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Abstract

To secure agricultural benefits and PV power generation from an agrophotovoltaic system, it is
vital that the PV modules and the crop are both irradiated by light. The configuration and design
of PV modules have a practical effect on the irradiation uniformity in an agrophotovoltaic
system. Irradiation non-uniformity can cause crop growth delays and quality deterioration
during different cultivation periods. This paper proposes the design considerations and
parameters of an agrophotovoltaic system to optimize crop yield and power energy production.
The design parameters are the PV module installation height, ground coverage ratio, tilt angle,
azimuth angle, and PV module installation type. The PV module installation type is classified
into dual-axis tracking, single-axis tracking, south fixed, and horizontal fixed. We configured a
3D modeling simulation platform to visualize and analyze irradiation under the PV module.
Finally, we suggest three evaluation parameters: The overall mean under PV modules, the
overall standard irradiation deviation under PV modules, and the transposition factor of the
agrophotovoltaic designs.

Keywords: -5 3 e 37 A| A Hl(agrophotovoltaic, agrivoltaic, agri-PV), 2Fg-E(ground
coverage ratio), 53 & ¥H(border effect), U= 524 4] A| A"l (dual-axis tracking system), T
= F2 2] A| AH(single-axis tracking system), g ZAAF 1174 A A”l(south fixed system),
=3 712 A AH®ll(horizontal fixed system), X =8 H U ZFK(global horizontal irradiation)
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Table 1 Light saturation points of selected crops®”

Crops Light Saturation Points (KLX) Crops Light Saturation Points (KLX)
Corn 80-90 Rice 40-45
Watermelon 80-90 Carrot 40
Tomato 80 Turnip 40
Taro 80 Sweet potato 30
Cucumber 55 Lettuce 25
Pumpkin 45 Green pepper 20-30
Blueberry 45 Sptring onion 25
Cabbage 45 Mushroom >20
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Agrophotovoltaic design considerations

@ Irradiation more than the light saturation point of the crop
v

@ Uniformity of the irradiation for the crop
v

Ground PV system design considerations

@ Optimal irradiation on the PV modules

v
@ Maximum capacity of the PV modules

Fig. 1 Agrophotovoltaic design considerations and design flow
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Table 2 Relationships between design considerations and designs parameters for agrophotovoltaic

Design considerations Desien prrametes Height GER Azimuth  Tilt angle Ins'[;lrli“on
Irradiation more than the light saturation point of the crop O O O O O
Uniformity of the irradiation for the crop O O O O O
Optimal irradiation on the PV modules O O O
Maximum capacity of the PV modules O

Ground Coverage Ratio (GCR):

PV Modules area _ PV Modules length 1)
Land area Distance row to row pitch
2.2 S5 EQEUTA|ILH AlZ2[0]d Z3HE 1=
B BT A LA HFA] o] 4F U o A5k E4ok= W o= 3D RHlEgS 7|8t
© 2 3} Rhinoceros 3D AT E Fo}S ALg3tet T8 4 18]Z-2 Grasshopper T2 1818 o]-85}o] HHGH

o} BjFAA] BE SHEo] gt 2% 42 Ray Tracing Model= 2] ¥151+= Honeybee®} Ladybug #7121
WS ARG, Bl IE ARl QAtehE YRR PVSYST AT E oS ARgslo] a2
o8 BT

Fig. 2()= ¥&3 HPFTAALHE AlEeold 4 E3E&0 7152 4% 13Holth Fg. 2b)=

Grasshopper Z2 13HofA AJZfe} 55 o] 85lo] 44 AILRS TRt A A RS e, =4 =

: 2

(@) Modeling Platform
s ————m

Rhinoceros 3D Agrophotovoltaic system 3D design
' ~\
Grasshopper Parametn'c modeling with graphical
algorithm

Ladybug Calculation and Visualization

Calculation of imadiance under PV modules

Honeybee (Using raytracing model)

> <)

Fig. 2 3D design modeling platform configuration and PV tracking algorithm map in the Grasshopper
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(b)

4

1. Input of weather data =+
2. Calculation of sunpath diagram 3 Implementation of tracking array

5. Calculation of irradiation under the array

——=— 6. Extraction of data

4, Calculation of irradiation an the array and power generation on the PV sysiem

Dual Tracking reattime

< PV tracking algorithm map>

Fig. 2 3D design modeling platform configuration and PV tracking algorithm map in the Grasshopper (Continued)

Ol ZEL2 71Ul o, eidAA ool 1 AR, Bl 4 Bl A] BE T, Bl BRE AR 4

T AE, BOFIA BE S A2 S, dlole] £5 &0 p@sttt

3. Al=g0|d Zx}

AlEElolAd 27 Table 3o AXIsHT:. tietil= QIFAAE 7|= 22 EnergyPlus 719t Ladybug
map'©oll A AEsk= 20159 1HTFAA] Test Reference Year (TRY) S ARE5ISIT) HloFHR] REL 922 X
1964 X 40 mm (320 Wip, 72 cells) A& BE-S A2 74151900} Blob] B 4% B0l 1 mie 10m
TR, APFE-E 30%5H 50%71], BlFHR] HE AR 0°FE 90°71], BjoFdR] B el —90°
(&)FE 0° (7S Algellol oA sttt BlFR] Ba A3 2 84 A L") 3244 A~

WO PHSKIL, FH4 2R thA] G A4 A2 9 U5 5 F24 A4go R Tasct

Table 3 Simulation conditions and parameters

Conditions Values
Location Incheon, Republic of Korea
Simulation weather data Incheon TRY in 2015
Module information Poly-Si /320 Wp /992 x 1964 x 40 mm (W x H x D)
Module height I mto 10 m (by Im)
Ground Coverage Ratio (GCR) 30% to 50% (by 10%)
PV module tilt angle 0° to 90° (by 10°)
PV module azimuth angle -90° east to 90° west (by 10°)
PV array installation type Dual-axis tracking / Single-axis tracking / South fixed / Horizontal fixed
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Fig. 3 The visualization analysis result of the irradiation uniformity under PV modules and its border effect
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Table 4 Simulation conditions for the design parameters

Parameters Simulation conditions
GCR : 40%, Azimuth : 0° (S), Tilt angle : 30°, Fixed, System area : 22 m x 24 m, Analysis period : 1
year

Height (3.1)

GCR (3.2) Height : 3 m, Azimuth : 0° (S), Tilt angle : 30°, Fixed, System area : 22 m x 24 m, Analysis period : 1 year
Tilt angle &
Azimuth angle (3.3)

Installation type (3.4) Height : 3 m, GCR : 34%, System area : 16 m x 14 m, Analysis period : 6 months

Height : 3 m, GCR : 40%, Fixed, System area : 22 m x 24 m, Analysis period : 1 year
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Fig. 4 The overall irradiation mean and standard irradiation deviation which varies with height
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Fig. 6 Regular and irregular PV module layout considering distance and GCR parameters
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Table 5 Overall irradiation mean and standard irradiation deviation based on Case 1 and Case 2

Case 1 Case 2
Cases . . . .
(@ Dis.5m, (b)Dis.5m, (c)Dis.6.67m, (d)Dis.5m,
GCR 40% GCR 20% GCR 30% GCR 30%
Overall irradiation mean under PV modules [%] 66.5 83.4 74.2 75

Overall standard irradiation deviation under PV modules [%o] 12.1 6.2 11.1 9.1

Evaluation item
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Fig. 7 Analysis between on and under PV modules according to the tilt angle and the azimuth angle
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Fig. 9 Overall irradiation mean analysis from the front view and side view
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Table 6 Overall irradiation mean under PV modules, overall standard irradiation deviation under PV modules, and trans-

position factor depending on the tracking system and fixed system

Cases (a) Dual-axis (b) Single-axis (©)South  (d) Horizontal

Evaluation item t;jlzlt:rr;g tz;zl‘:;rl;g fixed system ~ fixed system
Overall irradiation mean under PV modules [%] 72.6 73.8 75.2 76
Overall standard irradiation deviation under PV modules [%o] 15.3 8.7 13.8 8.1
Transposition factor on the PV modules [%] 156 125 117 100
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