMi maxko2o
piweHHs. Y pobomi Ha800AMbCA MOPIBHANBHI XAPAKMEPUCMUKU 3a7eXHOCMIi MomyxHocmi 8i0 Hanpyau ma no-
MiCAYHOI 2eHepauii enekmpoeHepaii 3a3Ha4YeHo20 pilleHHs NopieHAHO 3 MPAdUUiliHUM pilueHHAM —Habopom ro-
C/1i00BHO BK/MOYEHUX (homoeneKmpuyHuUx mooysis. [1na oyiHKU 8rnausy camo20 KOHUEHMpamopa Ha Xxapakme-
PUCMUKU MOOY5 HA8EOEHO MAKOM( MOPIBHAHHSA 3 NesHUM i0easniz08aHUM pilueHHAM. BU3Ha4eHo 0ouinbHicMb
BUKOPUCMAHHA KOHUEHMPamopie COHAYHOI eHepeii 3i 3gudaliHumMu ¢homoenekmpudyHUMU MOOYAAMU, OCKifbKU
nonpu 35%-se nadiHHA 2eHepayii enekmpoeHepeii 3 00UHUYi NA0W,i 8apMICMb MAKO20 pillleHHA 0YiKyEMbCA MeH-
woto: 00UH MOOYsb 3 KOHUEHMpPAamMopom rnepedbavyeHo 2eHepye CMinbKu ¢ eHepeil, CKinbKu 8icim moodynie be3
KoHueHmpamopa. bibn.14.

Knrouoei cnoea: 8ioHoenosaHi 0xcepena eHepeail, pomoenekmpu4yHa CMaHUis, KOHYEHMpPamop COHAYHO20 8U-

NPOMIHIOBAHHA, MPO2HO3 2eHepauii enekmpoeHepaii.

BMKOpMUCTaHi NO3HAYeHHA Ta CKOPOUEHHA
®EM — boTOeNeKTPUUHMIA MOaY b

PV — photovoltaic, doToenektpuyHuii

Bctyn

TexHoNOorif KOHLEHTPaL,i COHAYHOro BUNPOMIHIOBAHHA MO-
cigae Barome micue B COHAYHIN eHepreTuui. BogHovac ua
TEXHO/IOTiA Hacamnepes 30cepeasKeHa Ha OTPUMaHHI Tep-
ManbHoi eHeprii [1, 2] Ta KOmbiHaLii TepmanbHOi 1 poToe-
NeKTpUYHOI eHeprii [3, 4]. MeHwa yBara npuainaeTbca BU-
KNOYHO eHeprii ¢poToenekTpuyHin. Mpu ubomMy nepesara
Bif1AETbCA 33CTOCYBAHHIO «BUCOKOEdEKTUBHUXY doTOoENe-
MeHTIB [4—7] Ta cucTeEM MPMMYCOBOrO OXONOAKEHHSA [8].
BUKOPUCTaHHIO AOCTYNHUX Ha PUHKY 3BUYaNHUX doToene-
KTPUYHMX MoayniB Ha 6asi ogHONepexoA0BOro KpUctaniy-
HOTO KPEMHIil0 3 KOHLLEHTPaTOpaMM COHAYHOro BMMPOMI-
HIOBaHHA NpWUAiNeHo mano ysarn. 3 ornagy Ha Buwy
BapTiCTb GOTOENEKTPUUYHOI eHeprii NOPIBHAHO 3 eHeprielo 3
BMKOMHUX AXKepen AOLINbHO LWYKATU TEXHIYHOro pilleHHA
ONA 3MEHLUEHHS LLIHM COHAYHMX eNeKTPOCTaHLiA. Bukopu-
CTaHHA KOHUEHTpPaLLi COHAYHOI eHeprii 3 iCHYlIo4YMMHM Kome-
PUiMHO  AOCTYNHUMU  GOTOENEKTPUYHUMM  MOAYNAMMU
(PEM) € uikaBMM pillEHHAM, OCKiZIbKM BapTiCTb NPOCTOro
KOHLeHTpaTopa Ha 6as3i niH3u ®peHens, napaboniyHoro
A3epKana i T. N. 3a 04MHULIO NAOoLL BOAYAETbCA MEHLLOO,
HiXX Y $OTOENEKTPUYHOTO MoayAA.

MPPT — max power point tracker, npucTpiin ana sigcnigko-
BYBaHHA HaMbBiNbLIOI NOTYKHOCTI Ha BUXiOHIM XapaKTepuc-
TMui PEM i yTpMMaHHA Li€i TOUKKN AK pobouoi ans cuctemu
reHepaLii eHeprii

Merta

MeToto po60TH € NOPIBHANIBHUIM aHANI3 NEKTPUYHUX Xapa-
KTEPUCTMK TUMOBOrO GOTOENEKTPUYHOIO MOAYIA 3 KOHLLe-
HTPAaTOPOM COHAYHOTO BUMNPOMIHIOBAHHA i NONA aHaNoriy-
HUX POTOENEKTPUYHUX MOAYNIB CYMAPHOK MNJIOLLEH,
piBHOIO M/IOLWi anepTypu KOHUEHTpaTopa. Y noganbliomy
Lue 4acTb 3MOTy NPOBOAUTM TEXHIKO-EKOHOMIYHI po3paxy-
HKM O0UINbHOCTI TaKnx cuctem. AK npuknag PEM B3aT0 Mo-
aenb A10Green Technology A10J-S72-175 HomiHanbHOWO
noTyHicTio 175 BT. Ocob61MBOCTi KOHKPETHUX TUNMIB COHAY-
HUX KOHLEHTPATOpPiB He pOo3rnsaaloTbCA B Ui poboTi,
npoTe 3 OrnA4y Ha ifet BUKOPUCTaHHA Hegopororo PEM
ONTUYHI XapaKTEPUCTUKM KOHLEHTPaTOpa BUOpaHi Takumm,
Lo BignoBigatoTb HalnpocTiwmnm ix Buaam — niHsi PpeHensa
Ta napaboniyHomy a3epkany.

Po3paxyHOK KOHLLEHTPATopa COHAYHOrO BUMPOMIHIO-
BaHHA

MpupogHum obmexeHHAM ana PEM 3 KOHUEHTpaTopom
COHAYHOI eHeprii € TemnepaTypa poToenemeHTa. Tunosnm
3HaYEeHHAM MaKCMMaNnbHOI AOMYCTUMOI TeMnepaTypu eKc-
nayaTauii ana ®EM e 85 °C.
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[Nna ouiHKM MaKCMMaIbHOI COHAYHOI eHeprii AnA OgUHNY-
HOro GpOTOENEKTPUYHOTO MOZYNA BUKOPUCTOBYETLCA MPO-
CTa NiHiiHa anpokcumalis [9, 10]:

G
T=T,+ Cmocr (Twocr — Tanocr) (1)

ne T — temnepaTypa ®EM (°C) 3@ iHTEHCMBHOCTI COHAYHOI
pagiauii G (BT/m?) Ta TemnepaTypu HaBKOAULLIHBOTO cepe-
nosuwa Tq (°C); Tnocr— HOMIHanbHa poboya TemnepaTtypa
®EM, L0 BKA3yeTbCA BUPOOHMKOM Y cneumdikauii 40 KOH-
KpeTHoro ®EM; Gnocr = 800 BT/m? Ta Tanocr= 20 °© — 3Ha-
YeHHA IHTEeHCMBHOCTI COHAYHOI pagiauii 1 TemnepaTypw,
BiAMNOBIZAHO, 33 TaK 3BaHMX HOPMa/AbHWX yMOB (nominal
terrestrial environment NTE).

OnTMYHa ePEeKTUBHICTb KOHUEHTpaTopa Ha OCHOBI /MiH3KM
®peHena Ta npoctoro napaboniyHoro A3epKana CTaHOBUTb
6n1m3bko 70 % [7]. IcHytO4i TeXHO/OFT A03BONAKOTL OTPU-
MaTh ONTUYHY ePeKTUBHICTb KOHLUeHTpaTopa Ao 84-98 %
[7, 11], npoTe TexHiKO-eKOHOMIYHA [OLNbHICTL TaKUX Pi-
WeHb ANA BUKOPUCTAHHA 3i 3BnYaliHummn EM BbauaeTtben
CYMHIBHOIO.

Bubip KOHLEeHTpaTOpa NOBUHEH BPaxoBYyBaTU COHAYHY pa-
Aiauito B Micui ekcnayatauii. Y noganbwomy posrnaga-
HOTbCA KNIMATUYHI ymosu ansa m. Kuis B 2019 poui, fe mak-
CMMasnbHe 3HauyeHHA pagiauii ctaHosuno 918 Bt/m?, a
HaliBMLa 3adikcoBaHa TemnepaTypa — 35 °°C [12]. Bes 3a-
CTOCYBaHHA MNPUMYCOBOIO OXONOAMEHHA, AK 3a3Ha4yeHo
BULLE, MaKcuManbHa Temnepatypa PEM He noBMHHa nepe-
Buutysatu 85 °C. Miacrasnatoumn y pisHAHHA (1) TMNOBE 3Ha-
YyeHHA Temnepatypu Tnoct = 25 °C, TemnepaTypy HaBKOU-
wHboro cepegosuwa Ta = 35°C, MoOMHa oTpUmaTH
MAKCMMaibHe 3HA4YeHHA COHAYHOI pagiauii Ha NoBepxHi
moayna Gmax, WO HE NPU3BEAE L0 MOro neperpisy:

85 = 35 + % (25 — 20) - Gy = 8000(BT/M2) (2)

Ockinbkn ue gocnigeHHa He OKYCYETbCA Ha KOHCTPYK-
TUBI CAMOTO KOHLLeHTpaTopa, 3 YCbOrO Pi3HOMaHITTA Moro
napameTpiB BaXKAMBUMMU € KOediLLiEHT KOHLLEeHTPaL,ii COHAY-
HOI eHeprii X, AKMI BUMIPIOETbCA B KiZIbKOCTi coHupb [13], i
reomeTpuyHa KoHueHTpauia Cq [7]:

Gy A
X=?; Cg=_l (3)

a

ne Gy — cepefHA iHTEHCUBHICTb KOHLLEHTPOBAHO| COHAYHOI
pagiauii, G — cepeHe 3HAYEHHA COHAYHOI paaiauii 6e3 3a-
CTOCYBAHHA KOHLLEHTPATOpa, A — NA0LWa anepTypy KOHLEH-
TpaTopa, g — naouia pecisepa (naouwa nepetnHy NOTOKY
KOHL,EHTPOBAaHOr0 COHAYHOTO BUNPOMIHIOBAHHSA).

[na HaseaeHMX BULLE KNIMAaTUYHUX YMOB i 3 ypaxyBaHHAM
CMiBBiAHOLWEHHA (2), @ TAKOXK ONTUYHOT eHEKTUBHOCTI KOH-
ueHTpaTopa 0.7, KoedilieHT KOHUEHTPALLT COHAYHOI eHepril
He NoBMHeH nepesuwysaTh X = 8000/918 = 8.71 (coHup), a
reomeTpuuHa KoHueHTpauia C; = 8.71/0.7 = 12.44. 3Ha-
YeHHA KoedilieHTa KOHUEeHTpaLii COHAYHOI eHeprii X = 8.71
BiANOBIgAE cMCTEMAM HU3bKOI KOHLUEHTpPALLT, 4NA AKMX Nig-
XOAUTb 3BUYAMHWIN KPUCTANIYHUI KpPeMHilt AK maTtepian

doToenemenTa [13]. Ans cnpoLleHHs NoAanbLIoro nopis-
HAZIbHOTO aHani3y, BUGEPEMO KOHLLEHTPATOP 3 BE/IMYMHOKO
reomMeTpUYHOI KoHUeHTpaLii C; = 12, To6To anepTypa KoH-
LeHTpaTopa MaTMMme TaKy Camy NJoLly, WO i CyMapHa aK-
TMBHA (poboua) naowa 12 Takmx cammx PEM 6e3 KOHLLEeHT-
pavjii COHAYHOI pagiauii.

MNopiBHAHHA eNeKTPUYHUX XapaKTepucTuKk ogHoro PEM 3
KOHLieHTpaTopom i nons PEM

[ani HaBeAeHO NOPIBHANBHUI aHaNi3 eNEeKTPUYHUX XapaK-
TEPUCTUK Ta reHepauii enekTpoeHeprii ogHoro PEM 3 KoH-
LEHTPaToOpOM 3i 3HaueHHAM Cyg = 12 11 ONTUYHOW edeKTmB-
HicTio 0.7, i nona 3 12 aHanoriyHnux PEM. AKTUBHa naow_a
060x piweHb Npu ubomy byae ogHakosa. Loao nigknto-
YyeHHA, To 12 PEM mokHa 06’egHaTH pisHMMM cnocobamu,
AKi BNAMBAaTMMYTb Hacamnepes, Ha HOMiHa/IbHI 3Ha4YeHHA
Hanpyr i CTPymis, NpPOTe CyMapHa HOMiHA/IbHa NOTYKHICTb
6yae oaHaKoBO. BubepeMo nocnifoBHE NigKNIOUYEHHS AK
Hanpo3noBcloaKeHiwe. HUxKue HaBeaeHi cimelicTBa xapa-
KTEPUCTMK 3a/1eXKHOCTI NMOTYXKHOCTI Bif, HAanpyru 3asHaye-
HUX pileHb ANA Pi3HMX 3HaYeHb COHAYHOI paaiauii 1 Tem-
nepatypu. Ak ®EM posrnagasca Al0Green Technology
A10J-S72-175 HOMiHanbHO NOTYXHicTIO 175 BT. XapaKkre-
PUCTUKM OTpUMaHi cumynsuieto B cepegosuwi Matlab
Simulink. Ons mogentoBaHHA PEM BMKOpUCTaHUIA 06’ €eKT
«PV Array» 3 6i6nioteku «Simscape». Mogenb COHAYHOI yC-
TAaHOBKM BPAXOBYE 3aNEXHICTb TemnepaTypy MoAaynsa Bif
pagiauji BianosigHo 80 piBHAHHA (1). KOHLEHTpaTop CoHA-
YHOTO BMMPOMIHIOBAaHHA NPUIMMaBCA 3 BE/IMYMHOIO reomeT-
pWYHOI KOHUEeHTpauii Cy = 12 i onTuyHo edekTMBHICTI0 0,7,
TO6TO KoedilieHTOM KOHLeHTpaL,ii (KinbKicTb coHUb) X =
8.4.

AK BUAHO Ha puc. 1 i puc. 2, 3araioMm MaKCMMasibHa NOTY K-
HicTb nons 3 12 EM 6yae npmnbansHo BaBivi 6inblia 3a no-
TYXKHiCTb ogHoro ®EM 3 KoHUeHTpaTopom. BogHouyac wo
HUXKYa TemnepaTtypa M OCBITAEHICTb, TO MeHLa Pi3HULA
MiXK NOTY>KHOCTAMW OAHOTrO MOAYNA 3 KOHLEHTPATOPOM i
nona ®EM. Lle NOACHIOETbCA AK ONTUYHMMM BTPATAaMU B
KOHLLEHTPATOPI, TaK i NoripweHHAM XxapaKktepuctnk ®EM 3a
BULLOI TemnepaTypwu. 1A OLUiHKKX BTPAT Ha puUc. 3 HaBeAeHO
XapaKTepUCTUKKU NOTYKHOCTi PEM 3 KOHLeHTpaTopom 3 on-
TUYHoto edeKTuBHIcTio B 0.95, Wo BianoBigae HalledpeKkTmB-
HilIMM iCHYOYMM pileHHsam [7, 11], Ta 3acTocyBaHHAM ne-
BHOI CUCTEMM OXONOAKEHHSA, WO 3abe3neyye TemnepaTtypy
MOAYNA 3 KOHLEHTPATOPOM TaKy Camy, AK B aHaNOr4yHOro
Moayna 6e3 KoHLeHTpaTopa 33 O4HAKOBOrO PiBHA OCBIT-
JIEHHA | TemnepaTypu HaABKONULIHBLOIO cepeaosua. Mo-
*KHA MOMITUTH, LLO XapaKTEPUCTMKM NOTYXKHOCTI TaKOi yCTa-
HOBKWM CYTTEBO Kpalli, Hi*K y nonepeaHbo PO3rAAHYTOro
KOHL,eHTpaTopa, NpoTe BCe-Takun NocTynatoTbea nosio PEM
33 BUCOKOT OCBiTAEHOCTi 1 6113bki A0 nona PEM 3a HU3bKOT
OCBIT/I€HOCTI.

TaKoX BapTO BiA3HAYNTN MEHLUY KPYTU3HY XapaKTePUCTUK
DEM 3 KOHLEHTPATOPOM Yy TOYLLI MaKCMMabHOI NMOTYXKHO-
CTi, WO 3HUXKYE BUMOrK A0 ToyHocTi MPPT Tpekepa (max
power point tracking — BiACNiAKOBYBaHHA TOYKM MAKCU-
Ma/IbHO MOTY}KHOCTI) i MOTEHLiiHO 3MEHLUYE BTPaTK Yepes
HeonTMMasibHe BU3HAUYEHHS POBOYOT TOUKM.
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Puc. 1. 3anexcHicmb nomyxHocmi 8i0 Harnpyau 014: a — ®EM 3 koHueHmpamopom; 6 — 12 nocnidosHo 06’eOHaHuUX
®EM 3a memnepamypu 25 °C i senuquru coHayHoi padiauii 8id 100 do 1000 Bm/m?
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Puc. 2. 3anexHicmbe nomyxHocmi 8i0 Harpyau 014: a — ®EM 3 kKoHueHmpamopom; 6 — 12 nocnidoeHo 06’eOHaAHuUX
®EM 3a seauduHuU coHAYHOT padiayii 800 Bm/m? i memnepamypu HasKoauwHe020 cepedosuwa 8id —30 do 30 °C
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Puc. 3. 3anexHicmb nomyxcHocmi 8i0 Hanpyau 014 ®EM 3 KOHUeHMpPamopom onmu4Hor egpekmusHicmio 0.95 i
cucmemoro 0xon100xeHHa PEM, akwo: a — memnepamyp 25 °C i senuuuHa coHayHoi padiayii 8id 100 0o
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MNopiBHAHHA BMPO6iTKM eneKkTpoeHeprii ogHoro ®EM 3
KOHLUeHTpaTopom i nonsa ®EM

[na NopiBHANBHOI OL,IHKM MOXKINBOCTEN reHepaLlii efiekTpoe-
Heprii ogHoro ®EM 3 KoHueHTpaTopom i nons ®EM npose-
[EeHA CUMYANSALIA PiIYHOT BUPOBITKM eneKTpoeHeprii BiaAnoBsiaHO
[0 cnocoby, onucaHoro B [14]. MopiBHIOBaAMCh XapaKTepuc-
THKK: 1) PEM 3 KOHUEHTPATOPOM 3 BEZIMYNHOI FEOMETPUUHOI
KOHUeHTpauii Gy = 12 i onTuuHoto edekTmsHicTio 0.7 (X = 8.4
COHUp) Ta 6e3 CUCTEMM OXONOAMKEHHS, TaK 3BaHUI HU3bKOE-
bEeKTUBHUIA KOHLLeHTpaTOop; 2) PEM 3 KOHLIEHTPaTOpPOM 3 Be-

JIMYMHOKO FeOMETPUYHOI KOHUeHTpauii C; = 12 i ontuyHoO
edekTmBHicTio 0.95 (X = 11.4 COHUb) Ta CUCTEMOK OXOJO-
[OXKEHHSA, WO HiBEe/IOE BMN/IMB NiABULLEHOI COHAYHOI pagiaLii Ha
@DEM, TaK 3BaHWN BUCOKOEDEKTUBHUI KOHLLEHTPaTOop; 3) nose
312 nocninosHo 06’eaHaHnx PEM. Mogenb ®EM Bianosiaae
A10Green Technology A10J-S72-175. KnimaTuuHi AaHi ans cu-
MynAUii OTpUMaHi 3 [12]: noroAnMHHI 3HaYeHHA NPAMOI COHAY-
HOI pagjaLii Ha rOpM30HTaIbHY NOBEPXHIO Ta TeMNepaTypu No-
BITPA ANnA reorpadiyHnx koopamHat m. Kuis 3a 2019 pik.
PesynbTatvi 3BeAeHi 40 TabaumLi.

Ta6nuua. PiuHui BUpO6iTOK enektpoeHeprii nonem 3 12 PEM, PEM 3 «HU3bKoepeKTUBHUM» KOHL,EHTpaTopom Ta PEM
3 «BUCOKOE(PEKTUBHUM» KOHLEHTPATOPOM i CUCTEMOIO OXON0AKEHHA

12 ®EM ®EM 3 «Hu3bKoedeKTuB- | PEM 3 «BUCOKOOEPEKTUB-
HUM» KOHLLEHTPATOPOM | HUM» KOHLLEHTPaTopom
Micaub CsiT- CepepgHa | CepegHa | MicauHa | MicauHare- | Yactka MicauHa re- | YacTKa reHe-
Nnii yac | Temnepa- | COHAYHA | reHepa- Hepauis, reHepaduii | Hepauisn, pauii BigHoO-
pobwu, r | Typa, C° paaiauifa, | uia, KBTr | KBTI BiAHOCHO | KBT'r CHO 12 PEM
Bt/m? 12 ®EM
CiveHb 302 -7 107 73.4 52.8 72% 72.8 99 %
Notnin 304 -2 182 124.9 86.7 69 % 120.1 96 %
BepeseHb | 395 5 236 206.6 139.6 68 % 193.8 94 %
KBiTeHb 439 11 310 293.6 190.8 65 % 266.2 91%
TpaBeHb 496 18 328 341.6 219.3 64 % 307.3 90%
YepseHb | 536 24 382 419.9 260.7 62 % 366.4 87%
JluneHob 518 22 393 422.9 260.7 62 % 366.8 87 %
CepneHb | 479 23 380 375.8 2334 62 % 328.2 87 %
BepeceHb | 408 18 306 261.9 170.4 65 % 238.0 91%
KosTeHb | 362 13 232 178.6 121.1 68 % 168.6 94 %
Nnuctonag | 300 5 135 87.9 62.7 71% 86.7 99 %
lpyseHb 269 2 87 50.9 37.1 73 % 51.2 101 %
PiuHa reHepauin, KBT-T 2837.9 1835.4 65 % 2566.2 90 %
AK BUAHO B TabuLUi, 3 po3paxyHKy Ha piYHy reHepalito ene-  BUCHOBKMU

KTPOEeHeprii 0gMH MOAY/Nb 3 BEAMYMHOK TFeOMETPUYHOI
KOHLUeHTpauji Cg = 12 BUpobuTtb nnwe 65 % eHeprii, AKY mo-
YKHA OTPMMaATK 3 12 aHanorivHMX moaynis, TOAi AK 3 ineannb-
HUM KOHLEHTpaTopom 3 oxonoaeHHam — 90 %. BogHouac
LLLO HUXKYi TemnepaTypa HaBKOJIMLWHBLOIO cepeoBumLLa i CO-
HAYHA pagiauin, To BULLA eDEeKTUBHICTb MOAYA 3 KOHLUEHT-
paTopom. MOXHa OLiHUTH, WO MOAYNb 3i 3BUYAHUM KOH-
LLeHTPaTOPOM 3reHepye CTiIbKW K eHeprii, CTiIIbKK i BiCim
aHaNorYHUX moaynis 6e3 KoHLEeHTpaLii COHAYHOI eHepri,
TO6TO reHepalis 3 OAMHULI aKTUBHOI NIOLLi YCTaHOBKK 3
NPOCTUM KOHLEHTPATOPOM 6e3 A0AaTKOBUX CUCTEM OXO/10-
OKeHHs byae npnbausHo B 1,5 pasa HMKYOLO, HiXK 3 NosA
®EM aHanoriyHoi cymapHOi aKTMBHOI naoui moaynis. di-
HAHCOBI OLLHKM Hapa3i He Po3rNAJATbCA, NPoTe 3 OrNA[y
Ha Te, W0 B MOAE/OBaHHI NPUAHATUI NPOCTUIA KOHLEHTPa-
Top 6e3 [0AaTKOBMX CUCTEM OXO/NIOAKEHHA, MOXHA BBa-
»KaTw, WO 33 NpeBantoBaHHA NUTAHHA cObBiBApPTOCTI yCTaHO-
BKM Hag, NUTAHHAM AOCTYMHOI NAOLL TaKe pilleHHA MoXe
BMAATUCb PaLLiOHAZIbHUM.

BuKOpMCTaHHA 3BMYaMHOrO KomepLinHoro ¢boToenekTpmy-
HOr0 MOAY/NA 3 COHAYHMM KOHLEHTPAaTOPOM OMTUYHO
edeKTuBHicTio 6amn3bko 0.7 i BENMUYMHOK reoMeTpUYHOi
KOHUEeHTpaLii 12 403BONAE OTPUMATM reHepaLito, 3icCTaBHY
3 reHepaujieto BOCbMM aHanoriyHux ®EM 6e3 KoHUEeHTpa-
TOopa, He NoTpebye cUCTEMU OXONOOMKEHHSA, | MaE naoLly
anepTypw, piBHy naowi 12 aHanoriyHMx GoToeNEeKTPUYHMX
mopynis. TobTo reHepaLis efnekTpoeHeprii 3 opuHMUI
naoLi 3meHLWyeTbcA NprMbansHo Ha 35 %, NpoTe OYiKyeTbCA
iCTOTHO MeHLla BapTiCTb YCTAaHOBKM Yepes BiAHOCHY gelle-
BM3HY KOHLLEHTPaTOpa. TaKoXX MeHLLA KPYTU3HA BUXigHMX
xapaKktepuctnk ®EM 3 KOHUEHTPAaTOPOM 3HWKYE BUMOTU
00 MPPT Ta BTpaTh NOTY*KHOCTi Yepe3 NOXMHKY BU3HaYEHHsA
TOYKM MAKCMMaAJIbHOI MOTYMKHOCTI. ¥ pasi BMKOPUCTaHHA
KOHLLEeHTpaTopa 3 ONTUYHOI edEeKTUBHICTIO Ha PiBHI Kpa-
LWMX AOCATHEHb Cy4acCHOiI TEXHOOrii M 3aCTOCYyBaHHA CUC-
TEM OXO/NIOAKEHHA ONA MOHUMKEHHA Temnepatypn PEM
OTpMMaHe 3HayYeHHA reHepawii enexkTpoeHeprii Anwe Ha
10 % meHLWe, HiXX 3 MHOXWHN GOTOENEKTPUYHUX MOLY/IB.
MpoTe KOMepLiiHY AOLiJIbHICTb TAKOrO PillEHHA OLHMTH
BAYKKO Yepes CKNaAHICTb KOHLLeHTpaTopa i noTpeby B cuc-
TEMi OXONOOKEHHSA.
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Abstract. The purpose of this article is to analyze the electrical characteristics of a photovoltaic module with a
solar radiation concentrator. The object of the study is a simple commercially available photovoltaic module with
the simplest solar radiation concentrator without additional cooling systems, which makes this solution technically
simple and commercially attractive. The task is to evaluate the technical feasibility of such a solution. The study
provides comparative characteristics of the dependence of power on voltage and monthly electricity generation
of the mentioned concentrator system compared to a traditional solution — a set of photovoltaic modules
connected in series. To assess the impact of the concentrator itself on the characteristics of the module, a
comparison with a certain idealized solution is also made. As a conclusion, the feasibility of solar energy
concentrators with conventional photovoltaic modules is demonstrated, since despite a 35% drop in electricity
generation per unit area, the cost of such a solution is expected to be lower, because one module with a
concentrator will be able to generate as much energy as 8 modules without radiation concentration. Bibliography
14.

Keywords: renewable energy sources, solar power plant, solar radiation concentrator, electricity generation
forecast.

List of symbols and abbreviations used
PV module — photovoltaic module

MPPT — max power point tracker

Introduction .
Objective

Concentrated solar power (CSP) technologies occupy a sig-
nificant position within the broader field of solar energy.
Nevertheless, these technologies have been primarily ori-
ented toward the generation of thermal energy [1, 2] and
hybrid thermal-photovoltaic systems [3, 4], while substan-
tially less attention has been devoted to purely photovol-
taic applications. In such cases, preference is typically given
to the implementation of high-efficiency solar cells [4-7] in

The objective of this study is to conduct a comparative anal-
ysis of the electrical characteristics of a typical photovoltaic
module equipped with a solar radiation concentrator and
those of an array of analogous photovoltaic modules whose
total area is equivalent to the aperture area of the concen-
trator. This comparison will subsequently enable techno-
economic assessments of the feasibility of such systems. As
a representative PV module, the A10Green Technology
combination with forced cooling systems [8]. The use of A10J-572-175 model with a nominal power of 175 W is se-

commercially available, standard single-junction crystalline  |octed. The investigation of the specific design features of
silicon photovoltaic modules equipped with solar radiation ;1 dividual types of solar concentrators lies beyond the

concentrators has received comparatively limited consider- scope of this work; however, given the concept of using a
ation. Given that the cost of photovoltaic electricity re-  |ow_cost photovoltaic module, the optical characteristics of
mains higher than that derived from fossil fuels, it is in- the concentrator are chosen to correspond to the simplest
creasingly important to identify technical solutions capable  ayajlable configurations — namely, a Fresnel lens or a para-
of reducing the capital cost of photovoltaic power plants.  polic concentrator.

Employing solar concentration in conjunction with existing
commercially available photovoltaic (PV) modules repre-
sents a promising pathway, as the cost per unit area of sim- A natural limitation for a PV module operating with a solar
ple optical concentrators — such as Fresnel lenses or para-  concentrator is the temperature of the PV cell. A typical
bolic concentrators — appears to be lower than that of the  maximum operating temperature for such modules is 85 °C.
PV modules themselves. To estimate the maximum solar radiation for a single

Calculation of the Solar Radiation Concentrator
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photovoltaic module, a simple linear approximation is used
[9,10]:

G

T=T,+ (TNOCT - Ta,NOCT) (1)

GNocT

where T is the module temperature (°C) at solar irradiance
G (W/m?) and ambient temperature T, (°C); Twocr is the
nominal operating cell temperature specified by the manu-
facturer; Gnocr = 800 W/m? and T nocr= 20 °C correspond
to the nominal terrestrial environment (NTE) conditions.

The optical efficiency of concentrators based on Fresnel
lenses or a simple parabolic concentrator is approximately
70% [7]. Although existing technologies can achieve con-
centrator optical efficiencies of 84 — 98% [7, 11], their
techno-economic suitability for use with conventional pho-
tovoltaic modules appears questionable.

The selection of a concentrator must consider the local so-
lar irradiance at the installation site. In this study, the cli-
matic conditions of Kyiv city in 2019 are used: the maximum
recorded irradiance was 918 W/m?, and the highest ambi-
ent temperature reached 35 °C [12]. As noted above, with-
out forced cooling, the module temperature must not ex-
ceed 85 °C. Substituting a typical value of Tnocr = 25 °C and
To = 35 °C into Equation (1), the maximum permissible irra-
diance Gmax on the module surface that does not lead to
overheating is obtained:

85 = 35 + 68";—“;(25 —20) > Gpax = 8000(W/m?) (2)

Since this work does not focus on concentrator design de-
tails, only two parameters are treated as essential: the solar
concentration ratio X, expressed in “suns” [13], and the ge-
ometric concentration ratio Cy [7]:

) (3)

where Gy is the average concentrated irradiance, G is the
average non-concentrated irradiance, A is the concentrator
aperture area, and a is the receiver area (the cross-section
of the concentrated radiation beam).

For the climatic conditions described above and consider-
ing Equation (2) and the concentrator’s optical efficiency of
0.7, the concentration ratio must not exceed
X=8000/918=8.71 suns, and the corresponding geometric
concentration ratio should not exceed C; = 8.71/0.7 =
12.44. A concentration ratio of X = 8.71 falls within the
range of low-concentration photovoltaic systems, for which
standard crystalline silicon solar cells are suitable [13]. To
simplify the subsequent comparative analysis, a concentra-
tor with a geometric concentration ratio of Cg = 12 is se-
lected, meaning that the concentrator aperture area equals
the total active area of twelve identical photovoltaic mod-
ules operating without concentration.

Comparison of the Electrical Characteristics of a Single PV
Module with a Concentrator and an Array of PV Modules

A comparative analysis is presented below for the electrical
characteristics and energy generation of a single photovol-
taic module equipped with a concentrator with a geometric
concentration ratio Cy = 12 and an optical efficiency of 0.7,
and of an array consisting of twelve identical PV modules.
In both cases, the total active area is the same. From an
electrical connection perspective, the twelve modules can
be arranged in various configurations that primarily affect
nominal voltage and current values; however, the total
nominal power remains unchanged. A series configuration
is selected as the most common arrangement.

The following figures present the families of power-voltage
characteristic curves for the two mentioned configurations
under various solar irradiance and temperature conditions.
The photovoltaic module considered is the A10Green Tech-
nology A10J-S72-175 with a nominal power of 175 W. The
characteristics were obtained through simulations con-
ducted in MATLAB/Simulink. The “PV Array” block from the
“Simscape” library was used to model the PV modules in all
the cases. The model accounts for the dependence of mod-
ule temperature on irradiance, as given in Equation (1). The
solar concentrator was modeled with a geometric concen-
tration ratio of Cy = 12 and an optical efficiency of 0.7, cor-
responding to a solar concentration factor (number of suns)
of X = 8.4.

As shown in Figs. 1 and 2, the maximum output power of
the twelve-module array is generally approximately twice
that of the single module equipped with a concentrator.
Moreover, the lower the temperature and irradiance, the
smaller the difference between the power of the concen-
trating-module configuration and that of the module array.
This behavior is explained by both optical losses in the con-
centrator and degradation of PV module performance at el-
evated temperatures.

To evaluate potential loss reductions, Fig. 3 presents the
power characteristics of a module equipped with a concen-
trator having an optical efficiency of 0.95 — representative
of the most advanced existing solutions [7, 11] — and em-
ploying a cooling system that maintains the module tem-
perature equal to that of a non-concentrating module un-
der the same irradiance and ambient temperature
conditions. It can be observed that the performance of such
an enhanced concentrator-based system is significantly
better than that of the previously considered concentrator
configuration; however, it still underperforms the module
array at high irradiance levels and approaches the array
performance only at low irradiance.

It is also noteworthy that the slope of the power curve at
the maximum power point is flatter for the module with a
concentrator. This reduces the accuracy requirements for
the maximum power point tracking (MPPT) system and
may potentially decrease losses associated with non-opti-
mal operating-point detection.
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Fig. 1. Power-voltage curve for: a) PV module with solar concentrator, b) sequence of 12 PV modules at the ambient

temperature of 25 °C and solar irradiance range of 100 to 1000 W/m?
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Fig. 2. Power-voltage curve for: a) PV module with solar concentrator, b) sequence of 12 PV modules at the solar
irradiance 800 W/m? and ambient temperature range of -30 to 30 °C
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Fig. 3. Power-voltage curve for the cooled PV module and concentrator with optical efficiency 0.95 for: a) ambient
temperature 25 °C and solar irradiation range of 100 to 1000 W/m?, b) solar irradiation 800 W/m? and ambient
temperature range of -30 to 30 °C

143



BigHosnoBaHa eHepreTuka. Ne 4/2025 | CoHs4YHa eHepreTuka

Comparison of Annual Energy Output of a Single PV Mod-
ule with a Concentrator and a PV Module Array

To comparatively evaluate the energy-generation poten-
tial of a single photovoltaic module equipped with a con-
centrator and that of a photovoltaic module array, an an-
nual energy-yield simulation was performed using the
methodology described in [14]. The following configura-
tions were examined: 1) a PV module with a concentrator
having a geometric concentration ratio of C; = 12 and an
optical efficiency of 0.7 (X = 8.4 suns), without a cooling
system (hereafter referred to as the “low-efficiency con-
centrator”); 2) a PV module with a concentrator having a

geometric concentration ratio of C; = 12 and an optical ef-
ficiency of 0.95 (X = 11.4 suns), combined with a cooling
system that compensates for the thermal effects of in-
creased irradiance (the “high-efficiency concentrator”); 3)
an array of twelve photovoltaic modules connected in se-
ries.

The module model corresponds to the A10Green Technol-
ogy A10J-S72-175. Climatic data for the simulation were ob-
tained from [12] and include hourly direct normal irradi-
ance value s on a horizontal surface and ambient
temperatures for the geographic coordinates of Kyiv city in
2019. The results are summarized in Table.

Table. Annual electricity output of 12 sequentially connected PV modules, a PV module equipped with a
“low-efficiency” solar concentrator, and a cooled PV module with a “high-efficiency” solar concentrator

12-module | PV module with a PV module with a “high-ef-
PV array “low-efficiency” con- ficiency” concentrator
centrator
Month Day- Average Average Monthly Monthly | Share of Monthly Share of
light tempera- solar irradi- | yield, yield, yield rela- yield, kW-h | yield relative
hours, | ture, °C ance, kW-h kW-h tive to the to the 12-
h w/m? 12-module module PV
PV array array
January 302 -7 107 73.4 52.8 72% 72.8 99%
February |304 -2 182 124.9 86.7 69% 120.1 96%
March 395 5 236 206.6 139.6 68% 193.8 94%
April 439 11 310 293.6 190.8 65% 266.2 91%
May 496 18 328 341.6 219.3 64% 307.3 90%
June 536 24 382 419.9 260.7 62% 366.4 87%
July 518 22 393 422.9 260.7 62% 366.8 87%
August 479 23 380 375.8 233.4 62% 328.2 87%
Septem- 408 18 306 261.9 170.4 65% 238.0 91%
ber
October 362 13 232 178.6 121.1 68% 168.6 94%
November | 300 5 135 87.9 62.7 71% 86.7 99%
December | 269 2 87 50.9 37.1 73% 51.2 101%
Annual yield, kW-h 2,837.9 1,835.4 65% 2,566.2 90%

As shown in Table, on an annual basis, a single PV module
equipped with a concentrator of geometric concentration
ratio of C; = 12 generates only 65% of the energy produced
by twelve identical non-concentrating PV modules,
whereas an idealized cooled concentrator system reaches
approximately 90%. Furthermore, the lower the ambient
temperature and irradiance, the higher the relative effec-
tiveness of the PV module with a concentrator. It can be
estimated that a module equipped with a conventional
(low-efficiency) concentrator produces approximately the
same amount of energy as eight identical non-concentrat-
ing PV modules. Thus, the energy yield per unit of active
area for a simple concentrator without supplemental cool-
ing is roughly 1.5 times lower than that of an array of pho-
tovoltaic modules with the same total active area. Although
financial assessments fall outside the scope of this work, it
is reasonable to assume that, given the adoption of a sim-
ple, low-cost concentrator without a cooling system, such a

configuration may be considered viable in applications
where installation cost is of greater concern than available
surface area.

Conclusion

The use of a standard commercially available photovoltaic
module equipped with a solar concentrator with approxi-
mately 0.7 optical efficiency and a geometric concentration
ratio of 12 yields energy comparable to that of eight identi-
cal non-concentrating modules. This configuration does not
require a cooling system and employs a concentrator aper-
ture area equivalent to the overall active area of twelve
analogous photovoltaic modules. Consequently, the energy
generation per unit area drops by approximately 35%; how-
ever, the installation cost is expected to be significantly
lower due to the comparatively low cost of the concentra-
tor. In addition, the flatter slope of the output characteris-
tics for the module with a concentrator reduces the accu-
racy requirements for maximum power point tracking
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(MPPT) and decreases the potential power losses arising
from suboptimal operating point detection.

When a concentrator with optical efficiency comparable to
the best current technology is employed, together with a
cooling system capable of maintaining reduced module
temperatures, the resulting energy generation is only
about 10% lower than that of an array of photovoltaic mod-
ules. Nevertheless, the commercial feasibility of such a so-
lution is difficult to assess due to the increased complexity
of the concentrator and the required cooling infrastructure.
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