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a. Interior view of agrivoltaic system  b. Exterior view of agrivoltaic system
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Fig.1 Experimental agrivoltaic systems
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Note: H represents the vertical distance between the lower edge of the photovoltaic module and the ground, m.
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Fig.2 Layout of test points
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Note: A represents the point where direct sunlight meet the northeast vertex of
the photovoltaic (PV) panel; B represents projection point on the ground of direct
sunlight through point 4; O represents vertical projection point on the ground of
point A; P represents vertical projection point on the Y-axis of point B; W
represents the width of the single-side PV module, m; f represents the inclination
angle of the PV panel, (°); y, represents the azimuth of the sun, (°); / represents
the altitude angle of the sun, (°).
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Fig.3 Formation of internal shading width in an agrivoltaic system
NAE T T FOCRAAF A RA Y ZR 8 N T R B 52
FELE, AW TR A AR A A 10 G i AE i L 3 B
P RAE AR R fU AL T =R &R, W] 3 PR
JGARBEFNE R BTS2 I B 2 . e 21, K EH B4
LULTATT AP MBS R RGNS, SR AIE
P45 CE L T S BrBI 52 56 E OB,  HAE RS AL T7 17 4R
KJE OP 9 e AR LA AE 15 HE G AR [ 271 ] ol Ak 32 BA 14 58 15
(L. WRIEAKEIAESE L SR LK R,
Lol (100 HHERE.

L= (W-sinB+H) - coth- cosy, (100

H 35 K BH#E 3 5 K6 R 1141k, H2.5. H3.2 A1 H3.9
WRFER, JeMREEZIRR S HR R 2 AR X H P2 K BH
AR R AR AL TE 2 N 51.6~432.7. 28.4~82.3 W/m?,
47.6~439.2. 33.4~108.6 W/m>, 403~ 448.5. 349~
113.5 Wim?; “FEIFERDHIN: 68.9%. 21.2% (H2.5),
65.2%. 24.1% (H3.2), 554%. 263% (H3.9). & 4
AL, 7R 3 MOGARA R E R, AR B AR (8] Rl
X35 P49 < 249 K IH 4 S 5 P R R e 25 i o 6 AR 2E -l 1 1
FE IS T BEAR, S ARBEZIAR T Al X S8k I -

K& Daylighting rate
O PR 5 58 5

100 - —*= go]ar radiation intensity 1300 o
2 g
7—3 80 F 4250 %
o 1200 & 2
2 1150 5 =
Z 40f =8
g 1100 25
B 20t 150 =
PR g
S
0 0 @
B U B U B U
H2.5 H3.2 H3.9
4b 3 Treatment

R H 4 5 02 P20

The measuring point of solar radiation intensity

7 H25. H3.2. H3.9 700K 2.5, 3.2, 3.9 m KOBARALA- ML B
HARBEGURR BT X 3, U 9GRS TR X 4k

Note: H2.5, H3.2 and H3.9 represent the vertical heights of the lower edge of the
PV module from the ground which are 2.5, 3.2 and 3.9 m respectively. B
represents the planting area between PV modules, U represents the planting area
under PV modules.
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Fig.4 Variation of solar radiation intensity in agrivoltaic systems
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Fig.5 Variation of solar radiation intensity in agrivoltaic systems
with different PV panel heights under different
weather conditions
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TR 5 T o O AR A A 15 o S TR D PR AIG, H2.5 8%
H3.2 1 H3.9 43 B89 77 13.9% F1 29.0%. 7£7= A il A &
i, FACHR R R R EARSSEE (P<0.05) KT
RN, Hgabse 2R RE (P<0.05 . 5F KA
MM EL, H2.5. H3.2 F1 H3.9 () 5% 5 i & 2 J PR AL T
13.4%. 22.6% FH 34.0%; FRE 3 MW T 7.4%. 14.3%
A122.5%. EHUETAT WL, H2.5 BIJC1e o 0 5 8 R R4 &5
PR AR AR R ILEAR, T H3.9 1% 7= S B br B0
B
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Table 1 Effects of photovoltaic panels with different laying heights and geographical location on the shading width
JEERH 72 Shading width/m
A 5 %] Time 5T Nanjing .M Kunming 754 Xi'an K:7 Changsha
Months 7 (31.62°N, 119.18°E) (25.22°N, 103.10°E) (34.10°N, 108.40°E) (27.90°N, 112.53°E)

H2.5 H3.2 H3.9 H2.5 H3.2 H3.9 H2.5 H3.2 H3.9 H2.5 H3.2 H3.9
09:00 3.76 4.40 5.04 4.82 5.64 6.47 4.98 5.83 6.67 3.93 4.60 5.27
10:00 3.24 3.79 4.34 3.38 3.95 4.53 3.68 431 4.94 3.20 3.74 4.29
11:00 3.02 3.54 4.05 291 3.40 3.90 3.25 3.81 4.36 291 3.41 3.90
12:00 2.95 3.45 3.95 2.71 3.17 3.63 3.08 3.60 4.13 2.79 3.27 3.74
13 13:00 2.97 3.48 3.99 2.64 3.08 3.53 3.03 3.55 4.06 2.78 3.25 3.72
14:00 3.11 3.64 4.17 2.65 3.10 3.55 3.09 3.61 4.14 2.85 3.34 3.83
15:00 3.46 4.05 4.64 2.77 3.24 3.71 3.28 3.84 4.40 3.07 3.59 4.11
T4y 3.2 3.76 431 3.13 3.65 4.19 3.48 4.08 4.67 3.08 3.60 4.12
09:00 0.42 0.49 0.56 0.11 0.13 0.15 0.33 0.38 0.44 0.24 0.28 0.32
10:00 0.63 0.73 0.84 0.23 0.27 0.31 0.59 0.69 0.79 0.37 0.44 0.50
11:00 0.73 0.86 0.98 0.33 0.39 0.45 0.76 0.89 1.02 0.53 0.62 0.71
12:00 0.77 0.90 1.03 0.43 0.50 0.57 0.84 0.98 1.13 0.60 0.70 0.80
46 13:00 0.74 0.86 0.99 0.47 0.55 0.63 0.86 1.00 1.15 0.59 0.70 0.80
14:00 0.64 0.75 0.85 0.44 0.52 0.59 0.81 0.95 1.09 0.53 0.61 0.70
15:00 0.43 0.51 0.58 0.34 0.40 0.45 0.69 0.81 0.93 0.37 0.44 0.50
T 0.62 0.73 0.83 0.34 0.39 0.45 0.70 0.81 0.94 0.46 0.54 0.62
09:00 0.83 0.97 1.12 0.47 0.55 0.64 0.75 0.87 1.00 0.62 0.73 0.83
10:00 0.99 1.16 1.33 0.58 0.68 0.78 0.97 1.13 1.30 0.76 0.89 1.02
11:00 1.07 1.25 1.44 0.69 0.81 0.92 1.10 1.28 1.47 0.88 1.03 1.17
12:00 1.10 1.29 1.48 0.77 0.90 1.04 1.16 1.36 1.55 0.93 1.09 1.24
9 13:00 1.08 1.27 1.45 0.81 0.94 1.08 1.17 1.37 1.57 0.93 1.09 1.25
14:00 1.02 1.19 1.37 0.79 0.93 1.06 1.14 1.34 1.53 0.89 1.04 1.19
15:00 0.89 1.04 1.19 0.73 0.85 0.97 1.07 1.25 1.43 0.78 0.91 1.05
T35 1.00 1.17 1.34 0.69 0.81 0.93 1.05 1.23 1.41 0.83 0.97 1.11
09:00 4.49 5.26 6.02 5.62 6.57 7.53 5.93 6.94 7.95 4.66 5.45 6.25
10:00 3.86 4.51 5.17 4.04 4.72 5.41 4.42 5.17 5.92 3.81 4.45 5.10
11:00 3.60 421 4.82 3.48 4.07 4.66 3.89 4.55 5.21 3.46 4.05 4.64
12:00 3.53 4.14 4.74 3.24 3.79 4.34 3.68 431 4.94 3.33 3.90 4.47
1012 43,00 3.63 424 4.86 3.17 3.71 425 3.66 428 491 335 3.92 450
14:00 3.93 4.60 5.26 3.24 3.80 4.35 3.81 4.46 5.11 3.53 4.13 4.74
15:00 4.67 5.46 6.26 3.49 4.08 4.67 4.23 4.95 5.67 3.98 4.65 5.33
15 3.96 4.63 5.30 3.75 4.39 5.03 4.23 4.95 5.67 3.73 4.36 5.00

R2 TESEMAMRETIX T RRE~EREMRAIFT
Table 2 PEffects of PV panels with different laying heights on
yield and composition of fig fruit

g pmmm o, TIREREC gy
Treatments Single fruit weight/g verage number of fruits Fruit yield/(t-hm™?)
per plant
CK 49.97+3.08a 135.20+4.32a 3.31+0.11a
H2.5 43.27+4.14b 125.20+3.11b 2.65+0.07b
H3.2 38.67+2.41c¢ 115.80+4.96¢ 2.19£0.09¢
H3.9 32.99+3.72d 104.80+4.92d 1.69+0.08d

i CKAGEXIRALHE, F—FI AR RRRERLEE (P<0.05), T,
Note: CK represents the control treatment. Different letters in each column indicate
significant differences at 0.05 level. The same as below.
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Table 3  Effects of photovoltaic panels with different laying
heights on photosynthetic characteristics of fig leaves

RPN — —
BRERE  rlen mmdk RESRICH
et .

JOSE] hotosvnthesis Stomatol Transperation  Intercellular
Treatments P Y conductance/ rate/ carbon dioxide/
rate{z Sy (mol'm™*s™")  (mmol'm?s™) (umol'm s

(umol'm “'s)
CK 11.05+1.07a 14.62+2.11a 0.58+0.06a  343.47+15.64a
H2.5 10.63+1.09a  13.68+2.28ab 0.53+0.07b  342.58+15.42a
H3.2 9.94+0.58b 12.89+1.65b 0.51+£0.03b  341.40+12.16a
H3.9 8.49+0.93¢ 10.98+1.75¢ 0.37£0.05¢  341.97+11.87a

HI3E 3 AT, 7E 3 Bl AR AL B0 BE D RAR L
RGNES, KAERM ROt E AR LR EMEE

T R B W G R ZE A A RGP, HY R
(P<<0.05) ik T &R xR 1 JCAe SR A i g ) — 401k
BRIES A EE 2 IMBA R 2257 55 RA AL, H2.5.
H3.2 il H3.9 [CAE R e & 0 BRI T 6.3%.
11.7% 1 24.8%;: AL F A IS T 9.2%. 13.0% Al
36.6%; ZEMEIHRAHEILT 3.8% 10.1% F123.2%, H
FAb ) 22 R (P<0.05).
4 it
4.1 FRBHEERART A INE KB A FE D #2010

AHIFFE R BRAS [F) 6 AR 2 A4 182 v B T D AR B Bl 1]
FhAE DX 3 R R AR FEAE 55.4%~68.9%, & GARFESIIR
R X A 2.1~3.3 5. ORGP W R AL 3 HEBR
S 1 A7 TR) Hb T H P 35 K BH %8 49 98 B bL R R0 BR 2955
18%, H H AKBHHS S 58 FE7E 12:00—14:00 K [7] 3 534 2
B NAE . A FOUIN ) e R ARk R 48 B I R R B AR L
A5 ok 00 [ T A RN — B, AR B R 5 0
WAL R RS T A 45 R, g T3
P& 2 B AR BEHR IS 5 85 Hs /b, PR S 56 B U £
TE— R L2 BT HARBEZIANB G5

18 3 M RA A = FE R, SRR B B [A) R X
S35 10 ~F- 349 K IoF 2 S5 540 R SR e 2R B o AR LA A 5 v
()38 0 B, etk BEFIAR T R X A & . 455 Bk
2 A 308 19 B8 P RO A o] AR IR, TEAS [R] M3 A AN
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FEAR ZH A 15 v BT TR R D (9 B B 35 2 X AR B B AR
() oL X 3 1 T SR A K3 e i . DA T X R 4B
THE [ B8 B dpe KR B B ' R LA 8% v EE P G o v K
£ 2.5 m PGARA A S BE T, 2B ] 98 B 04 31 e K
B, B AR SR 18.9%; M{E 3.9 m K6
RGBS, 24 B 98 FE A B e KAE R, BAfE 2
T i oA R NER 29.9%. FILAT WL, SRk 242 3 B
FEIRIE R ) B8 e s e B A — B0k
42 FREHFERN LERTE R A XS ERNEN

TE 6 AR B F1 AR 18] Fh R X 38R 6 30N 55.4%~ 68.9%
IERAO RGN B, ToAE T AT B8 58 il E 5 1) A= i JE]
Wlo 3E B OGR4 v B e o e e SRR R — AN
NFRAR AR KRBT, M SEBLE AR K B RO AR 2 A
B E . AWEFH H2.5 e R s s, A% 7K
X R R 80%, il A& Hh T BURF X iZ 6 AR AR ML I H 7
EER, X5 H2.5 A B HEEA 5. kel I,
B GR A ARWR E (2.5 m) REAEfRIIE IE % 58 A
KegseEnt b, TR RS RECR s R, T
RATERN ', E6REERELN RGP TR
B RS R A, H3.9 10 K AE BT & L H2.5 T
0.96 thm*. PL—> 20 MW [ AR AL B X (4
G 1.67 hm*MW) N, &2 33.3 hm®, ] UL H3.9
TR BB H2.5 Wb 2 32.0 to LATL IR N,
2022 4 PA K 42 48 H 39 6 AR RO T 3 40 FF W I H £
1388 MW (i kIE TV A KR SMEZ RESEMD,
A )G AR 2 A4 52 v B T SR B B ) R b AR R AR A
R AR B A= 3R

HF AR HEAT Y6 A A RN R AR 25 A B AR
HIMEERE. EHPEELT, EWEsaERzs
CSALEET PR “AERALE R P RIRE]. Bitie
IR AT WL, AE SR AT G o P R B KPR
AR e B RS AL E B E R (P <0.05),
FLGAREE B 2GR 0T B (] — S A B I A B SR 5, S0
B MR AL AR LR & IL FE A 51k
(7, RIATRE 2 PR A 3 [ 2 e b JE A6 SRps i 1 R <FL T 5K
FEAR K 2 IR FH AR, T semae &4 A AT . AHE
Fo, H2.5 A EEGEIE A SR m AL R R e A
HRMSILFEREMOCEIE . 456 B i B &7
RATHICAR AR5 B v B R PR EESR, Ui 2.5 m (1906 fk
AR B A R ARIE TSR R A A RE ), B
& T oA R P A =

AR E RO AE LT AT ET
TS T R AaE, g ok 1A UK R I B AR R
FEMVAEAE (177 R o 6 45 r) L, 5 Bl 1 AP AR A 1 X S
3% (2B HIEIR AR ML 2R GE 75 25 # b AL b oA s
KB — RB A, WIEIE M N RIEY - &
i, AECASEILRT A M. mTHES B AR PR R AR R
AR E AR AR ML R [ BRI AT TR R, B AR
PR —~F T, mARESeRR =2, FAYER
Wik 271 AR ] o L DX 3 S AR A b 22 49 R AR FH S 43 4252 K

FH BE R foe (X380, i AAE S B A2 7 o 75 10 58 P i 12 DX 8k
YA R R, A AN E e R A B R
WAL TT R IR, DB AR FR G e R A
AFRREREERZ, WKL SeRE 1l
BOE L AR R R 0SS, X8 Y RREAE S A 1
WEE st — P RN

5 & 1

AL R, S T R R xS etk AR
W RGN E IR A AR AED = R . [FIE, 8
T K BH LS R S B T S AT T AR A A TR R
SO PEAE — P AR, R8T W N

1 BRI, B8 HA (8] A6 AR [ B a) b b X355 1) K
AR FEAE 55.4%~68.9%, & Y6 AREEFIH T A [X 35
[ 2.1~33 1%, 7E 3 PO RAME R E T, HBREES
R T o AL DX 3k P T 389 K B 4 5 o B R ROl R Bt 5 e AR 41
A8 e B PR I T BAIS, SRR BB T FiAE X 38AH J o

2) BT CRAETE R S RA . etk
AR . K PH & A RUK BE 5 A 4 5 A2 50
. FEXERAETMN (4—9 H), JetRA i v
FEREARFE . AR ALl 4 v BEHE KM 3K

3) JeRASFIE R 2 B E R R &, HBRA
PR N 2.5, 3.2 3.9 m IS B R RN IR B
BT 19.9%. 33.8%F1 48.9%, H.IH F AR R 45
RIGUE T SRR = B 27 BRI R A6 % &
FEREA SR AR R B e A R AR IL T,
IR AR LA B B e A4

WFFER I, AR AR A4 1 e 58 308 o) 4 7 2 52
FeARAN R GE N IR AT R EVI = & BTk,
BT D JeftRRIAER B, 78 2.5 m SR E L
AR B F A [ Pl A DX 3 mT b TE A8 SRS R 2R SR TEREK
o PR R B A0 A i) o [X 35 ] P A v 24 S S W,
TR 38 G DRl PR 2 A L v P 3 O il ) 2 e B B
RAEW A K AR . 2) oAl B kst E,
— 7 THI LA 45 B b 7 g R VE ) S, R e AR AR
IR B R R TT & HE) fe— e F2E Rk
AR BE B N 6P 858 (8T AR RO R B 454, DAAR
TERAEYI IEH A K.
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Effects of photovoltaic module shading on internal light environment and
fig (Ficus carica L.) yield in agrivoltaic systems

ZHANG Long*?*? , WU Cuinan'? , BAO Encai*** , GONG Jianhui' , WANG Yaya' , YANG Chen*, XU Guijun*,
WANG Li° , DENG Li°

(1. Institute of Agricultural Facilities and Equipment, Jiangsu Academy of Agricultural Science, Nanjing 210014, China; 2. College of
Engineering, Nanjing Agricultural University, Nanjing 210031, China; 3. Key Laboratory of Protected Agriculture Engineering in the
Middle and Lower Reaches of Yangtze River, Ministry of Agriculture and Rural Affairs, Nanjing 210014, China; 4. Shenzhen Energy
Nanjing Holding Co., Ltd., Nanjing 211225, China; 5. CTG Jiangsu Energy Investment Co., Ltd., Nanjing 210019, China)

Abstract: An agrivoltaic system has been one of the most promising potential sources of clean energy power in green
agriculture. Some guidelines have been released to fully meet the requirement of the photovoltaic (PV) modules in agricultural
projects. Particularly, it is the high demand for land utilization and mechanization of agricultural production in agrivoltaic
systems, such as in Jiangsu and Yunnan provinces in China. Among them, the minimum installation height of PV modules has
been standardized to maintain a specific tilt angle. However, the "prioritizing light over agriculture" can often occur during
actual production. A large number of PV panels are typically installed on agricultural land in order to ensure the PV power
generation in agrivoltaic projects. Furthermore, these PV panels can block the sunlight to form a considerable shading area on
agricultural land during the day. This study aims to investigate the effects of shading from PV modules on the internal light
environment, shading width, crop yield, and leaf photosynthetic characteristics in the agrivoltaic system. A series of tests were
conducted on the agrivoltaic systems at the module installation heights (the vertical distance from the ground to the lower edge
of the PV module) of 2.5, 3.2, and 3.9 m in Nanjing City. A systematic measurement was performed on the solar radiation
intensity of the planting area under and between the panels inside the PV agricultural system. A quantitative analysis was
implemented to calculate the annual variation patterns of the shading width formed by the PV panels. Additionally, there were
significant differences in the yield and leaf photosynthetic characteristics of figs (Ficus carica L.) in the planted areas between
the modules. The results indicated that the daylighting rate in the planted areas between the panels ranged from 55.4% to 68.9%
during the testing period, which was 2.1 to 3.3 times that of the area under the panels. Specifically, the daylighting rate in the
areas between the panels decreased at the three heights of PV module installation as the installation height increased, while the
area under the panels showed the opposite trend. The shading width caused by the PV modules also increased with latitude and
installation height throughout the entire growth period of the figs. Shading from the PV panels led to a reduction in average
yield across treatments compared to the CK control, ranging from 19.9% to 48.9%. Additionally, the photosynthetic
characteristics of the leaves effectively reflected the yield differences among treatments. A lower installation height of the PV
panels can significantly enhance the net photosynthetic rate and stomatal conductance of fig leaves, thereby alleviating the
photosynthetic suppression caused by shading. In summary, compared to agrivoltaic systems with panel heights of 3.2 m and
3.9 m, the system with a panel height of 2.5 m offered a better internal light environment and shorter shading width, effectively
reducing the decline in fig yield and demonstrating practical value for photovoltaic agricultural projects in various regions.

Keywords: agriculture; photovoltaics; photovoltaic module; light; shadow; yield
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