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Optimal Tilt Angle and Energy Yield in Floating Photovoltaic Systems by Analytical Tilt

Model and Simulation Program
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waduaseiindwinansdnuliian 280,129 kwh/dl fydes 12°
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Abstract

This study explores the optimization of floating

photovoltaic (FPV) system performance, specifically focusing on

the impact of tilt angle on energy yield for both monofacial and

*HUseiusuTINna

bifacial modules. FPV systems offer a compelling alternative for
solar energy generation, reducing land requirements and
leveraging enhanced module cooling.  Our investigation
combined analytical modeling, PVsyst simulations, and real-
world performance data from an FPV installation at Suranaree
University of Technology reservoir in Thailand. The analytical
model indicated an optimal tilt exceeding 8° for maximizing
plane-of-array  irradiance.  PVsyst  simulations  predicted
maximum annual energy yields for monofacial (273,449
kWh/year at 4°) and bifacial (280,129 kWh/year at 12°
configurations. Empirical data from an 8° FPV system closely
corroborated PVsyst predictions, particularly highlighting the
performance gains achievable with bifacial modules. The strong
agreement between simulation and real-world data validates
our methodology and demonstrates the potential of bifacial
FPV systems to optimize energy production. This work provides
a practical framework for designing and evaluating FPV systems,

with implications for both research and large-scale deployment.

Keywords: Floating Photovoltaic, Mono-facial solar cell, Bifacial

solar cell, Tilt angle, simulation
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A1591809HaR2181UTUNTU PVsyst 1I85TU 7.4 Y8953 VUMLKY
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List Mono-facial Bifacial
Latitude 14.87° North
Longitude 102.03° East
Albedo - | 0.19
Tilt 0,4,8,12, 16, 20
Azimuth 0°

Number of PV modules 350 units

PV model JKM-540M-72HL4-V JKM-535M-72HL4-BDVP

Modules 14 Strings x 25 In series

Number of inverters 1 unit

Inverter model SUN20000-185KTL-H1

Pitch 1.26 m

Elevation - om

Module area 903 m?

2.2 WUUINABINISLDYINITIIATIZA
N15UTELUAT POAI (Sp torar E1HNTANINTUNIINYULBE VD
wnsgadiasofinglidaustyu 00 - 20° Budufinsarliukagad
wasorfindiundilulumsdialdlagliug Azimuth widu 0° andu
Fruuna 1 POA ooni T uan8aAUsTeNoUA® Spairec AT
Sp dif fuse Feanusonansnnuduiusidluaunisd (1) 2) uaz (3)
[6-71

Sﬁ,direct = Sairectnormar X sin(a + B) (D
1+cos (B)

SB,diffuse = Sdiffuse X - 2

S,B,total = S,B,direct + Sﬁ,diffuse 3)

1087 Sgirect normar AOAMERUAMILTNTERSlULLIARINIIN
723991908 (Direct normal irradiance [kWh/m?%/day]) Sdiffuseﬁa
ANdsnuAmLITNSIENsyIEaInAeind luwuaszuu (Diffuse

horizontal irradiance (kWh/m?/day)) a ﬁ'a;{mwmmm&mﬁmﬁ
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(Solar elevation angle) kag B AD YULBYIVDILNLTAT ULAIDITING
(Tilt angle)

FeAnves Sairectnormal 0% Saif fuse JuAnadendsnu
Anudusedlud 2022 - 2023 lnsaunsaduauldaindeyaves
NASA POWER Tutiulas https://power.larc.nasa.gov/data-access-
viewer/ [5].
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Iny (aefiyn 14.87° wille, aosdgn 102.03° nziueen) lnussuuiad
waorndviiaiuiedlfiwaduasenfinddnuau 350 uns Srindesan
374.5 kWp 21nU3 ¥ JinkoSolar 5u JKM535-72HL4-BDVP uay
sruuwaduateindyinaewinuldiwaduateindduiu 350 ung
1ri8959u 378.0 kKWp 21nU3¥ JinkoSolar u JKM540-72HL4-
BDVP
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3.1 LUUINADINTITLDYILNILYIIAIISH
M990 2 WAAA Sgirectnormal Saiffuse Ha¥UTUINVD
waadgluusasidieuvesd 2022 wag 2023 Fanngudesya
NASA POWER oy suvidsuvnivedewmealuladgsun3 Jeuansliiiu
famuuan19vesAdsuANIdNSdvIufarggnN1aeL
Faau Ineluiiganun EuinAN-uns1AN) wWanit Sairectnormal
7111041 5 kWh/m?/day geaenadosfiuuTunaueuuaiianfign
Tunenseiudiu 93eg9uu (wguatau-iueeu) SUsuausiiia

49UU (11NN 70%) Wae AN Saifruse WBTUAALUMIE

M15797 2 AmdsnuanudusidnnneinduasUsunavesuui

16190 NASA POWER 4 sunisunninendemnaluladasun3

Month Sairectnormat Saif fuse Cloud amount

(kwh/m?/day) (kWh/m?/day) (%)
Jan 5.167 1.664 37.8
Feb 3.964 2129 48.9
Mar 3.808 2.498 457
Apr 3.033 2.761 59.3
May 2.441 2562 79.5
Jun 2.806 2.743 86.5
Jul 1.919 2,774 90.7
Aus 1.947 2.694 91.3
Sep 1.227 2.575 94.4
Oct 2.489 2372 82.6
Nov 3.874 2.047 69.0
Dec 5.085 1.670 44.3

gm‘/‘i 2 uanannsiftuduvosen Sg.total mmmmmé‘mﬁlﬂ%’v
Wutuan 0° auisszana 14-16° Taeldamdanuanuduves
Se@TamuusTuugagedl 534 kWh/m?/day Ssnnninmsidesunsdi
1 0° Uswanad 2.5% Genadwsdanandeifunisussinudnpnde
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anTurgaaLaIndyan s linanEanasusegean iy
W 4° daeUSuna 273,449 kWh/year 1l wnaaduasonding
vinaesiulinandngsanfiyudos 12° drousun 280,129
KWh/year S191nsusauanidssandnndsnuvesgsaduaseninduin
gosnuiifannnninuaeaduasorfingudindmuderlunng yudes
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T T
—a— Mono-facial modules
285000 |—®— Bifacial modules i
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Produced Energy (kWh/year)

255000 B

250000 L L L L
0 4 8 12 16 20
Tilt (degree)
< ° o < a ¢ oa v
EU‘W 3 Msasmdsnulninuveukavaduae indrinsiu

Wenuagaewnundalaly 1 U Weliansanyuidewaus 0° - 20°
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Average daily accumulated power output of solar panels (kWh/day)
Month 0 degree 4 degree 8 degree 12 degree 16 degree 20 degree
Mono Bi Mono Bi Mono Bi Mono Bi Mono Bi Mono Bi

Jan 682 684 712 713 727 728 729 731 730 732 730 732
Feb 719 718 37 737 676 676 679 679 678 678 675 676
Mar 796 791 804 801 807 805 806 804 802 801 794 794
Apr 843 838 842 839 809 806 798 797 784 785 768 771
May 822 818 812 811 796 797 776 779 753 759 727 736
Jun 880 876 864 864 816 818 791 796 763 772 732 744
Jul 764 764 753 755 735 740 714 721 690 699 664 676
Aug 740 738 735 736 725 728 711 715 695 701 676 684
Sep 742 740 746 745 721 721 716 717 709 711 699 702
Oct 699 699 713 713 720 721 722 723 720 722 716 718
Nov 595 598 612 615 601 603 599 602 595 599 591 596
Dec 633 636 660 663 672 674 673 676 674 676 673 676

Average 743 742 749 749 734 735 726 728 716 720 704 709

wasoinduiinsuieifinnadesieUedh 753 kWh/day Lagsyuu
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fugreudloiovivunssidaiuies Jaduraanauaiansaly
msiuianudusdsiin Diffuse Mfintulugaefiflanmennied
fsanneudayaves NASA POWER fiugndlusmsned 1

ranAANEIUSINT Wuandliiuinssu UL ind Ui nEn
W Usyun 276,885 kWh/year vaus i ssuurilndosn 1una ale
Uszanas 280,685 kWh/year Ll ai3suifisusiunanissianives
PVSyst 73889 8° wudwan1sdansUssiiiuanlin 272,957
kWh/year dmsuviinanuifes uag 279,985 kWh/year @1msussiin
downu AMANLAAIAAEBLSEWIINIS s ez TalaaS slife
0.69% @MSUTTUUTUARULAEY WA 0.25% ansusyuuriingss
fu wandiiiudraunaadeuiitesinn wadndatusuinms
F1aeszvuKAn N1 Nwad uaIe IR ngau1TavIUNENaNER
NaIURSWassTUU FPV droudreusiudn Tnefinnuianainiiies
@ntey
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Real installation at 8 degrees (kWh/day)
Month
Mono facial Bifacial
Jan 890 872
Feb 713 698
Mar 899 888
Apr 907 896
May 752 743
Jun 757 734
Jul 563 749
Aug 741 733
Sep 666 786
Oct 774 791
Nov 665 648
Dec 715 694
Average 753 769
4. @3d

3
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A519WUUT1889N15L8 B LHUT 9T LAS1EY N15T1a8R 8 lUTUNTY
PVSyst LLazmsLﬁu‘ﬁayjaﬁqmﬂmsamﬁsﬂuéwLﬁuﬁgﬂmﬁwmé’s
walwlaggsws Ineuuunaeinsidesunadadinseilauseannan
umBeefingand sswudiyuunnds 80 luragiinisdrassdae
TUsunsy PVSyst aransainandnndsnusiudolganvesunsivad
waefinsiladnuiiendi 273,449 kWh/year ﬁzgmﬁzm 4° WazIun
d03duil 280,129 kWh/year ﬁqulﬁm 12° FawanisUseuLiieu

FENINHANTIIR0IMELUTUNTY PVsyst AUTDYa39N15AAAIDT
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Y945EUY FPV fiuandes & wuindanuaaiaindoutiosndn 19 &
Fudutemnuutugrvedusinsy PYSyst Tunisinanessuu FPV uay
Seagveulinuidnenmussunawaduasefindudaaasiiulunig
Wadszans mmnswaandsenduszuu FPY Idegnadniau fedu
feAsn1sTnassn s sunadsiinsiginazn1sdrassainlusingy
PVSyst 3eanansatieankuun1siBeureeLaduaenfindiion
yinganiignitaansalinandandsaliildgefignvesszuy
FPV Bnviadianansauszandlifumssenuuussuuieaduaseingd
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