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Abstract

Recently, agrivoltaic systems, which utilize a solar-sharing conception by having solar cells installed
on top of the cultivation area, using the extra solar light for photovoltaics, have been attracting
attention. However, most applications are reported in open-field conditions, and some issues have
been raised about the installation of these structures. Accordingly, we conducted a cultivation
experiment in which an agrivoltaic system was applied to protected horticulture with flexible solar
cells. Red leaf lettuce was used in the experiment and was cultivated in three single greenhouses
with the system installed either on one side of the greenhouse ceiling, denoted as photovoltaic I, or
on both sides denoted as photovoltaic II. The control system used no agrivoltaic system. A
ray-tracing simulation was also conducted to determine the light distribution of the total greenhouse
floor area and daily difference according to solar altitude changes. It was found that the monthly
amounts of energy generated in the greenhouses were 156.85 and 323.34 kWh for photovoltaic I
and photovoltaic I, respectively. Due to the area shaded from light by the solar cells, daily light
integral (DLI) values were 86% of the control for photovoltaic I and 71% for photovoltaic II. In the
results of the ray-tracing simulation under identical conditions, the root mean square error between
the calculated DLI and the measured DLI was 14.8 umol-m™-day™. The shoot fresh weight, leaf area,
SPAD and anthocyanin content of red leaf lettuces showed no significant differences according to
the treatment. Through this study, it was confirmed that greenhouses with flexible solar cells can be
applied for the production of leafy vegetable such as lettuce with low light saturation points.

Additional key words: agrivoltaic system, daily light integral (DLI), light distribution, ray-tracing

simulation, solar sharing
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TGOl D784 B BAA L o= P A] ARGl et ol R Il =l w AL 3l o™ o A] HeF et &
SH= AAPY o g 2] 2] 2-g-o] HiF=| 1L JAFH(Cho et al., 2019). TR 737= 2017 AYA 2] 3020 oA 2] 0.2 A
T 20309714 20%2 SHfshs Algls HESIAT AV o #]ef ofet & 2dwre] Hxto] kel A]

o FFEHACH, 5132 Hra = B Flojokeitt. SEAR el 2 A4S et w7 Aol A8 B+
FAEA A B3] 9] 9] fE AP EAYSIE R, o £AIE siEsH ] flsl el AATE 7ol s e

=l
5T EHO<r>jo A Al 2~Fl(agrivoltaic system):> e A] A1 2] 3] BjF T S HAAlsto] dxwt T 2= 3
Sh= ol 9] Hjopg o | A& Edofl ARgol= &2 lo1= (solar-sharing) A]AFIO]TH(Kim, 2020). ©] A|AF]
219819 52 E2]512t A. Goetzberger?} A. Zastrowol| 2J5f] 4214 0, 200418 LE0] Lp7pA|mt 0}713}7} —iELE}O]
RS /st A] S QI of= 5] EX7F P Ao AL HioFEARe] & A ol f-§otR s, folM B 5
S 71 QJth(Fatnassi et al., 2015; Cossu et al., 2017; Yano and Cossu, 2019; Cossu et al., 2020). £ ol A= 0“%6.53
gkl HhA A AE 0] A= AlFlo] =38 vl Qltk(Kwon and Lee, 2021; Kim et al., 2022). 222 Zjuf 2] of] goF ]
(solar cell) 2t 015 A| Aok 22 Aok, 2=l ot AR B 7ef e W7 2= AAte] v A= S wAIeHH
A FA1 ol 3 Hl g ol Al of) ot e Scke Aol SRl otk (Lee et al., 2022). 'HA ] ot At
(B3 2 22 A2 o] e 25 A HA]o] AA5h= Hlg)2 UHFA O = 20 - 40%0]H, oo the 2h=E A4t &
0] 80% o= Hoi2] 2] gh= Folet & 4 QIth(Kim, 2020).

o5t A| AELL. Blok whA o] ofat 7o) Brlalel 2ol A&} S T4 ZHEo] ohd AL
A elTIA 2512 HATTE BAS 2HT4 o0, 187 oA T 20| o LE Aol e 5
BN A B0l 8A-8-5 Eol= 478 ZH=th(Kang et al., 2021). FHolA B H G5 efjoftabdo] 7249 e kg

& 249 Aol AAlske FeEjol AT, =l B Alle B 73 x| of 22| 25 AAlste] Bl TS 4
gttt 2] A-8-0] B¢, AR 2zl ot A AL A|oF B e A= Ao i P 5
Hh(Jeong, 2020).

& AT Bl ohe-2 Ao F- A7 H PRI E 218 S A ARt g FEE Hld 3 Al A
SFATE. A2 O = 71A] H24] Q1 g g i ah 2HE Afufle]] wfsto] 247] o 2ol A
o] W7, iR 0] A 2] 912 9F A2 of whet B w H Qe 24 W 2
7, 55| Fe7dS A I ARPE R SASHIT] ot 2 Aol A= )
2 ZdA|of] viRt g ke welslr] ffall, Y% EiFe] At Hato] et e ] fref Abgo] Aol w2 WiFe] B
o v]2lE FF= F54 Aol Fal FotH gttt

rr m
oo,

a

:‘F.é

r

rE

o°“

A8 A= 2 Al 2

Aol <A x]up BE0 A3 (Lactuca sativa L., T T|o|2, 821 thebl=h) 7} AREE|QL 0 | S B HEA] SET)s)
1(36.63°N, 127.45°E)°] §A|$H U DSR2 242 x o] x F1L, 5.6m x 13m x 3.3m) Al sollA Qe et ZF 242

ro
40 o% r

N

m r

)
rfo

W(36.
RIS ool mEA 2= o5 & ﬂiﬂllﬂ(Polyoleﬁn, PO) DEO| ARGE| QI 5= 1 S 1097F
A 0] L1 23°C, ATHG I 80%, FeH 48 FaAs W 200pmol - m?-s™ 27104 &1 e F 747 S5y
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A(RE22.0+0.1°C, AHEE 51.3 £ 0.3%)0l1A4 917182 713t 1} o] TR F5E pH 5.5, EC 0.8dS/m &} 454

2FH(Sonneveld and Straver, 1994)2 556130 ™ =8hhy Fof = FAeH Oohﬂi% AHP 2] 0 2 FFateh A
B Qo8 S ERPFEEASAE, AR, 24, tithl=h)7HE7] ZE(11.5cm x 11.5cm x 11.3cm)ol| &7 4] 2F

24 I 367N Al 5] 2ol st 24 o R T4 d% ]% A N2 HlolEo ZH2F 12702 ZET}
ol A= glon, 24 W 2% RS TEfsto] HlolE 7 M2 2m= A E T Suppl. Fig. 1). & 26 47 AfH717F
ZOF AR R OFNE bH 5.5, EC 1.2dS/mE BH0] LEZ} 7] Edlo|(72cm x 44cm x 9.5cm)ol) A5 A 5]
QA ofl= 7F &4 o 371 9] L5 T ALA(Sensor node, Farmlink, H5E, tietal=t)7F A2 =911 Al 71 7H5¢t 102 7HH o g2
AU 25 Hlo[HE sttt AA et s 24 U AAsSAEE A1 E ARS-al 25°C o3 71101]*1% 234
11, 15°C oJstol| A= 28 H(HP-K2100, Hyperion, OF4t, thetel=h)S of it e 2] A x| of o 24 W 2= Auls-
Z¥ol| Eetole e W o2 & Hjoke] 1k Hlo] w2 A ALK Daily light integral, DLIYS Z45}7] ﬁoH M=
(LI-1500, LI-COR, Lincoln, NE, USA)E /5= Afall 12| ol "d=[5F3A. ZF- 2ol il 2] Al 7119] Bllo]& flollA] S LS
™ 1520t AlA] o] e gho] 4 = glek

241 21 9| RA7[B EIRR] 3]

SR A CIGS HiYPd EE3t 79482 2= Q7R Y|o| E AAE 7|80 2 of= 7|8 el A& 24 1%
Of o] 9| Al FSt AT B4 E A, 2% ?&) ARdof| AR EjFA] A A] -SR-S 2.88kWO L. A o] AREH A
2] 2712 HjFA2] 9] 2] SRt A 0 = A 9)2]of tiote] A2 Bl 7F-2A 7o) oF Zut A2 H g T
(Photovoltaic 1), ¥ Z R0l AX|H H2 %H(Photovoltalc HE 4351900, ejFAR7H AR B 7] ohe 48 Tz~
(Control)2 AF8-6FHTHFig. 1A). T, Ax] HA-L2 ejofd I of= 24 442] 5o 1,900mm x 2,200mm 2] A E7}
4X|E A2 =3l 0 Bl T ofl=2,460mm x 2,060mm 2] A|EZF 7 OF & Wl - 64 E vl 2| o] FU et 27 HAof H]
FAR7 AR o= AL Bk [ = 16.7m0] 1 Bjg = 30.4m° = e Qg T AX] A 9] oF 1.8uljoct. jFHx| =5
B A 7] dHgke ARSH QI E|(S3R6K(20A), Keumbee electronics, Ansan, Korea) 2] U E & A|AHS ALES

=R

g 3 AlEsold

32 CAD AT E9oJ(SOLIDWORKS, Dassault Systemes, Vélizy-Villacoublay, France)S A8t A -2 H]'ds}

Control Photovoltaic | Photovoltaic Il

Fig. 1. 3-D model of greenhouses with solar cells for the ray-tracing simulation (A) and a view of the experimental site (B).
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G2 9 7 250 AR B FAE S8 4k 7IREe & AlEo]A Aol 55k (Fig. 1B). H'EoR-A0] mj 5 A<l

PO EE7} Zxof tieh 3384 EAJ-L ray-tracing Y5} A &4 T2 T3 (Optisworks, OPTIS Inc., La Farléde France)
A -2 0% A7), HIdokeA Al F9] 9129} HekS vhgsto] A7 |3t Z sl<l

20229 29 269 2] U5 FHLE AlEel|ol sttt 24 W 524 2702 AA| 24 9] FAIA o] 9122 2AHEH Zhﬂoﬂ

ool = QAT 2 Aol ARSRE F52] Aol A EQol= CIE 3 37 Bdls 7[Hho = dubAQl g

(CIE standard sky) 2| B°8-2 TAcI30H, o] w ZARgat AFego] vl&-2 6:4 %Itk

s £y

A2 G 3671419 5= 2 F RS d=0l tiote] HpzAbolGint. A543 AV AT GHA,
AEA oIt AAE AASI R ZH2) UM 2(Si-234, Denver Instrument, NY, USA), @HAZSA7]
(LI-3100, LI-COR, Lincoln, NE, USA)S ARg3slo] 4510 H84 T2k FuUl8 354 £47] Z(SPAD)o2
SPAD-502(Minolta corporation, Ltd., Osaka, Japan)& AF8-5to] 7HA]| & Al % —.4 2] o] B3k AR8-stch

QHEAJOF =4
2o 544 84 T sPHI JIEAoPd RS FA5 3=, 24l AR E SR A2 3670419 FAle S

A 5 0.5g2 AHESIA. o A2 Lee et al.(2014)2 TEAT.

e Z43=o tfiolo] SAS statistical program(Statistical Analysis System, Version 9.4, SAS Institute, Cary, NC,
USA)Z A}-83] one-way analysis of variance 2 57|12 0 2 X513 0 ] A2 17F Hdtgko] 7-2]4 2}o|= Tukey's range

.I

| o

H]L 9 2ol AR ok o] w4 7H94 7ho] ML Fig. 29} 2k T A2l oA Alzho] g
E Z7lel=dbHERS Bl on] Eb| 490 2 27128 HYth 7H6.7m?, 30.4m> 2] §lekd T oF el 1T o] ibddx] o] |
o o 2 ANHS o, ot 12 Tl - 30kWh, B3 T 10.64kWhe] 22k Bgich, Aubgo e
‘ﬂe*%i O] A7 = HiF] dF7 o war 05 1A1E HH 2oks B E FHE Holil, g AT A2 F5
At gl Qlgh Az ke B L1 Aol QlehibA 1)) 3-8 Azto] Uehh olSS A ola} 7} 7kl wot
£ TES HYItk(Shin et al., 2008). & AAMM = SAH7IH (1 E5H 489) 5% A&olA ol 77k 480l w2 2=
Bk B g T o] 5 Akl AAH s Aol tiet Aoli=4-8% = _EEZl 22k2(data not shown), -+ #12]

242/ EfFY W2 2jo| U
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e

JZi
&
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[}
1] BRI A 4 2 2o} 1ol ek ol B AYE B el v 200 e e ol
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EQI2IR] 2faof I} Qe

Fig <= A1 F 2022?_‘ % 26%194 2 5] B AHERE HEPATE @ TAIRZO] AE o7 H 11A714]

k. sEAIREAE 2 g0l EHOW 747} e B 1 9 A, Qo] olli= TRt SALRH o] HSHE Bl v, eeF
FE NARE SE7H] U 2] Hef 7ol vl 3 g 7| S35 98 2204 B 3 AlAgo] AR 7]
2 27 24 Y DLI 16.12mol-m™-d”" thH] 22 o ejFg T oF el -2 22} 86%(13.92mol-m™d™), 71%(11.46
mol-m™d") &] gk& 7153t Table 1). 4 Aui7]17ke] Bt A7 & HsH= A2 77E F-olgh 2fol & Kol oktthFig.
4). P& HFFT AL Fh oA W o] T 712 S 71 ol wheh AeAR1 ok el Hlei = F Y
AT R 1749 B2 A2 H A o] QTR oA /IEk(Kim, 2020). FE @ BT Al2] o] 218 A] AurA Q] 2
& AVt ol b2 2 ol Al g 1-222.96% 12|11 BjeFE 11+ 36.66% 2] AFFE= 20 - 40%= L7l 719 A
| 715 whEr). SRR o] A A A] L 3Eof o3t APgE o] AR S ol fE Alefotal W B ETS U

Zto| 8 g2 AR Aol dAYol= HlE-2 T F713 2 0 2 Holut Z Aofk= 7[et fL2E0] glo B g BrpAQl a1
HPAYoLA] ohokth. APdES 75 08 ok ol B YR - X 914, 719, Al 5 ThkRE 8310 thote] 7HH
o]7] wjZolch. Xpg-&7t 743 DLIgES Bl ghe of & A 2j BEol| A xpg-gat U xeFo] ZHAH| &2 A6 Ut

o

Wi

T rlo reT:
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Fig. 2. Power generation energy of solar cell modules installed on two greenhouses. This data was obtained over four months
in 2022. See Table 1 for a description of the treatments.
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Fig. 3. Photosynthetic photon flux density (PPFD) inside the three greenhouses on the day of the cultivation experiment
(Feb. 26, 2021). The lines in the figure are the measured PPFD values by the sensor, and the dots are the estimated values
from the ray-tracing simulation. See Table 1 for a description of the treatments.
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Fig. 4. Daily temperature changes in three greenhouses on Feb. 26, 2022. See Table 1 for a description of the treatments.

Table 1. Daily light integral (DLI) measured in three greenhouses on February 26, 2022

Treatment” DLI (mol-m*-day™)
Control 16.12
Photovoltaic 1 13.92
Photovoltaic 1 11.46

“Flexible solar cells were installed on one side of the greenhouse ceiling for Photovoltaic I and on both sides for Photovoltaic I, with none
for the control (Fig. 1).

Table 2. Total light intensity of the floor area of each greenhouse as calculated from the ray-tracing simulation. See Table
1 for a description of the treatments

Total light intensity (mol-s™)

Treatment

08:00 10:00 12:00 14:00 16:00
Control 0.66 242 3.87 3.14 2.12
Photovoltaic | 0.52 1.90 3.08 2.55 1.78
Photovoltaic Il 0.42 1.55 2.48 2.18 1.26

A M22|014S Sot 24 2HiHE] LY F2= H|w
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Fig. 37+ .01, o] o DLIC] B Al EL 221k 14.8umol- m™ day ' ] 3t} 5L e 2710 2 2 AuhH HAofl mEoh=
W= A7 B S 1 e T B 242 o2 thH] 80% S 64% =0 = A= e F R T oA 16:00°]
84%71A] ST B T ol A= 59% 2 WokAl= 74 @ke H 3 Th Table 2). BYFIA] A7) o whe 24 vhes 23] o]

O L of ulsh 2uHAQ] B A o1t 3490 B} FUsckFie ). £ 4G AF
1 sho] 4] £ vt A
S8 iz 270 9 A AR 4 G ARl HS BT 5 SIch B AE o) HL Monte Carlo 28]

ARgSE] AR e ol PR EY 3 24 52 Flell B-8E ot m, dof ofoll A 32k 2hE o] tigh

oo
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5
0.
Y
)
_>‘4_|‘
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N
[
=2
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ol
2
o
5
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ax
o
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I
<
kT
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s
_>‘.1_|‘
aCh
|
=2,
fu)
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)
rok

[e]
=
o B4 W ol3agl o] 2|4 ufGof| tieh E-go] B 119 Hf Itk Hwang et al., 2023; Kwon et al., 2023; Lee et al., 2023). Ef
FF 1, EFF oA 22 2 thH] 86%, 71%C1 W A4 574 DLIGL Bl AlEdo] .02 Al 24 vigtHo] &
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FU
[‘

A2 S A R Zlofl Hol 2A 9 M HS 710 & Jt fHAHlgo] 2FE Atk o B AYHdS 2=l
2 Zolefal Alg ek 24 viEH A S EAS o i T oA Sas= e v Fe] S-S 7%
a2 AAel]o RAEE 4= Qlrt. G5 HRd el et 2Rge] avtE 3524 AlEeo]ds Fol AR Halse
= 7397} Wth(Fatnassi et al., 2015; Cossu et al., 2017; Cossu

JokeA 0 51 2 5ol oAl vl Bl 9= 2806k H sk Jltt
(Marucm etal., 2018; Yano and Cossu, 2019). 2 A Fof| X ALS-H A E sfjgdolut viEdd v dx} Zo] efoFrz] o] Ao
ticto] A= At a8, 2 W AP 52 5?}@;3—3— s}7] flsf F71H4Q1 A7 g asie

oh, G5 Bl Rl A Ael HA o EEsl= g2 Bl A AR of] ot Al o] Tl i A Q1 A= S 919t
F5017] mletsh= Zlo] F-a 5t} 2404 9] AL 1000umol-m™>:s o] TR thste] 26% 57}F4] shading # 2]}
T o A5=0] AT thERA tiH] 57% <=7k A Ashe 23 B E| itk Kosma et al., 2013). W2bA Fig. 59 AlE
glold AvE Fofl SRRt el [ 24 U Fe S d-2 -Frof Al o= 2ol & F8 e 4 Qlrt ?—7—@ *]EE]OV%_’/}&
A FEE A= 2= A5 A RS T-85H0 2 FGsd 'l IXolA 2hE glegel vkt A4 2APdHaS
Aol= bl AR 5 & A2 2 ALz EITK Van Henten, 1994).
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HEM Y

A 5o dako o)l AE A5 ARAAEY] Bk B 1, BET, AR 242 11508, 109,
107.1% 7125197 Uoia] JEI, SPAD, SHEAlod el 9] Ael77t 5= o 2 vJEPi}Oli U] Slolet
(Table 3). Fig. 5] Ea T ol A1) o) 249 221 el chal- 2 W] 22, 924 Al AHARE 544 §
ofghxjo] H5HHH] ) GIoITH(data not shown). SAIEH AL Gl7] Axjof -5 B 2 9Je) 24 44 5%
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Fig. 5. Simulation result of the light intensity distributions for greenhouse floor areas at different times on the same date
(2022.02.26) with the installation of solar cells. See Table 1 for a description of the treatments.
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Table 3. Average values of the shoot fresh weight, leaf area, SPAD and anthocyanin content for lettuce plants cultivated in
different greenhouses. See Table 1 for a description of the treatments

Treatment Shoot fresh weight (g) Leaf area (cm®) SPAD Anthocyanin content” (mg/g)
Control 110.9 2393.6 17.6 9.7
Photovoltaic 1 115.0 2401.0 17.1 5.6
Photovoltaic 1 107.1 2404.6 16.1 7.7
Significance” ns ns ns ns

“Lettuce leaf fresh weights of 0.5g were used for the anthocyanin content. Twelve samples per treatment were analyzed.
¥ns means no significant difference according to Tukey’s range test at p < 0.05.

ol 2 Ao} 52] o] thet A= g w2 gttt B tho] Fsd Bldd AL =2ollA ¥, T,
Hij el 22 2= o] AT A 10-20% 0 Fh(Kim, 2020). A4S 220 Aa-5/de vl w S o Zutet ot
= 91789 At Ao, o) AFEH] Foll A Aol & el ouhHiFo] A9 Y, A%, A, FEAE A AAIFNA
T EAA 2fo| & o] 9iQttHHan et al., 2020; Han et al., 2021; Kim et al., 2022). AthZ 0 2 2 Ao A AL H A=
B4Rl 2 AE = v 2Eol| vl g oA E2 As20e 7H 4= itk whebA 2E0] g a4, A7 Ikt 5
= 125to] G HPFLA AL ool M e A HA-E 2|4t 4 Sl 2 AdEsfjof gitt. Eok 2= A4
A gropet Eo] ige] kol S A 0= g7l mp o] 2t o] 25 FAof thet 12 9A] F25H K Cossu et al.,
2017). A W AIA S73g1at Alg o)A 718t 24 HiErH 44| 0] A2 Far Hake] ol & 5o, & Aol A= AelH
A& A AHAE o= of2] o2 Zo] AR Zpolof kS mlFls 4= 3tk
o|e} o] & Aol A= 5 HIYE A Al thoto] =] Al ol H A o] thFE-& AFA| Sk B o9-20] o]
@ 37 25l A5k ] S1ol 77182 CIGS Hl AR -8t 24 o] 5 2150l 4] 91212t 2] w2 of thist
of, A7) W E 24 141 EZA, AASE, A= S, A AlE ol A7EA] JNHA 1 o] Bt H|olH o]
d2] Q1A]of| w2 FAZL] 20| it HA o i §—-"]’ FA7] = 24 W 2R 2o
LRt O]% ]Eaﬂo]/\% 7T o0 2 TR ] 5 HIPd A AlARloA] Bl o] A zo i AY
&7 -24 W A4 579 Q1R19t Al HA o] ek R vlw el Z-8-d 4= §lom A= AL oS it A AR
FEH AR Qlek miA| Rt o 2 2 AGLE SOl F 8T AdFet B2 QAR A9 B AR 7R A oA =

AT} e} 2] OJgt 2B AR 714 glo] AEE AN 4 S TR Helslgnt

_‘>~l

22 2 A A AR EfelE A ste] o] Bjofe o Ui 2] WA1ol AR§ M= solar sharing ] 55 ¥l
A A do] 252 9 Qlek. shet oo 88 x| Aoln] Bjabn) AAE 91g RO e EA]
oI 2 el 7 S Bl Y I A el A Sl e
& 2iiet. Aol HF7H AN EI9L00] ePA 720 7] G el A e 1, T W o] A8 e
P T Te)3 A1) G A2 A T ob1 u 5ol AR ek, T2 v W A1) e o e
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